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EXOGENOUS CHANGES OF THE INDICATOR MINERALS AT THE FORMATION OF 

mineralogicaL halos of kimberlite bodies. 

Afanas’ev, V.P.; Sobolev, N.V. and Pokhilenko, N.P. 

During the mineralogical halos formation the kimberlite minerals are affected by the 
powerful exogenous factors changing both individual minerals and the composition of mineral 
associations. The main factors of exogenous changes are mineral transportation during the 
mineral halos formation and physical-chemical changes in the formed sediments. 

The changes during the process of transportation are expressed in two forms - i.e. the 
hydraulic grading of the transportation of the minerals of different density and proporcional 
to the value of their hydraulic fall diameter (the velocity of the free fall of the minerals in the 
aqueous medium, m/sec). The expressions for the fall diameter determination are obtained 
on the experimental basis: diamond - V = 62,3. p^’^^ pyrope - V = 61,6 . picroilmenite 
- V = 69,2. chromespinel - V = 71,3.p ’ . On their basis the coefficients of the mineral 
inertness for the plain rivers conditions (Yakultia) are calculated. 

Another aspect of the mineral transportation is a decrease in their concentration with 
the removal from a kimberlite body. The hydraulic gradient and the distribution of the mineral 
concentration relative to the kimberlite body is expressed by the formulae in the idealized 
form: 

P = Po - BX P = Po e 

where X - is the distance up to kimberlite body, B - the coefficient of the mineral inertness, 
Po - the mineral concentration in kimberlite body elluvium, P - the mineral concentration at 
a distance X. 

The mechanical wearing depends mainly on the landscape dynamic conditions. Under 
the alluvial conditions on the continent, the kimberlite minerals are weakly rounded, on 
minerals larger than 2mm, the signs of rounding appear at a distance of some dozens of 
kilometers. The smaller ones are transported with no rouding to many dozens of kilometers. 
The minerals assume the medium level of rounding at wearing under the conditions of littoral 
alluvial plains which could be periodically flooded by the shallow basin waters and the minerals 
could be rounded under the influence of waves. The minerals are rounded to the maximum 
extent under the littoral conditions in the process of forth/back moviments under the wave 
influence, the minerals of the medium and high level of rounding are widely spread in the 
ancient mineral halos at the different regions of the world. The alluvial conditions are 
unfavorable for the good hydraulic grading of minerals. The best grading takes place under 
littoral conditions. Here the formation of the diamond-pyrope association with the similar 
grain sizes occurs and the mineral concentration grows, therefore, the rich diamond placers 
could be formed under the given conditions. Besides, according to the calculations and 
experimental data, the picroilmenite mechanical stability is approximately twice lower than of 
pyrope. Therefore, whether pyrope ultimetly rounded, than picroilmenite could be destroied 
completly. Diamonds are also rounded under these conditions. 

The physical-chemical changes occur after fixation of the minerals in the sediments. 
Four main types of changes are discovered, i.e. under the condition of hypergenesis, diagenesis, 
metagenesis and metasomatosis. 
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The hypergenous changes connected with the crust of weathering are widely spread 
in all parts of the world. The maximum changes are connected with the upper part of the crust 
of weathering profile, i.e. the hydrogenesis zone. According to the degree of stability the main 
deep-seated kimberlite minerals form series: diamond - zircon - chromespinel - picroilmenite 
- pyrope - clinopyroxene - olivine. Diamond and zircon are practically unchangeable. Olivine 
is completly destroyed, the grains of chromediopside are seldom preserved. Pyrope reveals 
specific features of the hypergen dissolution. It is poorly imperfect grains at dissolution acquire 
the form od cuboid with the proeminent faces which represent the dissolution equilibrium 
form. The spontaneous corrosion cracking occurs. During the experiments and the study of 
the mineral halos has been discovered that the pyrope resistance to dissolution is greatly 
dependent on the chemical composition. The orange low chromous pyropes being the least 
stable, their fractions in the halos decreases and the fraction of Ithe violet chromous pyrope 
increases under hypergenic conditions respectively. 

Picroilmenite under the hypergenic conditions is dissolved or it is substituted by 
leucoxene. 

Chromespinel is not dissolved, its changes are connected with the appearance of 
microcracks at the surface which are due to the effect of spontaneous corrosion cracking. 

Diagenesis slightly influences the kimberlite minerals. The main form of changes is 
corrosion cracking, mainly of pyrope and picroilmenite. 

The changes under metagenesis and metasomatosis are not so widely spread as 
hypergenesis or diagenesis ones, but their influence on the minerals could be very significant. 
Metageneous changes in minerals occur during the orogeny processes. They are traced in the 
minerals from the triassic deposits of the Verkhoyansk folded zone along the right bank of the 
Lena river and in the Middle Devonian deposits in the Urals. In both cases pyrope cracks and 
it is substituted by chlorite. The pyramidal-tiled relief formed under the chlorite over the 
pyrope surface. In the Ural Devonian deposits the picroilmenite cracks and it is replaced by 
anatase. Chromespinel behaviour is not studied. Pyrope and picroilmenite could be completly 
destroyed under the given conditions replacing by the secondary minerals. 

The metasomatic changes of the kimberlite minerals are connected with the influence 
of the intrusions of the differentiated traps. In the metasomatosis zone pyrope is substituted 
by chlorite with the formation of pyramidal-tiled relief like at the metagenesis. Picroilmenite 
is substituted by the anatase crystals, chromespinel assumes cavernous relief. Diamond under 
such conditions is unstable and it oxidizes forming oxidizing dissolution-trigontrioctahedroid. 
In the zone of maximum metasomatic changes the kimberlite minerals, including diamond, 
could be completly destroyed. 

Thus, the complex of the exogenous changes of the kimberlite minerals strongly 
influences the composition of the mineral association, mineral concentration and their habit. 
The specific character of both mechanical and physical-chemical changes permits to solve the 
inverse problem i.e. according to the mineral habit to determine the conditions under which 
they were and on this basis to clear up the history of the development of the mineral halos. 
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STRUCTURAL SETTING AND TECTONIC CONTROL OF KIMBERLITE AND ASSOCIATED 

ROCKS OF BRAZIL. 

Almeida, F.F.M. de and Svisero, D.P. 

(1) Instituto de Pesquisas Tecnologicas do Estado de Sdo Paulo, Caixa Postal 7141, CEP 01000, S. Paulo, SP, Brazil; 

(2)Instituto de Geociencias, Universidade de Sdo Paulo, Caixa Postal 20899, CEP 01498, S. Paulo, SP, Brazil. 

Although dianionds have been known in the Brazilian 

Platform since 1725, kimberlites were discovered only in the 

late 1960's. Presently, kimberlites occur in at least eleven 

different provinces: Alto Paranaiba (Coromandel) and Bambul 

(Minas Gerais), Amorinopolis (Goias), Paranatinga, Fontanillas- 

Juina and Pontes e Lacerda (Mato Grosso), Pimenta Bueno 

(Rondonia), Gilbu^s and Picos (Piaui), Lages (Santa Catarina) 

and Jaguari—Rosario do Sul (Rio Grande do Sul) (Svisero and 

Chieregati 1990). 

The kimberlites of Alto Paranaiba are associated in space 

and possibly in time with carbonatites, basic-ultrabasic dykes 

trending NW-SE and several types of alkalic ultrabasic rocks, 

including lavas with lamproitic and kamafugitic affinities. 

Kimberlites and alkalic ultrabasic lavas occur mainly as 

diatremes intruding the Proterozoic Araxa and Brasilia Fold 

Belts developed along the western margin of the Sao Francisco 

Craton. Geological field work has revealed that the intrusions 

comprise several distinct fields centered around Catalao, 

Coromandel, Presidente Olegario, Carmo do Paranaiba and Araxa 

as well. The tectonic pattern of the area resembles that of 

northwestern Australia where diamond-bearing lamproites and 

kimberlites intrude fold belts around the Kimberley Craton 

(Jaques, Lewis and Smith 1986). Therefore, we predict that new 

findings of lamproites will certainly be registered in the 

future. In addition, there is a distinct possibility that the 

detrital diamonds of western Minas Gerais, which have been 

mined for two centuries, may be related to lamproites rather 

than to kimberlitic sources. Moreover, the presence of mineral 

indicators such as chromium pyrope garnet, magnesium ilmenite 

and chromiumspinel, among the heavies in the diamond-bearing 

conglomerates that presently cover large areas of Araxa and 

Barribui Groups, points to local sources for the diamonds. 

The Bambui Province is located in southwest Minas Gerais 

and comprise intrusions scattered over the southwest border of 

the Sao Francisco Craton, which was stabilized around 2.0 Ga. 

At this stage, we admit that the huge fracture zones reflected 

by the lineaments of Alto Paranaiba controlled the emplacement 

of kimberlites and associated rocks in both Alto Paranaiba and 

Bambui Provinces. Amorinopolis on the northern rim of Parana 

Basin includes in addition to kimberlites several types of 

alkalic ultrabasic rocks intrusive into the Proterozoic 
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Araguaia Fold Belt. The Provinces of Paranatinga and 

Fontanillas-Juina are located in the Rio Negro-Juruena Mobile 

Belts made up of rocks of continental crust formed between 1.55 

ana 1.75 Ga. Pimenta Bueno lies on the border of the Rio hegro- 

Juruena and Rondoniense Mobile Belts, the latter having 

developed around 1.3 Ga. Pontes e Lacerda in remote southwest 

Mato Grosso is also intrusive in rocks of the Rondoniense Belt. 

Apparently, there is a remarkable regional trend joining the 

Provinces of Alto Paranaiba, Amorinopolis, Paranatinga, 

Fontanillas-Juina and Pimenta Bueno. This possible 

megalineament trends N35W and may have played an important role 

in kimberlite emplacement either via hot spots or through 

reactivation during the late Cretaceous (Almeida 1986). 

Kimberlites of Gilbues (southern Brazil) and Picos 

(eastern Piaui) are intrusive in Paleozoic and Mesozoic 

sediments of the Parnaiba Basin. Intrusions in Picos were 

controlled by the magnetic lineament of Senador Pompeu or Serra 

Grande and those of Gilbues by the regional Transbrasiliano 

lineament. These NE-SW structures converge in middle Brazil 

before disappearing beneath the sediments of the Parana Basin 

in line with the lamproites and basanites of Asuncion, 

Paraguay. Lages in central eastern Santa Catarina and Jaguari- 

Rosario do Sul in central southern Rio Grande do Sul are poorly 

known. The Lages diatremes are intrusive in Paleozoic sediments 

of the Parana Basin and are associated with breccias, 

carbonatites, melilitites and other alkaline rocks. In spite of 

the lack of information on the basement in Lages it is thought 

to consist of rocks of the Proterozoic Itajal Fold Belt. 

Kimberlites of Jaguari-Rosario do Sul are intrusive into basalt 

flows of the Parana Basin, whose basement is supposed to be the 

Craton Rio de la Plata. 

In summary, the majority of the kimberlites and associated 

rocks known in Brazil up to this moment are intrusive in fold 

belts or mobile belts of Proterozoic age. Notable exceptions 

include the Bambui Province on the border of Sao Francisco 

Craton and Jaguari-RosArio do Sul probably on Rio de la Plata 

Craton. Nothing is known about Amazon Craton mainly due to the 

tropical covering forest. Finally, we mention the occurrences 

of detrital diamonds in metaconglomerates of Middle Proterozoic 

Espinago and Roraima Belts whose sources are completely 

unknown. 
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GEOLOGY OF THE N.E ANGOLAN KIMBERLITE REGION. 

Mankenda Ambroise. 

National Directorate of Mines, Luanda, Box 1260, Tx 3470, Angola. 

ABSTRACT 

The Northeast of Angola known as Lunda, is one of the greatest 
regions of the Diamond Provinces of Africa where gem diamonds have been 
exploited for almost a century . 

In the late cretaceous a period of rapid erosion occurred, giving 
rise to piedmont conglomerates with sandstones and other sediments wich 
formed a secondary type of diamond deposits known as "Calonda Formation”. 

The first kimberlites were discovered from the diamond satellite mi¬ 
nerals ( chrondiopside, pyrope and ilmenite ) found in the heavy frac¬ 
tion of alluvial gravel . 

The platform basement of the region is fractured by a number of 
faults of N.E and latitudinal directions, what can be seen from a spora¬ 
dic development of the metamorphic rocks of the Luana group and karroo 
sediments . 

In the region kimberlite intrusion occurred before the fundamental 
change of its general structure: up to the cretaceous time structural and 
facies zonation was determined by the latitudinal faults . 

The first paleotectonic maps of Lunda region were made to establish 
criteria for more effective prospection and exploration works, and to as¬ 
sist those who devote to the study of Angolan diamond geology in discive- 
ry of new diamond primary deposits . 

INTRODUCTION 

Corrent angolan diamond production is from river beds, alluvial 
flats, terrace and eluvial deposits. 

A1through the diamond exploitation was made in this area during many 
years, its geology is still little known. This fact has made it difficult 
to determine the general regularities of the primary and secondary dia¬ 
mond ore-bedding formation, as well as the choice of guidance and more 
suitable prospection methods of the kimberlite and other deposits . 

Based on the research carried out in the kimberlite of this region, 
the paleotectonic conditions of cretaceous kimberlite magmatism indica¬ 
tions and alluvial diamond formation are hereby examined for the first 
time . 

LUNDA GEOLOGICAL FRAMEWORK OF KIMBERLITES 

The territory of Angola has complex geological structure. It belongs 
to the precambrian african platform . 

Tectonically, Lunda region includes the western slope of the shield 
Cassai adjacent part of Cassanje depression. The gneiss-magmatites and 
granulites are the most represented precambrian rocks from the part of 
the shield in question. 

The most recent pre-cambric rocks preserved in fragments, are desta- 
ched in the Luana group represented by quartzic sandstones, quartzites 
and greywacke, with metabasaltic layers in some places . 

From the phanerozoic coverage formations, locally preserved in the 
Cassai shield flank, the oldest are the continental deposits of the kar¬ 
roo system ( C3 - T'j ) . 
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More recent, the Calonda formation is represented by fragments in 
the shield flank preserved in the form of erosion witnesses in the precam 
brie rocks • 

In the Cassai shield the deposits in question are characterized by 
the considerable facies lateral change that enable to determine the for- 
mation conditions of old fluvial valleys with placer deposit of cretaceous. 

The above characterize rocks of the crystallin basement and cove¬ 
ring ones are recovered by partial erosion by the red continental depo¬ 
sits of the paleogenic-neogenic kalahari group . 

The accumulative quaternary terraces of the region were mostly for¬ 
med in the wearthering process of the Calonda formation deposits and of 
the cretaceous kimberlites, that is why there are rich diamond bearing 
placer deposits in some places. 

In the Northeastern Angola, platform magmatism of cretaceous are 
well developed: kimberlites and complex of alkalic rocks. 

The kimbarlites are dated between 80-120 m.y. and are represented 
by the breccia and massive varieties. The most recent alkalic complexes 
are composed of sienites and phonalites . 

It should be pointed out that the alkalic complexes are located wi¬ 
thin the granite - gneissic ovoids of the basement, whereas kimberlites 
area associated with the intra-ovoid zones. This witnesses the influen¬ 
ce of the basement structures and corresponding old disuniformities in 
the platform magmatism process. 

GEOLOGICAL EVOLUTION OE THE CASSAI SHIELD AND RELATED 
DIAMOND ORE-BED EORMATION 

The geological development of the Lunda region ( Cassai shield ) 
can be followed from the upper proterozoic when the covering deposits of 
the Luana group were accumulate in the archaic consolidated basement, 
crossed by the lower proterozoic granites 

At the end of the lower proterozoic there was the uprising of the 
west flank of the shield followed by the intrusion of alkalinic granitic 
and alkalinic complexes and movement of embasement blocks. 

In the lower and medium proterozoic, Lunda region was upraised and 
weathered, the first differentiated vertical moviments appeared in the 
upper paleozoic-triassic . 

At that time, two intra-continental depressions of the graben type 
were individualized perpendicularly oriented: one in the west- sub-meri¬ 
dional with which the formation of Cassanje deperession started, and 
another of the N.E-SW direction along the lineation gabbro-noritic of 
archaic. In Jurassic most of the Lunda region was expressed by the upri¬ 
sing of the shield, submitted to the planar erosion . 

At the end of Jurassic initiation cretaceous, the western edge of 
the Cassai shield suffered heavy tectonization according to the same 
fault systems of sub-meridional and NE-SW direction. The cataclasis was 
followed by the kimberlites intrusion which shows the connection of the 
fauts with a very deep tectonomagmatic system . 

The important changes in the geological development of the Lunda 
region occurred in the cretaceous. According to the distribuition of the 
deposits of this age, it was possible to reconstitue the complex system 
of the graben type depressions on the boundaries of the Cassai shield 
(fig.1). 

The greatest depression along the western edge of the shield coin¬ 
cided in general with the main area of the earlier kimberlitic magmatism 

The thick granularity of the cretaceous continental deposits deve¬ 
loped in the western part of the Cassai shield, indicates their forma¬ 
tion in the valleys. According to the distribuition of these sediments 
it is possible to reconstitue the old ramifyed river system of creta- 
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ceous falling into the north, runing off to the close depression of 
lacustrine type of the Congo sineclise in which the sandy-clay deposits 
were greatly accumulated ( Fig. 1 ) . 

The slope process and rivers falling into the north of the western 
edge of the Cassai shield, along the tectonic depressions weai±iered the 
lower cretaceous kimberlites which conditioned the formation of diamond 
bearing alluvial deposits of this age . 

E+]l ^2 [^3 Pis PHe ^7 

1 -Basic Complex; 2-Area of Cretaceous Deposits Devdopment-, 

3 - Area of Present Cretaceous Outcrop; 4 - Complex of Alkalic RockS; 

5 - Faults ; 6 - K imberlites; 7 - Hydrographical Network Orientation 

CONCLUSIONS 

1. THe platform development of Lunda region, initiated in the upper 
Proterozoic was guided by the deep faults of two main directions sub-me¬ 
ridional and NE-SW: the deepest were probably the faults of the last di¬ 
rection which inherited the arcchaic gabbro-noritic lineation. Pricisely 
on the crossing with the meridional faults the lower cretaceous kimberli¬ 
tes introduced . 
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2. The assessment of data enabled to outline the old fluvial arteri¬ 
es from the development of which resulted the accumulation of the diamond 
leaning placer deposits. 

3. The outlined sequence of the geological development of the Lunda 
region can be used as general scientific basis for drawing up the further 
study programmes of its diamond bearing potential. That sequence enables 
us to determine the likely location of the kimberlites and lamproites noc 
yet detected, the ways of transport and its diamonds during the creta¬ 
ceous and cenozoic . 
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THE STATUS AND FUTURE OF DIAMOND EXPLORATION IN CHINA 

Zhang Andi; Xu Dehuan; Xie Xiling’ Guo Lihe; Zhou Jianzong and Wang Wuyi. 

Institute of Mineral Deposits, Chinese Academy of Geological Sciences, Beijing 100037, China. 

Diamond exploration in China is discussed, based on the 

statistical study of the chemistry of macrocryst garnets and 

chrome-spinels from concentrates of 68 bodies of both Chinese 

and non-Chinese kimberlites, lamproites and lamprophyres, 

integrated with available chemical data for inclusions in 

diamonds from Chinese kimberlites, plus geological and 

tectonic information. 

Diamonds occur in three major cratons of China, namely, 

Sinokorean, Yangtze and Tarim, but kimberlites are mainly 

found in the Sinokorean craton. Eight kimberlite fields have 

been recognized (Fig. 1). Only four are diamondiferous, i.e. 

Fuxian, Tieling and Huanren in Liaoning province and Mengyin 

in Shandong province, and all these are all restricted to the 

vicinity of the Liaolu terrain (Wu Jiashan et al.l990) . These 

kimberlite occurrences are mainly small dykes and small pipes. 

Only two are mined, i.e. pipe no. 50 in Fuxian and Shenglie 

no.1 in Mengyin, which are deeply eroded. In outcrop, either 

root zone hypabyssal facies or facies transitional between 

diatreme and root zone can be easily identified. Pipe no. 50 

produces high quality gemstones at a grade of about 60-230 

cts/lOOt, and has dimensions of 245x55 m, while the pipe of 

Shengli No. 1 yields a grade of 40-250 cts/lOOt and is 5000 m 

# in size. As to size and grade of these two pipes, it is 

difficult to compare them with pipes in Yakutia like Mir or 

Udachnaya and in South Africa like Finsch or others, but the 

Sobolev garnet Ca0-Cr203 diagrams of the two Chinese 

kimberlite pipes and the chemistries of their diamond 

inclusions are quite similar to those from kimberlites of 

Vilui in Yakatia and the Kaapvaal craton of South Africa (Fig. 

2a-d). This shows that the constitutions of the upper mantle 

under the Sinokorean, Vilui and Kaapvaal cratons are the same, 

and characterized by four subparag^neses of peridotites, i.e. 

harzburgite, dunite, Iherzolite and wehrlite/- with Iherzolite 

always dominant as it is the major constituent of the upper 

mantle (Lucas et al.l989). In addition, the chemistry of 

subcalcic Cr-pyrope, Na-bearing pyrope-almandine and Cr-spinel 

from concentrates, together with diamond inclusions of Chinese 

and non-Chinese kimberlites, are also similar. A tectonic- 

magmatic arc, represented by a granite-greenstone belt, is 

recognized, which separated the Sinokorean Craton into two 

parts. So far all the diamondiferous kimberlites and placers 

occur only in the eastern part (the Liaolu terrain) which 

extends from Baishanzhen (Jilin province), through Qinyuan and 

Anshan (Liaoning province) to Taishan (Shandong province). 

This terrain is considered to be the most prospective target 

area for diamonds of kimberlitic type in China. 

Another four kimberlite fields have been found in the western 

part of the craton. From North to South (Fig. 1), Yinxian, 

Shexian and Hebi occur along Taihang fault zone while Liulin 
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is located in Luliang mountain area. The kimberlites are well 

differentiated serpentine calcite types which contain 

relatively small amounts of olivine macrocrysts. The content 

of xenocrysts is low and they are invariable in composition, 

with pyrope low in Cr; no GIO pyrope, high Cr-spinel or 

diamonds have been found. The basement beneath the Taihang 

fault strand is a Pt]__2 paleorift zone, thus explaining the 

occurrence of barren kimberlites in this area. 

So far, lamproites have been found only in the Yangtze craton. 

This craton contains "Proton" basements situated in central 

Sichuan and on the western flange of the craton, both of them 

having 1850 Ma as the age of cratonization. That in central 

Sichuan is overlain by a Mesozoic basin, but the vast area to 

the south of it, including southeastern Sichuan, northeastern 

Guizhou and western Hubei (the Wuling mountain area) is worthy 

of attention for diamonds. High-Cr spinels (Cr203 -67%) have 

been recovered from stream concentrates and >2.5 Ga basement 

ages have been obtained. The similarity of Cr203-Al203 
diagrams of lamproite Cr-spinels from the Yangtze and W. 

Australia Kimberley cratons suggests that the upper mantle is 

similar under these two areas. Logically therefore, Wuling 

mountain area is probably the most prospective area within the 

craton. Overall, the Yangtze craton is a prospective target 

area for diamonds of lamproitic type (Fig. 2e-h). 
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^ DIAMONDIFEROUS KIMBERLITES 

Q NON-DIAMONDIFEROUS KIMBERLITES 

■ DIAMONDIFEROUS LAMPROITES 

□ NON-DIAMONDIFEROUS LAMPROITES 

A RELATED ROCKS 2-LiaonmB TieHng 

AULACOGBNS 4-Shandong Menyin 

-Jilin Huanren 

3-Liaoning Fuxinn 

5-Shanxi Yingxian 

6-Hcbci SheXian 7-HenanHebi 8-Shanxi LiuUn 9-Neimong SUdwangqi 

l-Gui^ou Zhengyuan 12-Sichuan Panxi I S-Xingang Bachu 10-Hubei Jingshan 

Fig.l. Principal lamproite and kimberlite occurrences in China 
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Fig. 2 

e — h: 1-Diamond-Chromite fades; 2-Cocsite facies; 3-Grospydilc facies; 

4-Dunite facies; 5-Spinel-Pyrope facies; 6-Spincl-Pyroxen facies 
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COMPOSITE GARNET PERIDOTTTE XENOLITH FROM PICRTTE-BASALT, VITIM 

PLATEAU (TRANS BAIKAL)i IMPLICATION FOR THE THERMOBAROMETRY 

AND RECONSTRUCTIONS OF THE MANTLE SECTIONS. 

L V. Ashchepkov. 

Institute of Geology and Geophysics, Siberian division USSR Academy of Sciences, Novosibirsk, 

In Vitim plateau garnet Iherzolites were found in Oligocene 

pierite-baealt tuff (Ashchepkov et al 1988) and Pliocene hawaiite 

cones and flows- In first location composite nodules with contact 

zone of different pyroxenite types are divided in several types- 

Green Cr-diopside garnet websterites usually show an equilibrium 

with Iherzolites- Their minerals are slightly enriched in Al, Na 

and Ti- Two pyroxene temperatures for this ' veins vary within 

usual for garnet Iherzolite interval of 950 - 1050 C and 22 — 26 

kbar- Dark-green Cr and more Ti—rich branched pyroxenites 

occurred at lower temperatures — 900 —980 C as well as Cr—poor 

green c1inopiroxenites containing exsolved garnet and 

orthopyroxene- Blue—green eclogite—1ike rocks forms visible 

reaction zones- Cr-diopside zone is changed by garnet websterite 

zone then substituted by garnet c1inopyroxenite and then by 

clinopyroxenite- There is a relic trend of increasing temperature 

in this direction from 1020 to 1080 C- All this magmatic veins 

seems to be formed at the previous stages of mantle activity- 

Hot pyroxenites are of two types- Green Cr-less cumulative 

poikilitic websterites in some cases containing rare garnet and 

having equilibrated temperatures about of 1200 -1300 C and 

pressure 27—30 kbar- The next group are presented by Ti—rich 

c1inopyroxenites containing interstitual garnet and orthopyroxene- 

They occurred at the same temperature interval but at slightly low 

pressure- This hot pyroxenites drop to the same field at TP 

diagram as highly deformed Iherzolites which form the inflection 

on the estimated geotherm but direct contacts of this pyroxenite 

and deformed Iherzolites were not found yet- The only one found 

contact of such type seems to be deformed after interaction of 

magma with wall rock peridotites- 

Last vein group containing amphibole and phlogopite may have 

been formed during the percolation of water saturated melts 

trough garnet Iherzolites- Small amphibole veinlets occurred only 

in spinel Iherzolites but phlogopite ones may be found in all 

peridotite rocks- They show small diffusion zoning around them- 

Large veins found in garnet Iherzolites contain hydrous minerals 

only at the central parts- The outer contacts composed by pyroxene 

aggregates- Their compositions suggest forming of veins in more 

high-temperature conditions then those of contact Iherzolite 

associations- It is supported by break up of the garnet near the 

contacts- 

Composite temperature equilibrated xenoliths with diffusion 

zonation of associated minerals allow to test the thermobarometric 

methods in different systems- All used thermometers (WeiIs,1977; 

Bertrand & Mercier; 1985; Harley, 1984; O'Neil & Wood, 1981; Brey 

and Kohler, 1990 etc-) show the coincidence of obtained data for 

the all part of such type of composite xenoliths within the 45 C 

interval . The best of barometric methods appeared to be 

equation from Nickel & Green, 1985 and Webb & Wood, 1988 version 

of Wood barometer. 

Reconstructed geotherm for the mantle under Vitim plateau 

using new data appeared several level of magma interaction with 

mantle wall rock Iherzolites besides only one deep-seated level 

reported earlier (Ashchepkov et al, 1988) - This points 

correspond to deformed and hot pyroxenites- Green types of 

pyroxenite xenoliths believed to be more high temperature- 
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DISCOVERY OF DIAMOND DEPOSITS IN THE QUEBRADA GRANDE 

CATCHMENT, VENEZUELA. 

Baxter-Brown, R.; Baker, N.R 

(1) 101 Walton Heath, 20 Jacobs Lane, Fairways 2196, South Africa; (2) 3 Upper Camden Place, Bath, Avon BAl 

5HX, United Kingdom. 

A new field of diamondiferous kimberlites, containing at 

least two types and ages of kimberlite (Nixon et al.,1989) has 

been discovered during this decade in Venezuela. They are located 

near the village of La Salvacion in the Guaniamo drainage basin. 

(See map). These highly prospective diamond source rocks have 

been intruded 

Alluvial diamonds were first discovered in Venezuela in 1887 

on the Caroni River, the principal drainage of southeastern 

Venezuela. Diamonds have since been extracted from placers over a 

wide area of the Caroni drainage basin by diggers or "mineros". 

Mining has been on a small scale, using hydraulic jets, or small 

dredges, with jigs to recover the diamond. Gold is also commonly 

recovered. 

In 1968 a rich alluvial diamond deposit was discovered in 

the Quebrada Grande, a tributary of the Guaniamo River in the 

western shield of Venezuela. Between 1969 and 1970 Venezuela's 

diamond production increased by 158%, reflecting the impact of 

the Guaniamo discoveries. From 1970' to 197^^ this production had 

expanded to the extent that it was 1.62 times more than the total 

weight of diamonds produced in Venezuela from 1937 to 1970. 

(Baptista et al 1978). 

While a proximal source rock for Guaniamo's diamonds has 

been suspected, by several experts, no systematic exploration for 

kimberlite was undertaken until 1982. 

Until recently, all diamonds in northern South America were 

thought to be multi-cycle, latterly derived from conglomerate 

bands within the Roraima Formation. For almost a century diamond 

placers have been worked at localities near the foot of Roraima 

escarpments and in rivers draining remnants of this formation. 
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The coincidence was convincing and carried with it the 

implication that the original primary source rocks could be so 

remote in time as to have been long eroded below root level, and 

so remote in space as actually to be in West Africa. The nearest 

outlier of Roraima to the Quebrada Grande occurs 70 kilometres to 

the south and lies beyond the Guaniamo drainage. While the 

Roraima Formation must once have covered much of the western 

shield, it could not realistically be invoked as a secondary 

source for such rich, discrete and individually distinct diamond 

diggings as occur in the restricted area of the Quebrada Grande. 

Following a 1982 study of Guaniamo diamonds it was apparent 

that local variations in diamond characteristics from virtually 

adjacent diggings could only be explained by there being a number 

of local source rocks to which different diggings were related. 

Kimberlite exploration was therefore justified and a six month 

programme of close-interval stream sediment sampling was started 

in June 1982. The programme included air photo interpretation 

supported by RADAM maps, and the construction of a 1:50 000 

drainage map of the Quebrada Grande area. A laboratory in San 

Antonio, Texas, was contracted to treat the Guaniamo samples. 

Sample size averaged 80kg of -2mm fraction; these were taken 

from the best stream trap sites available. Initial laboratory 

concentrates in the +400 micron size range gave no kimberlite 

indicator minerals and it was not until the -200 micron size 

fraction was examined that kimberlitic pyropes were recognised. 

Sample BBV17, taken from the upper Candado drainage - a richly 

diamondiferous tributary of the Quebrada Grande - yielded 10 

micro-diamonds, 9 kimberlitic garnets and 1 chromite grain. A 

follow-up sample, JDIO, composed of 18kg of highly weathered 

bedrock clay, yielded 2000 kimberlitic garnets and 4 micro¬ 

diamonds. This clay proved to be the first primary source rock 

discovered in Venezuela (August 1982). 

Guaniamo kimberlites are extremely weathered so that olivine 

and pyroxenes are not liberated to the regolith. Ilmenite appears 

to be absent and the chrome spinels are indistinguishable from 

background species. The most distinctive and common indicator 

mineral is the high chrome, low calcium variety of pyrope, or GIO 

variety of Dawson and Stephens (1975). These are highly fractured 

and reduced to almost colourless -100 micron shards. Analysis of 

stream gravel samples is thus a painstaking process. 

Since 1987 local diggers have learned to recognise weathered 

kimberlite and its economic significance. Mining has now exposed 

15 kimberlite occurrences that extend’over a distance of 12km by 

5km. The original discovery is pipe-like in appearance, whereas 

the other exposures consist of horizontal to inclined sheets (up 

to 15° ) that are commonly 2 metres thick. The inclined sheets 

are controlled by the dominant NNW structural trend of the area. 

Attitude and regional distribution support the view that the 

original kimberlite dykes have been subjected to post-emplacement 

folding and/or block-faulting. 

Two varieties of diamond bearing mantle rock have been 

recognised. The older rock has returned a Sr whole rock age of 

1.9 Ga +-0.05 Ga, whereas Nd dating indicates 2.0 Ga +-0.05 Ga. 

Argon dating of the younger rock gives an age of 850 Ma. Both 

varieties have been severely weathered so that precise bulk 

chemistry is difficult to determine. However, P.H.Nixon (paper in 

preparation) is inclined to classify the older rock as a Group 1 
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kimberlite. The younger rock tends towards lamproite, with K20 

around 5%. Narrow veins of the lamproitic rock, cut through a 

horizontal sheet of kimberlite in the 039 Area. This rock is 

composed mainly of phlogopite with diamond and rare pyrope. 

The Guaniamo kimberlites pre-date the deposition of the 

Roraima Formation (1.75 - 1.65 Ga), and are intruded into pre- 

Roraima Archaean-style Basement. The area has been affected by 

the Cuchivero-Pacaraima thermal event (1.8 - 1.9 Ga). It is 

proposed therefore that the folding and faulting of the 

kimberlites is related to this event and that the Sr & Nd age 

determinations reflect metamorphic adjustment. Thermal 

metamorphism may also partly explain the unusual chemistry and 

mineralogy of the kimberlite. This proposal implies a greater age 

for the emplacement of the kimberlite than has been determined. 

The lamproite occurrence post-dates the Roraima Formation. This 

fact has important implications for diamond exploration elsewhere 

in Venezuela, in particular in those areas where this massive 

sedimentary cover is widespread and exceeds 3 km in thickness. 

Here, lamproites (as well as younger kimberlites) can be expected 

to be preserved as large bodies and not eroded to root zones as 

is the case in Area 039. 

The discovery of diamond bearing mantle rocks in Guaniamo is 

a benchmark event for source rock exploration in Venezuela and 

the Guyana Shield as a whole. Past myths as to the origin of the 

placer diamonds have as a result been dispelled and the door is 

open to a new era of diamond exploration in this prospective 

region. In addition, recent statements issued by the Venezuelan 

Government suggest that foreign investment is to be encouraged, 

and. exploration for minerals promoted. To maximise its revenue 

and at the same time limit environmental and ethnographic damage, 

the Government must convert areas which are at present haphazard 

diggings, into long term concessions granted to responsible and 

accountable mining companies. 
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MESOZOIC KIMBERLITES AND RELATED ALKALIC ROCKS IN SOUTH-WESTERN SAO 

FRANCISCO CRATON, BRAZIL: A CASE FOR LOCAL MANTLE RESERVOIRS 

AND THEIR INTERACTION. 

LA.; Smith, C.B.; Meyer, H.OA.; Amstrong, R. and De Wit, MJ. 

(1) Geology Department, University of Cape Town. Cape Town, Rondebosch 7700. RSA; (2) Sopemi Pesq. Exploragdo 

de Minerios. SLA Trecho 2, 1591. Brasilia, DF. Brazil; (3) Bernard Price Institute of Geophysical Research, University 

of the Witwatersrand. Johannesburg, Wits 2050. RSA; (4) Dept, of Earth and Atmos. Sciences, Pardue University. 
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Proterozoic rocks which flank the late Archean Sao Francisco craton, and 
which were last deformed during the 800-450 my Braziliano event, are intruded by 
upper Cretaceous kimberlites, olivine melilitites, tuffaceous diatremes and 
carbonatite complexes. The most important focii of alkalic magmatic activity occur 
in an area of late Jurassic to early Cretaceous continental extension (the Alto 
Paranaiba uplift) over a period of about 40 Ma concomitant with the deposition of 
the Cretaceous Mata da Corda Formation (Fig.1). 

The studied kimberlites are hypabbysal calcite-monticellite types, with 
uniformly distributed groundmass minerals. Their mineralogy comprises macrocrysts 
and phenocrysts of olivine, phlogopite and scattered ilmenite set in a groundmass 
of serpentinized monticellite, phlogopite, opaque minerals, perovskite, serpentine 
and calcite. Mica Rb-Sr emplacement ages of 95 Ma were obtained for kimberlitic 
rocks from the Tres Ranchos and Indaia/Perdizes river localities. 

Sediment and breccia-filled maars or diatremes of alkalic affinity contain 
sporadic olivine macrocrysts and abundant phenocrysts set in a groundmass of 
serpentinized monticellite, phlogopite, clinopyroxene, pseudo-leucite, opaque spinel 
and perovskite. Some of the occurrences contain rare sodium-rich or potassium-rich 
glass phases which are assumed to be representative of more evolved melt 
components which crystallized under supercooled conditions. Mica Rb-Sr 
emplacement ages ranging from 85 to 109 Ma were obtained from alkaline rock 
samples from Carmo do Paranaiba, Presidente Olegario and the Pantano peridotite. 

In the carbonatite complexes of Catalao, metasomatised magnetite and mica- 
peridotites and pyroxenites of an early stage are associated with five other late- 
stage magmatic carbonatites and late hydrothermal activity represented by 
foscorite, sovite, cryptocrystalline berforsite, glimmerite and lamprophyre. 
Enrichment of incompatible elements observed in the carbonatitic rocks is 
represented to some extent in the studied kimberlites within 20 km distance of the 
carbonatite complexes. A Rb-Sr emplacement age of 119 Ma was obtained on 
micas from the late-stage phases, which contrasts with the 83 Ma K/Ar age 
obtained previously (Hassui and Cordani, 1968). 

One locality of basalt breccia and composite lava flows near Patos de Minas 
was also studied. Angular to rounded xenoliths, mineralogicaly similar to matrix 
material, with clinopyroxene, opaque minerals, perovskite, altered olivine, ghost 
relicts of feldspar and rare leucite, phlogopite and apatite are set in a groundmass 
of secondary clay, chlorite and serpentine. A mica Rb-Sr emplacement age of 118 
Ma was obtained. 

Xenoliths of spinel Iherzolite, harzburgite and dunite, with evidence of spinel 
and phlogopite metasomatism, are common in some kimberlites from the 
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Coromandel area. In the Presidente Olegario and Patos de Minas areas cognate 
nodules with cumulus perovskite and olivine are fairly common, suggesting 
sampling of temperature-zoned reservoirs within the lithosphere. 

Geothermobarometric calculations and the lack of high-pressure xenolith 
populations (i.e. garnet peridotites and diamonds) in these rocks compared to other 
kimberlites elsewhere in the world, point to a shallow lithospheric source for the 
xenoliths and possibly the alkalic rocks. 

Figure 2 shows that the studied rocks have a relatively restricted range of Sr- 
Nd isotopic compositions approximated as a single component with average 
present-day 143Nd/144Nd = 0.51228 and 87Sr/86Sr = 0.7058. Nd model ages 
(CHUR) average 478 Ma. Present-day Pb signatures range as follows: 
206Pb/204Pb = 17.066 to 20.957; 207Pb/204Pb = 15.309 to 15.679 and 
208Pb/204Pb = 30.157 to 40.149. These are the first documented examples of 
kimberlites and related rocks with such isotopic compositions falling between those 
of Group I and II South African kimberlites (Smith, 1983). The source character of 
these Brazilian kimberlites is thus dissimilar to kimberlites in general worldwide, 
whereas their petrography and mineralogy are similar to South African Group I 
kimberlites. 

The studied alkalic rocks have Sr and Nd isotopic signatures like those of the 
kimberlites although their Pb/Pb signatures show slight differences. A common 
source character can, therefore, be postulated for the kimberlites, para-kimberlites, 
carbonatites and alkali basalts. Increasing alkalinity and exceptionally high 
incompatible element concentrations (eg La, Ce, Th, Nb and Nd) in some of the 
kimberlites may be inherited from heterogeneously enriched portions of the 
lithosphere. In the more evolved rocks interelement ratios of incompatible elements 
suggest that differentiation processes were dominated by assimilation and fractional 
crystallization (AFC) rather than different degrees of partial melting. 

Heterogeneities in the U/Pb and Pb/Pb isotopic ratios correlate with different 
enrichment styles, suggesting involvement of different magma reservoirs within the 
same source region and/or successive interactions of different source regions at 
different times. Negative correlation between U/Pb and K/Nb suggests that U/Pb 
fractionation was strongly influenced by a potassic phase, probably phlogopite. It 
is therefore likely that the trace element enrichment events, in which phlogopite had 
a key role, have taken place at relatively shallow depths (<250 km) in the upper- 
mantle. 

Derivation of the different rock types by crustal contamination alone seems 
unlikely, given the clustering of Sr-Nd isotopic signatures, low Rb/Sr, low Ba/La and 
the relatively high Ti/K20 contents. However, a case can possibly be made for 
some recycling of metasomatized lithosphere in view of the higher Ba/Nb, Ba/La 
and Sr/Nd ratios observed in samples from Presidente Olegario and Carmo do 
Paranaiba. The relatively higher assimilation of continental crust and the nature of 
the nodules in these occurrences could possibly be pointing to a major discontinuity 
(the Western limits of the Sao Francisco craton) in the sub-continental lithospheric 
mantle in this area as delineated at the surface by the rocks of the Mata da Corda 
Formation preserved within a NE-SW system of grabens (Fig.1). 

Isotopic and chemical similarities of the studied volcanics with those of the 
high-Ti Continental Flood Basalts of the Northern Parana Basin (within 
approximately 200 km of the study area) and with those of the Oceanic Basalts at 
the Walvis Ridge in the South Atlantic, suggest that their sources are closely related 
and were all affected by the "Dupal type" mantle enrichment. The relative input of 
mantle plumes, asthenospheric and lithospheric sources in the generation of the 
Minas Gerais rocks is under investigation. At this stage of the study, the preferred 
petrogenic model for the studied rocks assumes their derivation by partial melting 
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of upper-mantle similar to an enriched (E-type) source which had become 
heterogeneous on a small scale due to introduction of small volume melts and 

metasomatic fluids. 
References: 
Hassui and Cordani (1968). Cong. Bras. Geol. XXII-B.Horizonte. 
Smith,C.B. (1983).Nature 304, 51-54. 

Fig.1 - Location map (after Thompkins and Gonzaga, 1989) 
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OXYGEN IN DIAMOND BY THE NUCLEAR MICROPROBE: ANALYTICAL TECHNIQUE 
AND INITIAL RESULTS. 

J.D. Blade; E^. Mathez; C. Maggiore; T.E. Mitchell and R. Fogel. 

(1) Geophysics Group, Earth and Space Sciences Division, Los Alamos National Laboratory, Los Alamos NM 87545 

USA; (2) Department of Mineral Sciences, American Museum of Natural History, New York, NY 10024, USA; 

(3) Center for Materials Sciences, Los Alamos National Laboratory, Los Alamos, NM 87545 USA. 

Investigations of diamonds indicate that oxygen, along with light volatile 
elements, is a major impurity in diamond (Sellschop, 1979), suggesting that the 
oxygen content of diamond may be used to qualitatively characterize the oxidation 
state of its source region. This is of interest because some diamonds contain reduced 
mineral inclusions such as moissanite (SiC) and iron metal (e.g., Moore and 
Gurney, 1989; Meyer and McCallum, 1986), implying that some parts of the upper 
mantle are reduced and that its oxidation state is variable. 

The analysis of oxygen in diamond has been accomplished by an in situ 
microactivation technique. Diamonds were bombarded with a 4.5 MeV beam of ^He 
ions. The beam was focused to a spot 200-300 pm across with a superconducting 
solenoid, which provided for relatively high beam currents and short activation 
times (1.5-2 hrs.). The analytical depth extends to = 8 pm. The incident ions interact 
with carbon and oxygen in the diamonds according to the reactions 
12C(3He,alpha)ilC and 16o(3He,p)’^8p, Both reaction products are radioactive and 
decay by positron emission. However, because the half lives of and are 20.9 
and 109.7 minutes, respectively, their decay activities, which are determined by 
coincidence counting with Nal detectors, are easily distinguished on a plot of decay 
activity vs. time (Fig. 1). The theoretical detection limit of the technique is <10 ppm 
atomic oxygen, but in practice it is limited by the amount of oxygen adsorbed on the 
diamond surface. The precision, which is limited by precision in measurement of 
the ^He beam current, is = 15% relative. 

Two problems are associated with the analytical surface. The first involves 
adsorbed atmospheric oxygen and arises because there is no facility in the sample 
chamber to remove (e.g., by sputtering) the adsorbed layer. The amount of oxygen 
adsorbed on nominally clean, polished diamond surfaces exposed to atmosphere 
was determined by Rutherford backscattering spectrometry (RBS). Surface oxygen 
concentrations are typically == 1 X 10^^ at/cm^ (detection limit = 0.4 X 10^^ at/cm^), in 
agreement with previous estimates (Sellschop, 1979). This amount, representing = 
15 ppm in the bulk analysis, is equivalent to a continuous monolayer of surface 
oxygen and, since diamond surfaces are not known to oxidize, is taken to be the 
maximum amount that can be adsorbed. A more serious problem is due to the 
build-up of an oxygen-rich contaminant on the analytical surface during activation. 
Elimination of this contamination, which is apparently due to a sealant in the 
sample chamber, was necessary because it adds significant oxygen to the analysis. 
The ^^F nucleii produced by reaction (2) possess an energy of 2.2 MeV; thus most 
generated in the contaminant is implanted in the diamond and cannot be removed. 
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The problem was circumvented by coating nominally clean diamonds before 
activation with a 2 pm thick layer of gold, which serves to trap the from the 
contaminant. The configuration is illustrated in Fig. 2. After activation and before 
counting, the gold coat and trapped contaminants were removed by polishing. After 
the diamonds were counted, their surfaces were reexamined by RBS to confirm that 
all gold had been removed. 

We examined nine type IIA (verified by IR) and five type I diamonds. The former 
are doubly polished 1 mm plates purchased commercially. Oxygen contents were 
found to range from 16 to 102 ppm at. (ave. = 67 ppm). The type I diamonds are 
fragments each with a single polished face. Their oxygen contents range from 49 to 
116 ppm (ave. = 81 ppm). The ranges are similar to those reported by Bibby and 
Sellschop (1974) determined by fast neutron activation. 

There are several potential sources of oxygen. One possibility is that oxygen exists 
in the gold coats and the analyses are artifacts. However, there is no indication that 
the gold layers contain oxygen, and the variability in the analyses cannot obviously 
be accounted for by this possibility. Experiments are presently underway to confirm 
this. A second possibility is that oxygen is contained in inclusions. Although the 
regions analyzed in all samples are free of inclusions or other defects visible by 
optical microscopy, submicroscopic inclusions are possible. To test this, two type IIA 
diamonds were examined by TEM and were found to be inclusion free. Type IIA 
diamonds are known to possess relatively high concentrations of dislocations, so a 
third possibility is that oxygen exists in such structures. The average dislocation 
density, which was determined by counting the number of intersections with the 
diamond surface, was found to be = /vcv^. Only ~ 1 ppm oxygen can be 
accomodated in dislocations assuming that their cores are undissociated and 
saturated with an oxygen atom at every atomic position along the dislocation. If the 
dislocation cores are dissociation in saturated stacking faults 40A wide, 
concentrations as high as 10 ppm are possible. However, higher concentrations 
must be in solution. 
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Fig. 1. Decay activity of diamonds activated by ^He. The activity is composed of 
three components representing decay of (ti/2 = 20.9 min.), {ti/2 = 109.7 min. 

and a background, which is constant with time. 

Fig. 2. Configuration of a gold coated diamond being activated by ^He. l^F is 
generated from a layer of contamination on the gold, from the diamond surface 
(which had been exposed previously to the atmosphere), and from within the 
diamond itself. 
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FlCnVE CONDUCTIVE GEOTHERMS BENEATH THE KAAPVAAL CRATON. 

Brey, G. 

Max-Planck-Institut fiir Chemie, D-6500Mainz, F.R.G. 

Garnet peridotite xenoliths from kimberlites, 

lamproites, minette and rarely alkali basalts are the major 

source of information on the chemistry and physical state of 

the continental lithosphere and possibly the underlying 

asthenosphere. Pressures and temperatures of crystallisation 

may be calculated for these xenoliths with various 

geothermobarometers. These pressures and temperatures are 

usually aligned along conductive continental geotherms as 

calculated from heat flow measurements at the Earth's 

surface. While the major issue of debate was and is the 

existence or non-existence of an inflected geotherm (Boyd, 

1973; Nickel and Green, 1985; Bertrand et al., 1986; Carswell 

and Gibb, 1987), opinions also existed which simply 

questioned the reality and validity of calculated conductive 

geotherms beneath the Kaapvaal craton (Fraser and Lawless, 

1978; Harte and Freer, 1982). 

Based on experiments in natural and simple systems from 

2-60 kb and 900-1400 °C Brey and Kohler (1990) calibrated new 

versions of the two-pyroxene thermometer (Tgj^j^) and the Al- 

in-opx barometer (Pj^^j^) • Tests of published geothermo¬ 

barometers with their experiments in natural systems indicate 

that the Fe-Mg exchange thermometers of O'Neill and Wood 

(1979; grt-ol; Krogh (1988; grt-cpx;Tj,j,Q • i 

and a Ca-in-olivine barometer (Kohler and Brey, 1990; 

can be used to reliably calculate pressures and temperatures 

of crystallisation. All these geothermobarometers should 

yield identical results (within their mutual errors) ^ the 

samples were in internal mineral equilibrium. 

P,T-conditions calculated with the potentially most 

accurate combination of the two-pyroxene thermometer with the 

Al-in-opx barometer are aligned along a conductive geotherm 

of about 44 mW/m^ for mostly granular (low-T) nodules from 

the Kaapvaal craton (examples are shown in Fig. 1 for 

Bultfontein, Thaba Putsoa and Matsoku) while sheared (high-T) 

nodules form arrays at higher temperatures and subparallel to 

conductive geotherms. No kink (inflectipn) appears in our 

calculated geotherms (Fig. 1). 

Tests for internal mineral equlibrium: 

In general, all thermometers and barometers yield 

consistent results when applied to the high-T suite of 

nodules indicating internal mineral equilibrium. 

In contrast, temperatures calculated with 

systematically underestimated compared to results from the 

two-pyroxene thermometer with increasing Tj^roqh 
similar results and Pj^g systematically overestimated 

pressures compared to for granular (low-T) nodules 

indicating disequlibrium between the various minerals. These 

inconsistencies may be the result of different blocking 
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temperatures of elements in the different minerals. In the 
absence of apparent zoning this should be reflected as 
inconsistencies in mineral chemistry as demonstrated in Figs. 
2-4. 

Fig. 2 is a diagram of Ca^P^ vs Ca^P^. Ca in the two 
pyroxenes should show a negative correlation if the samples 
under consideration are derived from a range of temperatures. 
This is the case for the suite of high-T nodules. Ortho¬ 
pyroxenes from low-T nodules have constant Ca at individual 
localities, but differ between localities indicating a low 
and constant temperature, whereas Ca in cpx varies widely 
indicating variable temperatures. The two minerals cannot be 
equilibrium at least with respect to Ca and in the higher 
temperature range. Ca in olivine is similarily constant as Ca 
in opx and Ca in cpx is also not in equilibrium with Ca in 
olivine. 

A1 in opx varies concommitantly with Ca in cpx (compare 
Figs. 2 and 3); it may be argued that these two elements 
reflect peak metamorphic conditions of the samples, whereas 
Ca in opx and Ca in olivine had adjusted to lower 
temperatures. It must then be shown, however, that garnet was 
in equilibrium with opx and cpx at the peak metamorphic 
conditions. It can be demonstrated, however, from Ca-Cr 
relationships of garnets (Fig. 4), that garnet was never in 
equilibrium with clinopyroxene except if the nodules 
experienced very high temperatures at one stage of their 
history (higher than calculated here from the two-pyroxene 
thermometer), and that the garnet compositions were frozen in 
at these conditions. Much lower temperatures calculated with 
*^0'Neill against this possibility. I must therefore 
concur with the conclusions of Fraser and Lawless (1978) and 
of Harte and Freer (1982) that it is not possible to deduce 
pressures and temperatures of crystallisation for the low-T 
nodule suite from the Kaapvaal craton and that we do not know 
the thermal state of its lithospheric mantle. If any 
estimates are to be made it can only be that the mantle is 
cooler than a conductive geotherm of 44 mW/m^. 

The Kaapvaal craton nodule suite is unique in that 
nodules from other localities worldwide (and also from 
Namibia) generally appear to be in internal mineral 
equilibrium and realistic geothermal gradients may be 
determined from the nodule suites. This further demonstrates 
that the Kaapvaal craton is an inappropriate place to make 
general models of cratonic parts of the upper mantle. 

Bertrand, P., Sotin, C., Mercier, J.-C.C. and Takahashi, E. 
(1986). Contrib. Mineral. Petrol., 93, 168-178 
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Fig. 1: Calculated P,T-conditions + ^EKN^ garnet 
peridotites from Matsoku, Bultfontein and Tnaoa Putsoa 
(Kaapvaal craton; mineral data from various sources). 
Fig. 2: Ca in opx vs Ca in cpx for nodules suites from the 
Kaapvaal craton (only data from Hervig et al., 1986) 
Fig. 3: Ca in opx vs Al in opx for nodules suites from the 
Kaapvaal craton (only data from Hervig et al., 1986) 
Fig. 4: Ca~Cr relationships for garnets from peridotites from 
Matsoku. Isolines for constant P,T conditions are derived 
from experiments in natural systems. Garnet compositions 
should plot along these lines in case of equilibrium between 
garnet and clinopyroxene. They plot, however, at too low Ca 
contents. 
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THE JOIN PYROPE-KNORRINGITE: EXPERIMENTAL CONSTRAINTS FOR A NEW 

GEOTHERMOBAROMETER FOR COEXISTING GARNET AND SPINEL. 

Brey, Doroshev, and Kogarko, 

(1) Max-Planck-Institut fur Chemie, D-6500 Mainz, F.R.G.; (2) Inst. Geol. USSR Academy of Sciences, Novosibirsk; 

(3) Vernadsky Inst. USSR Academy of Sciences, Moscow. 

Pyropic garnets in Iherzolites and harzburgites from 
diamond-bearing pipes contain significant amounts of 
chromium. Similar garnets also occur as disseminated grains 
in kimberlites. Such garnets are usually low in calcium and 
chromium must be present mostly as the Mg3Cr2Si302^2 

member knorringite. Garnets found as inclusions in diamonds 
are particularly rich in this component, commonly with 30-40 
mol % knorringite (Meyer and Boyd, 1969; Sobolev et al. 1969) 
and in a few cases with more than 60 mol-% (Meyer, 1975; 
Sobolev et al., 1973). Experimental work on the join pyrope- 
knorringite was already undertaken more than three decades 
ago (Coes, 1955) but, because of experimental problems, there 
remains serious disagreement about the pressure stability 
limit of knorringite (Fig. 1). 

Ringwood (1977) synthesized pure knorringite and solid 
solutions between pyrope and knorringite at pressures between 
60 and 80 kb and temperatures of 1400 - 1500 °C. Irifune et 
al. (1982) and Irifune and Hariya (1983) synthesized pure 
knorringite at pressures greater than 105 kb and described a 
stability limit with a positive dP/dT slope. Turkin et al. 
(1983) brought down the position of the knorringite stability 
field to 80 - 90 kb and found a negative dP/dT slope. The 
same group investigated the composition of coexisting garnet 
and spinel in the 4-mineral harzburgite paragenesis 
Gargg+OpXg +Sp +Fo in the system MASCr from 30 to 70 kb and 
showed that (i) the knorringite component in garnet increases 
with increasing pressure and temperature in this paragenesis 
(negative dP/dT slopes of Cr-isopleths) and (ii) the 
picrochromite component in spinel increases with pressure and 
decreases with temperature (positive dP/dT slopes of Cr- 
isopleths) . Thus pressure and temperature of crystallisation 
can be defined uniquely from coexisting garnet and spinel. 
Moreover, estimated pressures and temperatures are 
potentially very accurate because the Cr-isopleths for garnet 
and spinel cut at very steep angles. 

These prospects for application to geothermobarometry 
led us to try to clarify the present situation by reversibly 
determining the compositions of coexisting phases in piston 
cylinder and belt apparatuses in the pressure range from 27 
to 60 kb and at temperatures from 1200 to 1500 °C. 
Equilibrium composition of coexisting phases were determined 
reversibly by using mixes of minerals with either high or low 
Cr/Al ratios. Phase compositions were determined from X-ray 
properties and by electron microprobe. 

In a first step we determined the solubility limits of 
knorringite in pyrope garnets and the composition of 
coexisting orthopyroxene and corundum-escolaite solid 
solution and derived thermodynamic mixing parameters for all 
phases. Extrapolation of our experimental results is 
consistent with Turkin's et al. (1983) stability limit for 
pure knorringite with a negative dP/dT slope. 
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We also determined the composition of coexisting phases 
for the 4-phase harzburgitic assembly. Compositions 
determined for coexisting garnet^^ and spinel^^ are presented 
in Fig. 2 as a function of pressure and temperature. Based on 
Fig. 2 we have derived Cr/(Cr+Al) isopleths and plotted them 
in a presssure-temperature-diagram (Fig. 3). There is 
qualitative agreement with the results of Malinovsky et al. 
(1975), although position and slopes of Cr-isopleths differ. 
Straightforward application of the isopleths presented in 
Fig. 3 to garnet inclusions in diamonds yields a narrow range 
of pressures of origin for most of these diamonds between 52 
and 60 kb. This assumes that these garnets were in 
equilibrium with spinel; the estimated pressures are minimum 
values if this was not the case. 

The presence of Fe and Ca will influence the Cr contents 
of the phases and appropriate corrections are needed for a 
more precise application to natural rock samples. Experiments 
to determine this influence of Fe and Ca are in progress. 
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Fig. 1: Pressure stability limits for synthesis of 
knorringite from enstatite and Eskolaite after various 
authors 

Fig. 2.: Compositions of coexisting garnet and spinel as 
derived from our experiments 
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Fig. 3: Isopleths of lOOxCr/(Cr+Al) for coexisting garnet and 
spinel as derived from Fig. 2. Numbers on the left side of 
the lines give composition of garnets and on the right of 
spinels. 
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ORIGIN OF LOW-CA, HIGH-CR GARNETS BY RECRYSTALLIZATION OF 

LOW-PRESSURE HARZBURGITES. 

Bulatov, V; Brey, G.P. and Foley, S.F. 

(1) Institute of Lithosphere, Moscow, USSR.; (2) Max-Planck-Institut fiir Chemie, Saarstrasse 23, 6500 Mainz, 

Germany; (3) Mineralogisch-Petrolog^sches Institut, Universitdt Gottingen, 

Goldschmidtstrasse 1, 3400 Gottingen, Germany. 

Garnets with exceptionally low CaO (0.5-4 wt%) and high 
Cr203 (1-13 wt%) contents are commonly found as inclusions in 
diamonds as part of the peridotitic inclusion suite, but up 
to date there is no clear consensus as to their origin. Any 
hypothesis for their origin must account for both the low CaO 
and the high Cr202 contents, in a process which operated in, 
but may not have Been restricted to, the earliest tectonic 
regimes applicable to the Earth's mantle. 

Explanations of their formation have been principally of 
three types, of which the first two appeal to formation of 
the garnet in equilibrium with a melt phase, whereas the 
third explains the garnets as metamorphic products from 
garnet-free rocks: 
(i) The garnets are part of a restitic garnet peridotite 
suite formed by the loss of a considerable "basaltic" melt 
fraction, probably komatiitic; the exceptionally low Ca 
contents are thus a measure of the extreme depletion of the 
restite. 
(ii) The low Ca-garnets crystallized from a melt which was 
itself derived as a "second-stage" melt from an extremely 
depleted peridotite type such as harzburgite. Such a melt 
would be enriched in MgO and poor in Ca, A1 and Na amongst 
the major elements. 
(iii) The garnets are metamorphic products formed from re¬ 
equilibration of subducted oceanic crustal material, either 
serpentinite or harzburgite. 

Here we summarize experimental results of three types 
which have bearing on the above hypotheses: (i) Partial 
melting experiments on an anhydrous pyrolite composition with 
analyses of restitic garnets, (ii) sandwich experiments on 
the equilibrium between basaltic melt and spinel peridotite, 
which catalogue the composition of spinels in equilibrium 
with basaltic melt over a range of pressure and temperature, 
and (iii) near-solidus experiments on an olivine lamproite 
composition, which documents the composition of garnets 
crystallized in a very CaO-poor melt at high pressures. These 
studies lead us to the conclusion that low-CaO, high-Cr203 
garnets most probably originate by metamorphic re¬ 
equilibration of Cr-spinel harzburgite, and that the Cr- 
spinel originally formed at pressures below 10 Kbar. 

I. MORB-Pyrolite melting experiments 
Experiments on dry melting were carried out at 50 and 60 

kb on MORB-Pyrolite (Green et al., 1986) and experiments 
below the solidus on a similar primitive mantle composition 
(Brey et al., 1990). The Cr contents of garnets produced in 
these experiments are low and constant (even 200 °C above the 
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solidus) over a range of temperatures from 900 - 1800 
whereas CaO decreases from 6 wt% to 3.5 wt% (Fig. 1). The 
experimentally produced garnets do not overlap in composition 
with natural Cr-rich subcalcic garnets. These garnets 
therefore do not originate from residues of partial melting 
at high pressures. 

II. Spinel-peridotite/basalt sandwich experiments 
Sandwich-type experiments on partial melting of a 

primitive mantle composition were carried out from 5 to 20 
kb. Mineral separates from a primitive spinel Iherzolite were 
recombined such that the centre of the sandwich consisted of 
spinel and clinopyroxene (the low-melting components) 
surrounded by olivine, orthopyroxene and spinel and 
clinopyroxene less the amount placed in the centre. The bulk 
corresponded to the original compositon. Large melt pools are 
created at temperatures above the solidus and melt 
composition and restite mineral phases can be measured very 
easily with the electron microprobe. Restite spinels become 
enriched in Cr with increasing temperature and depleted in A1 
(Fig. 2). Spinels with the highest Cr/Al ratios are produced 
at lowest pressures and highest temperatures. Such Cr-rich 
spinel harzburgites will transform at high pressures to 
garnet harzburgites with garnets having low Ca and high Cr. 
Subduction or another type of removal to high pressure may be 
the process to bring the spinel harzburgites to great depth. 

III. Olivine lamproite melting experiments 
Experiments on lamproites may serve to model a very 

depleted mantle source in terms of major elements. No garnet 
is found near the liquidus up to pressures of 55 kb (Foley, 
1989 and unpublished results), but experiments close to the 
solidus yield ol, phlog, opx and garnet. These garnets are 
always rich in CaO (5.8 - 7.4 wt%) and poor in Cr203 (< 1%) 
and are not counterparts of the Cr-rich subcalcic garnets 
found in kimberlites. 

From the presentation of experimental data above it 
appears that the only reasonable process to generate Cr-rich 
subcalcic garnets is that of metamorphic recrystallization of 
a Cr-spinel harzburgite. We envision harzburgite because the 
Ca-poor nature of the garnets does not allow cpx to be 
present and we favour Cr-spinel because the high Cr in garnet 
must come from there. Cr-spinel harzburgites are the residues 
of high degrees of partial melting at' low pressures of 
plagioclase or spinel peridotite. These protoliths were 
subsequently transferred to high pressures. 

Brey, G.P., Kohler, T. and Nickel, K.G. (1990), J.Petrol. 31, 
1313-1352 
Foley, S.F. (1989), In: Jaques, A.L., Ferguson, J. and Green, 
D.H., "Kimberlites and Related Rocks." Blackwells, 
Melbourne, 616-631 
Green, D.H., Falloon, T.J., Brey, G.P. and Nickel, K.G. 
(1986), Fourth International Kimberlite Conference. Extended 
Abstracts, 181-183 
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COMPOSITION OF GARNETS 
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Fig. 1: Ca-Cr relationship of experimentally produced garnets in a 
pyrolite composition. Small numbers are temperatures in °C. 

Fig. 2: Composition of spinel from partial melting experiments on 
a natural primitive upper mantle composition 
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EXPERIMENTAL EVIDENCE FOR THE EXSOLUTION ORIGIN OF CRATONIC 

PERIDOTITE. 

Canil, Dante. 

Bayerisches Geoinstitut, Universitdt Bayreuth, Postfach 1012 51, D-8580 Bayreuth, Germany. 

Geochemical analyses of several large peridotite xenoliths hosted in south African 
kimberlites indicate a clear compositional cSstinction between 'oceanic' and 'cratonic' 
lithosphere (1,2). The petrologic processes which contributed to the compositional spectrum 
of relatively young 'oceanic' type lithosphere are fairly well understood, but those which 
have led to the compositional spectrum of ancient 'cratonic' lithosphere are still the subject of 
debate (1,3-5). Understanding the origin of cratonic lithosphere is important for models on 
mantle evolution, cratonization, and the origin of diamond within mantle lithosphere. 

Coarse-grained garnet peridotites hosted in kimberlites erupted within the Archean 
Kaapvaal craton of southern Africa comprise the bulk of the 'cratonic' lithosphere beneath 
this region (1). Recent detailed petrographical analysis of coarse grained peridotites from 
southern AMca have noted a statistically significant spatial association of garnet and 
clinopyroxene with orthopyroxene (6). These observations have led to the hypothesis that all 
garnet and clinopyroxene in these rocks may have at one time been dissolved in 
orthopyroxene at temperatures higher than those now recorded by the xenoliths (800 - 1200 

°C). The probable compositions of these 'precursor' high temperature orthopyroxenes have 
been estimated by recombining the compositions of spatially associated orthopyroxene- 
clinopyroxene-gamet assemblages in the coarse grained peridotites studied. The resulting 
Ca, Al-rich high temperature oithopyroxenes are thought to have equilibrated with ultramafic 
melts at high pressures in the Archean mantle, but upon cooling to ambient temperatures, 
exsolved clinop5a‘oxene and garnet to become the common low temperature coarse-grained 
garnet Iherzolites recognized in many kimberlites emplaced within the Kaapvaal craton 
(6,7). This exsolution process was enhanced by deformation in the mantle (7) and it has 
been further proposed that many garnet Iherzolites could have had a similar high 
temperature origin (6). Isotopic and bulk chemical considerations of garnet Iherzolite 
samples from southern Africa are consistent with this proposal (1,8), but there are as yet no 
experimental constraints .on its credibility. 

Phase equilibrium experiments in the system CaO - MgO - AI2O3 - Si02 - FeO - 
Cr203 on typical 'oceanic' and 'cratonic' peridotite compositions, and a 'precursor' Ca, Al- 
rich high temperature orthopyroxene composition were undertaken to test the feasibility of a 
high temperature 'exsolution' origin for garnet peridotites, and to provide further constraints 
on models for the origin of 'cratonic' lithosphere beneath southern Africa and possibly other 
Archean cratons. Starting compositions were estimates of average 'oceanic' and 'cratonic' 
peridotite, as given in Boyd (1) and a hypothetical Ca,Al-rich high temperature 
orthopyroxene similar to those presented in Cox et al (6). Experiments were performed on 
all three starting materials from pressures of 5 to 8 GPa and temperatures of 1300 to 1600 °C 
using a multi-anvil apparatus at the Bayerisches Geoinstitut. Sectioned graphite heaters were 
used for all experiments to minimize thermal gradients to less than 20 °C/mm. Starting 
materials were contained in graphite capsules. Run durations varied between 1 and 11 hours 
depending on temperature. 

Equilibrium in the experiments was assumed based on the convergence of 
orthopyroxene, garnet and clinopyroxene compositions in all runs at the same pressure and 
temperature on two different peridotite starting compositions; 'oceanic' peridotite with high 
Ca/Al, low Mg/Fe and 'cratonic' perditoite with low Ca/Al and high Mg/Fe. In addition. 
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reversals were performed at the lowest temperature (1300 °C) and therefore, 'worst case', 
of all experiments. 

'Oceanic' peridotite crystallizes a garnet harzburgite assemblage at pressures and 
temperatures above 5 GPa and 1450°C, respectively, but at lower temperatures crystallizes 
clinopyroxene to become true Iherzolite. 'Cratonic' peridotite crystallizes a garnet harzburgite 
assemblage at pressures above 5 GPa and temperatures below 1450 °C. Garnet-free 
harzburgite crystallizes from both 'cratonic' and 'oceanic' peridotite at temperatures above 
15(X) °C and pressures at or below 5 GPa. Phase relations for the Ca,Al-rich orthopyroxene 
mimic those of 'oceanic' peridotite. 

Phase equilibria for all three starting compositions confirm predictions (6,7,9) that 
Iherzolitic compositions actually become harzburgitic at high temperatures and/or pressures. 
At conditions of very high temperature and lower pressure near or above the peridotite 
solidus, both 'cratonic' and 'oceanic' peridotite would be bimineralic harzburgites 
consisting of only olivine and Ca , Al-rich orthopyroxene. 

The comparison of experimental orthopyroxene compositions from this and other 
experimental studies on ultramafic compositions, with orthopyroxenes from natural south 
African Iherzolite and harzburgite nodules (2,6,10) and 'precursor' high temperature 
orthopyroxenes calculated from south African garnet Iherzolites (6), provide some 
constraints on the probable conditions at which bimineralic harzburgites could have formed 
during the Archean, and how such rocks cooled (and exsolved) to become Iherzolites. 

In the 'cratonic' peridotite and Ca,Al-rich orthopyroxene starting compositions, 
orthopyroxenes not in equilibrium with garnet and/or clinopyroxene are similar to the high- 
temperature 'precursor' orthopyroxenes from which garnet and clinopyroxene are thought to 
have exsolved in the common low-temperature, coarse-textured garnet Iherzolites from south 
African kimberlites. Thus, 'precursor' orthopyroxenes in these latter xenoliths could have 
equilibrated at maximum pressures of 5 GPa near or slightly above the fertile mantle solidus 
(1500 - 1600°C). At pressures above or temperatures below such conditions, the Al- and Ca- 
solubilities of these orthopyroxenes are exceeded, forming garnet and shifting their 
compositions more towards those typical of natural garnet harzburgites and Iherzolites. 

None of the orthopyroxenes produced in experiments reported herein have the high 
Ca and Al contents of the proposed 'precursor' orthopyroxenes for high temperature, 
porphyroclastic garnet peridotites. Calculated 'precursor' orthopyroxenes for the latter 
samples are too Ca- and Al-rich to have equilibrated with either typical 'cratonic' or 'oceanic' 
Iherzolite bulk compositions under any P-T condition investigated (> 5 GPa). Samples 
from which these high Ca, Al 'precursor' orthopyroxenes were constnjcted all have 
compositions characteristic of 'oceanic' lithosphere, whereas low temperature coarse-grained 
peridotites with calculated 'precursor' orthopyroxenes which match fairly well those 
observed in the experiments (discussed above), all have bulk compositions typical of 
'cratonic' lithosphere. 

In contrast, orthopyroxenes generated at lower pressure (< 3 GPa) above the 
peridotite solidus have compositions similar to the predicted 'precursor' high temperature 
orthopyroxenes for sheared 'oceanic' peridotites. Orthopyroxenes coexisting with 
ol+cpx-i-gt+liq at 3 GPa and 1550 °C (11) or at 2.5 GPa and 1470°C (12), have the high Ca 
and Al contents predicted for the 'precursor' orthopyroxenes of 'oceanic' peridotite 
compositions. Using these constraints, orthopyroxenes parental to garnet and/or 
clinopyroxene in high temperature, porphyroclastic Iherzolites having 'oceanic' 
compositions are predicted to have equilibrated above the peridotite solidus (1400 and 1600 
°C) at pressures less than 3 GPa. These conditions of formation for porphyroclastic samples 
with 'oceanic' compositions are remarkably similar to those predicted by Cox et al (6). 
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Thus, the apparent cooling path for the presumed original high-temperature 
harzburgite protoliths of garnet Iherzolites differs depending on bulk composition. The 
cooling history of high-temperature harzburgite protoliths parental to porphyroclastic 
'oceanic’ garnet Iherzolite samples is complicated by the fact that such rocks originally 
formed at pressures less than 3 GPa, as indicated by their 'precursor' orthopyroxene 
compositions, but were sampled by their host kimberlite at pressures in excess of 6 GPa. 
The equilibration of the 'oceanic' Iherzolites at pressures higher than those at which they are 
thought to have formed requires that mantle represented by these rocks was transported 
from shallower to deeper levels. It is speculated that such transport could have been 
accomplished by convective circulation of oceanic lithosphere, but that the convected mantle 
represented by diese samples is ancient, because isotopic studies of these rocks indicate they 
were removed from the asthenosphere about 2.5 to 3.0 Ga ago (8). 

Compared to the porphyroclastic 'oceanic' Iherzolites, the coarse textured 'cratonic' 
Iherzolites have undergone a much simpler cooling history since their original formation. 
Parental orthopyroxenes from which clinopyroxene and garnet exsolved in 'cratonic' 
Iherzolites appear to have formed at pressures near 5 GPa and temperatures near or above the 
fertile peridotite solidus (1500 to 18()0 °C). At these P - T conditions along the fertile 
peridotite solidus, melts would have been ultramafic in composition (10,13). The bulk 
compositions and isotopic characteristics of typical 'cratonic' Iherzolites are best explained 
by Archean ultramafic liquid extraction from primitive mantle compositions such as pyrolite 
(1,5,8). The composition^ overlap between orthopyroxenes in equilibrium with olivine and 
melt along the liquidus of aluminum undepleted komatiite (14) and 'precursor' 
orthopyroxenes for 'cratonic' coarse grained peridotites, is strong evidence for this scenario. 
Therefore, the P-T history of 'cratonic' Iherzolite was probably one of simple isobaric 
cooling from formation temperatures near the peridotite solidus (5 GPa , > 1500 °C) to those 
at which they were sampled in the mantle root of the Kaapvaal craton ( < 1200 °C). 

In summary, phase equilibria from this and other experimental studies on ultramafic 
systems are consistent with an origin for 'cratonic' peridotite as a residue of Archean 
ultramafic liquid extraction, which has since cooled and exsolved clinopyroxene and garnet 
to become the common low temperature coarse-grained peridotite comprising the bulk of the 
Kaapvaal craton. This model may indeed apply to cratonic lithosphere underlying other less 
well studied (or well sampled) Archean cratons such as the Wyoming and/or Superior 
provinces in North America. 
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GEOLOGY AND GEOPHYSICS OF THE REDONDAO KIMBERLITE DIATREME, 

NORTHEASTERN BRAZIL. 

Castelo Branco, and Lasnier, 

(l)Depto. de Geologia, Univ. Federal do Ceard, Brasil; (2) Universite de Nantes, Lab. Petrolog^e et Mineralogie, 

France. 

INTRODUCTION 

Over the past three decades several kimberlite bodies have 
been recognized in Brazil, mostly in the south-eastern part 
of the country. They occur mainly in the state of Minas Gerais, 
generally as small, rounded or elipitical, weathered diatremes. 
However, other occurrences in the Mato Grosso, Goias, Rondbnia, 
Santa Catarina and Piaui states are less well documented. 

Investigations of the Brazilian kimberlites were first made 
by mining and prospecting companies. Svisero et al.(1984) made 
a synthesis of the geology of some bodies known at thet time. 
Castelo Branco (1986a) documented several diatremes in the Par- 
naiba basin, northeastern Brazil. 

THE REDONDfiO DIATREME: GENERAL GEOLOGY 

The Redondao diatreme was the first kimberlite body 
discovered in Brazil during a regional geolgical survey 
carried out by PETROBRAS (Brazilian Oil Company) in 1962, but 
umpublished. Figure 1 shows the localization of the studied 
area and figure lb shows the geology of Redondao and adjacent 
area. 

The RedondAo diatreme consists of a semi-square structure, 
with a diameter lenghthened around 1100 meters in the NNW 
direction. Depths may reach up to 60 meters in the center of the 
structure relative to the Guaribas plateau, which has an average 
altitude of 600 meters above sea level. The well-shaped 
structure occurs in the Carboniferous and Permian rocks of the 
Parnaiba basin (Piaui and Pedra de Fogo sedimentary formations). 
These rocks are represented mainly by sandstones, siltstones and 
shales of various colors and grain size. In addition, there are 
thin, localized deposits of recent sediments such as sands and 
clays scattered over the Guaribas plateau. In this region, the 
total thickness of the Paleozoic sediments (Serra Grande, Pimen- 
teiras, Cabegas, LongA,Poti, Piaui, Pedra de Fogo formations) 
can reach 2000 meters over the Precambrian crystalline rocks 
(Lodoho 1958, Mesner & Wooldridge 1964). 

Photogeologic interpretation with processed remote sensing 
and associated field geology studies provides detailed 
information on the geology inside the diatreme, as well as on 
the regional interpretation of lineaments (Castelo Branco 1986b). 

Inside the Redondao structure, the outcrops are formed 
by weathered kimberlitic breccia surrounded, in most cases, by 
soil formations. Yellow ground is, .therefore, frequent and 
forms slight depressions; this material forms 60% of the 
structure. On the other hand, near several elevations, there are 
floating reefs of sandstone (Piaui Formation) and others of 
recent lateritic formations as well as small alluvial and 
colluvial deposits (40% of the structure). 

The typical kimberlite outcrops comprise soft, yellowish 
rocks enclosing numerous fragments (0,5 - 20 mm) of 
various shapes. The whole assemblage forms a volcanic breccia. 
There are fragments of an "accidental" and "cognate" nature 
as well. In thin section, the RedondAo kimberlite breccia 
consists essentially of 40% argillaceous minerals, 10% 
carbonates, 12% chlorites, 10% talc, 10% quartz, 10% 
serpentines, 5% phlogopites, and 3% opaques. 

The RedondAo diatreme also contain xenoliths of mantle 
origin which Svisero et al.(1977) has been reported as a garnet- 
serpentine xenoliths composed of pyrope garnet, serpentine, 
clinopyroxene, phlogopite, chromite and spinel. 
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The garnets of RedondSo breccia were analysed using a 
electron microprobe with a TRACOR system. They occur as a red 
rounded isoleted crystals (<2.5mm) within the breccia matrix. 
The microprobe analysis showed then to be pyrope with CaO 4.49- 
5.67 weight per cent and Cr203 1.77-4.54 weigth per cent. 
The Cr-pyrope of RedondSo diatreme have an average composition 
(mol.per cent end-members) of pyrope 66.51-67.41, almandine 
17.76-19.08, grossular 10.23-10.86, uvarovite 1.83-4.67. Figure 
2 displays a diagram with the composition of Redondao garnets 
compared with those of worldwide kimberlite localities and those 
of garnets from others brazilian occurrences. 

© ® 

Figure la shows the geographic localization of the Redondao 
area in the Brazilian shield.Figure lb displays of the the 
geology of Redondao diatreme and adjacent areas:Q(Quaternary 
a-alluvium,c-colluvium,1-laterites),P(Permian pf-Pedra de 
Fogo),C(Carboniferous pi-Piaui),JK(Juro/Cretacic kb-kimberlite 
breccias,Ppf and Cpi essentially sandstone and siltstone.Heavy 
lines-lineaments,fine lines-geological contacts,trace lines- 
road, A-B geophysical profile orientation. 

Fe 

Figure 2 Diagram (mol. per cent end-members) of RedondAo garnets. 
A-Rimberlite garnets worldwide occurrences, B-Kimberlites garnets 
from Brazilian occurrences. 

GEOPHYSICAL SURVKYIHG AND ITS INTERPRETATION 

Magnetometric profiles, eletrical resistivity soundings, as 
well as gamma ray spectrometry exploration, were used in 
conjunction with geological mapping crossing the diatreme in the 
NS direction. The best adjustment obtained to compare the field 
curve with a theoretical one is presented in figure 3 as a 
result of 2-D computing treatment of the geophysical and 
dimensional parameters as well as the geological evidence and 
models of kimberlite diatreme generation. The geophysical 
parameters used are also visible in the caption. The draft 
roughly presents the model adopted here. 

The diatreme has a funnel shape which extends 
downwards vertically to 2 Km under the actual surface (1,1 to 
1,3 Km in diameter). At depth, there is 2-5 Km thick feeder dike, 
of kimberlitic nature, oriented in NE direction and 
dipping 70 - 80® SE. This dike, responsible for 80% of the 
magnetic anomaly, is set in the cataclastic zone of the 
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"Transbrasiliano" lineament and can reach 20 Km in length, as 
shown by aeromagnetic anomaly. Other, well-defined profiles 

Figure 3 presents the results of the best adjustment between 
the field and theoretical curves.Geophysical parameters were 
MSG for dike 0.OOSSemu,for the pipe MSG 0.0022emu,anomaly due to 
induced magnetisation,MI 7°,MD -19°, MTF 25700nT,Tranverse 
azimute of the profile 133°,Total field. PMS-Paleomesozoic 
sediments,BGR-basement crystalline rocks.Heavy line-field curve, 
trace line-theoretical.Dimensional parameters-see text. 

extending out of the diatreme confirm the presence of this dike. 
diatreme was formed by explosive activity at an intersection 

of a NNW lineament (Serra do Boqueirao). This indicates that the 
formation of kimberlite diatremes is a localized geological 
process. 

eletrical profiles of apparent resistivity versus 
Schlumberger array electrode spacing have been applied over 
the RedondSo diatreme. They indicate 4 altered layers 
with an increasing apparent resistivity at depth around 200 
meters. The botton layer showed resistivities greater 
than 300 ohm.m, corresponding to a less weathered layer of 
breccias. 

The gamma ray spectrometric results supplied limited 
geological information over the diatreme surface and were 
useful for determining the contacts between the kimberlite rocks 
as a whole and the sedimentary adjacent rocks. 
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INCLUSIONS OF CARBONATITE CALCITE FROM THE OKA COMPLEX, QUEBEC 

Chan, Chien-Lu. 

Department of Geology and Geophysics, University of Minnesota, Minneapolis, Minnesota 55455, USA. 

Mineral inclusions in carbonatite calcite from the Oka 
complex, Quebec, Canada were examined. Samples include coarse¬ 
grained calcite from carbonatite, alndite and glimmerite. 

An isolated phlogopite was found in a calcite in coarse¬ 
grained sdvite (Bond Zone). The phlogopite is prismatic, near 
90 |lm length-wise, titaniferous and sodic (Table 1). Two 
smaller phlogopite inclusions (< 50 |Im) were found in a 
glimmerite calcite. 

A totally enclosed euhedral calcite crystal, in a calcite 
from the very coarse-grained sovite (VCGS), approximately 110 |lm 
in the longest dimension is close to but not epitaxially related 
to the host calcite. Lamellar twins and a set of fractures 
radiating from the inclusion can be interpreted by the thermal 

expansion coefficients of calcite, tta and QL^, which differ in 

sign and magnitude, and interfacial stress. The calcite is not 
fluorescent. 

A discrete magnetite was found in a calcite from pyroxene 
sovite. The magnetite is magnesian (5.8 wt.% MgO), 
approximately 80 |im in dimension. The magnetite in the sovite 
is less magnesian (up to approximately 5%) than the magnetite 
inclusion. 

One zircon was recovered from an alnoite calcite (Bond 
Zone). Its composition is near stoichiometric zirconium 
silicate, with minor iron, and poor in heavy elements. 

Alkali halides (NaCl and KCl) were identified in some 
calcites in the VCGS. Where inclusions are aligned, it is 
possible they are located in a healed fracture possibly 
extending to the surface, and secondary in origin. One VCGS 
calcite contains over 40 crowded halide inclusions. 

Twinned calcites examined contain inclusions more 
frequently than singly crystals. Contact twins defined by a c- 
axis twin law and {0112} twin law are common. Penetration twins 
are also present. Etched sections across composition planes 
reveal association of some inclusions with twinning. Doubly 
twinned and multiply twinned calcites examined, however, are not 
more inclusion-rich than single twins. Therefore inclusions are 
not necessarily promoted by twinning. 
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Origins of these inclusions are uncertain. Hydrothermal is 
a likely origin for some of the inclusions. The calcite 
inclusion can be magmatic in origin. 

Table 1. Compositions of inclusions. 

Magnetite Calcite Phlogopite 
MT4 CCla PH2 

Si02 35.53 
Ti02 2.42 2.01 
A1203 0.45 0.02 19.18 
FeO + Fe203 84.04 0.69 5.63 
MnO 2.21 0.12 0.12 
CaO 0.11 52.06 0.22 
MgO 5.84 2.14 23.27 
Na20 0.00 0.10 0.86 
K20 0.01 0.08 9.48 
P205 0.09 0.12 0.16 

Total 95.17 55.33 96.46 
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PALAEOGEOGRAPHIC STUDIES ON THE DIAMOND-BEARING SOPA CONGLOMERATE 

IN THE DIAMANTINA REGION (MINAS GERAIS), BRAZIL. 

Chaves, M.L.S.C. 

Instituto de Geociencias, Univ. Fed. Minas Gerais, C.P. 2608, Belo Horizonte-MG, Brazil. 

Since 1985 the author realizes studies on the 
diamondiferous conglomerate and breccia of the Sopa Formation 
(Espinhago Supergroup) in the Diamantina District, State of 
Minas Gerais, Brazil. These deposits are exploited since the 
last century by "garimpos" and small washing plants. 

The Espinhago belt is a long chain of mountains with 
about one thousand kilometers crossing the States of Minas 
Gerais and Bahia. The Mid-Proterozoic Espinhago Supergroup is 
a 5000 meters thick metasedimentary section, predominantly 
composed by quartzites and phyllites. The regional trend of 
the Espinhago Supergroup is N-S. 

The Sopa Formation consists of quartzites, phyllites, 
conglomerates and breccias. The polymictic conglomerates 
occur as lenses and channels deposits up to 150 meters thick. 
Regional studies allow five main diamondiferous fields^to be 
recognized in the Diamantina District: Campo Sampaio-Sao Joao 
da Chapada, Sopa-Guinda, Extracao, Da'tas and Presidente 
Kubitschek (Chaves, 1988). The present contribution describes 
the palaeogeographic arrangements of Sopa-Guinda, Extragao and 
Datas fields. 

In the studied fields detailed geological mapping, 
sedimentary environments and facies analysis, with data on the 
attitude of the cross-bedding in the sequences enable us to 
draw the following conclusions: 

(1) In the Diamantina District general transport of 
sediments was to the east and south into a coastal region, 

(2) The diamond-bearing sediments were deposited mainly 
on alluvial fans and fan deltas, but diamond-rich sandstone 
deposits of braided river type also occur, 

(3) In the Sopa-Guinda and Datas fields the deposition 
occurred in alluvial fans, but only at Datas the sediments 
reached the ocean where they were reworked by strong waves 
developed during stormy weather, 

(4) In the Extragao field the fan delta sedimentation 
resulted from vertical movements with uplift of continental 
areas (the Volcanic-Sedimentary Complexes) and of blocks with 
small sedimentation load (the basal portion of the Espinhago 
Supergroup), forming large islands parallel to the coast 

(Abreu, 1984) , 
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(5) In the Extragao field the proximal fan facies crop 
out, while in the Datas and Sopa-Guinda fields mainly the 
meddium to distal deposits are exposed, 

(6) As a result, the diamond concentration in the three 
studied fields was controled by the distance to the source 
area. 
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APPLICATIONS OF OLIVINE-ORTHOPYROXENE-SPINEL OXYGEN GEOBAROMETERS 
TO THE REDOX STATE OF THE UPPER MANTLE. 
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(1) School of Earth Sciences, Macquarie University, Sydney, N.S.W., 2109, Australia. (2) Division of Exploration 
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INTRODUCTION 

Early oxygen-specific electrochemical measurements of the "intrinsic oxygen fugacity" 
(e.g., Arculus and Delano, 1981; Arculus et al., 1984) on mantle xenoliths indicated that the Cr- 
dopside group xenoliths (Wilshire and Shervais, 1975) were characterized by oxygen fugacities 
close to the iron-wustite (IW) buffer, while Al-augite group xenoliths were found to be more 
oxidized, with oxygen fugacities between QFM and the nickel-nickel oxide (NNO) buffer. 
More recently, O'Neill and Wall (1987), Mattioli and Wood (1988), Nell and Wood (in Wood et 
al., 1990) and Ballhaus et al. (1990) have calibrated the reaction 2Fe304 (in spinel) + tiFeSiOs 
(in orthopyroxene) = 6Fe2Si04 (in olivine) + 02 to calculate f02 from the mineral chemistry of 
xenoliths, and applied these calibrations to upper mantle xenolith suites from a number of 
localities around the world. The results indicate a relative uniformity of f02 values from the 
upper mantle with most values lying between the QFM and MW buffers. In the present study, 
we have calculated oxygen fugacities of more mantle xenolith suites using several calibrations of 
the olivine-orthopyroxene-spinel oxygen geobarometer. 

DATA SOURCES AND XENOLITH SUITES 

The mineral analyses we used in the calculation of oxygen fugacities are from mantle 
xenoliths from eastern Australia, eastern China and southern Africa. The eastern Australia’s 
xenoliths include those from western Victoria and from northeastern and southeastern 
Queensland and cover both the Cr-diopside suite and the Al-augite suite. Many of western 
Victorian xenoliths have been cryptically or modally metasomatised (containing amphibole ± 
mica ± apatite) (Griffin et al., 1984; O'Reilly and Griffin, 1988; Griffin et al., 1988; O'Reilly et 
al., unpublished data). Modally-metasomatised (amphibole-bearing) xenoliths are also present 
in Queensland xenolith suite (Ewart and Grenfell, 1985; Chen et al., unpublished data) but are 
much less common than in the western Victorian suite. Eastern China's mantle xenoliths 
included in this study are exclusively Cr-diopside suite and these are from seventeen localities 
spread over a distance of 5000 km of eastern China. In addition to our unpublished data, 
mineral analyses are taken from the literature (Fan and Hooper, 1989; Song and Frey, 1989). 
Two of the Iherzolites contain garnet in addition to spinel. Several Iherzolite xenoliths from 
Nushan, Anhui province, contain minor amount of amphibole. African xenoliths are mostly 
from kimberlites in southern Africa. Also included are some amphibole and/or mica-bearing 
spinel Iherzolite xenoliths from basalts of the Rift Valley of northern Tanzania (Dawson and 
Smith, 1988). The mineral analyses of the southern African xenoliths are mainly from an 
unpublished data base of the Anglo American Research Laboratories with those in Carswell et 
al. (1984) included. Xenolith types include garnet-spinel harzburgite, garnet-spinel Iherzolite, 
spinel harzburgite, spinel Iherzolite, amphibole-bearing spinel harzburgite and amphibole- 
bearing spinel Iherzolite. The xenolith localities can be grouped into (1) on-craton; (2) craton 
margin; and (3) off-craton settings. 

RESULTS AND DISCUSSIONS 

The ranges of calculated oxygen fugacities. Among the four calibrations of the oxygen 
barometer we used in our calculation (O'Neill and Wall, 1987; Mattioli and Wood, 1988; Nell 
and Wood, 1990; Ballhaus et al., 1990), the results calculated by using the latter two 
calibrations agree better than those calculated by others. The ranges of oxygen fugacities 
summarized here refer only to those calculated by Ballhaus et al.'s calibration. The xenoliths 
from western Victoria, Australia, range from about 3 log units below to 0.5 log units above the 
QFM buffer with most being within 2 log units of QFM. The xenoliths from Queensland, 
Australia, and from various localities of eastern China have oxygen fugacities in general 
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comparable to those of the western Victoria xenoliths. Both the temperature and the calculated 
oxygen fugacities for xenoliths from Africa cover wider ranges than are seen in the basalt-borne 
xenoliths from China and Australia, but the majority of samples still have oxygen fugacities 
between the QFM and MW buffers. These observations are consistent with the previous 
conclusions (e.g., O'Neill and Wall, 1987) that the Cr-diopside suite xenoliths record oxygen 
fugacities more oxidized than predicted by intrinsic oxygen fugacity measurements (e.g., 
Arculus and Delano, 1981; Arculus et al., 1984). 

Cr-diopside series versus Al-augite series The Al-augite xenoliths from western Victoria 
and Queensland have oxygen fugacity values falling within the range defined by the Cr-diopside 
xenoliths. This observation confirms those of O'Neill and Wall (1987) and Wood and Virgo 
(1989), and is in contrast with the finding from intrinsic oxygen fugacity studies that the Al- 
augite suite xenoliths are distincdy more oxidized than the Cr-diopside suite xenoliths (e.g., 
Arculus et al., 1984). 

Garnet-absent versus garnet-bearing xenoliths There is not a clear-cut distinction in terms 
of calculated oxygen fugacities between the the garnet-bearing and the garnet-absent xenoliths in 
the southern African xenolith suite, but the oxygen fugacities of garnet-bearing xenoliths are in 
general higher than those of most garnet-absent samples., The two garnet-bearing xenoliths from 
eastern China have oxygen fugacities falling within ^e range definal by other garnet-absent 
xenoliths. In addition, there is also no systematic difference in oxygen fugacities for southern 
African xenoliths from on-craton, craton-margin and off-craton localities. 

Ejfect of mantle metasomatism Mattioli et al. (1989) and Ballhaus et al. (1990) found that 
modally-metasomatised upper mantle xenoliths record higher oxygen fugacity than those without 
obvious evidence of metasomatism. In the the western Victorian xenolith suite, there is no 
general distinction on the basis of calculated oxygen fugacities between hydrous and anhydrous 
xenoliths. It is known that the cryptic and modal metasomatism of xenoliths is accompanied by 

elevated ^^Sr/^bSr and lowered eNd (O'Reilly and Griffin, 1988; Griffin et al., 1988); a plot of 

the calculated oxygen fugacities versus ^^Sr/^^Sr and eNd shows a rough trend of increasing 

87sr/86sr and decreasing 8Nd with decreasing oxygen fugacity. In addition, the overall western 
Victorian xenolith suite is highly reduced although heavily metasomatised. This suggests that 
this particular type of mantle metasomatism is coupled with reduced oxygen fugacity. The 
metasomatising fluids beneath western Victoria have been speculated to be derived from a 
subducting slab. If this is correct, then the relatively low f02 fluid derived from the slab might 
have been buffered by graphitic sediments in the slab cover (Shaw and Flood, 1981). 

Mica- (±amphibole)-bearing xenoliths in the African suite have relatively high fC)2. Many 
high-T sheared garnet peridotite xenoliths of southern Africa suite, although they contain no 
hydrous phases, have been shown to be extensively metasomatised by infiltrating melts resulting 
in the addition of large amounts of garnet and clinopyroxene, as well as Zr, Y, Na and Ti (Smith 
and Boyd, 1987; Griffin et al., 1989). Griffin et al (1989) have suggested Aat the 
metasomatising melt is asthenosphere-derived. The highest oxygen fugacities among the 
African xenoliths are seen in some high-T garnet peridotites. lliis suggests that, in the African 
xenolith suite, metasomatism is coupled with increasing oxygen fugacities. 

A combination of our data from the western Victoria and the African xenolith suites as well 
as the observation made by previous workers (e.g., Mattioli et al., 1989; Ballhaus et al., 1990), 
it is suggested that there is no consistent worldwide relation between mantle metasomatism and 
the oxygen fugacity of mantle xenoliths; the direction of change of oxygen fugacity probably 
depends on the source of the metasomatising fluids. 
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DATING THE CRATONIC LOWER CRUST BY THE ION MICROPROBE SHRIMP: 

AN U-Th-Pb ISOTOPIC STUDY ON ZIRCONS FROM LOWER CRUSTAL 

XENOLITHS FROM KIMBERLITE PIPES. 

Chen, Y. D.; O'Reilly, S.Y. andKinny P.D. 

(1) School of Earth Sciences, Macquarie University, Sydney, NSW, 2109, Australia. (2) Research School of Earth 

Sciences, The Austraslian National University, Canberra, ACT, 2601, Australia. 

We here report an U-Th-Pb isotopic study of zircons from a suite of lower crustal 
(probably also upper mantle) xenoliths from some kimberlitic pipes at Calcutteroo, South 
Australia by using the ion microprobe SHRIMP at Research School of Earth Sciences of The 
Australian National University. In particular, zircons from a xenolith of eclogitic composition 
were first time found and dated. 

Xenoliths found from the Calcutteroo kimberlitic pipes include spinel Iherzolite, eclogite, 
mafic and quartzo-feldspathic granulites with the mafic granulite predominant. The importance of 
these xenoliths is that they are extremely rare occurrence of samples of lower crust and upper 
mantle from a tectonic environment of eastern margin of the Australian Craton. Petrological, 
geothermobarometric and geochemical studies on these xenoliths (Pearson et al., 1991) have 
resulted in information on the composition and stratigraphy of the lower crust and upper mantle 
of the region but not the timing. Seven mafic to felsic granulite xenoliths were previously dated 
by whole-rock Rb/Sr and Sm/Nd techniques (McCulloch et al., 1982). On the assumption that 
these xenoliths were petrogenetically coherent and recorded a major intracrustal differentiation 
event, an age of 2400 Ma was suggested from the whole-rock isochron. In the present study, we 
separated and dated zircons from three xenolith types: eclogite (1 xenolith), mafic (1 xenolith) 
and quartzo-feldspathic (3 xenoliths) granulites. 

Zircons from the three quartzo-feldspathic granulite xenoliths gave bimodal age 
distribution: 1700-1500 Ma and 600-350 Ma. Zircons from the mafic granulite xenolith have 
ages mostly clustered between 800 and 700 Ma with subordinate number of spot analyses being 
younger (530-480 Ma). Zircons from the eclogite xenolith range in age from 600 to 300 Ma. 
The immediate significance of these zircon growth ages is that Siey invalidate the previous Rb/Sr 
and Sm/Nd isochron ages. It is shown that the different types of xenoliths were not co-genetic 
and therefore a whole-rock isochron age is not meaningful. 

More importantly, the zircon data indicate that the formation of lower crust (also upper 
mande) of the region is the result of multiple-episodes. The 1700-1500 Ma age of the zircons 
found from the quartzo-feldspathic granulite xenoliths broadly coincides with the development 
duration of the Willyama metamorphic complex occurring in South Australia and New South 
Wales; this indicates that the distribution of Willyama complex is more extensive than presently 
exposed and is southwards extended to beneath the region of Calcutteroo. The different, 
younger ages found in all xenolith types indicate that several later episodes of mantle-derived 
magma intrusion and regional metamorphism have occurred in the region and significantly 
contributed to the growth and evolution of the lower crust. 
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ISOTOPIC AND GEOCHEMICAL VARIATION IN KIMBERLITES FROM THE SOUTH 

WESTERN CRATON MARGIN, PRIESKA AREA, SOUTH AFRICA. 
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Approximately 130 known kimberlite bodies occur in a broad belt from northwest of Prieska to 
Sutherland in the northern part of the Cape Province (see location map in Skinner et al., this 
volume). Being situated peripherally to the Kaapvaal Craton, the kimberlites generally lack diamond, 
comprise both micaceous and non-micaceous types as defined by Skinner (1989), and were emplaced 
during at least five separate periods beteen 74 and 140 Ma (Skinner et al., this volume). 

Age-corrected Nd and Sr whole-rock isotopic ratios indicate that both Group I and Group n 
varieties as defined by Smith (1983) are present, as well as an additional, probably subsidiary 
variety with transitional isotopic character (Fig. 1). Group I kimberlites include Uintjiesberg, 
Britstowm Violkraal West, and Hartebeesfontein, and have initial ®^Sr/^Sr and 
^^^Nd/^^Nd ratios of .7035 to .7045 and about 31265, respectively, very typical of 
other Group I kimberlites. The Pampoenpoort kimberlite has a significanUy lower initial Nd isotopic 
ratio near bulk earth in composition, and in this regard is very similar to the Frank Smith 
kimberlite from the Barkly West district near Kimberley. Emplacement events for the Group I bodies 
occurred at about 74,100 and 114 Ma., and the kimberlites occur dominantly in domains 1,11 and IV 
of the Prieska area as defined by Skinner et al. (this volume). 

Group n kimberlite emplacement occurred dominantly between 114 and 120 Ma with a possible 
earlier event at 126 Ma, and include Markt, Middlewater, Jonkerwater, Brandewynskuil, Eendekuil, 
Slypsteen, Welgevonden, Witberg East dyke. Silvery Home and Sandrift. Initial Sr isotope ratios 
range from .7075 to .7090, and initial Nd isotope ratios range from 3119 to nearly 3122 (Fig. 1). 
These kimberlites are situated in domains I, n and III (Skinner et al., this volume), with the 
majority apparently in m, an area bounded by the Brakbbs and Domberg faults. Insofar as the 
latter is generally taken to be the Kaapvaal Craton boundary, those kimberlites may be defined as 
off-craton. However, domain ID is underlain by crust of apparent Archaean age of uncertain relation 
to the Kaapvaal (Cornell et al., 1986). The Group n kimberlites in this domain tend to have 
somewhat less radiogenic Nd isotopic compositions for a given Sr isotopic composition compared to 
other Group n localities, but are otherwise not isotopically distinctive compared to occurrences 
from within the bounds of the Kaapvaal Craton. 

Several occurrences of micaceous kimberlite have isotopic, petrographic and geochemical features 
transitional between Group I and Group n types. The kimberlites include Skietkop, 
Sweetput-Soutput, Droogfontein and Melton Wold and appafently occur largely in domain V of the area 
except for Sweetput-Soutput (domain H). Emplacement ages are not well constrained (Skinner et al., 
this volume); Sweetput-Soutput is about 115 Ma in age, but the others could be significantly older 
according to perovskite dating. Initial Sr and Nd isotopic ratios respectively vary from .7055 to 
.707 and from .51215 to .51235, with two Melton Wold samples having the most radiogenic Nd and highly 
variable Sr isotopic compositons (Fig. 1). Previous studies of CTatonic kimberlites have indicated 
that samples with transitional Sr isotopic features were altered and/or contaminated, but the samples 
analyzed in this study are fresh and the transitional features are a primary component that therefore 
reflects source composition. 
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Whole-rock geochemical analyses of the kimberlites show similar major, minor and trace element 
patterns to their cratonic counterparts (e.g. Smith et al., 1985). Group I kimberlites contain (on 
average) less SiO^, A^Oj, N<^0, Ba, Rb, Sr, Cr, Ni and REE contents than Group 
II rocks. O and TiO^ contents are particularly good discriminators (Fig. 2), being a 
function of the mineralogjcal differences between the types, and showing the group distinctions very 
similar to those noted by Smith et al. (1985). There are few apparent and significant differences 
between on- and off-craton kimberlites of either Group I or Group II, although cratonic Group I 
kimberlites tend to have higher Th/U than off-craton Group I, and off-craton Group IT kimberlites have 
significantly greater LREE enrichment compared to off-craton Group I. The distinction in REE patterns 
between Groups I and II is not apparent in the on-craton setting. 

The isotopically defined transitional kimberlites also have transitional geochemical features. In 
Fig. 2 the transitional kimberlites plot in the Group II field in keeping with their micaceous 
character, but they also have somewhat elevated TiO^ in keeping with abundant perovskite (not 
generally present in on-craton Group II). As regards REE abundances, the transitional rocks are 
similar to Group 11 for the LREE, but more akin to Group I for Yb. 

The isotopic and geochemical characteristics of these kimberlites are consistent with derivation of 
Group I rocks from sub-lithospheric plume sources, while Group n sources could reside in ancient 
enriched lithosphere, or could also occiu" in DUPAL-Uke asthenospheric plume sources. The transitional 
kimberlites are apparently derived from mbced source regions, a process possibly enhanced m areas of 
thinner lithosphere presumably corresponding with the craton margin. While this does not preclude 
plume sources for either Group I or 11 kimberlites, the presence of the transitional rocks may also be 
consistent with the creation of their sources from mixed asthenospheric and ancient lithospheric 
domains during Proterozoic cnist/lithosphere formation represented by the Namaqua Province. 
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Figure 1. Nd-Sr isotope correlation diagram for Prieska kimberlites. 
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RARE EARTH, TRACE ELEMENT AND STABLE ISOTOPE FRACTIONATION OF 

CARBONATITES AT KRUIDFONTEIN, TRANSVAAL. 
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(1) Department of Geology, University of Leicester, LEI 7RH, UK; (2) Isotope Geosciences Laboratory, British 

Geolo^cal Survey, Keyworth, Nottingham, NG12 5GG, UK 

The intrusive sequence of calcite carbonatites in the Proterozoic 
collapsed carbonatitic caldera at Kruidfontein shows fractionation of 
the trace and Rare Earth elements. The inclusion of two sovites from 
the immediately adjacent (4 km away) plutonic carbonatitic complex at 
Nooitgedacht extends this sequence. This fractionation can be 
correlated with Rayleigh fractionation of and 5such as is 
produced by a H2O/CO2 molar ratio of <0.5 in a co-existing (H2O + CO2) 
vapour phase (Fig. 1). It is less well correlated with contamination 
by ground waters although some is likely to have taken place. It does 
not correlate with loss of isotopically light water during pressure 
reduction at the time of emplacement. For comparable values of S ’®0 in 
the intrusive carbonatites, the extrusive calcitic carbonatitic tuffs 
have lower 5^values, which may be attributed to the loss of to 
the vapour phase. The unmineralized extrusive dolomitized 
carbonatitic tuffs have higher 5“values. Contamination of the 
carbonatite by the Transvaal Sequence dolomite, which is the country 
rock, is not the prime cause for the dolomitization. 

The carbonatitic fractionation from sovite to alvikite, taking 
only un-recrystallized samples, is best revealed by the Rare Earth 
elements, which show a three-fold overall increase (Fig. 2). This 
increase can be correlated with the increase in 5 ’®0 (Fig. 3). The 
early precipitation of pyrochlore caused La to act as a compatible 
element at first, but after the pyrochlore ceased to be precipitated. 
La became incompatible and the content remaining in the carbonatitic 
melt rose (Fig. 3). Other elements which behaved incompatibly are Ba, 
Zn and Mn. 

Like Nb, Sr behaved as a compatible element. Sr was strongly 
partitioned into apatite and calcite, both of which crystallized 
throughout the sequence. As a result, Sr steadily decreased with 
fractionation of the carbonatitic melt (Fig. 4). Recrystallization of 
carbonatite, usually marked by increase of S ’®0, caused mobility 
particularly of the incompatible elements, with only lesser effects on 
elements such as Sr. 

A major late-stage event was the fluorite mineralization, and the 
progressive mineralization of both intrusive and extrusive 
carbonatites correlates with increasing values of ^’®0, but with 6'^C 
remaining constant (Fig. 1). This also correlates well with 
hydrothermal alteration during equilibration with ground waters at low 
temperatures (c. 200°C), and is taken to indicate that late-stage 
F-bearing fluids from the carbonatite mixed with ground water during 
the fluoritization. 

The mineralization process, which affected the extensive 
carbonatitic tuffs preserved in the caldera and to a lesser extent the 
intrusive carbonatites, was accompanied by recrystallization of the 
carbonatites. The dolomitization and the mineralization are thought 
to be independent processes. 
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Fig. 1. Plot showing the fractionation of 0 and C isotopes with 
progressive crystallization from sovitic to alvikitic carbonatites. 
Arrow shows direction of increasing fluoritization in samples, all 
recrystallized, containing from zero to 50% fluorite. 

10000 

5000 

2000 

1000 

500 

200 

100 

50 

20 

10 

5 

2 

1 

o Sovltes 

• Alvlkltes 

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu 

Fig. 2. Chondrite-normalized REE variation diagram showing the 
progressive increase in total REEs from sovite to alvikite. 
Fluoritization caused a lowering of the LREE/HREEn ratio. (ICP data) 
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Fig. 3. Oxygen isotope - La plot showing the fractionation in the 
carbonatites (S and A) and the scatter caused by the fluoritization 
and recrystallization. 

Fig. 4. Oxygen isotope - Sr plot showing the compatible behaviour of 
Sr during fractionation, and the dilution of Sr during late-stage 
fluoritization that is marked by the increase from c. 14 up to 22 per 
mille S ’®0 



52 Fifth International Kimberlite Conference 

GEOLOGY AND EXPLORATION OF THE KELSEY LAKE DIAMONDIFEROUS 

KIMBERLITES, COLORADO, U.S.A. 

Coopersmith, Howard G. 

Ashton Mining Limited, P.O. Box 1916, Fort Collins, Colorado 80522 USA.. 

Introduction 

A cluster of several kimberlites comprise the Kelsey 
Lake Project, a Joint Venture between Diamond Company NL (a 
Member Company of the Ashton Mining Group) and Moonstone 
Diamond Corporation (a private Company). These are currently 
being evaluated for their commercial diamond potential. 

The cluster is in the northern State Line Kimberlite 
District of the Colorado/Wyoming Diamond Province. The 
cluster comprises the Schaffer, Maxwell, and Aultman 
kimberlite pipes. Two relatively large pipes and a few 
smaller bodies, termed the Kelsey Lake kimberlites, are being 
investigated. Various other properties in the District have 
been evaluated for diamond, with results ranging from zero 
diamonds to close to 1 carat per hundred tonne. No deposits 
have yet been recognized as economically viable. A location 
map is presented as Figure 1. 

The Kelsey Lake kimberlites are depicted on Figure 2. 
These were in part previously referred to as the Schaffer 8 
group (McCallum and co-workers). This project concentrated on 
the evaluation of the two largest pipes, KL-1 and KL-2. These 
were mapped, and sampled for kimberlite minerals and 
microdiamonds. Mineral chemistry was favorable for diamond 
occurrence. Microdiamonds and small diamonds were recovered 
from weathered surface samples. The bodies were drilled for 
delineation and mapping. 

Geology 

The Kelsey Lake kimberlites form a small group of 
irregular shaped pipes and fissures (Figure 2). The pipes 
intrude Proterozoic granitic rocks of the Sherman and Log 
Cabin Batholiths. Shape is largely controlled by jointing in 
the country rock. The kimberlite intrudes 1400 my granite, 
contains sedimentary xenoliths of Cambrian to Early Devonian 
age, and is presently overlain by Pennsylvanian-Permian 
sedimentary formations. Isotopic ages of other kimberlites in 
the district are in the 390 my, or Early Devonian, range, 
which fit well with geological ages seen at Kelsey Lake. 

The KL-1 pipe was shown to be a multiphase pipe of 
diatreme facies and crater facies kimberlite, with a surface 
area of approximately 12 acres. Pellet-rich tuffisitic 
serpentine kimberlite breccia occupies the southern fissure 
appendage of the main pipe. This was extremely rich in mantle 
xenocrysts, megacrysts and xenoliths. The south-central 
portion of the pipe contains pellet- and autolith-rich 
layered pyroclastic kimberlite, generally of a sandy tuff. 
This is significant as crater facies kimberlite had not 
previously been observed in State Line District kimberlites. 
Quantity of quartz sand and sedimentary xenolith material 
varied between and within layers. Very large (to 3 m) 
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sedimentary xenolith blocks were locally present. This zone 
had a moderate amount of mantle xenocrystal and xenolithic 
material. The main pipe, comprising the northern blow, was 

not sampled (or drilled) due to difficult access. The very 
northern edge of the main pipe contains tuffisitic serpentine 
kimberlite breccia with a moderate amount of mantle 
component. 

The KL-2 pipe is a multiphase diatreme facies complex, 
with a surface area in excess of 8 acres. No crater facies 
material was noted. At least four distinct phases of 
tuffisitic serpentine kimberlite breccia are present. These 
are locally rich in mantle xenocrysts and xenoliths. 
Sedimentary xenolith content, size and preservation varies 
considerably between phases. Alteration and carbonatization 
is also variable. The northern part of the pipe contains 
abundant crustal xenoliths in excess of 1 m. Occurrence of 
contact breccia is indicated. 

Late stage alteration and surface weathering has 
destroyed much of the primary mineralogy of both bodies of 
kimberlite. Ubiquitous phenocrystal and macrocrystal olivine 
is totally replaced by serpophitic or lizardite serpentine, 
and often later carbonatized. Groundmass diopside, 
perovskite, apatite and opaques are generally preserved. 
Groundmass serpentine and calcite may be either primary or 
secondary. Macrocrysts and xenocrysts of Mg-ilmenite, pyrope, 
spinels, phlogopite and Cr-diopside are generally preserved, 
as are megacrysts of Mg-ilmenite, Cr-poor titanian pyrope and 
sub-calcic diopside. Groundmass in autoliths and pellets is 
relatively fresh, and generally phlogopite-rich. 
Petrographically these rocks are Group 1 kimberlites. 

Xenolithic material in the pipes includes upper mantle 
garnet peridotite, spinel peridotite, eclogite, lower crustal 
granulite, and crustal granitic, metamorphic and sedimentary 
rocks. Content and size ranges of xenolithic and megacrystal 
material varies widely within the pipes. 

Bulk Sample Testing 

Approximately 1000 tonnes of in situ kimberlite was bulk 
sampled for diamond processing, roughly 500 tonnes each from 
the KL-1 and KL-2 pipes. Sample sites were chosen to be 
representative of the pipe. Sample was excavated only from 
definite in situ kimberlite rock below the zone of most 
intense surface weathering. 

Sample was trucked to a contract Diamond Test Plant. The 
plant generally consisted of crushing, scrubbing, screening, 
recrushing. Heavy Media Separation, Sortex X-ray sorting and 
grease table circuits. Basically all 2mm to 25mm material was 
tested for diamond. Recovery efficiency was continually 
monitored. Near 100 per cent recovery was obtained. 

Diamonds 

The diamonds are generally colorless. Some stones have a 
faint to strong brownish-pink color. The industrial stones 
are only partly translucent, due primarily to their 
multicrystalline aspect. In general, the larger stones are of 
better color. Diamond sizes ranged from under 0.05 carat to 
greater than 1 carat. 
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Diamond morphology is dominated by primary octahedral 
forms. Multicrystalline aggregates are common. Some macles 
are present, along with other minor forms. Resorption has 
modified most octahedra to tetrahexahedral forms, ranging 
from pristine octahedra to various rounded stages. Surface 
etching is weak to moderate. Deformation features are common, 
dominated by lamination lines. Broken stones are common. 
Differential resorption and preserved primary surface 
features suggest a prolonged xenolithic transport and 
protection. 

Results and Conclusions 

The Kelsey Lake kimberlites were shown to be complex 
pipes of diatreme facies and locally crater facies material. 
This is the first known occurrence of crater facies 
kimberlite in the province. Several phases of kimberlite are 
present; all represent classical Group 1 kimberlites. The 
pipes are typical of other State Line District occurrences, 
with the mantle components and diamonds -being more similar to 
other pipes in the northern part of the District. 

A first pass bulk sample diamond test was completed on 
the Kelsey Lake 1 and 2 kimberlite pipes. Encouraging 
diamonds were recovered but overall grades were low. Size, 
color and clarity of the diamonds are considered good. 
Alluvial diamond potential of the property has not yet been 
assessed. 
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A CRYSTALLIZATION MODEL FOR PERIDOTITIC DIAMOND INCLUSION SPINELS. 

Daniels, Leon R.M. * 

Dept. Geochemistry, University of Cape Town, Rondebosch 7700, South Africa. 

*Present address: Geocontracts Botswana (Pty) Ltd, Private Bag 00140, Gaberone, Botswana. 

Spinel, together with olivine, is the most common diamond 

inclusion in Yakutia^*) and at some southern African occurrences 

(e.g. Dokolwayo). It has been commonly found to coexist in 

diamondiferous xenoliths^^) and diamonds with olivine, 

orthopyroxene, GIO garnets and rarely with diopside, zircon 

and graphite^i-^L In both southern Africa and Yakutia similar 

compositional characteristics have been observed within the 

spinels (Table 1). 

TABLE 1 - DIAMOND INCLUSION SPINELS 

OXIDE YAKUTIA S. AFRICA 

(wt%) (n=720) (n=134) 

Ti02 < 0.7 < 0.7 

AI2O3 3.5 - 7.5 2.77— 13.9 

Cr203 62 - 67 57.9 - 68.5 

FeO 12 - 19* 4.17 - 16.4 

MgO 11 - 15.5 11.1 - 18.7 

* Total Fe as FeO 

Calculated equilibrium temperatures at 50 kbar for the 

southern African diamonds with spinel inclusions suggest 

subsolidus temperatures which is consistent with' the 

temperatures calculated for diamonds from this sub-region 

containing silicate phases. Calculated 7^2's at 50 kbar 

suggest oxygen fugacities between WM and IW. 

The coexistence of the diamond inclusion-type spinels \with 

GIO garnets suggest a common paragenesis within a subcalciC 

chromium-rich harzburgitic environment. It is suggested that 

the key to determining the paragenesis of the spinels lies in 

establishing the origin of the GIO garnets. \ In addition to 

the subsolidus equilibrium temperatures calculated for 

diamonds containing GIO garnets, the most significant 

characteristic of these garnets is a depletion in Ti, Fe, Ca, 

Y, Zr, Ga and Zn which is accompanied by an enrichment in Cr, 

Mg and LREE's A model of subsolidus crystallization is 

proposed. 

The extraction of komatiitic or basaltic melts from a 

chondritic mantle at 2000 °C and 50-70 kbar leaves a dry 

spinel-harzburgite residue depleted in Ca, Ti, Y, Zr, Ca and 

Zn, and which is resistant to large scale melting. The 

olivines in the residue are forsteritic. At these 

temperatures and pressures the residual orthopyroxenes are 

AI2O3 and Cr203 enriched with low Al203/Cr203 ratios (Cr , 

± 1), Ti and Ca-depleted and contain a significant component 
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of dissolved garnet. Based on the behaviour of chromium and 

titanium in silicate melts, the spinels may be Cr203 (> 55wt%) 

and Ti02 (average >.07 wt%) rich. Vertical subduction, driven 

by the stacking of successive extrusions of komatiites and 

Archaean ocean floor basalts^"^, results in advective 

thickening. LREE's, alkalis and carbon volatiles fluxing from 

the base of the descending slab, consisting of an undepleted 

sub-tectospheric mantle, metasomatises the harzburgitic 

residue^*). In the absence of garnet the LREE's will, in 

preference to olivine and spinel, partition into the residual 

orthopyroxene. The carbon volatiles remain in solution. 

On cooling from 2000 at which the komatiite melts are 

extracted to a steady state geothermal temperature of 1200 °C 

the orthopyroxene exsolves its garnet component. The major 

element composition of the exsolved garnet will be dependent 

on the composition of the residual orthopyroxene immediately 

after the extraction of the komatiite melts. The Cr- and Mg- 

enriched nature of the unexsolved orthopyroxene will favour 

the formation of Mg3Cr2Si30i2 iri the exsolving garnet which, 

together with the depletion of the FeO, CaO and Ti02, is 

consistent with major element compositional characteristics of 

GIO garnets. The LREE's partition from the orthopyroxenes 

preferentially into the garnet and consequently enrich the 

GlO's in LREE's. 

The exsolution of GIO garnets from residual orthopyroxenes 

will progressively deplete AI2O3 in the pyroxene and the Cr in 

the exsolving garnet will gradually increase. Although the 

knorringite molecule in the garnet allows for greater 

solubility of the Cr in the garnet, the exsolution of spinels 

will be favoured^at low Cr in the orthopyroxene. The 

predicted low Cr and Ti02-depleted composition of the 

residual komatiite orthopyroxenes will favour the exsolution 

of Ti02“poor Cr-rich spinels together with the exsolution of 

GIO garnets. The presence of both GIO garnets and Cr-rich 

spinels, depleted in Ti02, in diamonds, xenoliths and the 

concentrate of diamondiferous kimberlites is consistent with 

the model above. 

Subcalcic GIO garnets at Dokolwayo have Cr* > 1.00. The 

exsolution of these garnets from the residual orthopyroxenes 

would deplete A1 in the residual pyroxene while Cr-enrichment 

occurs. Spinel exsolving from the orthopyroxene will 

therefore become increasingly Cr-rich. This may result in 

zonation patterns within the spinels exhibiting increasing 

Cr203 contents from centre to edge. Approximately fifty 

percent of the Dokolwayo concentrate spinels are 

compositionally similar to the diamond inclusion spinels and 

are characterized by Ti02/Al203 < 0.2. These spinels commonly 

exhibit zonation patterns consistent with the model above. It 

should be noted that the Dokolwayo concentrate spinels with 

Al203/Ti02 > 0.2 show no significant evidence of Cr203 zoning. 

Calculated f02 conditions suggest that the dominant carbon 

volatile species is CH4. At the reigning T, P and f02 

conditions diamond crystallizes from the CH4 either through 

fractionation or oxidation of CH4. Mass balancing exercises 

show that olivine and a small amount of orthopyroxene, 

depleted of garnet component, also exsolves from original 

A1,Cr-enriched orthopyroxene. Because diamond crystallization 

and the process of exsolution occur simultaneously, the 
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diamonds may occlude the exsolved minerals. The syngenetic 
relationship between diamonds and their primary inclusions 
suggests that the processes of exsolution and diamond 
crystallization occur simultaneously. 
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The Ml kimberlite, 40 km southwest of Tshabong in southern 
Botswana, is the largest in a field of 37 kimberlites. With a 
surface area of 180 hectares it may be the largest kimberlite 
discovered to date. It has a U-Pb zircon age of 77.5 My which 
was determined from several fragments of a single zircon. 

The kimberlite is covered by approximately 80 m of 
Kalahari sediments and was initially detected from an 
aeromagnetic survey with 500 m line spacing. The aeromagnetic 
anomaly produced by the kimberlite is a broad feature 
approximately 2000 x 1000 m in plan with an amplitude of 70 
nTesla. A gravity survey over the aeromagnetic target produced 
a gravity low anomaly which flattened across the centre, 
suggesting the presence of crater-fill epiclastics. 

Seven different lithologies were identified in the Ml 
kimberlite: 

g) Ablation Facies 
f) Epiclastic Mudstone Facies 
e) Gravel-Grit-Mudstone Facies 
d) Mudstone-Phlogopite Siltstone Facies 
c) Breccia-Mudstone Facies 
b) Tuffaceous Facies 
a) Intrusive Facies 

A model for the geological history of the kimberlite has 
been reconstructed from an interpretation of the different 
facies, their igneous or sedimentary features and their 
distribution within the pipe. The model is summarised as 
follows: 

1) No root zone material was intersected. The features of 
this zone are therefore unknown.v 

2) The crater was formed by explosive breakthrough from a 
depth in excess of 500 m. Repeated intrusive/eruptive cycles 
continued for an unspecified period of time giving rise to a 
thick pile of tuffisitic kimberlite breccias and the building 
of an extensive tuff cone on the perimeter of the crater. 

3) A late stage kimberlite sill, characterised by abundant 
olivine, calcite and ilmenite with minor perovskite was 
emplaced within the tuff beds in the southeast of the crater 
after the cessation of the main igneous activities. 

4) The crater gradually filled with water. Destabilisation of 
the tuff cone together with slope failure occurred resulting 
in gravity slumps of tuff cone material into the water-filled 
basin which gave rise to debris flows and turbidite-1ike 
deposits. 
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5) The tuff cone was eventually eroded into stabilised tuff 

hills surrounding the crater. In a generally ipoist climate, 

as indicated by the fern and podocarp pollen spores in the 

mudstone-phlogopite siltstone facies, small streams removed 

the fine and the light fractions form the tuff hill, leaving 

behind the coarser and heavier fration of material. The fine 

sediment was deposited in the lake as varved mudstone- 

phlogopite siltstone couplets. 

6) A shallowing of the basin and a change in the climate to a 

more arid period, probably characterised by thunderstorms and 

flash floods, occurred. The resultant high energy streams 

deposited the coarser and heavier material from the remaining 

tuff hills in alluvial fan-type deposits characterised by 

poorly-sorted immature gravels and grits showing moderately 

developed stratification. The crater sediments in the upper 

40 m exhibit a facies change from an alluvial fan association 

to a proximal association and finally to a distal association 

from the southeast to the northwest of the crater. 

7) A continued change in climate to a dry environment 

occurred. Fine mudstones were deposited in a few shallow, 

localised pans. 

8) With the onset of a very dry climate the wind winnowed out 

light material from the surface while heavy material was 

deposited as an eluvial concentration on the ablation surface. 

9) The Kalahari Formation covers the kimberlite crater and 

associated sediments. 

10) Bioturbation transports kimberlite indicator minerals to 

the surface. 
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BULK AND MINERAL CHEMISTRY OF THE OLIVINE LEUCITITE FROM JUANA VAZ, 

SACRAMENTO, MINAS GERAIS, BRAZIL. 

Jose Caruso Moresco Danni^^\' Nilson Francisquini Botelho^^^; Jodo H. Grossi SaS^K 

(l)Depto. Mineral and Petrol. - Univ. Brasilia; (2) Inst. Geoc., Univ. Fed. Minas Gerais. 

The olivine leucitite from Juana Vaz, Sacramento, Minas Gerais 
State, Brazil, is the first occurence of leucitite bearirjg 
volcanic rock recognized in continental Brazil (Murta, 1965, 1966; 
Guimaraes, 1966). The occurence was discovered during a 
prospection program for bentonitic clay. It is located 40 km 
southeastern of the town of Sacramento, at the border of a plateau 
named ”Chapadao dos Bugres.” 
The rock occur on a deep clayey soil (up to 60 meters) originated 
by weathering of tuffs and pyroclastic breccias of the Mata da 
Corda Formation. The rock occurence may represent a lava flow unit 
situated at the base of pyroclastic rocks. 
The olivine leucitite is black, aphanitic, and presents a micro- 
prophirltic texture. It is essentially composed by olivine (33% in 
volume), leucite (20,4%), diopside (24,1%), phlogopite (7,0%), 
magnetite + ilmenite (9,7%), perowskite (1,7%), apatite (1,0%), 
and interstitial glass (3,1%). 
Diopside forms prismatic crystal arranged around sub-circulars 
crystals of leucite (0.2 mm), which shows multiple complex twins. 
Ilmenite, magnetite and perowskite have tendence to form skeletal 
crystals (0,1 - 0,05 mm). The interstitial glass is brown in 
col lor’ and have aciculai’s iriclusiuns (apatite?). 
The crystallization order is: olivine, leucite, diopside, apatite 
+ oxydes + perowskite, phlogopite, and glass. This is in agreement 
with the sequence of crystalization experimentally obtained by 
Foley, (1985) to perpotassic liquids (lamproitic) on low f02 
condition (MW buffer). 
Olivine xenocrystal are zoned with Mg richer cores (Mg/Mg+Fe=0,90) 
than borders (0,86). Euhedral and corroded phenocrysts present 
very constant Mg/Mg+Pe ratios (0,86), and relatively high values 
of CaO (0,4 to 0,6 wt%). CI Inopyroxenes have very constant 
Mg:Fe:Ca ratios corresponding to diopside with Mg/Mg+Fe = 0.89. 
Characteristicaly they are Si and Al deficient, needing Fe=3to 
complete the tetrahedric positions. The Ti02 content (2,3 to 2,6 
wt%) Is distinct from diopsides from others ultrapotassic rocks 
(0,7 to 2,4 wt%) (Barton, 1979; Mitchel, 1985). Their Al and Na 
contents are closer to clinopyroxenes from the Leucite Hills 
rocks than the Toro Ankole diopsides. Leucite has a compositon 
very similar to the ideal formula, except by a little deficlence 
in siIiciurn (0,03 cation/unit), that is compensated by the entry 
of Fe+3 in tetrahedric site. Contrary to leucites from Toro 
Ankole, they are very poor in sodium, i.e. whithout kalsilite 
exsolutions. Phlogopites have high contents In BaO (2,3 to 3,4 
wt%, ) and present Si and Al deficiency (0,55 to 0,48 atoms per 
formula unit). They have compositions similar to the kamafugitic 
phlogopites and are very distinct from the lamproitic and 
kimberlitic phlogopites (Mitchell, 1985). In a MgTi03, FeTi03, and 
Fe203 plot, the llmenites fall In the kimberlitic field and 
present MgO values (8,5wt%), higher than the lamproitic ones. 
Apatites are fluor, Ba, and REE bearing, and present a P+4 
deficlence, due probably to a substitution of the type: Ca+P = REE 
+ Si. Perowskite shows high contents of Ba0(2,7 - 4,0wt%), La, Nd, 
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and Sm oxydes (2,5wt%), and carry 0,9 wt% of NaEO. The brown 
interstitial glass is very poor in SiOE, Na, and K (leucite 
depleted), rich in Al and probably HEO. Fe, Mg and Ti are 
relatively concentrated in it. A CIPW norm composition results In 
olivine, hyperstene, ortoclase, anorthite and corindon. 
This leucitite Is an ultrabasic (SlOE - ‘^Owt%), perpotassic 
(KEO/NaEO > E,5), sub-alum I nous rock, with MgO/MgO + FeO (moleculas 
proportion) of 75. It presents simultaneously high concentration 
in transitions elements (Ti, Ni, Cr, Co) and In LIL elements <K, 
Rb, Ba, Sr, Nb, Zr). These features, common to others kamafugitic 
rocks, are characteristic of primary liquids, probably derived 
from low grade partial fusion of an enriched peridotitic mantle 
with phlogopite and K-rIchterite, (Foley et al., 1987). In view of 
the above features and due to the abundance of olivine ieucitites 
in the volcanic pile of the Mata da Corda Formation (Seer and 
Moraes, 1988), this rock can represent one of the primary magmas 
that originated the volkanic alkaline Alto Paranaiba Province. 

Rock chemistry (1 and 2), CIPW norm and Interstitial glass 
compos 111 on <3) 

Oxides 1 E 3 1 ppm 1 E 

S 1 OE <T0.89 39.37 37 .E5 Sc 17.1 0 r 7.4 - 

Ti OE ^ . 06 ‘^.EO E. 90 V - E08 a n - 3.5 
A 1 E03 ^.56 5.36 11.50 Cr -1366 1 e 6.9 IE.5 
FeOT IE.69 IE.38 10.58 Co - 69 n e 4.4 3.E 
MnO 0.16 0.37 0.07 Ni -1034 d i 19.4 11.9 
MgO EE.E3 E5.70 E0.E7 Pb 8.7 hd 5 .E E.7 
CaO 7.01 6.55 0.76 Th 9.4 f 0 3E.5 41.0 
BaO 0 . IE - - G a - 1E.E fa 10.9 11.6 
SrO 0 . IE - - Sr - 944 cs - E.E 
NaEO 1.01 0.71 0.19 Ba -1481 i 1 7.7 8.0 
KEO E.7‘^ E.70 E.^5 Rb - 167 ap 1 .7 1 .3 
PE05 0.70 0.56 - Nb - 77 Dl 18.7 15.7 
LO 1 1 . 93 E. 10 13.8* Zr - 384 
TOT 98.EE 98.00 100.00 Ce - 97 

Y - 17.E 
Yb - E.55 
La - 88 

(E) after Murta, 1966. * Calculated by difference. 
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A NON COGNATE ORIGIN FOR THE GIBEON KIMBERLITE MEGACRYST SUITE. 

G.R. Davies^^\-AJ. Spriggs^^^; P.H. Nixon^^^ andD.C. Rex^^K 

(1) Department of Geolo^cal Sciences, The University of Michigan, Ann. Arbor, MI 48109; (2) Department of Earth 

Sciences, University of Leeds LS2 9JT, UK. 

The Gibeon kimberlite province, Namibia, occupies an area 100 by 80 km centered at 
25°30’S and 18°E. In excess of 60 kimberlite pipes are known, and they tend to occur in 
NNE-SSW trending clusters. The kimberlite province is underlain by circum cratonic 
basement stabilized circa 2.1 Ga. Undersaturated volcanism in Namibia defines an 
approximate SW-NE lineament. Several workers have proposed that post-Karoo igneous 
activity in Namibia results from the migration of the Discovery and Verna hotspots beneath 
Namibia from 85 to 60 and 60 to 40 Ma respectively (e.g. Hartnady and Le Roex 1985). 
However, age determinations of the magmatic events have until now been poor precluding a 
rigorous assessment of this hypothesis. 

Petrographically unaltered kimberlite samples were obtained from four drill cores that 
penetrated kimberlite pipes of hyperbyssal facies. Core samples were coarsely crushed and 
crustal and mantle xenolithic material removed. The petrology of each pipe is variable 
implying either a heterogeneous magma or that each pipe contains several different 
intrusions. Garnet and clinopyroxene megacrysts were collected from 7 diatreme facies 
kimberlites. Samples for isotope analysis were selected on the basis of their unaltered nature. 
The aim is to ensure that alteration has not disrupted parent-daughter relationships and that 
the megacrysts have not interacted with the host kimberlite which has trace element contents 
several order of magnitude higher than the megacrysts. All megacrystes were crushed, sieved 
and washed prior to hand picking under liquids and subsequently ultrasonically leached in 
6MHC1. Sr isotope analyses were not performed on garnet megacrysts due to their extremely 
low Rb and Sr contents (<0.1 ppm) which makes them susceptible to alteration. 

Previous workers (e.g. Mitchell, 1987) have established that Namibian diopside and garnet 
megacrysts have large compositional ranges and concluded that as a whole the megacryst suite 
is generated by cumulate processes during the fractional crystallization of several batches of 
magma. Each kimberlite pipe in the Gibeon Province has its own characteristic megacryst 
suite which may form two or more populations indicating a non-genetic origin. 

In order to compare the Sr-Nd-Pb isotope systematics of the kimberlite and megacrysts the 
time of kimberlite eruption must be known to + 10 Ma. Macrocrystic phlogopites were 
separated from the kimberlite and leached in 2M HCl for 10 minutes to remove any 
carbonate and have ®^Rb/®®Sr ratios that range from 6.7 to 92.7 and ®'^Sr/®®Sr from 0.7106 to 
0.7879. Three Rb-Sr mica-whole-rock ages range from 71.2 to 71.6 Ma (one sample from an 
altered kimberlite yields an age of 64 Ma). Reid et al. (1990) recently reported a K-Ar age 
for the adjacent Gross Brukkaros alkaline complex of 77 + 2 Ma and a Rb-Sr mica age of 68 
± 2 Ma, ages that bracket our proposed kimberlite eruption age of 71.5 Ma. 

The four kimberlite pipes have considerable variation in initial Sr and Nd isotope ratios; CNd 
+ 1.6 to +4.0; esr -14 to +10. These data are comparable to group I kimberlites (e.g. Smith, 
1983) to which the Namibian kimberlites have strong whole-rock chemical affinities. Pipe 
K2 has comparable Nd isotope ratios but higher ®'^Sr/®®Sr ratios that trend to values more 
radiogenic than Group I kimberlites. Compared to other Namibian kimberlites and Group I 
kimberlites K2 is characterized by higher Ba, Rb, Sr, K and P concentrations. These 
characteristics are not a consequence of crustal interaction, a process that would produce 
lower concentrations of Sr, Nb, P and LREE. The style of trace element enrichment (e.g., 
higher K/Nb, K/Ti and Ba/Nb) is similar to, although less extreme than. Group II 
kimberlites which are also generally characterized by relatively radiogenic ®'^Sr/®®Sr (Fraser 
et al., 1985). 

Present day and initial Pb isotope ratios of Namibian kimberlites are characterized by 
relatively high and 208p5/204p^3 ratios comparable to Group I kimberlites. Pipe 
K2 is again transitional towards Group II kimberlite compositions in having less radiogenic 
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206pb/204p|3 Namibian kimberlites have high /i and k values (50 to 80, 220 to 310). On 
a 207p5/204pt5 yg 206p5/204p|5 diagram initial Pb isotope ratios of all the kimberlites define an 

array with a slope sub-parallel to some S. Atlantic ocean islands (e.g. Bouvet). As a whole 
the initial Pb data of the kimberlites plots between the fields of S. Atlantic islands. 
Clinopyroxene megacrysts have a restricted range in initial Sr and Nd isotope ratios (cNd 2.8 
to 4.7, £sr -10 to -18). £Nd values are generally higher and esr lower than the host 
kimberlites. On a Sr-Nd isotope covariation diagram the megacrysts plot close to, or slightly 
below, the ’mantle array’. Only a clinopyroxene megacryst from the Deutsch Erde pipe plots 
within the field of Namibian kimberlites. The clinopyroxene megacrysts define three distinct 
groups; 1) Mukarob, ii) Hanaus and Koherab, iii) Deutsch Erde. Clinopyroxenes from these 
three regions show significant inter-group REE variation implying geographic variations in 
the source of the megacrysts. 

The clinopyroxene megacrysts have large variations in Pb isotope ratios (e.g. 206pi5/204p|3 
18-19.5) and are characterized by relatively elevated ^^'^Pb/ and ^o^p^ such 
that they plot above the NHRL. These data define approximate linear arrays with a 
relatively restricted range in but large variations in 206p|3/204p|5 208p|3/204p^ 
Measured U/Pb ratios of the clinopyroxene megacrysts are low compared to the host 
kimberlite (/i=l to 22). Initial 207pb/204p5 206ptj/204pjj distinct from the kimberlites 
but are comparable with continental flood basalts from Namibia and Brazil (Hawkesworth et 
al., 1986). 

The Sr-Nd-Pb isotope disequilibrium between the megacrysts and host kimberlites palpably 
rules out a simple cogentic relationship. Previous workers have noted apparent Sr-Nd isotope 
disequilibrium but have either ascribed the isotopic differences to minor alteration or 
errected models that invoke the early precipitation of the megacryst suite from a ’proto- 
kimberlitic’ melt followed by compositional change in the melt due to fractional 
crystallisation and assimilation (e.g. Jones 1987). 

These models are very difficult to reconcile with several aspects of kimberlite chemical and 
isotopic compositions. First the chemical compositions of kimberlites record little evidence 
of the extraction of the megacryst suite. Fractionation of olivine would rapidly deplete the 
magma in MgO and Ni, spinels Ni and Cr, clinopyroxene fractionation deplete Sc, garnet 
fractiontion deplete Sc and HREE. The LREE concentration of liquids calculated to be in 
equilibrium with the megacryst suite are at least a factor of 2 lower than the host kimberlite. 
In order to produce a two-fold increase in LREE concentrations requires the fractionation of 
50% of the melt assuming that La is perfectly incompatible. Even if fractional crystallisation 
was coupled with significant assimilation of peridotite, the calculated degrees of fractionation 
appear too high to produce a liquid with a kimberlitic composition. 

The topology of the Sr-Nd-Pb isotope diagrams helps to constrain possible source 
components in megacryst and kimberlite genesis. Sr/Nd ratios of most mantle derived 
magmas are within the range 10 to 20 (excluding subduction related volcanism) such that 
mixing lines between components on a Sr-Nd isotope diagram are close to straight lines. In 
terms of their Sr-Nd isotopes the kimberlites and megacrysts could be explained through 
some form of mixing process that involves a relatively depleted source (MORB or OIB 
component) and an enriched component (DUPAL-OIB). The Mukorob megacryst samples 
have relatively unradiogenic Sr isotope ratios such that they have characteristics transitional 
toward HIMU and EMI ocean islands (e.g. St Helena and Cape Verde). On Pb/Pb diagrams 
the megacryst suite forms arrays sub-parallel to some Atlantic ocean islands and has 
relatively high and 208p|3/204pt, ratios that are more extreme than Atlantic ocean 
islands with the ’DUPAL’ isotope signature (e.g. Gough, Walvis Ridge and Cape Verde). In 
contrast HIMU islands generally have radiogenic 206p5/204p|3 ^nd relatively low 207pb/204p^ 
and 208pi5/204pb, Consequently the Sr-Nd-Pb isotope systematics of the megacryst suite are 
only comparable to continental flood basalts from the Parana and Karoo. 

The Gibeon kimberlite volcanism occurred between 7 and 10 Ma after the passage of the 
Discovery hotspot (Hartnady and Le Roex, 1985). The kimberlites contain coarse garnet 
Iherzolite xenoliths that, on the basis of geobarometry, were derived from the base of the 
lithosphere at 150 km. If kimberlite volcanism were the product of a plume it would occur 
as the plume past beneath the region not 7 to 10 Ma later. Initial Sr-Nd-Pb ratios of the 
kimberlites are different from Discovery and not simply related by the incorporation of 
MORB-like mantle into the plume suggesting there is no simple genetic relationship. The 
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similar ages do, however, suggest some form of relationship and we propose that heat 
transfer from the hotspot has caused melting of the asthenosphere-lithosphere boundary 
layer. This boundary layer which is in contact with the convecting asthenosphere will have a 

Sr-Nd-Pb isotope composition typical of the ambient regional mantle. The kimberlites have 
initial Sr-Nd-Pb ratios similar to an average composition of the S. Atlantic ocean islands 
whose hotspot traces have passed beneath southern Africa (Gough, Bouvet, Shona and 
Tristan) compatible with melting of the asthenosphere-lithosphere boundary layer that has 
been modified by periodic hotspot related magmas. 

The megacryst suite crystallised in the lithosphere from an alkali basalt derived from an 
asthenospheric source with isotope characteristics comparable to S. Atlantic islands such as 
Bouvet and Ascension. Due to the low trace element contents of the ’cumulates’ they record 
evidence of variable equilibration with ’DUPAL-like’ sub-continental lithosphere that was 
the source of Karoo volcanism. The product has relatively high Sm/Nd and low m and 
Rb/Sr so that with time the suite records growth in radiogenic ^^^Nd but little change in Sr 
and Pb isotope ratios. The megacryst suite was probably formed by the hotspot related 
activity that is thought to produce the Karoo-Parana flood basalts. The Gibeon Group 1 
kimberlites were produced later and their higher trace element contents record less evidence 
of interaction with the lithosphere and consequently have less ’DUPAL’ signature. The 
exception being K2 which assimilated lithosphere with a ’DUPAL’ signature and fractionated 
to produce kimberlites with a more evolved major element composition. 

Sr-Nd-Pb isotope analyses were also performed on unaltered material from three non¬ 
kimberlite localities; Dikker Willem carbonatite (49 + 1 Ma, Reid et al., 1990), Schwarzeberg 
nephelinite (30 + 1 Ma) and the Blue Hills monticellite peridotite associated with the Gross 
Brukkaros carbonatite (68-77 Ma, Reid et al., 1990). All samples plot below the mantle 
array on a Sr-Nd isotope diagram, the Dikker Willem carbonatite being the most divergent. 
The Blue hills and Schwarzeberg samples have Sr-Nd isotope systematics comparable to the 
group 1 Namibian kimberlites. All the alkaline volcanics have very radiogenic initial 
208pt5/204p^j ^jjd 207p|3/204p|5 ratios SO that they plot above the NHRL and the Gibeon 
kimberlites and megacrysts on Pb-Pb diagrams. The alkaline volcanism is characterised by /i 
values higher than the kimberlites (125-150). The Pb isotope signatures are more radiogenic 
than the Etendeka volcanism. However, age correction to 121 Ma, the time of Etendeka 
volcanism, lowers 20«pb/204p|3 and 207pb/204pt5 ratios to values comparable to Etendeka- 
Parana volcanism. Alkaline volcanism occurred between 5 and 30 My after the passage of 
the Verna and Discovery hotspots. The large apparent SCL signature recorded by the 
volcanism is consistent with conduction of heat from the plumes into the lithosphere causing 
melting. Preliminary conduction modelling suggests that following the passage of a plume 
the bottom 10 to 20 km of the lithosphere will be heated by circa 50°C within 10 My 
consistent with Namibian alkaline volcanism being derived from the lithosphere. 
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THE PETROGENESIS OF METASOMATISED SUB-OCEANIC MANTLE BENEATH 

SANTIAGO: CAPE VERDE ISLANDS. 

Davies, andMendes, 

(l)Department of Geological Sciences, University of Michigan, Ann Arbor, MI 48109; (2)Centrode Geologa, Inst. 

Investigagdo Cientifica Tropical Alameda D. Alfonso Henriques, 41 Lisbon, Portugal. 

The Cape Verde Islands are the surface manifestation of a large oceanic plateau and are situated approximately 

500 km west of the Senegalese coast of Africa. All nine major islands include highly undersaturated volcanic 

rocks including lamite normative melililites. Carbonatites are reported from 6 islands, including Santiago. The 

islands are situated near the pole of rotation of the African plate which has resulted in semi-continuous 

volcanism since the early Tertiary. Ultramafic xenoliths are common in volcanics on several Cape Verde 

Islands. This study is confined to Santiago where abundant xenoliths, up to 30 cm across, occur in Cenozoic 

olivine nephelinite, basanite and blivine basalt. The xenoliths comprise three lithological groups; 1) spinel 

Iherzolite; 2) dunite; 3) wehrlite. The spinel Iherzolite suite has allotriomorphic-gianular textures. Olivine 

(Fo88-91) and orthopyroxene (Wo 0.5 En 91.4 Fs 8.1 to Wo 3.4 En 85.0 Fs 1-1.6) are anhedral deformed grains 

(up to 1 cm). Clinopyroxene (Wo 39.8 En 53.1 Fs 7.1 - Wo 48.5 En 46.7 Fs 4.8) up to 3 mm, is anhedral 

chrome-diopside and contains exsolved spinel blebs and orthopyroxene. Intergranular domains consisting of 

glass and euhedral to subhedral fine-grained olivine (0.4 mm), diopside and chrome spinel are relatively 

common. In addition some glassy zones which contain phlogopite and carbonate are interpreted as local partial 

melts probably formed by decompression. 

The dunite suite has allotriomorphic-granular textures with anhedral and deformed olivine grains. Olivines 

have more Fe-rich compositions than the Iherzolite-harzburgite suite (Fo 84-89). Wehrhtes typically possess 

igneous textures with poikilitic clinopyroxene enclosing olivine and spinel. Deformed olivine has similar 

composition to the dunite suite. Clinopyroxene compositions are more iron-rich than those of the dunitic and 

harzburgite-lherzolite suites. 

The Cape Verde Iherzolite xenoliths show little petrological or chemical evidence of secondary alteration 

(H20<1%). The Iherzolites define an inverse relationship between CaO, AI2O3, Ti02 and Na20 with MgO 

content comparable to trends defined by other xenolith assemblages (e.g., Maaloe and Aoki, 1977). These 

chemical variations are accompanied by systematic changes in mineral compositions (e.g. Fo in olivine). 

Therefore, despite petrological evidence of metasomatism the Iherzolites retain chemical evidence of melt 

extraction. Several trace elements (Co, Cr, V, Ni, Sc) show systematic variations as a function of MgO. By 

utilizing the known partitioning of Fe/Mg and Ni between peridotite residuals and melts it is possible to 

calculate the degree of melt extracted from a peridotite. The least metasomatized Iherzolites require the 

extraction of between 15 and 28% melt. Calculated melt compositions are comparable to picritic compositions 

proposed as primary MORE compositions (e.g., Elthon, 1979). 
i 

The Iherzolite xenoliths that have undergone the greatest apparent metasomatism have (ower MgO and higher 

CaO and Na20 . Notably there appears little increase in Al203^'contentj with modal metasomatism which 

implies that either the fluid had low AI2O3, or that no AI2O3 bearing phases were produced. The presence of 

metasomatic amphibole, phlogopite, spinel and carbonate, indicates that the metasomatic fluid was highly silica 

undersaturated possibly melilititic or carbonatitic in composition. The dunite and wehrlite xenoliths have 

suffered minor metasomadsm. Compared to the Iherzolites xenoliths the dunites have higher Cr, FeO, Co and 

Ti02 and lower Ni, AI2O3, Sc and V contents consistent with a cumulate origin. The major and trace element 

variations of the dunite-wehrlite suite establish they represent the cumulate products of a fractionating magma 

involving the precipitadon of spinel, olivine and clinopyroxene. 

The dunites have low REE contents, (Yb)j^ = 0.5, that are characterized by slight LREE enrichment 

(CeA'b)j^=4. The wehrlites have higher REE abundances than the dunites (Ybj^ 1-3). Wehrlite REE patterns are 

characteristic of many other pyroxene-rich xenoliths (Irving, 1980) being characterized by MREE enrichment 

with a maximum at Nd and reladve depledon in La and Ce. This REE distribudon is compadble with 

precipitadon of a clinopyroxene-rich cqmulate from LREE enriched magma (e.g., Irving, 1980). Using 

published REE parddon coefficients it is possible to calculate the REE content of the magma parental to the 

pryroxenites. These calculadons indicate (Ce/Yb)j^ rados of parental magmas between 8 and 12 comparable to 

the least undersaturated Cape Verde magmas. 
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The Iherzolite xenoliths have highly variable REE abundances (Yb)fj 0.8-2, (Ce)j^ 0.9-19. Xenoliths depleted in 

terms of their major element abundances have the lowest HREE contents and are characterized by MREE 

depletion. Despite the major and trace element evidence for a residual origin the LREE are markedly enriched, 

(Ce/Sm)j^ 3.5-7.3 defining a "v" shaped pattern. In contrast the four xenoliths that show petrographic evidence 

for the greatest metasomatism have relatively simple LREE enriched patterns. As with the wehrlite samples. La 

and Ce enrichment is less marked than expected from the slope of the middle REE. The "v" shaped REE 

patterns of the Iherzolites requires the involvement of two processes in their petrogenesis. HREE depletion and 

lower MREE abundances implies that the xenoUths originated as residues following partial melting. 

Subsequent LREE enrichment was superimposed on a LREE depleted pattern. Assuming that the Iherzolite 

xenoliths were initially LREE depleted comparable to a MORB-like source it is possible to calculate the 

approximate REE composition of the material added to each xenolith. The calculated fluids have (CeA^bj^ 

ratios greater than 50. This extremely high degree of LREE enrichment is only found in the most 

undersaturated mehlitites and carbonatites among the Cape Verde volcanics. Xenoliths that have suffered the 

greatest degree of metasomatism record increased HREE abundances. If we again assume derivation from a 

MORB-like source, it is possible to estimate the nature of the metasomatic fluid. In contrast to the "depleted" 

Iherzolite, the addition of mehhdtes or carbonatites would result in greater LREE enrichment than observed . 

Approximately 10% basanite addition is required to explain the REE patterns. The metasomatic fluids are less 

LREE enriched than those that produced the "depleted" xenoliths. 

In order to fully evaluate the petrogenesis of Santiago ultramafic xenoliths the isotopic variations of the host 

volcanism must be known (see Davies et al. (1989) plus refs therein). Sr-Nd isotope ratios of the northern 

islands are less depleted than Atlantic MORB (0.7029-0.7032; 0.5130-0.5129) and on a Sr-Nd isotope diagram 

plot below the "mantle array" between MORB and HIMU islands. On a Sr-Nd isotope diagram the southern 

islands define a slope that is steeper than the "mantle array" extending from the field of the northern islands 

(0.7032-0.7039; 0.5129-0.5126). Rocks from Santiago have significant Sr-Nd isotope heterogeneity and 

encompass almost the entire range defined by the southern islands. Pb isotope ratios also form two 

geographically controlled groups. The northern islands define arrays that plot on the NHRL on both 
207pb/204pi3 y 206p5/204p5 ^nd 208p|3/204p|5 y 206p5/204p5 diagrams with 206pi5/204p5 between 19.14 and 19.77. 

The youngest volcanism in the northern islands generally has the most depleted Sr-Nd-Pb isotope ratios. The 

southern islands have generally less radiogenic Pb isotope ratios (^^^Pb/^^^b 19.44 to 18.74) and are 

characterized by relatively high ^^Pb and 208pb such that they plot above the NHRL. Although less extreme, 

the southern islands are characterized by Sr, Nd and Pb isotope ratios similar to Hawaii and Walvis Ridge 

(EMI) . 

The Cape Verde xenolith suite records significant Sr-Nd isotope variation. On a Sr-Nd covariation diagram 

samples plot below the 'mantle array' with Nd isotope values ranging from close to Bulk Earth to almost 

MORB, 0.51269-0.5130. These data plot within the field defined by Cape Verde volcanism. The Santiago 

xenoliths most depleted in terms of major elements plot within the field of the northern Cape Verde Islands. 

The xenoliths have significant Pb isotope variation (^^Pb/^^'^Pb, 18.7-19.3) that extends to 20^b/20^b values 
less radiogenic than Cape Verde volcanism. In terms of a 207pb/204pb y 206pb/204pb diagram there is 

considerable overlap with the field defined by the southern islands. However, on a 208pb/204pb y 206pb/204pb 

diagram only the four xenoliths that have the greatest trace element enrichment plot in the field of the southern 

islands. The two "depleted" samples with the most extreme "V" shaped REE patterns plot on the NHRL with 

values close to or within the field defined by the northern islands. 

An important conclusion to be made from the Sr-Nd-Pb isotope ratios of the xenoliths is that they are different 

to the Santiago volcanics proving that the xenoliths are not simply the product of, or the source to the 

volcanism. Mixing relationships on Sr-Nd-Pb diagrams establish that at least three isotopically distinct 

components are involved in the petrogenesis of the xenoliths; components from the northern and southern 

islands and a MORB-like component Sr-Pb and Nd-Pb isotope variation diagrams show that over half of the 

xenoliths have isotope systematics distinct from the host lavas of Santiago. The two wehrlite xenoliths have Sr- 

Nd-Pb isotope systematics compatible with formation from the lavas of Santiago. Coupled with the major and 

trace element relationships, these isotope relationships prove that the wehrlites are products of Santiago 

volcanism. Lherzohte xenoliths with the greatest trace element enrichment (28,27) also have Sr-Nd-Pb 

systematics that are indistinguishable from Santiago volcanism suggesting that the trace elements of the 

Iherzolites dominated by a metasomatic component derived from Santiago volcanism. Four xenoliths (29,42,41 

and 34) represent mixtures between a MORB residue and Santiago volcanism. The mixing relationships on Pb- 

Pb and Pb-Sr isotope diagrams imply that both the precursor MORB source and the metasomatic component are 

isotopically heterogeneous such that no single mixing lines are evident Two "depleted" xenoliths with the 

most LREE enrichment (30,39) appear to represent mixtures between MORB-like and northern island 
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components. The extreme LREE enrichment and relatively high CaO imply that the metasomatic fluid was a 

carbonadte. No isotope data are available for carbonatites from the southern island However, we expect that 

all Cape Verde carbonatites come from a similar source and hence have isotope systematics comparable to the 
northern Cape Verde islands. 
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PERALKALINE PLUTONIC MAGMATIC ROCKS OF THE CARBONATITE VOLCANO 

OLDOINYO LENGAI. 

Dawson, Smith, and Steele, 

(l)Dept. Geology and Geophysics, Univ. Edinburgh, Edinburgh EH9 3JM, UK.; (2)Dept. Geophysical Sciences, Univ. 

Chicago, Ill 60637, USA. 

Coarse-grained blocks in the nephelinitic and phonolitic tuffs 
and agglomerates of the active carbonatite volcano Oldoingy 
Lengai, Tanzania, include xenoliths of metasomatic crustal and 
mantle rocks (fenites and olivine-mica-pyroxenites) and igneous 
cumulates (Dawson, 1989) . The igneous suite comprises 
jacupirangites, alkali pyroxenites, ijolites and nepheline 
syenites; there are also blocks of sovite, sanidine-calcite 
rock and nepheline wollastonitite. Most rocks have cumulate 
textures, though a few nepheline syenite, ijolite and 
wollastonitite specimens have a crescumulate texture suggesting 
derivation from dykes or contacts; with the exception of the 
jacupirangites, many specimens are cellular and cemented by 
vesicular intergranular glass. 

Mineralogically, the suite consists of clinopyroxene, nepheline, 
titanomagnetite, pyrrhotite (all rock types), Ti-andradite and 
wollastonite (in ijolites), perovskite and phlogopite (in 
ijolites and jacupirangites), sanidine, eucolite and titanite 
(in nepheline syenites). The pyroxenes have resorbed cores, 
and oscillatory-zoned overgrowths, indicating a complex 
crystallisation history but overall show a trend from diopsides 
in jacupirangites and resorbed cores in ijolites, to aegerine- 
and hedenbergite-rich types in nepheline syenites and 
overgrowths in ijolites; the trend indicates increasing 

Fe^/(Fe^+Mg) and increasing Fe^/(Fe^+Fe^) in the more alkali- 
rich syenites. Nephelines are in the range Nevo-SO KS14-22 Qz2- 
12f the only noticeable differences between rocks being higher 

Qz in syenite nephelines; Fe203 concentrations are mainly in 
the range 1-2 wt% but 5.2 wt. % is found in nepheline in a 
nepheline-wollastonite-glass vein. Garnets are Ti-andradites 
(schorlomite+andradite = -90% of total), containing <1% MgO and 
<0.1 wt% Cr203, and many have light-coloured rims containing 
less Ti02f FeO, and MgO, but higher Si02^ Fe203 and MnO than 
dark coloured cores; Na20 is present in small but persistent 
amounts (0.20-0.37 wt%). The micas are Ti-phlogopites; the 
most magnesian (mg .86) occurs in reaction rims around 
xenocrystal olivine, whereas the most iron-rich (mg .58) is 
groundmass mica in ijolite. Wollastonite is CaSi03 except for 
around 1 wt. % FeO. The "magnetite" is magnesian magnetite- 
ulvospinel with around 20% Fe203 molecule in solid solution; 

the phase in jacupirangite is more magnesian and aluminous than 
that in ijolite or nepheline syenite. The syenite feldspars 
are mainly sanidine (Abi5-32/ Or67-85) though almost pure albite 
(Ab99 Ori) occurs in one specimen; the sanidines contain up to 

0.83 wt% Fe203. Intergranular glasses are enriched in Si02/ 
total FeO, MnO, Na20 and K2O relative to bulk rocks. 
Perovskites have significant concentrations of FeO (up to 1 
wt.%), Na20 (up to 1.2 wt.%) and Nb205 (up to 2.2wt.%) LREE (up 
to 5 wt% in jacupirangite perovskite). The apatites contain up 
to 0.5 wt.% REE. Titanite contains up to 0.3 wt.% REE, 
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significant Zr02 (up to 1.2 wt.% and Na20 up to 2.2 wt.%. REE 
partitioning is perovskite >apatite >titanite. Compared with 
corresponding phases occurring as phenocrysts in the 
nephelinite-phonolite lava suite (Donaldson et al. 1987) those 
in the plutonic suite show some differences, e.g. the volcanic 
feldspars are Or43-57 Ab39-53, nepheline extends to more 
potassic compositions (Ks26) ^ut most are compositionally 
similar, in particular the zoning in pyroxenes and garnets. 

Bulk chemical analyses show that the overall suite is silica- 
undersaturated and highly evolved with agpaitic indices (Na + 
K/Al) ranging from 0.50 (jacupirangite) ) to ~ 1 (ijolite) and 
1.78 (eucolite nepheline syenite) . They contain high 
concentrations of LILE, and the light REE concentrations are 
high both absolutely and relative to heavy REE, particularly in 
perovskite-apatite-rich jacupirangite. Calcite carbonatite is 
enriched in Sr (6200 ppm) and Ba (9000 ppm) . Chemically the 
ijolites and nepheline syenites are richer in CaO, Ti02, total 
Fe and MgO but lower in AI2O3, K2O and Na20 than nephelinites 
and phonolites of equivalent Si02 content, reflecting the higher 
modal contents of perovskite, pyroxene and apatite relative to 
nepheline and feldspar in the plutonic rocks. Perovskite- 
magnetite-pyroxene fractionation of parental ijolite can give 
rise to jacupirangite and nepheline syenite. 

Analytical work has been supported by N.S.F. and N.E.R.C., and 
our inter-institutional cooperation has been made possible by 
travel grants from N.A.T.O. 

Dawson, J.B. (1989 ) Sodium carbonatite extrusions from 
Oldoinyo Lengai Tanzania: implications for carbonatite 
complex genesis. In K. Bell, Ed., Carbonatites: genesis 
and ^volution, p. 255-277, Unwin Hyman, London. 

DonaJdson C.H., Dawson, J.B., Kanaris-Sotiriou, R., Batchelor, 
R.A. and Walsh, J.N. (1987) . The silicate lavas of 
Oldoinyo Lengae, Tanzania. Neues Jhb. Mineral. Abh., 156, 
247-279. 
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SHEAR ZONE CONTROL OF ALKALI INTRUSIVES - EXAMPLES FROM ARGYLE AND 

WEST AFRICA. 

Deakin, and White, 

(l)Argyle Diamond Mines, P.O. Box 508, Kununurra, Western Australia, 6743; (2)Dept. Geology, Univ. Utrecht, P.O. 

Box 80.021, 3508 TA Utrecht, Netherlands. 

Introduction 

The large scale regional controls of alkali intrusions have been given 
spasmodic attention in the literature. There is a tendency to associate 
the kimberlite pipes in West Africa with the landward extension of oceanic 
transform systems (Williams and Williams, 1977; Sykes, 1978). The argument 
is that the transforms first formed during the initiation of rifting by the 
reactivation of old major continental structures which were then mimiced 
within the developing oceanic crust. The resultant transforms may change 
direction during the formation of the oceanic crust as the rift direction 
changes. As a consequence there need not be parallelism between the 
oceanic transform and its continental parent. The corollary of the above 
is that there is an association between major continental shear or fault 
zones that form fundamental zones of weakness in the continental crust and 
alkali intrusives. This can also be illustrated by the lamproites in the 
Kimberley area of Western Australia (Jaques et al., 1986). The Argyle 
pipeis located within the Halls Creek Mobile Zone, another major zone of 
continental weakness. A question that remains is, what are the local 
structural controls for the emplacement of diamondiferous alkali 
intrusives. We have selected two areas where there is a clear local 
structural control to emplacement, viz. Argyle, Western Australia and 
Yengema, Sierra Leone, and show that at a local scale these intrusions are 
located by second or third order structures within major first order planes 
of weakness in the continental crust. 

Proposed Structural Controls of the Argyle Pipe Emplacement 

The Argyle pipe occurs within the Halls Creek Mobile Zone. This mobile 
zone along with the King Leopold Zone form the two major tectonic entities 
bordering the Kimberley Block in north-western Australia. White and Muir 
(1989) have recently argued that they formed a coupled, orthogonal tectonic 
system since the Early Proterozoic. They produce evidence that the King 
Leopold Zone mainly acted as a zone of vertical tectonics (extensional and 
compressional) which has been supported by additional observations by Tyler 
and Griffith (1990) and that the Halls Creek Mobile Zone mainly acted as a 
strike slip transfer zone to the vertical movements in the King Leopold 
Mobile Zone. It was during a phase of sinistral transfer movement during 
the late Proterozoic that local basin formation and the emplacement of the 
Argyle pipe occurred. 

The individual faults (second order structures) in the Halls Creek Mobile 
Zone form a Reidel geometrical shear array based on the Halls Creek Fault 
and the Greenvale Fault as the main D-shears. Their geometries and 
kinematics are consistent with a late Proterozoic sinistral movement 
(Plumb, 1968; White and Muir, 1989). The Argyle pipe occurs in an area 
which was dominated by normal and Reidel faults and a dilational bend in 
the adjacent Halls Creek Fault. The fault interactions resulted in a local 
pull-apart type basin in which late Proterozoic sediments were deposited 
and the pipe emplaced. 
At the local scale, the pipe is situated adjacent to the dilational 
intersection of the northerly trending Gap Fault, a dilational R-shear 
within the sinistral Reidel scheme, and the Razor Ridge Fault. The latter 
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is a dextral X-shear or conjugate shear within the Halls Creek Mobile Zone. 
A swarm of lamproitic dykes, the Lissadell Road dykes, are associated with 
it in the exposed basement. The dykes were emplaced along tension and 
R-shear gashes. Neither the Gap Fault nor the Razor Ridge Fault is a major 
fault, both are third order faults or shears. However, the area in which 
the dykes and pipe has been intruded is a major dilational area created by 
second order shears within a fundamental continental shear zone. 

Proposed Structural Controls of Kimberlite Emplacement; Yengema 

The Yengema field, centred on the town of Koidu in Sierra Leone, has been 
the main diamond mining centre in West Africa. The region contains swarms 
of kimberlite dykes and several small pipes. 

A strong north-south foliation is present in the migmatitic Archaean 
basement. Prominent lineaments occur trending at 010®. The kimberlite 
dykes are confined between two such lineaments, the Oyie-Shongbo Fault in 
the west and the Yaamba fault in the east, and strike at 070“. They occupy 
a zone some 22km long by 10km wide. Other minor kimberlite dykes occur 
aligned at 030“ and 045“. Only rarely are kimberlite dykes located on the 
main 010“ lineaments. 

The 070“ trending dykes are discontinuous, lensic and often occur 
en-echelon. Horizontal slickensides are occasionally apparent on the walls 
of the dykes but measurable displacement of structures across the dykes is 
minimal. Movement must therefore have been limited. The 070“ structures 
are minor structures. A substantial zone of joints trends in this 
direction. Outside of the fault-bounded Shongbo-Yaamba fault block these 
joints do not contain kimberlite. 

The orientation of these structures conform to a Reidel array corresponding 
to movement in a dextral sense along the main 010“ bounding faults. The 
principal 070“ dyke direction is an antithetic strike-slip (Rj) structure 
with sinistral movement. The 030“ and 045“ dykes are related to synthetic 
(R) shears and tension gashes respectively. Both of these structures are 
poorly-developed compared to the main dyke direction. 

Lineaments trending at 130“ and 160“ are also evident and indistinct 115“ 
structures occur. Dolerite dykes of probable Early Mesozoic age intrude 
these structures and are cut by the Upper Cretaceous kimberlite dykes. 

The main stress field operating as a result of dextral movement along the 
regional 010“ faults caused structures with strikes in the 030“-070“ 
direction to be in extension and these structures were filled with 
kimberlite to varying degrees. Structures in the 130“-160“ direction were 
in compression and thus did not provide avenues for the intrusion of 
kimberlite. 

Under a simple dextral shear stress regime, the most favourable sites for 
kimberlite emplacement are theoretically at the extensional intersections 
of the 010“, 030“, 045“ and 070“ structures. However, the situation is 
complicated by the presence of other pre-existing lines of weakness 
oriented at 115“, 130“ and 160“. In the field, pipe location is broadly 
related to intersections of 010“ and 130“ structures with the 070“ 
kimberlite dyke orientation. 

Conclusions 

The controls of kimberlite/1amproite emplacement at Argyle and Yengema show 
similar characteristics. In both areas, ancient, prominent lineaments were 
reactivated. Diamondiferous primary orebodies are locally governed by 
extensional lower order structures which form part of a regional Reidel 
shear array, rather than the main bounding faults of the array. 
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MODEL SIMULATIONS OF CARBON ISOTOPE VARIABILITY IN THE MANTLE. 

Deines, P. 

Department of Geosciences The Pennsylvania State University, University Park, PA 16802. 

The sampling frequency distributions of kimberlitic diamonds from southern Africa and 
Russia are indistinguishable. The summary distribution for the two continents may have 
thus broader significance and has been used to test geochemical models that can be 
proposed to explain carbon isotope variations in the mantle. The distribution has a weighted 
mean of -7 %o, a major mode at -5.5 %o, is highly skewed towards negative 5^C values, and 
may have a minor second mode between -15 and -19 %o. Hence it differs significantly from 
the normal 5'^C distributions of carbonatite and kimberlite carbonates whose means and 
modes all coincide at -5.5 %o. 

Chemical fractionation models which allow for changes in pressure, temperature, 
oxygen fugacity, and depletion of a carbon reservoir can explain systematic variations of 

of a few %o. However, they are not capable to account for the very high negative 
skewness of the diamond distribution. 

Subduction of sedimentary, organic carbon has been considered as a cause for the 
existence of depleted diamonds. The consequences of such a process have been 
examined with the aid of models simulating isotope exchange and mixing. Because at this 
time no evidence has been presented for an isotopic composition difference between the 
crustal and mantle carbon reservoir the mean isotopic composition of the subducted carbon 
is assumed to be -7 %o. The extent to which the carbon isotopic composition of the 
sedimentary end members (organic carbon 6'^C = -25 %o, limestones = 0 %o) are 
preserved or altered through isotope exchange and homogenization during subduction is 
unknown. It has been assumed in the model that the retention of the endmember isotopic 
compositions is as probable as the establishment of any intermediate isotopic composition 
through isotopic exchange. The only restriction assumed is that the weighted mean isotopic 
composition of the carbon compounds remained -7 %o. The volume over which the carbon 
isotopic composition is homogenized during subduction is also important for the resulting 

sampling distribution. If the volume is very small it is more likely that the extreme 
sedimentary carbon isotopic compositions are retained in the mantle, if the volume is very 
large the weighted mean value of -7 %o must be attained. The model was set up so that 
varying degrees of homogenization over a variable range of volumes could be examined. 

Over 100 different combinations of exchange and homogenization scales have been 
studied. Emphasis was placed on an examination of those models which would most closely 
simulate the relative abundance of the low diamonds which have been proposed as 
indicators of subducted carbon. The results have been compared with the summary 
diamond distribution. 

Those model 6’^C distributions which have the highest abundance of low diamonds 
and at the same time an abundance at the major mode which matches that of the observed 
diamond distribution, predict lower relative abundances of depleted diamonds than 
actually observed. Models which predict correctly the observed relative abundance of low 

diamonds predict, however, also that there should be 50% fewer diamonds with the 
isotopic composition of the major mode, and a very much higher abundance of diamonds of 
isotopic compositions between 0 and -3 %o than is actually found. 

In all cases the mode of the model distribution occurs at -7 %o, rather than at -5.5 %o. 

The success to match more than one feature of the model distribution with the observed 
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diamond distribution has been limited. The model computations suggest that if the low 
diamonds were to be the result of subduction of reduced sedimentary carbon that this 
carbon would be subducted in preference to carbonate carbon. Consequently a difference in 
the carbon isotopic composition between crustal and mantle carbon reservoirs would have 
to be postulated. 

Models simulating the effect of the removal of enriched CO^ from the mantle as a 
result of degassing have also been constructed. The fractionation factor for such a process 
can be deduced from the skewness of the diamond distribution. The estimate (a = 
1.0038) is much larger than expected on the basis of known isotope effects and recent 
experiments. A large number of model frequency distributions were investigated, using 
different assumptions for the initial reservoir isotopic composition, reservoir variability, and 
fractionation factor. It was found to be impossible to match all major features of any of the 
model distributions with those of the observed diamond distribution. 

The variability of diamonds has probably multiple causes which may include: 1. 
chemical isotope effects related to temperature, pressure, and oxygen fugacity; 2. reservoir 
depletion effects: 3. existence of carbon isotope reservoirs of differing isotopic composition 
which could remain from accretion or be introduced by subduction. It is unlikely that any 
one of these causes alone can produce the observed diamond carbon isotopic composition 
distribution. The relative importance of the various causes remains to be established. 

If the limited data we have accumulated to date on the 13C depletion of asthenospheric 
South African diamonds would reflect a general mantle feature, one could propose that the 
mantle is for several reasons heterogeneous in 6^^C, and that with increasing depth the 
relative abundance of low carbon increases. This concept could explain: 1. the common 
mode in of carbonatite and diamond carbon isotopic compositions; 2. the significant 
difference in mean between carbonatites (-5.5) and diamonds (-7 %o): 3. a higher 
relative abundance of '^C depleted asthenopsheric diamonds; 4. the common features of 
diamond and meteorite 6'^C distribution; and'5. the apparent difference in the mean carbon 
isotopic composition of meteorite and mantle carbon. The proof of this type carbon isotope 
distribution within the mantle - which would have to be established through further work - 
would significantly alter our concepts of the geochemical cycle of carbon. 
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THE GEOLOGY OF THE MENGYIN KIMBERLITES, SHANDONG, CHINA. 

P.N. Dobbs^^^; DJ. Duncan^^^; S. S.R. Shee^^^; EJL. Colgan^"^^; M^. Brown^"^^; C.B. Smith^^^ andH.L. 

Allsopp^^^ (deceased). 

(l)Sino-British Cooperation, Dalian, China; (2)7th Geological Brigade, Linyi, Shandong China; (3)Stockdale 

Prospecting South Yarra, Australia; (4)Chichester Diamond Services, London; (5)Bemard Price Institute of 

Geophysical Research, University of the Wiwatersrand, Johannesburg RSA. 

The Mengyin kimberlite province was discovered in 1965 by geologists 

of the Shandong Bureau of Geology. Kimberlites ShenglL 1 and 2 and 

Hongqi 1 were subsequently mined for diamonds. Further detailed 

prospecting between 1986 and 1988, including re-analysis of some of 

the historical data, shed new Light on the mineralogical and 

petrological nature of the kimberlites, their age and structural 

setting and also found unusual features in the diamond population. 

The kimberlites are located within the He-Huai block of the North 

China sub-plate, 80 to 100km west of the Tanlu fault, a major 

NNE-trending fracture that separates Archaean granite-gneiss of the 

2 500Ma Taishan Formation in the west of Shandong from the Jiaodong 

Group, of early Proterozoic age, in the east. Between 520km and 740km 

of sinistral displacement is indicated for the Tanlu fault, with 

significant episodes of movement occurring in the Middle Proterozoic 

and Mesozoic. There are three zones of kimberlites (Changma, Xiyu and 

Poli) within a NNE-trending belt some 50 km long and 17.5 km wide. 

Their present structural setting is on the SE flank of a major 

NE-trending arch, which has been subjected to SSW reverse faulting 

along listric structures. The tectonic regime that prevailed in the 

Ordovician is less clear, but the Tanlu fault must by then have formed 

the eastern margin of the western Shandong terrain. 

Each zone consists of many small en echelon dykes, with a dextral 

orientation. The maximum recorded width for a dyke is 3m at Hongqi 1, 

while average widths are usually 20 to 40cms. Hongqi 1 is also the 

longest dyke, at 1.4km. The Poli zone contains only very narrow dykes 

of Kmited extent. Clusters of small pipes of irregular shape occur 

in the central parts of the Changma and Xiyu zones. Drilling to 600m 

by 7th Brigade showed that the pipes coalesce below the present 

surface and become more dyke-like, with strong NNE strikes and 

NW-trending apophyses. Dip angles for pipes and dykes are usually 

steeper than 70°. An internal dyke is exposed in the open pit at 

ShenglL 1, but the ages of the other dykes, relative to the age of the 

pipes, are unknown. A kimberhte sill occurs at the southern end of 

the Xiyu zone, Hongqi 23, and dips approximately 45° to the WNW. Most 

kimberlites intrude the Archaean gneiss, but the dykes in the Poli 

zone and those at the southern end of the Xiyu zone have Cambrian to 

Middle Ordovician limestone wall rock. 

Hongqi 1 dyke was mined in an underground operation to a maximum depth 

of 90m along a strike length of 900m and an average width of 0.7m. 

Between 20 000 and 30 000 carats were recovered at an approximate 

mining grade of 80 carats per 100 tons. Shengli 1 has been mined 

since 1975 in an open-cast operation at a rate of approximately 30 000 

tons per year. The grade of this deposit varies between 80 and 120 
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carats per 100 tons. The largest stone recovered from the Mengyin 

mine was a yellowish octahedron, weighing 119.01 carats, although 

three stones of 96.04, 124.27 and 158.97 carats were recovered from 

alluvial deposits, 130km to the southeast of Mengyin, that may have 

been derived from the Mengyin kimberlites. 

Evaluation sampling of the kimberlites showed that, within each 

kimberlite zone, the diamond grade varies by between one and two 

orders of magnitude. There is an overall decline in grade from south 

to north within both the Changma and Xiyu zones, with a tendency for 

the central pipe clusters to contain the highest values of 10 carats 

per cubic metre. 

The intrusions are root zone hypabyssal facies Group I kimberlites. 

Rare examples of tuffisitic kimberlite breccia are found, but these 

are thought to represent sub-surface fluidisation in the early stages 

of pipe formation. Kimberlite v/all reck breccia, containing Archaean 

gneiss xenoliths up to Im across occurs at ShengU 1 and Hongqi 6 and 

8. Dykes contain more aphanitic kimberlite than the pipes and show 

much less mineralogical and textural variation. Present evidence 

suggests erosion is within the deep root zone. 

Hypabyssal kimberlites are predominantly macrocrystic with a fine 

grained, uniform, granular to felty interlocking groundmass. They 

consist of abundant altered olivine macrocrysts and phenocrysts set in 

a groundmass of monticellite, phlogopite, opaque minerals, perovskite, 

apatite, serpentine and carbonate. Phlogopite and apatite are notably 

more abundant than in most southern African kimberlites and 

montLceUite in Hongqi 6 reaches 0.1mm in size, while in southern 

African localities this mineral is typically 0.02mm 

Hongqi 6 contains an unusual rock type with a globular texture which 

may be produced by mechanical rounding during emplacement of a 

partially consolidated magma. This differs from the 

globular-segregatLonary texture that .occurs in southern African 

kimberlites. 

Unusual rock types include a ciinopyroxene and phlogopite-rich 

kimberlite breccia and volatile-rich cross-cutting veins. The former 

variety occurs in Hongqi 6 and Shengh 1 and is thought to be produced 

by extensive resorption of country rock fragments. Late stage 

volatile-rich veins of apatite and serpentine occur in Hongqi 6. 

These infiltrate the kimberlite groundmass and modify the original 

mineralogy, suggesting volatiles were trapped in deep-seated 

intrusions. 

Systematic heavy mineral sampling of 26 of the kimberlites showed that 

pyrope and chromite abundances vary substantially over the kimberlite 

province and also within the Changma and Xiyu zones. The Changma zone 

contains pyrope and chromite in similar quantities and grain counts 

decline from south to north. In the Xiyu zone these two minerals are 

both less abundant than at Changma, but chromite is an order of 

magnitude more abundant than pyrope. Too few samples were collected 

from the Poli zone for trends to emerge but chromite is abundant while 
pyrope is rare. 
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Clinopyroxene is rare in the +0.5n\m concentrates, although smaller 

grains are commonly seen in thin section. Ilmenite is present in most 

samples, but is unusually rare for Group I kimberlites. A crichtonite 

group mineral of the Kndsleyite - mathiasite (LIMA) suite occurs in 

abundance at Hongqi 27, but such grains are not sufficiently 

widespread for use as prospecting indicators. 

The mineral chemistries of the main heavy minerals are consistent with 

the diamondiferous nature of the province. Pyrope is mainly the 

low-TiOs peridotitic variety, with some discrete and high-TiOs types. 

Subcalcic peridotitic pyrope is common. Both low and high-TiOs 

chromite is present and diamond inclusion compositions are found. 

Radiometric dating of macrocrystic mica from the Shengh 1 and 

Hongqi 1 kimberlites using the Rb-Sr technique gave an age range of 

450 to 500 Ma with a current best estimate of 475 Ma. This result is 

supported by additional age determinations, made by J W Bristow, using 

the U-Pb ion-probe method on perovskite from the Shengli 1 kimberlite. 

This gave a mean age of 456 +/- 8 Ma. There appeared to be no 

detectable difference in the ages of Shengli 1 and Hongqi 1. 

A production parcel of diamonds mined from the Shengli 1 open pit were 

examined by J W Harris in 1986. A total of 1200 diamonds in six sieve 

classes were classified. A distinctive feature is an increase in the 

proportion of octahedral shapes in the smaller size ranges, being the 

reverse of the trend found in other studies. Octahedra, dodecahedra 

and flattened dodecahedra together form a relatively constant 20% in 

each sieve class, which may indicate a single diamond population. 

This implies also that the larger stones have been preferentially 

released and resorbed by the kimberlite magma. Macles make up 30%, on 

average, of each sieve class and brown stones constitute 80% of the 

population; both these features are unique. Syngenetic inclusions in 

diamonds from Shengli 1 are predominantly peridotitic. 

The Mengyin kimberlites are petrographically and mineralogically 

similar to the kimberlites at Fuxian in Liaoning Province, 550km to 

the northeast. The latter were dated using the Rb-Sr technique on 

macrocrystic phlogopites, which produced a reliable isochron age of 

461.7 +/- 4.8 Ma. The two kimberlite provinces are therefore coeval. 

However, the Fuxian bodies intrude Proterozoic sediments, which are 

rare at Mengyin, and they occur on the opposite side of the Tanlu 

fault. It seems that the blocks on either side of the Tanlu fault had 

substantially different histories from some time during the 

Proterozoic to at least the early Palaeozoic and may therefore have 

been widely separated during this period. Similarities in 

stratigraphy, hthofacies and thickness of the Sinian, Cambrian and 

Ordovician formations of northern Jiangsu-Anhui provinces and southern 

Liaoning Province suggest that the Fuxian. kimberlites may have been to 

the south of Mengyin at the time of kimberlite intrusion. The 

possibULty that the scattered alluvial diamonds and associated 

kimberlitic minerals of northern Jiangsu-Anhui could be derived from 

the Fuxian kimberlites therefore needs to be considered. Present 

evidence does not point to the Mengyin and Fuxian kimberlites being 

contiguous at the time of their emplacement, although it seems that 

they were closer together than they are today. 
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DISTRIBUTION OF FLUORINE feETWEEN MINERALS AND GLASS IN LAMPROITES, 

LAMPROPHYRES AND KAMAFUGITES: IMPLICATIONS FOR THE ROLE OF F IN DEEP 

MANTLE-DERIVED MAGMAS. 

Edgar, Vukadinovic, and Lloyd, ^^^F.E, 

(l)Department of Geology, University of Western Ontario, London, Ontario, Canada, N6A 5B7.; (2)Department of 

Geology, University of Reading Reading UK. RG6 2AB.. 

Lamproites, lamprophyres and kamafugites are among the 

most F-rich igneous rocks. With increasing K2O contents (>1 

wt.% K2O) the average F contents in kamafugites, type 1 

kimberlites, olivine lamproites, lamprophyres and leucite 

lamproites are 0.1, 0.2, 0.25, 0.3 and 0.5 wt.% respectively. 

The higher abundances of F in these deep mantle-derived 

magmas relative to magmas originating at shallower levels, 

suggests that F may be very important in ultrapotassic magma 

genesis. Among the roles proposed for F is that the 

speciation and amount of F may affect f02 buffering in the 

mantle that consequently controls differentiation and other 

important petrogenetic hypotheses (e.g. Foley et al., 1986). 

These hypotheses depend on the availability of F in mantle 

reservoirs and whether on partial melting F is partitioned 

into melt or solid phases. Data on the F contents of likely 

mineral reservoirs (phlogopite, apatite and amphibole) in 

mantle-derived xenoliths (Aoki et al., 1981; Smith et al., 

1981) are limited and where available indicate that F is not 

particularly abundant in these minerals. Experiments to 

determine partitioning of F under mantle conditions are also 

few (Edgar and Arima, 1985) and time consuming. In the 

present study the distribution of F between minerals and 

glass in lamproitic, lamprophyric and kamafugitic rocks was 

determined and compared to the abundance and distribution of 

F with similar data from mantle-derived xenoliths from the 

kamafugitic provinces of south-west Uganda and the West Eifel 

of Germany. 

Distribution of F between phlogopite, amphibole, apatite 

and glass in 26 lamproites from Leucite Hills, West Kimberly, 

Smoky Butte, Prairie Creek and Gaussberg is very complex both 

within and between lamproite localities, with some mineral 

reservoirs showing distinctly different trends in different 

localities, e.g. phlogopite in Leucite Hills and West 

Kimberly lamproites has increasing and decreasing F from core 

to rim respectively. Generally F is most abundant in 

phlogopite and apatite relative to amphibole and glass. In 

evolved glasses F may be absent. With increasing evolution, 

F decreases in the rocks and in its amphibole and glass. 

Fluorine appears to be related to the Ba contents in apatite 

and glass in some lamproites. 

Fluorine in minerals and glass in kamafugitic rocks from 

south-west Uganda and West Eifel, Germany, is only slightly 

lower than in lamproites and shows similar trends. 

Phlogopites in the West Eifel kamafugites have high F and BaO 

contents whereas the phlogopites from Ugandan kamafugites 
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have lower F and BaO. Glass in kamafugites from West Eifel 

and Uganda has low F contents and shows no trend in F with 

evolution as determined by MG no., unlike that of glass in 

lamproites from Leucite Hills in which F decreases with 

decreasing MG no. The F in amphibole in the Ugandan rocks is 

higher than that of amphibole in most lamproites. 

In West Eifel mantle xenoliths F in phlogopite is very 

low (<0.5 wt.%) whereas apatite in a Ugandan xenolith 

averages 1.3 wt.% fluorine. Fluorine in glass in both West 

Eifel and Ugandan xenoliths is low (<0.5 wt.%). This 

suggests that if glass represents metasomatizing agents 

(Edgar et al., 1989) that these agents did not have 

sufficient F to provide the levels of abundance observed in 

the lava. Also, the very low F contents of the mineral 

reservoirs in the xenoliths implies that observed abundances 

of F in these kamafugites could not have been derived solely 

by partial melting of the mantle source. 

The distribution of F between phases in kamafugitic 

lavas is similar to that observed in lamproites. Analyses 

from individual rocks indicate that F is richest in 

phlogopite followed by apatite, amphibole and glass. This is 

generally true for both lamproites and kamafugites. Fluorine 

contents in glass from kamafugites are usually less than 1 

wt.% and approximately an order of magnitude smaller than F 

abundances in volatile-bearing phases within the same rock, 

suggesting that F is a compatible element. 

Fluorine contents in apatite and phlogopite in minettes 

from Hopi-Navajo, U.S.A., are generally lower relative to 

those in kamafugitic rocks and show no significant trends. 

The complex distribution of F between phlogopite, 

apatite, amphibole and glass in lamproites, lamprophyres and 

kamafugites does not allow determination of partition 

coefficients because of the inability to clearly establish 

mutual chemical equilibrium between F-bearing phases, 

possibly due to changes in parameters such as f02 during 

evolution, or other variables. This study suggests that F 

preferentially enters solid rather than liquid phases in 

these magmas and that F is not abundant in minerals of mantle 

xenoliths in kamafugitic hosts. Fluorine in mantle mineral 

reservoirs is likely to be insufficient to provide the high F 

contents for these ultrapotassic magmas. The possibility 

that these magmas derive their high F contents during 

degassing on ascent rather than during partial melting is 

considered. 
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THE ARIES DIAMONDIFEROU^ KIMBERLTE PIPE, CENTRAL KIMBERLEY BLOCK, 

WESTERN AUSTRALIA: MINERALOGY, PETROLOGY AND GEOCHEMISTRY OF THE 

PIPE ROCK AND INDICATOR MINERALS. 

D. Edward/^\ N.M.S. Rock^^\ W.R. Taylo/^\ BJ. Griffin^^^ & S-S. Sun^^K 

(l)Geology Dept., University of Western Australia, Nedlands 6009, WA; (2)Electron Microscopy Centre, University of 

Western Australia, WA; (3)Bureau of Mineral Resources, Canberra 2601, ACT. 

The mineralogy of the Aries pipe is very similar to that of 

S.African Group II (micaceous) kimberlites, but ditfers from 

that of typical lamproites, not least in the abundance of 

carbonate and absence of diagnostic lamproitic minerals such as 

priderite and richterite (Table 1). Three textural varieties of 

Aries magmatic kimberlite can be recognized in pipe rock from 

available drillcore: (1) macrocrystal medium-grained; (2) 

aphanitic (<5 vol% olivine macrocrysts); and (3) macrocrystal 

segregated. Autoclastic breccias are also abundant. The 

kimberlites contain two generations of olivine pseudomorphs (30- 

40 vol%), and two of phlogopite (up to 60 vol%), in a groundmass 

of apatite^ calcite, diopside^ sphene^ spinels^ serpentine^ 

talc, and accessory groundmass minerals such as aeschynite 

[(Ce,Ca)(Ti,Nb)20g], barite^ iimenite, monazite^ rutile^ 

siderite, and unidentified Nb-Fe-titanates. 

Phlogopite is complexly zoned, with somewhat distinct 

compositional trends among the pipe's/four lobes, but follows 

kimberlitic compositions and trends on Al-Ti plots (Ti02 0.5-4 

wt . %, AI2O3 9-16wt%); Cr203 and BaO both range up to 1.5wt% and 

F up to 1.8wt%; local tetraferriphlogopite substitution is 

indicated. Diopside is low in Cr, Al, Na and Ti with high Mg# 

(Mg/[Mg+Fe^] ~93). Apatite contains variable SrO (up to 

17.5wt%). Sphene contains significant Nb203 (< 1.5wt%) and FeO 

(< 2wt%). Rare iimenite contains 2.6wt% Nb203 and 16wt% MnO but 

no detectable MgO. Calcite is virtually Mg-Fe-free but has up to 

1.7wt% SrO and 0.5wt% MnO. 

TABLE 1 

Mineralogicai summary comparison of Aries rocks with 

lamproites^ Group I and Group II kimberlites 

Olivine Cpx Calcite Amphi 
-bole 

Phlogo¬ 

pite 

Monti- 

cellite 
Leucite, 
sanidine 

Iimenite Priderite 

etc. 

Zircon, 

perovsk. 
Olivine- abundant common rare minor abundant absent minor rare present present 

lamproite 
Leucite- minor common rare present abundant absent present present common absent 

lamproite 
Group / dominant absent abundant absent minor common absent common absent present 

kimberlite 
Group II dominant common abundant v.rare abundant absent absent rare absent absent 

kimberlite 

Aries dominant present abundant absent abundant absent absent v.rare absent absent 

common = commonly present but only in small amounts 

present = commonly present but in variable amounts 

Data summarized from Jaques et a/.(1986), Mitchell (1986), Skinner (1989) and Mitchell & Bergman (1991) 
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Complex morphological, textural and compositional variations are 

present in drillcore spinels. They can be divided into five main 

textural-genetic types: (1) cognate groundmass chrome spinels; 

(2) chrome spinels included in olivine macrocrysts, probably 

representing either early phenocrysts or mantle xenocrysts; (3) 

macrocryst chrome spinels, probably representing xenocrysts; (4) 

late-stage groundmass ferric spinels, probably derived from 

serpentinization of olivine; (5) alteration ferric spinels, 

found as inclusions associated with siliceous melt inclusions in 

other spinels, and probably representing interaction of types 

(2) and (3) with late-stage melts. Some of these show further 

textural sub-types with no recognized genetic significance. 

The Aries pipe is rich in country-rock (basalt, quartzite) 

xenoliths, but the only mantle-type materials so far yielded 

have been two diamond indicator minerals — spinel and rare 

garnet — recovered as isolated grains via heavy-mineral 

concentrate (HMC) programmes. Aries HMC chrome spinels can be 

easily distinguished, texturally and compositionally, from 

basaltic spinels derived from the local country-rocks. Like 

chrome spinels from the drillcore, they show complex textural, 

morphological and compositional variations, but six distinct 

textural types can be combined into two broader textural- 

compositional classes. Class 1 spinels show replacement 

textures, are non-stoichiometric, Cr-rich (up to 67wt%), 

apparently free of Fe^"*", and may carry Cr2 + ; they probably 

originated from metasomatised, depleted harzburgitic mantle 

within the diamond stability field at the base of the 

lithosphere. Central and South Lobes have abundant Class 1 

spinels but North Lobe and North Extension virtually lack them. 

All four lobes’ contain texturally diverse Class 2 spinels, which 

show 'fractured, interlocking, pockmarked, symplectic or 

uniform' textures; these are more oxidized, 'poorer in Cr203, and 

higher in MgO than Class 1, and may have originated from 

shallower mantle sources. 

Garnets are relatively rare in Aries heavy-mineral 

concentrates and have not been identified at all in drillcore. 

The few analyzed to date are 'G9' and 'Gll' compositions under 

Dawson & Stephens' classification (55-60mol% pyrope, 7-10wt% 

CaO, 8-llwt% Cr203, 16-18% MgO), indicating Iherzolitic and/or 

wehrlitic sources on the Sobolev et al. scheme. Despite the 

known diamond potential of the pipe, none of the 'GIO' 

(subcalcic chrome pyrope) garnets regarded in southern Africa as 

a hallmark of diamondiferous pipes have yet been identified. 

This is however consistent with data from other Australian 

pipes, suggesting 'GIO' garnets to be a less reliable diamond 

indicator in Australia than in southern Africa. 

Several magma-pulses were involved in the formation of the 

Aries pipe. All four lobes probably contain at least one magma- 

pulse in common; this sampled one class of HMC spinels and is 

characterized by similar phlogopite zoning trends. However, 

Central and South Lobes contain magma(s) which sampled another 
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whilst North Lobe and North Extension contain magma(s) which may 

have been generated at higher levels in the mantle, yielded 

comparatively evolved phlogopite trends, and probably reduced 

their diamond prospectivity relative to the other lobes. 

Geochemically Aries is again most like S.African Group II 

kimberlites. Certain incompatible element abundances and ratios 

(e.g. very high Nb/Zr) are unusual, but are shared with at least 

two other contemporaneous (==820 Ma) lamprophyric intrusions of 

the east Kimberley (at Maude Creek and Bow Hill), suggesting a 

regionally anomalous mantle source (Fig.l). Isotopically, 

however, Aries had = -1 when it was emplaced, =820 Ma ago ( = 

-14 present-day 8^^) ; this tends to suggest that unlike Argyle, 

the W.Kimberley lamproites, or Group II kimberlites of S.Africa, 

any contribution to Aries from an ancient, LREE-enriched 

lithospheric component is minor. 

FiG.l. Nb versus Zr plot (ppm). Aries whole-rocks are compared with West 

Australian lamproites and the two global groups of kimberlites 

The regional distribution of Aries and other lamprophyric 

bodies in and around the Australian Kimberley craton has two 

implications.(1) There exists a scattered magmatic province in 

the Kimberley, resulting from an =800 Ma lamprophyric intrusive 

event; as well as Aries in the central Kimberley, this includes 

all dated bodies from the currently named North Kimberley 

Province (e.g. Skerring kimberlite), and some from the East 

Kimberley 'province' (Bow Hill lamprophyres, but not the Argyle 

lamproite). (2) The traditional S.African model of diamond 
occurrence (Clifford's rule) requires modification if it is to 

be applied in the Australian Kimberley. 
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DESTRUCTION OF SUBCRATONIC MANTLE KEEL: THE WYOMING PROVINCE. 

Eggler, David H.; Furlong, Kevin P. 

(l)Geosciences Dept., The Pennsylvania State Universty, University Park, PA 16802 USA. 

Evidence of Keel. Kimberlite diatremes in the Front Range of 
Colorado-Wyoming (e.g. Eggler et al. 1987) and in the Missouri Breaks area 
of Montana (e.g. Hearn and McGee 1984) contain mantle, lower-crustal, and 
upper-crustal xenoliths. Geothermobarometry of these xenoliths yields fossil 
geotherms that are cool (Fig. 1) and indicative of mantle that transfers heat by 
conduction, not convection. Thus in at least two places, one within the 
Wyoming Craton and one at its southern boundary, mantle lithosphere existed 
in the past that was at least 175 km thick. By the southern Africa model (e.g. 
Boyd 1973), such a lithosphere or keel had been welded to the Archean crust 
since the time of crustal formation. Also, by the southern Africa model, 
somewhat thinner mantle lithosphere underlay Proterozoic terranes around the 
old cratonic nucleus. 

Cretaceous-to-Pleistocene magmas within the Wyoming Province, including 
the Absarokas, Crazy Mountains, Highwood and BearPaw Mountains, Smoky 
Butte, and Leucite Hills, are quite disparate in major-element chemistry, 
ranging from calc-alkaline and high-K rocks in the Absarokas to highly 
alkaline and from sodic series to potassic series. Yet the magmas share a 
number of trace-element and heavy-isotope similarities (review by Eggler et 
al 1988), In particular, in a l43Nd/l44Nd - 87Sr/86Sr diagram, tney piot 
distinctly below the "mantle array", implying that they have been derived from 
ancient LREE-enriched sources. O’Brien et al (1991) interpret that array as a 
mixing line between asthenosphere and a single LREE-enriched source. We 
interpret the array as heterogeneous sources and attach significance to Nd 
model ages. Those ages and Pb secondary isochrons can be interpreted as ages 
of separation of those sources from asthenospheric mantle, ranging from 3.8 
Ga to 0.8 Ga, clustering around 1.8 Ga. The 1.8 Ga cluster in turn can be 
interpreted to represent metasomites added to'the Archean mantle keel during 
accretional and collisional tectonics about the old continental core. 

Heat-Flow Evidence for Destruction. Eggler et al (1988) modeled 
the regional heat-flow data of Decker et al (1980, 1984) and Sass et al (1981) 
utilizing a best-guess model of the petrology of the crust and mantle 
lithosphere. Geotherms were calculated by solving equations for heat 

production and conduction. Fig 1 was produced by assuming a 1200^C 
isotherm for the lithosphere-asthenosphere boundary. In this simplified 
approach, variations in surface heat flow are attributed almost entirely to 
variations in thickness of the conductive layer (lithosphere). Decker et al 
(1988) arrive at a quite different interpretation of the heat-flow data using an 
assumption that most surface heat-flow variation is a result of upper-crust 
heterogeneities in heat production. Although our approach is based on 
petrology observed at die surface or from xenoliths, we freely admit that the 
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Figure 1. Minimum thickness of lithosphere, in km, calculated from heat-flow data. The 
lithosphere-asthenosphere boundary was taken as the 12(XFC isotherm. Heavy arrows show 
the regional edge of thick (>140 km) mantle lithosphere that presently exists beneath the Great 
Plains (Grand 1987). The heavy line encircles the Wyoming Craton; dots are magmatic centers 
or kimberlite pipes. Windows show fossil geotherms from xenolith localities together with 
computed present-day geotherms. Interpolated present-day heat flows: Missouri Breaks 
(MBK), 52 mW/m^; Sloan, 73; Green Mountain, 80. The reference fossil geotherm (dashed 
line) is from southern Africa (Boyd 1973). An interpretation of this diagram is that thick mantle 
lithosphere that once was present throughout the Rocky Mountains now exists only in central 
Montana and southeastern Wyoming. 

,aost probable shortcoming in the approach is an oversimplification of upper 
crust, the most heterogeneous unit and the greatest heat producer. Boundary 
depths of 50 km or less in Fig 1 undoubtedly represent upper-crust anomalies, 
because the temperatures imply partial melting that is not observed either by 
geophysics or by recent volcanism. The anomalies probably represent active 
or recently active magma bodies because they coincide with late Cenozoic 
volcanism, but they may also represent upper crust that is very high in K-U-Th 

and therefore in heat production. On either count, the calculated 1200^0 
isotherm would be too shallow, and the depths shown are minima. 

Heat-flow modeling must be added to paleogeothermobarometry discussed 
above. The calculated geotherm in central Montana today (Fig. 1) is essentially 
the same as the conductive portion of the Eocene geotherm - mantle 
lithosphere is at least as thick now as it was then and, presumably, as thick as it 
had been since the Archean. In northern Colorado-southern Wyoming, 
calculated geotherms today are much hotter than Devonian fossil geotherms — 
mantle lithosphere is much thinner and has been destroyed. Regionally (Fig. 
1), only two remnants of thick mantle lithosphere remain, one in central 
Montana and one in southeastern Wyoming. 

Seismologic Evidence for Destruction. Eggler et al. (1988) discuss 
several geophysical surveys that indicate that mantle beneath the Great Plains is 
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significantly different from that beneath most of the Rocky Mountains. The 
most definitive survey is a tomographic inversion for shear velocity (Grand 
1987). Fig 2 is a simplified portion of Grand's cross-section B-B' that crosses 
the portion of Montana identified from heat-flow as underlain by thick mantle 
lithosphere. Block size for the velocity study was 500 km (horizonally), 
allowing the west-to-east transition from low to high velocities, above 400 km 
depth, to be up to several hundred km in width, alAough it may in fact be an 
extremely sharp feature. Because of the large block size. Fig 2 should not be 
overinterpreted. It does show, however, a high-velocity structure beneath the 
Great Plains that extends into Montana and that coincides with the old mantle 
lithosphere identified from xenoliths and heat-flow. Such structure is absent in 
Colorado, where the low-to-high velocity transition is east, not west, of the 
Front Range. 

1 WA ID MT ND 
W I , . E 

Figure 2. A simplified cross-section, after 
Grand (1987), of shear velocity across 
Montana and adjacent states. The line of 
section is approximately 46^ latitude. 
Velocity changes are contoured with a unit 
that represents about 1.25% change above 
320 km, about 0.62% from 320 to 405 km 
depth, and about 0.4% below 405 km 
depth. 

Tectonic Implications. We believe that much of the central and 
northern Rocky Mountains was underlain by a keel of mantle lithosphere prior 
to Cretaceous time. The keel was tectonically stable and welded to old crust 
because it was buoyant -- although colder than asthenosphere, it was more 
magnesian (Jordan 1975). Cretaceous-to-Eocene tectonomagmatism destroyed 
much of that lithosphere eastward to the Great Plains, so that remnants exist 
today only in central Montana and southeastern Wyoming. That lithosphere 
was a clear impediment to low-angle subduction and the massive transport of 
lower crust and mantle lithosphere from southwest to northeast argued by Bird 
(1984, 1989). At the same time, some connection between subduction and 
tectonomagmatism cannot be denied. That connection began in the late Jurassic 
and continued into the mid-Tertiary. Eggler et al. (1988) and Meen et al. 
(1988) argue for a back-arc rather than arc setting for Montana magmatism; 
the main role of the plate was to induce back^arc asthenospheric upflow that 
accounts for a minor component of magmatism and for a major component of 
lithospheric thinning and partial melting. Other schemes may emphasize tears 
or rifts in lithosphere through which asthenosphere or slab-derived melts 
ascend. 

Bird, P. 1984 Tectonics 3:741. Bird, P. 1988 Science 239:1501. Boyd, F.R. 1973 Geochim 
Cosmo Acta 37:2533. Decker, E.R. et al. 1980 J. Geophys Res 85:311. Decker, E.R. et al. 
1984 New Mexico Geol Soc Guidebook, 45-50. Decker, E.R.et al. 1988 Geol Soc Amer Bull 
100:1851. Eggler, D.H. et al. 1987 Geol Soc Amer Sp Paper 215:11. Eggler, D.H. et al. 1988 
Colo Sch Mines Quar 83:25. Grand, S.P. 1987 J. Geophy Res 92:14065. Hearn, B.C , Jr. & 
E.S. McGee 1984 in Komprobst, J., ed.. Kimberlites II: The Mantle and Crust-Mantle 
Relationships: Elsevier, 57-70. Jordan, T.H. 1975 Rev Geophy 13:1. Meen, J.K. & D.H. 
Eggler 1987 Geol Soc Amer Bulletin 98:238. Meen, J.K. et al. 1988 Geol Soc Amer Abstr 
20:432. O'Brien, H.E.^'r al. 1988 EOS Trans Amer Geophy Union 69:519. O'Brien, H.E. et 
al. 1991 J Geophys Res in press. Sass, J.H.^^r al. 1981 in fouloukian, Y.S. et al, eds.. 
Physical Properties of Rocks and Minerals, McGraw-Hill, 503-548. 

degrees longitude 
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SULFIDES, DIAMONDS, MANTLE f02, AND RECYCLING. 

Eggler, ^David H., Lorand, and Meyer, 

(l)Geosciences Dept., Penn State Univ., Univ. Park, PA 16802 USA; (2)Museum National d’Histoire Naturelle, Unite 

Associee au CNRS 736, 61 Rue Buff on, 7500 Paris FRANCE; (3)Dept. Earth Atmos. Sci., Purdue Univ., West 

Lafayette, IN 47907 USA 

Oxidation state (f02) of the mantle bears upon fluid speciation, partial 
melting, electrical conductivity, ductile flow, early Earth history, and 
recycling. Opinion of the early 1980's that much of the mantle is 'reduced', 
based on intrinsic f02 measurements of single-phase xenolithic olivines and 
spinels (e.g. Arculus and Delano 1981), is now in question because intrinsic 
measurements can perturb samples by carbon-induced reduction-exsolution or 
auto-oxidation (Virgo et al, 1988). Thermodynamic calculations on multi¬ 
phase ilmenite-bearing (Eggler 1983) or spinel-bearing (Mattioli and Wood 
1986) peridotite xenoliths reestablished an older 'oxidized' view. Here we 
establish a new oxybarometer based on sulfides and apply it to peridotite 
xenoliths in alkali basalts (modem mantle) and peridotitic diamond inclusions 
(Archean mantle). 

THERMODYNAMICS OF MSS. Monosulfide solid solution (MSS) is 
(Fe,Ni)l>xS or, following Toulmin and Barton (1964), (Fe,Ni)S-S2. A high P- 
T standard state for S2,xt is achieved by reintegrating T&B eqn (8) with new 
boundary conditions, arriving at: 

log aS2,xt = -85.83 (lOOOyT-1) NmS + 39.30 u - 39.30 

where u = (1 - 0.9981NmS)®-^ and NmS = NpeS + NNiS + NCuS + NCoS (1) 
log fS2,g = 70030/T - 42.64 +log aS2,xt + 0.0522/T /i? VS2,xt dP (2) 

Gibbs-Duhem integration in the ternary FeS-NiS-S2 gives aFeS» Scott et al, 
(1974) indicate that that Fel-xS and Nil-xS mix ideally at a given mol% S, 
equivalent to saying that aS2,xt depends only on the number of cation holes in 

the (Fe,Ni)l-xS structure, not on the cation species. Then 

log aPeS = log NpeS + 85.83 (1000/T - 1) (In NmS - NmS) + 
19.61 In ((l-u)/(l+u)) + 39.30 u - 0.434 In NmS - 0.002 (3) 

OXYBAROMETRY. 2 Fe2Si04 + S2,xt = 2 FeS + Fe2Si206 + 02 (4) 
Equilibrium (4) represents the assemblage olivine - orthopyroxene - MSS. For 
the pure phases S, AHf, V, a, and P were taken largely from Robie et al 
(1978) and Wood (1987). Olivine and orthopyroxene activity-composition 
relations are from Wood (1987), Uncertainties entirely reflect errors in 
analysis of phase compositions. For each trial of the Monte Carlo method a 
random number technique returned metal or oxide values whose overall 
distribution functions have standard deviations equal to 1 % of the amount 
present in each phase. For sulfide compositions computed by a combination of 
phase and modal analysis, the 1 % error was doubled. 

ALKALI BASALT XENOLITHS. Sulfides in spinel peridotite 
xenoliths (e.g. Lorand and Conquere 1983; Lorand 1987; Dromgoole and 
Pasteris 1987) undergo: (1) Formation as cogenetic immiscible melt blebs 
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enclosed within silicates or interstitial to silicates; (la)contaniination with 
nongenetic sulfide liquid or with sulfur-bearing metasomatic fluids; 

(2) Crystallization/ reequilibration to MSS-olivine-pyroxene-spinel 
assemblages, losing the Fe304 component of sulfide melt; (3) during ascent of 
host basalt, separation of Ni-Cu-rich sulfide partial melt; (4) reequilibration at 

~60CPC to two or more monosulfide solid solutions; (5) reequilibration/ 

Fig. 1. Sulfide oxybarometry of spinel peridotite 
xenoliths in Massif Central alkali basalts, in log units 
relative to QFM. Groups of points indicate multiple 
sulfide inclusions within a single sample.Within- 
sample variability shows that sulfide oxybarometry is 
not as precise as spinel oxybarometry, but if samples 
are averaged it appears that fC)2’s are within one log 
unit of QFM. Similar results have been obtained on 
similar modem subcontinental mantle lithosphere, 
using spinel oxybarometry, by Mattioli and Wood 
(1986) and Wood and Virgo (1989). 

-5 0 5 

f02 as delta QFM 

exsolution to PO/MSS ± PN ± CPY or PO/MSS ± PN ± CB at T <300oC; (5a) 
Interstitial sulfides may undergo reduction/ desulfidation attendant to 
serpentinization. Stage (2) represents typical mantle equilibration conditions 

(lOOO^C, 12 kb), for which sulfides included in silicates and free of magnetite 
are the best candidates. Their high-tempera toe compositions (Fig. 1) are 
reconstructed from modes and analyses of the low-temperature assemblages. 

DIAMOND INCLUSIONS. Sulfides in the peridotitic diamond suite 
omit steps (1), (la), (3), and (5a) above (Meyer 1987). Equilibrium (4) was 
applied to a suite of peridotitic sulfide inclusions analyzed by Yefimova et ai 
(1983) (Fig. 2). Although only one diamond contained both olivine and opx, 
all were assumed to have been in equilibrium with both, and the olivine was 
assumed to be F093, the mean of diamond olivines (Meyer 1987). The P&T 

(a) f02 of diamonds at 1 lOOC, 50 kb 

log f02 as delta QFM 

(b) equilibrium fluid species 
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Fig. 2. (a) Sulfide oxybarometry of peridotitic sulfide inclusions in Siberian diamonds, in log 
units relative to QFM. Also shown is one moissanite (SiC)-bearing diamond from Colorado. 
Reference buffers are at P&T. Diamond itself is stable to f02 just above EMOD. (b) Species of 
high P&T fluids calculated from the f02 und fS2 of (a) and an MRK EOS; ordinate numbers 
correspond to ordinate numbers of (a). 
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are typical of peridotitic diamonds (Meyer 1987). Despite wide error 
brackets, reflecting uncertainty in aS2 ^1 low contents of NS2) the means of 
nine diamonds are surprisingly well-grouped near the IW buffer. Clearly, 
sulfides in diamonds formed under more reduced conditions than the sulfides 
calculated by the same method in Fig.l. 

STABILITY OF SiC AND (Fe,M^O. Thermodynamic functions for 
moissanite, SiC (JANAF 1985) and an activity model for magnesiowustite 
(ferropericlase) (Hahn and Muan 1962) were added (Fig. 3) to show stability 
of these peridotite suite (Moore et al. 1986; Otter and Gurney 1989) minerals. 
If the assemblage of moissanite-Cr-diopside reported by Otter and Gurney 

CM 
O 

o> 
o 

Fe/(Mg-^Fe) 

Fig. 3. Stability relations in the system MgO-Si- 
Fe-C-0 at 1 lOCPC, 50 kb. Ferromagnesian 
phases of univariant assemblages (numbered 
lines) have the Fe/(Mg+Fe) shown. Where 
olivine and opx cx)exist, the olivine composition 
is shown. Boxes show the various divariant 
assemblages. Calculations for pure iron metal; if 
metal is nickel-bearing, relevant curves will rise 
somewhat in f02- Ferropericlase must form 
above curve 1 and so does not indicate 
particularly reduced conditions. It may coexist 
with olivine but should not coexist with opx. 
Moissanite may exist 3.5 log f02 units below 
IW; it may coexist with opx but not with olivine. 

(1989) at Sloan kimberlite, Colorado also included opx, then f02 is bracketed 

between curves 4 and 7 (Fig. 3 and Fig. 2). 

IMPLICATIONS. Modem subcontinental mantle lithosphere has f02 

near QFM in the spinel peridotite facies (e.g. Wood and Virgo 1989). Deeper 
lithosphere may be more reduced (Luth et al, 1990; Jaques et aL, 1990) in 
part, but the ilmenite-bearing peridotites (Eggler 1983) and carbonated mantle 
(EMOD) that melts to produce kimberlites certainly is not. Suboceanic 
asthenosphere f02's range from QFM to about 3 log units below QFM 

(Bryndzia and Wood, 1990; Christie et aL 1986). Some, if not all, peridotitic 
diamonds formed beneath both the Kaapvaal and Siberian cratons about 3.3 Ga 
ago (Richardson et al., 1984; Richardson 1986) at f02 near IW (Fig. 2). A 

simple interpretation is that most mantle 3.3 Ga ago was more reduced than 
average mantle today. Mantle gases (Fig. 2) and volcanic gases and therefore 
the atmosphere were reduced (CH4-H2O-H2S rather than CO2-H2O-SO2). 
Hydrogen loss to space and rapid recycling of cmstal 02 created, by the 
Proterozoic, a more oxidized mantle- crust- atmosphere system. Some deep 
subcontinental mantle may be a relict of Archean conditions, as may be regions 
of today's asthenosphere. By this model, few regions of today’s mantle are 
f02"6uffered. Sliding equilibria such as diamond-COHS fluids, olivine-opx- 

spinel, and eqn (4) all reflect f02 rather than control it. 
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SIGNIFICANCE OF ALUMINIUM, CALCIUM, CHROMIUM, ZIRCONIUM, NIOBIUM AND 

IRON CONCENTRATIONS IN RUTILE FROM HIGH PRESSURE ROCKS 

Fett, A. & Brey, G. 

Max-Planck-Institut fiir Chemie, 6500 Mainz, Germany 

Natural rutile from medium to high pressure and temperature 

rocks is an ubiquitous minor mineral phase. Electron 

microprobe analyses have been made on rutiles from dif¬ 

ferent eclogitic parageneses and also from granulites and 

amphibolites. 

Beam current was set at 50 nA at 15 kV and a PAP correction 

procedure was applied to the raw intensities. Count times 

were 100 s (Ca, Cr), 120 s (Al) and 150 s (Zr, Nb, Fe). 

Trace element contents range from 30 - 2500 ppm (Al), 30 - 

3000 ppm (Ca), 250 - 4000 ppm (Cr), 180 - 7500 ppm (Zr), 

200 - 3400 ppm (Nb) and 170 - 10000 ppm (Fe). Variations in 

concentrations appear to depend on pressure, temperature 

and whole rock chemistry. 

Fig.l and 2 are diagrams of Cr and Al respectively against 

temperature. Both Cr and Al appear to increase with tempe¬ 

rature whereas Ca (Fig.3) appears to decrease with tempe¬ 

rature . 

In diagrams of element against element e.g. Zr against Al 

(Fig. 4) samples from different localities can be distin¬ 

guished very clearly. 

Pressures and temperatures are inferred from literature 

data which are based on geothermobarometers and circum¬ 

stantial geological arguments. 

For samples from these localities different p,T conditions 

of origin are inferred and trace element contents in rutile 

may be the basis for functioning geothermobarometers for 

eclogites. 

Sobolev et al. (1972) were the first to suggest that the Al 

content of rutile could be an indicator for pressure and/or 

temperature and our extended data base may provide a better 

foundation for this and further elements to design experi¬ 

ments aimed at calibrating on eclogite barometer. 

Ref. : 

N. Sobolev, J. G. Lavrent'ev & L. W. Usowa (1972), Geologi- 

ya i Geofizika, 11, (108 - 112) 
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SYMPLECTITES IN UPPER MANTLE HARZBURGITES AND GARNET HARZBURGITES 

Field, S.W. 

Stockton State College, Pomona New Jersey, 08240 

Svmplectites are complex mineral inters'rowths commonlv found 

in upper mantle peridotites recovered from kimberlite pipes 

(Exlev et.al., 1982; Dawson and Smith, 1975). Svmplectites are 

abundant in harzburgites and garnet harzburgites found in the 

Cretaceous Jagersfontein kimberlite in South Africa. 

Svmplectites in harzburgites are composed of either enstatite, 

diopside, and spinel or diopside and spinel. Svmplectites in 

garnet harzburgites are composed of either diopside, garnet, and 

spinel or garnet and spinel. Amphibole is found in a few 

svmplectites and is thought to be of metasomatic origin. 

Temperature estimates for the garnet harzburgites obtained irom 

Lindsley and Andersons (1983) two pyroxene geo tlierinome ter range 

from 650 to 1300 c with most falling between 850 and 1000 c. 

Pressure estimates from g'arnet-diops ide geobarometry ( Brey 

et.al., 1986) range from 12 to 47 kilobars with most estimates 

failing between 20 and 35 kilobars. Temperature estimates for 

svmplectite-bearing harzburgites range from a low of 775 c to a 

high of 1300 c. 

Petrography: Harzburgites containing symplectites are composed 

dominantlv of medium-grained olivines (0.5-2.0mm) surrounding 

cluster of enstatites. Symplectites, generally less than 0.5 mm 

in diame-ter, make up less than 1 modal percent of the 

peridotites. Svmplectites are constructed of a single or small 

number of optically homogeneous pyroxene crystals embedded with 

tens to hundreds of small, wavy, spinel lamellae. The 

symplectites are located ad.iacent to discrete enstatite and are 

generally triangular or arcuate in shape. Spinel lamellae are 

crvstailographically oriented in the pyroxene and radiate outward 

away from the enstatite. 

Garnet harzburgites are composed of clusters of large 

discrete enstatites surrounded by olivines. Within the enstatite 

clusters are small interstitial garnets, spinels, and diopsides. 

Enstatites contain abundant planar lamellae of spinel, diopside 

and in some samples garnet. Svmplectites are located within 

enstatite clusters ad.iacent to lamellae-bearing pyroxenes. 

Symplectite structure consists of either small spinel blebs 

within large garnets or commonlv a central core of diopside 

crystals embedded with tens to hundreds of wavy spinel lamellae 

surrounded bv a rim or partial rim of garnet. 

Mineral Chemistry: Olivines in harzburgites and garnet 

harzburgites have identical chemistries and range from Eoy2 to 

Foy^. Diopsides in harzburgites, present dominantly in 

symplectites, have a lower Na content ( .02-. U8 cat./6 oxy) and 

slightly higher Mg content (.93-.96 cat./b oxy) than diopsides in 
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'2arnet harz burs'i t es ( Na .03-. 13, Ms .90-. 96 cat./6 oxy ) . 

Discrete enstatite in harzbnrsites differ compositionaiiy from 

enstatites in sarnet harzbnrsites. Harzbursite enstatite Al 

contents (.03-.14 cat./6 oxy), Ca contents (,01 .04 cat./6 oxy) 

and Cr contents are hisher than Ai [.03-.05 cat./6 oxy), Ca (<.01 

cat./6 oxv ) , and Cr contents in Sarnet harzbursite enstatites. 

Silicon and masnesium contents in harzbursite enstatites are 

distinctlv lower than Si and Ms contents in sarnet harzbursite 

enstatites. In addition discrete harzbursite enstatites are 

enriched in Ca, Ai, and Cr contents with respect to enstatites in 

sympiectites (Al .04-.09, Ca .01-. 02 cat./6 oxy). Sympiectite 

enstatites in harzbnrsites are intermediate in chemistry to 

discrete harzbursite enstatites and discrete sarnet harzbursite 

enstatites. 

Sympiectite spinels in harzbursites are Ms (5.3-6.! cat./32 

oxy) and Al rich (6.8-11.2 cat./32 oxy) and Cr (4.8-8.5 cat./32 

oxy) and Fer^ poor (2.0-2.8 cat./32 oxy). Spinels in Sarnet 

harzbursites are found as lamellae in enstatite, as small 

discrete interstitial srains, and as lamellae in sympiectites. 

All the sarnet harzbursite spinels are rich in Fer^> (3.2-4.4 

cat./32 oxy) and Cr (9.7-10.9 cat./32 oxy) and poor in Ms (4.6- 

5.2 cat./32 oxy) and Al (4.1-6.2 cat./32 oxy). Althoush spinels 

in harzbursites and sarnet harzbursites have Seneraliy different 

compositons the compositions form a continuous trend from Ms and 

Al rich to Fe and Cr poor. Garnets found only in sarnet 

harzbursites, are found as lamellae in enstatites, discrete 

interstial srains, and as rims or partial rims around 

sympiectites. Garnets have a limited rans'e in composition ( Py 

57-73 Aim [2-19 0.5-1.5^ morpholosical forms. 

Discussion: The petrosraphv and chemistrv of minerals in 

sympiectites and symplectite-bearins peridotites indicate that 

intersrowth formation was complex and involved exsolution, 

diffusion, metamorphism, and in some cases metasomatism and that 

sympiectites in harzbursites and sarnet harzbursites may be 

Serietically related. Lamellae in enstatite and the position of 

sympiectites adjacent to lamellae-bearinS enstatites indicates 

sympiectite diopside diffussed out of enstatite. The optical* 

orientation of spinel in sympiectites and the textural 

relationship of spinel to pyroxene sussest that spinel unmixed 

from diopside after the pyroxene diffused from enstatite. Garnet 

appears to have formed by a reaction between olivine or 

enstatite, spinel, and diopside after formation of the 

sympiectite core. Metasomatic reactions formed amphibole by 

replacement of sarnet, diopside, enstatite, and spinel in some 

peridotites. Harzbursites which contain hish Al discrete 

enstatites and modally minor sympiectites may be precursors to 

sarnet harzbursites containins low Al enstatites and a modally 

hisher percentas'e of spinel, diopside, and Sarnet, 
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Table 1. Mineral Chemistry 

1 2 3 4 5 6 7 8 

Si . 996 2.992 1,977 1.926 1.935 1 . 993 0 0 

Ti 0 0 .001 .001 0 0 0 0 

A1 0 1.856 .076 .138 .097 . 029 8.158 4.708 

Cr 0 . 170 .030 .020 . 021 . 005 7.548 10.575 

Fe?^ 0 - - - - .294 .717 

Fe'^''^ . 139 .490 .044 .129 . 129 . 139 2.404 2.817 

Mn 0 . 029 0 0 .004 .045 .051 

Mg I . 860 2.080 .946 1.736 1.810 1.820 5.552 5.133 

Ca 0 . 389 .881 .027 .024 .006 - - 

Na . 006 - .035 .001 0 .002 - 

Total 3.001 8.006 3.990 3.978 4.016 3.998 24.001 24.001 

i . Olivine - cat./4 oxv 

2 . Garnet - cat./12 ox V 

3 . Diopside cat./6 oxv 

4 . Enstatite (Discrete, Harzburgite) cat . / 6 ox V 

5 . Enstatite (symplectite, Harzburgite) cat./6 oxv. 

6. Enstatite (Discrete, Garnet Harzbursite) cat./6 oxy. 

7. Spinel (Sympiectite, Harzburgite) cat./32 oxy. 

8. Spinel {Svmpiectite, Garnet Harzburaite) cat./32 oxy. 

Brey, G.P., Nickel, K.G., Kofiarko, L., 1986, Garnet-pyroxene 

equilibria in the system Ca0-Me‘0-Al203-Si02 ( CMAS ) : prospects 

for simipiified (T.independent ) Iherzolite barometry and an 

ecolo^ite barometer. Contrib. Mineral. Petrol., V 92, p. 448- 

4 5 5. 

Dawson, J.B., Smith, J.V., 1975, Chromite-si1icate inter^rowths 

in upper-mantle peridotites: In L.H. Ahrens, J.B. Dawson, 

A.R., Duncan, A.J. Eriank, Eds., Physics and Chemistry of the 

Earth, v.9, p. 339-350, Pergamon Press. New York. 

Exiey, R.A., Smith, ,J . V. , Hervig, R.L., 1982, Cr-rich spinel and 

garnet in two peridotite xenoliths from the Frank Smith mine 

South Africa: Significance of A1 and Cr distribution between 

spinel and garnet. Min. Mag., Voi 45, p. 129-134. 

Lindsley, D.H., Anderson, D.J., 1983, A two-pyroxene thermometer: 

Proceedings of the thirteenth Lunar and Planetary Science 

Conference. Journal of Geophysical Research, Vol. 88, p. A 

887 - A906. 
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SIGNIFICANCE OF CHROMITE, G5 Mg-ALMANDINE GARNET, ZIRCON AND 

TOURMALINE IN HEAVY MINERAL DETECTION OF DIAMOND BEARING LAMPROITE 

Fipke, Charles E. 

C.F. Mineral Research Ltd., 263 Lake Ave., Kelowna, B.C., Canada VIY5W6 

A project, with the objective of identifying heavy minerals that could be 
utilized in heavy mineral prospecting programs to detect diamondiferous lamproite, 
was completed by the Geological Survey of Canada and C.F. Mineral Research Ltd. 
consultants in 1990. 

The project involved hall milling, heavy mineral concentrating and S.E.M. 
micro analysing of all heavy mineral species from large (30 - 180 kg) rock samples 
from the Argyle (AT) Australia, the Prairie Creek (PC) Arkansas, and the Jack (JK) 
B.C., Canada, diamondiferous laraproites. 

Potential abrasion resistant heavy indicator minerals identified in the 
foregoing samples were similarly concentrated and analyzed using bulk rock samples 
from the following diatremes: the Ellendale 4 (EL4) diamondiferous lamproite, 
Australia; the Smoky Butte (SB) lamproite, Montana, U.S.A.; the Sloan 1 (SL) 
diamondiferous kimberlite, Colorado, U.S.A.; the Presidente Olegario (P02, P03) and 
satellite (POl) possible lamproitic diatremes, Brazil; the Sover (SV) and the New 
Elands kimberlites, South Africa; and from Canada - the Larry (LR), the Mark (MR) and 
the Mike (MK) lamproitic diatremes, B.C.; the Batty (BT), N.W.T., the Crossing Creek 
(CC), B.C., the Joff (JF), B.C., the Kirkland Lake (KL), Ont., the Sturgeon Lake 
(SK), Sask., barren and diamondiferous kimberlites; the Blackfoot (BF), B.C., the HP 
(IIP), B.C., the He Bizard (IB), Que., alkaline lamprophyres; and the Mountain (MD) 
olivine melilitic diatreine, N.W.T. 

The indicator minerals recovered and analyzed from the foregoing diatremes as 
well as world wide diamond inclusion mineral compositions were computer classified. 
The classifications used were adapted from Dawson and Stephens (1975&1977) and R. 
Moore's (1990) methods of classifying garnets and clinopyroxenes ("Cpx") so that J. 
Gurney’s (1985) method of classifying CIO composition garnets was included and 
minerals of regional "R" compositions excluded. 

Table 1 illustrates that only three ’’E" eclogitic and three ”P" peridotitic 
garnets were recovered from 32 kg. of the most diamondiferous sandy tuff phase of 
Argyle (AT); similarly, only two "E" and three "P" garnets were recovered from 42 kg. 
of the most diamondiferous phase of Prairie Creek (PC). Low counts were similar for 
the Jack (JK) but substantially higher for the Ellendale 4 (EL4) diamondiferous 
lamproite. Although significant quantities of Cpx were recovered from (PC) aiid (EL4) 
only three Cpx (classified according to Dawson's methods) were recovered from the 
(AT) sample and four Cpx from the (JK) sample. It is thus probable that the Argyle 
and Jack lamproites would be bypassed by prospecting surveys based only on results of 
"P" and "E" garnets and Cpx. 

Table 1 illustrates that chromites, G5 garnets, zircons and tourmaline are the 
most abundant abrasion resistant heavy minerals present in concentrates from all 
diamondiferous lamproites sampled - ( AT, EL4, PC, JK ). A summary of 
characteristics of these minerals is as follows: 

CHRCMITES from diamondiferous lamproite tend to be euhedral to slightly 
rounded and/or broken, opaque black to translucent brown colored grains that commonly 
exhibit grey alteration frosting of outer rims. Table 1 illustrates that between 
1.5% (for PC) and 12% (for AT) of the chromites analyzed have >60% Cr203. Most of 
these plot within the diamond inclusion and intergrowth fields of Mg0-Cr203, 
A1203-Cr203, and Cr203-Ti02 (figure 1). Figure 1 illustrates that non-diamond 
inclusion chromites from diamondiferous laraproites (and kimberlites) have enriched 
Cr203 and Ti02 compared to a file of 821 chromite analyses from volcanic, ophiolite, 
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alpine and layered ultrainafic sources. Some chromites from the POl diatreme situated 

near Presidente Olegario, Brazil, plot within the enriched Cr203-Ti02 field. 

G5 Mg-AIMANDINE GARNEIS recovered from diamondiferous lamproite exhibit 

pink to purple or pale brown coloration and tend to exhibit broken or anhedral 
form, thought to be a result from milling of megacrystic forms. Although these 
garnets typically classify as "R" regional garnets by R. Moore parameters, a search 
of publications did not identify any regional rocks as sources for these G5 garnets 
of FeO <29.94% other than kimberlite or lamproite. Table 1 (bottom) demonstrates 

that seven garnets, included in diamond, classified as G5. While such G5 garnets 
could be useful in some regional heavy mineral prospecting programs to locate 

lamproite and kimberlite they are non discriminating between barren and 
diamondiferous as illustrated in table 1 (note barren SB count). 

DIATREME ZIRCONS appear to differ from round xenocystic zircons from sandstone 
wallrocks by the presence of glassy to frosted textures typical of "E" and "P” 
garnets and by the absence of abrasion textures characteristic of clastic rounded 
zircons. These tiny (<0,5mm) mostly round to spherical, purple to brown colored, non 
fluorescent zircons and pink to honey colored orange fluorescent (to UV) zircons were 
recovered from 22 of the 23 diatremes tested. Such zircons, in some cases, contain 
concentric overgrowths of dark purple or pink zircon on round light zircon cores. 
Lead isotopes dates to 1856 MY have been obtained from round zircons from the Prairie 
Creek and to 2685 MY from the Jack lamproites. Levels of up to 0.16 K20 and 1.7% MgO 

have been detected in zircons recovered from diamondiferous lamproite. 

DIATREME TOUldlALINl^S are characteristically unzoned, exhibit glassy to frosted 
textures typical of ”E” and ”P” garnets and typically lack abrasion surface 
textures. Minor to abundant quantities of round to rounded, light translucent brown 
to opaque browi^ dravitic tourmaline was recovered from all diamondiferous lamproite 
tested (AT, EI^, PC and JK) but was significantly absent from the Smoky Butte (SB) 
barren lamproite and most other diatremes tested (Table 1). Fifty four out of fifty 
nine (92%) diatreme tourmalines microprobe analyzed to date contain (33.7-37.4 %) 
Si02, (28.1-35.3%) A1203, ,<0.15% Cr203, <0.22% MnO, (2.9-13.0%) FeO, (>1.0-8.8%) 
A1203, <0.15% Ti02, (1.3-2.3%) Na20, (>0.05-2.0%) CaO, <10.7% B203, <0.55%F and <0.3% 
Cl. lliirty nine out of a file of 164 regional tourmalines (from world wide 
iiterature sources) also classify within the foregoing compositional limits of 
diatreme tourmalines. Figure 2, a Ti02 - K20 compositional plot of the 54 diatreme 
and 39 regional tourmalines, demonstrates that 30 of 39 total tourmalines from 
diamondiferous lamproite (77%) and 7 of 164 total regional tourmalines (4%) plot in a 
field of elevated Ti02 - K20. None of the diatreme tourmalines, from 
non-diamondiferous pipes, plot within the elevated Ti02 - K20 field. 

Tlie presence of dravitic tourmaline of elevated Ti02 - K20 in diamondiferous 
lamproite (and kimberlite(SK)), as well as the common presence of CP8 jadetic 

diopside included in worldwide diamond inclusions but absence of CP8 clinopyroxene in 
worldwide diamondiferous lamproite and kimberlite (refer to table 1) can be explained 
by a reaction similar to the following: 

[ kyanite ] 
or 

olivine [Si02+corun] D.I.(CP8)jadetic diopside 

+3 +1 -1 -1 -1 -2 
Mg(Mg,Fe)Si04+B 2(H )+Cl +F +C0H) +B204 +3[Si02+A1203]+(K,Na,Ca)(Mg,Fe,Ti)(Si,Al)206 

dravitic tourmaline 
= (Na,K)(Mg,Fe,Ca,Ti)3A16B3Si6027(0H,F,Cl)4 

The above reaction would necessitate olivine-rich kimberlitic or lamproitic 
magmas charged with boron and wealc acid gases to react on intrusive contact with 
jadetic diopside and kyanite or corundum (with excess Si02) constitutes of diamond 
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bearing Group I eclogite to form dravitic tourmaline. Boron is a minor constitute of 
some kimberlite and lamproite matrixes as well as a trace constitute of blue colored 

diamonds (Fipke et al,1990). 

R. Moore (1986) has demonstrated that the arithmetic mean of K20 and of Ti02 
in Group I eclogitic clinopyroxenes is 0.08 and 0.58 respectively ,compared with 0.02 
and 0.33 for Group II eclogitic clinopyroxenes not associated with diamond 
formation. The above reaction does not necessitate the presence of K in Cpx, 
therefore it is possible that a similar reaction with low (K20-Ti02) Cpx from non 
diamond bearing Group II eclogite may have produced the low (K20-Ti02) dravitic 

tourmalines detected from pipes not known to contain diamond. The absence of 
tourmaline could perhaps be related to low activities of magmatic boron. The 
elevated K20-Ti02 levels preserved in dravitic tourmaline from diamondiferous 

lamproite would be enhanced by buffering effects of high activities of K and Ti 
present in lamproite magmas. 

Regardless of paragenesis, round tourmalines and zircons have been utilized to 

detect lamproites in the southeast Rocky Mountains of British Columbia, because such 

minerals are absent from stream sediments derived from the regional stratigraphy. 

Ilbit 1 - Cl: issKIad Uounti of IndUitor Him irili Iicovtrid ffo» Milrioi lock Jap],, Coopirod vllh Miaond Inclutlon HlnoriU ffoa Vorldwldi Sourcit. 
Ml H 01 nt lOU cinor.iit UHcmu GttUIS CLINO-PTIOUHIS 
Kic Tr n con tm ciM i:oDir. or omol ciJuuncAtou. Ii.nooic cuss oavsoi [l.HOORCl CfM 

10 \ Pe VI LIH Cl Cl ML II £1 M GJ GL G5 G6 G7 G8 G9 £10 £11 £17 | [' f 1 cn CP7 CP3 CP^ CP5 CP6 CP! CP9 CIO 1 ct cp| CV 
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VERTICAL SAMPLING OF MANTLE BENEATH NORTHEASTERN BRAZIL AS 

REPRESENTED BY ULTRAMAFIC XENOLITHS AND MEGACRYSIS 

IN TERTIARY BASALTS 

Fodor, Gandhok; andSial, 

(l)North Carolina State University, Raleigh, NC 27695, USA.; (2)Universidade Federal de Pernambuco, 

Recife, PE, Brazil 

Tertiary (13-31 Ma) alkalic basaltic centers in northeastern 

Brazil contain Iherzolite and harzburgite xenoliths and pyroxene 

megacrysts. Plate reconstruction places these basaltic centers near the 
Fernando de Noronha hotspot during their times of eruption. We 

determined the compositions of basalts at four of these centers (three 
in Rio Grande do Norte state and one in Pernambuco state), and trace 
element and mineral compositions of their ultramafic xenoliths and 
xenocrysts. The geographic distances represented by these four sites 

spans about 200 km n-s. 

Results: Basalts are olivine-phyric and have high Mg#s (68-73), 

K20 1.2-1.3 wt.%, Ni 300-350 ppm, Sr 600-900 ppm, Zr 155-225 ppm, 

and La/Yb 19-27. Xenoliths have Fo 89-91, opx and cpx Mg#s of 88- 

92, and spinel Cr#s of 9-39. Notable is that pyroxene compositions 

define two groups of xenoliths: (i) coexisting low-Wo opx and high-Wo 
cpx (Wo<l and Wo>45), and (ii) coexisting high-Wo opx and low-Wo 

cpx (Wo>2 and Wo<44). These compositions respectively describe two 
regimes of pyroxene equilibration temperatures, 750-950°C and 

1050-1200OC (based on Wells, 1977). The three Rio Grande do Norte 

centers each have xenoliths of both types; only the low-T type was 

observed at the Pernambuco xenolith site. Pyroxene compositional 

characteristics associated with these two groups include: lower Cr and 

higher Na in cpx and lower Cr and Na in opx of the low-Wo opx (i.e. 

low-T) group when compared to cpx and opx in the high-Wo opx (i.e. 

high-T) group. Spinel Cr#s are lowest (9-18) in the low-T group and 
higher (26-39) in the high-T group. Also, CaO is lower in ol of the 

low-T group, <0.02 wt.%, compared to Cad in olivine of the high-T 

group, >0.09 wt.%. Finally, the low-T group has flat patterns for 

middle-to-heavy REE at 2-3 x chondrites, and LREE enrichment where 
La(n) is 5-15 (analyses of cpx also show LREE enrichment); patterns 

for the high-T group are either flat at M-H REE (-chondritic values) or 

U-shaped (MREE(n)~0.01), and with La(n) 2-3. 

Orthopyroxene and clinopyroxene megacrysts have compositions 

consistent with the type II (high-Al, low-Cr augite) group of xenoliths 

in basalts. An opx-cpx pair provides 1260oC equilibrium temperature. 
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Conclusions: High MgO and Ni in the basalt hosts are consistent 

with near-primary melts from mantle peridotite; however, accurate 

assessment of MgO is complicated by the presence of olivine 
disaggregated from the xenoliths. Xenolith geothermometry and 

corresponding mineral compositions (e.g. high-T group has higher 
spinel Cr#s, lower Na and higher Cr in cpx) suggest that the 

northeastern Brazil basalt centers contain samples of mantle that had 

a vertical gradient in terms of temperature and degree of melting, 

where the high-T xenoliths have mineral and trace-element 
compositions that reflect mantle more refractory than that 

represented by the low-T xenoliths. The megacrysts indentify 

metasomatic veining in this environment. Subsequent to (or 

associated with) the melting events that created distinct compositional 

(and equilibrium temperature) mantle zones, small-percent LREE-rich 

fluids infiltrated the environment. TREE abundances suggest that all 
mantle environments represented by the xenolith samples underwent 

enrichment; higher total REE concentrations now reside in members of 
the low-T group possibly because this material was not as depleted 
prior to fluid infiltration. These mantle samples from northeastern 

Brazil, therefore, offer an unusual perspective of vertical compositional 

"stratigraphy" related to temperature, melting, and the results of 
metasomatic events within subcontinental mantle. 
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EXPERIMENTAL STUDIES OF OLIVINE LAMPROITE AT PRESSURES IN THE 

DIAMOND STABILITY HELD 

Foley, S.F. 

Mineralogisch-Petrologisches Institut, Universitdt Gottingen, Goldschmidtstrass 1, 3400 Gottingen, Germany 

At the last kimberlite conference, results of liquidus experiments at 

pressures up to a maximum of 40 Kbar on two lamproite compositions were 
presented (Foley, 1989a). The compositions studied were modelled on a 

leucite lamproite from Gaussberg, Antarctica, and an estimated primary 

magma composition for olivine lamproites from the West Kimberley lamproite 

field in Western Australia. The experiments on olivine lamproite are here 
extended to pressures up to 55 Kbar, and thus into the diamond stability 

field. 

The new experiments were performed under the same volatile conditions 
as in the previous study, namely volatile saturated in the C-O-H system at 

oxygen fugacities one to two log units above the iron-wiistite buffer; the 

volatile phase consists principally of H2O > CH^. 

These volatile conditions were chosen to test the hypothesis that a 

range of lamproite primary magmas with Si02 contents from 42 wt% to about 

53 wt% could be derived from a single source assemblage (phlogopite 

harzburgite) under reducing conditions (HpO > CH^) by variation in the 
pressure of melting. In this scheme, the Si02 contents of lamproites would 

be inversely proportional to their pressure of origin (Foley et al., 1986). 

The liquidus results up to 40 Kbar were consistent with this model; leucite 

lamproite could be reconciled with a mica harzburgite source mineralogy at 
pressures of 15-20 Kbar if allowance was made for there being too much 

fluid in the experiments, whereas olivine lamproite had olivine at its 

liquidus up to 40 Kbar as expected. 

The higher pressure experiments were performed in a high temperature- 

calibrated belt apparatus at the Max-Planck-Institut fur Chemie in Mainz. 

Natural polycrystallihe CaF2 was used as the pressure-transmitting medium, 

with pressure controlled automatically to within 300 bar. The results are 
depicted in Figure 1, together with the lower pressure results from Foley 

(1989a). Olivine remains the only liquidus mineral to pressures above 50 

Kbar, and is joined by mica and orthopyroxene and then ilmenite towards 

lower temperatures. At 55 Kbar, 1300°C Ol, Opx and Phi coexist, whereas at 

55 Kbar, 1350°C no primary crystalline phase is observed. This is 

consistent with the mica harzburgite melting model with a pressure of 

origin of 55 Kbar for olivine lamproite. The olivine stability field has 

been extraploated to pressures greater than 55 Kbar in Figure 1 since, as 
argued for leucite lamproite, the experiments contain an unrealistically 

large amount of fluid: this extra H2O has the effect of shrinking the Ol 

phase volume, so that the true pressure of origin is more probably 60 Kar 
or slightly higher. 

Partial melts of phlogopite harzburgite can be represented by the 

peritectic melting point Ol+Opx+Phl+Lq in the system kalsilite-forsterite- 

quartz. This simple system also expresses the main variation in the major 

element chemistry of lamproites, which is in K2O, Al^O^/ Si02 and MgO. A 

combination of experimentally determined points for H20“saturated 

conditions (3 and 28 Kbar; Luth, 1967; Gupta and Green, 1988) and recast 

norms for leucite and olivine lamproite defines a trend representing the 
variation of composition of partial melts of phlogopite harzburgite with 

pressure (Figure 2). The low-pressure end of this trend lies at MgO-poor 

and thus K2O, AlpOj and SiO^-richer compositions. The most extreme natural 

examples are probably leucrte lamproites from Spain and the Leucite Hills, 
USA, which may originate at depths of 10-15 Kbar. At the other extreme, 

olivine lamproites from Western Australia originate at 60 Kbar or more. The 

persistence of olivine at subliquidus temperatures above 45 Kbar (not 

predicted by Foley, 1989a) can be explained by eutectic crystallization to 
the Fo-side of the Opx-Phl join. 

The pressure trend depicted in Figure 2 applies to reduced, C02-free 
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conditions. Variation of £©2 in the volatile system C-O-H causes the melt 

composition to follow a trend transverse to the pressure trend. Only in the 
presence of CO2/ and thus in more oxidizing conditions, will SiO^- 

undersaturated melt compositions result. Such C02-bearing conditions are 
not possible for the main lamproite series, but may apply to the rarer 

madupitic lamproites, which are characterized by higher CaO and lower SiO, 
contents than most lamproites. ^ 

The origin of most lamproites in reduced conditions, where CH, rather 
than CO2 is the main carbon species, is supported by the following lines of 
evidence: 

(i) Leucite cores in the Gaussberg lamproite have Fe^"^ contents of -0.3 wt% 

corresponding to f02 « (IW+3). Rims and the main phenocryst population 
crystallized at marginally less than Ni-NiO (Foley, 1985). This 

indicates considerable near-surface oxidation of the lamproite magma. 
(ii) Spinels included in lamproitic olivines indicate more reducing 

conditions than groundmass spinels using an experimental fOp 
calibration (Foley, 1985). 

(iii) Lamproites are typically rich in H2O and poor in COp. The paucity of 

C is readily explained by its presence as CH,, which Is much less 
soluble in silicate melts than CO2. 

(iv) Partial melting of a mica harzburgite in which the mica has KpO/AlpO-,~l 

provides a convincing explanation for the extremely high KpO/AlpO, of 

lamproites. Such a mica can only crystallize in reduced conditions with 

f02 close to IW (Foley, 1989b); more oxidized micas have KpO/AlpO, 
considerably less than 1. d d 5 

(V) Lamproites from Smoky Butte, USA, have micas which possess these same 

"reduced" characteristics, and also contain armalcolite phenocrysts 
which indicate f02 - IW to IW+2 log units (Friel et al., 1977). 

Figure 1 

Experimental 
results for 

liquidus exper¬ 

iments on olivine 
lamproite. 
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In addition to the liquidus study on the estimated primary olivine 

lamproite composition, a few experiments have been conducted using a 

natural olivine lamproite ^rom dyke sample BMR 8321-1034 (kindly supplied 

by Lynton Jaques). This lamproite has a composition similar to the 
estimated primary magma, but with lower K2O (3.4 wt%) and Na20 contents 

(0.15 wt%): details of chemistry and petrography for this sample are given 

by Jaques et al. (1989). 

The composition has been modified slightly by the addition of Ti02, 

increasing the content from 3.44 to 5 wt%. These experiments form part of 

another experimental program aimed principally at studying TiOp 

solubilities in mantle-derived magmas, and the possible role of titanate 
minerals in their sources. However, mention of them is relevant, here 

because they include several runs at temperatures considerably below the 

liquidus. The experiments were conducted in the COH-fluid system using 

graphite capsules and a Co-CoO buffer mixture. This buffer defines the 
composition of the fluid phase as extremely H20-rich (>99.5 mol% - measured 

by mass spectrometer) at high pressures and relatively low temperatures. 

The f02 lies slightly above that defined by the CWI technique used for the 

other lamproite experiments. Use of this buffer has not yet been perfected, 
so that some of the experiments were not fluid-saturated; the f02 should 

nevertheless be very close to the Co-CoO buffer. 

At subliquidus temperatures in the Argyle experiments, clinopyroxene 
appears at much higer temperatures than garnet. At 35 Kbar, Cpx is present 

in a run at 1200°C (together with Opx, Phi + Rut), whereas garnet is not 

present at 1050°C (Cpx, Opx, Phi + Rut present). Garnet is present at 43 

Kbar, 1020°C in a run which also contains Opx, Cpx, Phi, rutile and 
apatite. The Cpx has Mg-number of 89, and low AI2O2 contents (0.5-0.9 wt%). 

Garnet has much lower Mg-number (=70), and has low CaO (5.8-7.4 wt%) and 
high MnO (0.6-0.9 wt%) contents. Rutile shows similar characteristics to 

those analysed previously in lamproite experiments, with high Fe and Cr. 

Since the phase volume of Cpx expands greatly with a small increase 

in f02 (i.e. with CO2 present), madupitic lamproites leaving Cpx stable in 

the residuum could be generated from a similar source to other lamproites 

where slightly higher f02 prevails. 
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THE STABILITY OF PRIDERTTE, LINDSLEYTTE-MATHIASITE AND YIMENGITE- 

HAWTHORNEITE UNDER LOWER CONTINENTAL LITHOSPHERE CONDITIONS: 

EXPERIMENTS AT 35 TO 50 KBAR 

Foley, ^^^S.F.;Hoefer, andBrey, 

(l)Mineraloffsch-Petrolog^sches Institut, Universitdt Gottingen, Goldschmidtstrasse 1, 3400 Gdttingen,Germany; 

(2)Max~Planck-Institutfur Chemie,Abt.Kosmochemie, Saartrasse 23, 6500 Mainz, Germany 

Members of the alkali-titanate mineral series Priderite, Lindsleyite- 

Mathiasite and Yimengite-Hawthorneite are potentially important reservoirs 

for silicate-incompatible elements in the source regions of alkaline magmas 

including kimberlites and launproites. Particularly LIMA and YIHA can 
contain considerable abundances of Sr, LREE and HFSE (Haggerty et al. 

1983). 

Priderite occurs as a late-crystallizing phase in lamproites and is 
also known from nodules which are interpreted to represent the high- 

pressure crystallization products of lamproitic magmas. LIMA arjd YIHA 

occur in "metasomatised" xenoliths where an incompatible element-rich agent 

has infused a depleted peridotite wall-rock; the Cr-rich nature of spinels 
and other titanates in depleted peridotite appears to be crucial to the 

genesis of these minerals (Jones et al., 1982; Haggerty, 1983). 

LIMA, YIHA.and priderite have all been found as inclusions in 
diamonds from southern Africa, Siberia or Western Australia, indicating 

their possible stability in the source regions of kimberlites and 

lamproites. Mineral associations of YIHA have been used to suggest that 

hawthorneite in southern Africa crystallized at 70-100 km depth (Haggerty 
et al., 1989), whereas yimengites from Venezuela originate as deep as 150 

km (Nixon and Condliffe, 1989). Only preliminary high-pressure experiments 

investigating the stability of these minerals have been undertaken, and to 

a .maximum pressure of only 30 Kbar (Dubeau and Edgar, 1985). 

Experiments investigating the stability of these minerals at 35 to 50 

Kbar and temperatures of 1200-1550°C are reported here. The LIMA (AMjiOjg) 

and YIHA (AMjjOij) compositions investigated are simplified with respect to 

natural minerals whilst retaining enough of their characteristics to allow 

application of the results to the Earth's mantle. The compositions were 
simplified in the following ways: (i) only K and Ba were included in the A- 

site, omitting such elements as Ca, Sr and LREE; (ii) for LIMA, the M-site 

contains > 12 cations Ti, and Cr is the second most abundant cation,as in 

natural minerals; (iii) no cations with valency 5 are included. The 
formulae of the compositions investigated, in which all Fe is trivalent. 
are; 

LIMA: (Ko.5Bao.5) (Ti,3Cr3.5Fe,ZriMg2.3) 0, 

YIHA: (Ko,5Bao.5) (Ti3Cr4.3Fe2Mg2.5) O,, 

All experiments were synthesis runs using starting mixtures made up of 

oxides (Ti, Cr, Zr, Mg and Fe), titanates (K2Ti203 and BaTiOj) and/or BaFe204. 

Since K2CO3 and BaC03 were used as sources for potassium and barium, the 

titanates and ferrite were crystallized at 1 atm to avoid inclusion of CO2 

in the high pressure experiments. 

Experiments were run in a high-temperature-calibrated belt apparatus 

at the Max-Planck-Institut fiir Chemie in Mainz, with pressure controlled 

automatically to within 300 bar. Samples were sealed in Pt capsules, and 

natural polycrystalline CaF2 was used as the pressure-transmitting medium. 

Run times varied from 4.72 hours for priderite at 50 Kbar and 1550°C to 113 

hours for YIHA at 50 Kbar and 1200®C. 

Priderite was found to be stable at 50 Kbar and 1200 to 1500°C (runs 

were made at 100°C intervals); only at 1500°C was appreciable melt present. 

Lower temperature runs with small amounts of glass (<2%) are interpreted to 
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represent stable priderite whose composition is slightly removed from the 
arbitrarily chosen bulk charge composition. Two mixes differing in K/Ba and 
Ti/Fe were used for priderite in runs with Fe present as ferric iron; K/Ba 
ratios were 1.5 and 3.0 and Ti/Fe ratios 3.89 and 6.75 respectively. These 
showed that the stable high-pressure priderite has high K/Ba of between 
3.85 and 4.05 even when K/Ba of the starting mix is only 1.5. Priderite 
forms large crystals (50-100/f) which are deeply coloured and pleochroic 
between purplish grey and greenish brown. 

LIMA crystallized to form bright green crystals generally 30-50p in 
size under all conditions studied (35 Kbar, 1300®C; 50 Kbar, 1200-1350°C) . 
LIMA formed a single phase with composition only very slightly different 
from the starting material, as can be seen by comparing the microprobe 
analysis of a run product in the table with the formula for the starting 
mix given above. The largest difference is the higher K/Ba of the stable 
mineral. 

Microprobe analyses and structural formulae of high-pressure phases 

LIMA Yimengite Hawthorneite 

50Kbar,1350°C 50Kbar,1350’’C 50Kbar,1350°C 

TiOj 60.94 25.23 24.31 

CrPa 15.49 36.32. 35.67 

FejOa 4.78 14.09 17.00 

MgO 6.09 16.82 10.43 

ZrOj 7.74 0.00 0.00 

KjO 1.47 7.24 1.78 

BaO 3.49 0.29 10.80 

Cations 

Ti 12.962 2.845 2.920 

Cr 3.464 4.306 4.504 

Fe 1.018 1.590 2.043 

Mg 2.568 3.758 2.482 

Zr 1.067 0.000 0.000 

K 0.532 1.386 0.364 

Ba 0.387 0.017 0.676 

oxygens 38 19 19 

A-total 0.92 1.40 1.04 

M-total 21.08 12.50 11.95 

yiHA was investigated at 43 Kbar, 1150-1250°C and 50 Kbar, 1200- 
1350®C. Under all these conditions yimengite and hawthorneite form separate 
phases, indicating the presence of a solvus between potassium- and barium- 
rich end-members. Yimengite forms large crystals (50-100/j), whereas 
hawthorneite crystals are extremely small (<10/i). Atomic ratios (K/Ba) on 
the A-site for these coexisting phases are > 45:1 for yimengite and 
approximately 1:2 for the hawthorneitic crystals. In spite of the yimengite 
being closer to the end-member composition in terms of K/Ba, the 
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stoichiometry of the hawthorneites is much closer to the ideal formula 
AMjjOi, (see table). The yimengites show consistent excess in cation totals 
on both A-site and M-site, although the cation charge total equals 38.004 
with all Fe as Fe^^; the AMjPi, ’•magnetoplumbite” structure was confirmed by 
x-ray diffraction. Large excesses of cations are known from natural LIMA 
crystals (Haggerty et al., 1983), but not from natural YIHA. 

In separate experiments, end-members compositions of lindsleyite, 
mathiasite, yimengite and hawthorneite have been successfully synthesized 
at 50 Kbar.and 1300®C. Crystallographic studies have confirmed the 
hawthorneite to be space group P63; hexagonal unit cell parameters are (a) 
5.862 (2) & and (c) 22.91 (2) A in comparison to the calculated values of 
(a) 5.871 (2) % and (c) 23.06 (2) & of Haggerty et al. (1989). Structural 
refinements of the other end-member phases are in progress; preliminary X- 
ray data are similar to published patterns, confirming the presence of the 
end-member minerals. 

Both K-rich and Ba-rich natural examples of the yimengite- 
hawthorneite series are known from xenoliths in China and southern Africa 
respectively (Haggerty et al., 1989). Nixon and Condliffe (1989) have 
reported natural yimengites from Venezuela with up to 19% of A-sites 
occupied by Ba: this falls within the solvus region defined by the present 
experiments, indicating either that different conditions applied (e.g. 
higher temperatures leading to closure of the solvus) or that the solvus is 
more restricted in natural systems. Intermediate members of this series 
with K/Ba close to unity have not yet been reported, which may be due to 
the solvus, although exsolved examples are also lacking. 

A second starting mix of priderite in which all iron is present in 
the ferrous state has been briefly studied. This modification was prompted 
by the cation totals of priderite inclusions in diamonds from Western 
Australia (Jaques et al. 1989); these are much closer to the expected 
stoichiometry if Fe is ferrous instead of ferric as often assumed. Also, it 
is unlikely that all iron could be present in the ferric state at fOj low 
enough to allow diamond stability. In these extra experiments, a graphite 
sleeve was included inside the Pt capsule to prevent excessive alloying of 
Pt with Fe in the sample. Iron was included in the starting mix as a 
mixture of metallic Fe, FejOj and BaFe204. This priderite has been 
successfully synthesized at 35 Kbar, 1200°C and 50 Kbar, 1200-1300°C. 

These experiments confirm the stability of priderite, LIMA, yimengite 
and hawthorneite at pressures corresponding to those of the diamond 
stability field, and thus underline their possible importance as reservoirs 
for silicate-incompatible elements in the source regions of kimberlites 
and/or olivine lamproites. Petrographic and mineral chemical studies, 
however, suggest that these minerals may be restricted to reaction zones 
between metasomatic enriching agents and depleted peridotite containing Cr- 
rich spinels (Jones et al., 1982; Haggerty 1983). Further experiments 
testing the stability of these alkali-titanates in assemblages such as Cr- 
spn + ol + opx + phi are needed to closely delineate the assemblages with 
which alkali-titanates could coexist in the mantle. 
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THE ORIGIN OF KIMBERLITE AND LAMPROITE IN VEINED LITHOSPHERIC MANTLE 

Foley, S.F. 

Mineralogisch-Petroloffsches Institut, Universitdt Gottingen, Goldschmidtstrasse 1, 3400 Gottingen, Germany 

Widely accepted models for the origin of alkaline magmas implicitly 

assume large-scale homogeneity and equilibrium in the mantle source regions 

by invoking partial melting of garnet Iherzolite. A petrogenetic grid based 

on partial melting experiments on Iherzolitic compositions works well for 

the voluminous basalt types from picrites to alkali basalts, but is less 

successful for more alkaline magma types. The presence of volatiles has 

been recognised as necessary for the genesis of e.g. basanites and 
nephelinites (H2O) and melilitites and kimberlites {CO^) , but the action of 

volatiles has been consistently envisaged as being superimposed on the same 

underlying assumption of homogeneous Iherzolite. Thus, carbonated garnet 

Iherzolite and phlogopite Iherzolite are normally considered as sources for 

kimberlites and ultrapotassic rocks (e.g. Wyllie, 1980; Wendlandt and 

Eggler, 1980) 

Increasingly, the need for "heterogeneity" and different "domains", 
"components" or "reservoirs" is discussed, but without a clear picture of 

the physical structure of the upper mantle source being developed. Strongly 

alkaline melts are geierally accepted to originate by very small degrees of 

partial melting, and rhe influence of incompatible element-enriched 
accessory minerals is often invoked to explain patterns of minor and trace 

elements. In some cases, e.g. calcite, dolomite and alkali titanates, these 

accessory minerals are either believed or known not to be stable in 

Iherzolite at upper mantle pressures. 

A more realistic scheme than the homogeneous Iherzolite model invokes 

a veined source rock composed of veins derived by solidification of earlier 

magma batches and wall-rocks of variably depleted lithospheric peridotite. 
Melt source regions for alkaline magmas are thus minute windows centred on 

these veins; homogeneity and equilibrium, if present at all, are only very 

local. 

Composite nodules have provided many dyke-margin samples from about 

100 km depth, and geobarometric estimates indicate that veined nodules from 

southern African kimberlites originate from as deep as 170 km. Thus the 

brittle regime, characterised by flow through fractures as opposed to flow 
along grain boundaries, extends to at least 170 km beneath some cratons, 

and its persistence to depths in excess of 200 km, applicable to the source 

regions of kimberlites and olivine lamproites, is not unreasonable. The 

transition zone between this brittle zone and the underlying grain boundary 
flow (GBF) regime has been modelled by Sleep (1988) as a region in which 

veins collect melt from a restricted surrounding volume by grain boundary 
flow, and in which the proportion of veins increases upwards. A densely 

veined lower boundary to the brittle regime is thus a logical consequence 
of this scenario (McKenzie, 1989). 

Melting processes in veined source rocks 
The initial stages of melting will be centred on the vein assemblage 

due to the concentration of carbonate and hydrous minerals, many of which 

are enriched in incompatible elements. Evidence from (i) the few available 

near-solidus high-pressure experiments on basaltic compositions, and (ii) 

the parageneses of composite mantle xenoliths, suggests that the veins will 
consist dominantly of clinopyroxene and mica or amphibole, and will be 

essentially olivine-free. Minerals which are present only as accessories in 
Iherzolite may be common (e.g. apatite). 

Partial melting experiments by Lloyd et al. (1985) showed that low- 
alumina ultrapotassic melts can be produced by 30% melting of mica- 

pyroxenite. Titanates remained stable in the residuum to in excess of 30% 
melting, apatite to >20% melting. 

With continued melting of the vein-plus-wall-rock system, the veins 
and host peridotite do not behave as distinct systems, despite their 
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inherently different solidus temperatures, because of the operation of 
solid-solution melting reactions which bridge the gap between the melting 
temperatures of the different assemblages. A well-known example of the 
solid solution melting effect is the Cr/Al ratio of spinel: peridotites 
depleted by loss of a basaltic melt fraction retain a Cr-rich spinel, 
whereas the Al-component is lost preferentially to the melt. 

Solid solution melting reactions occur wherever a mineral contains 
end-members with greatly differing thermal stabilities. For vein 
assemblages in the subcontinental lithosphere, amphibole and mica, and 
probably to a lesser extent 
apatite and titanates, will 
exhibit important solid solu¬ 
tion melting behaviour. 
Recent experiments on the 
hydroxy- and fluor-end-mem- 
bers of pargasite and K-rich- 
terite, which are the most 
likely amphiboles to be stable 
in Iherzolite and harzburgite 
respectively, show that the 
fluor end-members are more 
stable by 150-250°C and 10-15 
Kbar relative to the OH-end- 
members (Fig.l). Furthermore, 
the temperature difference for 
K-richterite increases with 
increasing pressure towards 
lower lithosphere levels rele¬ 
vant to kimberlite and olivine 
lamproite genesis. In experi¬ 
ments in the system kalsilite- 
forsterite-quartz with H^O or 
F, the peritectic point 01+0px+ 
Phl+Lq, which models partial 
melting of a mica-bearing 
ultramafic assemblage, indi¬ 
cates that the corresponding 
difference between F and OH 
end-members for phlogopite 
is 320°C at 28 Kbar. 
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The effect of the solid solution melting reactions is a smooth 
progression from vein melting to melting of the surrounding wall-rocks, so 
that an initial vein-derived strongly alkaline melt fraction becomes 
increasingly diluted by a more basaltic melt fraction from the wall-rocks. 

Melting of veined lithosphere exhibits the following important 
general features: 
(i) Magmas seen at the Earth’s surface are hybrids of melt components 

derived from veins (V-component) and surrounding peridotitic wall-rock 
(W-component). The alkalinity of the magma broadly reflects the V/W 
ratio. 

(ii) The carbonate and/or hydrous minerals in the source are already 
concentrated into veins; they may be rare (or absent) in the 
surrounding wall-rock. This contrasts with most petrogenetic models in 
which these minerals are homogeneously distributed. 

(iii) The chemistry of the V-component may be controlled by minerals which 
are insignificant or even unstable in spinel- or garnet Iherzolite. 
Examples are K-richterite and alkali-chrome-titanates which are almost 
certainly restricted to alkali-rich and alumina-poor environments. 

(iv) The composition of the hybrid magma will be dependent on variations in 
(a) the nature of the melt which solidifies to form the veins, (b) the 
wall-rock assemblage, and (c) the conditions of melting, such as 
pressure, f02 and volatile speciation. 

(v) Solid-solution is of paramount importance, and cannot be neglected as 
in many peridotite melting models, especially those in simple systems. 
The stability of phlogopite and amphibole during a large melting 
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interval makes these important buffer phases for many incompatible 
trace elements. 

(vi) At larger degrees of melting than for strongly alkaline melts (i.e. 
lower V/W ratios), commoner basaltic melt types will result. The 
incompatible element patterns of these basaltic rocks may nevertheless 
be attributable to vein components, and thus may show similar 
characteristics, but different abundances, to strongly alkaline rocks. 
In zones of extension, these vein components may be further diluted by 
an asthenospheric basalt component. 

Genesis of kimberlites 
A veined source explains the well-known hybrid characteristics of 

kimberlite, namely its alkaline and carbonate-rich, but nevertheless very 
magnesian nature. The conditions in the source noted in (iv) above can be 
constrained: The V-component must be carbonate-rich and thus oxidized, 
whereas the wall-rock is in most cases garnet Iherzolite, as indicated by 
the occurrence of 01, Opx, Cpx and Gt together near the liquidus of an 
average kimberlite composition (Eggler and Wendlandt, 1979). 

The carbonate-rich vein material may be produced by partial melting 
of peridotite in the presence of CO2 and H2O; this has been shown to 
produce Na-carbonatitic melts at 20-30 Kbar (Wallace and Green, 1988), and 
may lead to Na-poorer, Ca-richer melts with very low silica contents at 
higher pressures due to the greater solution of Na20 in Cpx (Brey et al., 
1991). This vein component would explain the correlation between CaO and 
CO2 in kimberlites as being due to a melt and not a COp-rich fluid {cf. 

Bailey, 1984). Partial melting of Iherzolite at 50-70 Kbar produces very 
Mg-rich melts, which together with abundant xenolithic material, impart the 
'peridotitic' character to kimberlite. The VW-model differs from that of 
McKenzie (1989) in that low-degree melts from the grain boudary flow regime 
are here seen as the source for only the first-stage vein assemblages, 
which eventually give rise to only the first of two components of the 
kimberlite magma; the GBF melts themselves are nowhere seen at the Earth's 
surface. 

Genesis of lamproites 
Mica is abundant in the vein assemblages of ultrapotassic rock 

sources, and remains stable in the residuum of at least the lamproites. The 
low CaO, AI2O2 and Na20 of lamproites indicates a harzburgite or very 
depleted Iherzolite wall-rock, since residual minerals of the source region 
as a whole are Phi, 01 and Opx (Foley, 1989a). 

The vein paragenesis cannot be closely defined at present because of 
the dearth of experimental work on non-lherzolitic ultramafic assemblages. 
The stability of Cpx is extremely sensitive to f02 in lamproitic 
compositions, but is unlikely to be important in the source since fOp is 
very low: low f02 is indicated by the behaviour of mica chemistry, which 
can cause the extremely high K/Al of lamproites only in reduced conditions 
(Foley 1989b). Incompatible element-rich accessory phases such as 
priderite, apatite and wadeite may be present in the vein assemblage. 
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THE MINERALOGY, PETROLOGY AND GEOCHEMISTRY OF ULTRAMAFIC 

LAMPROPHYRES OF THE YILGARN CRATON, WESTERN AUSTRALIA 

Foster, Hamilton, and Rock, 

(l)Westem Mining Corporation, 55 MacDonald St, Kalgoorlie, WA, 6430, Australia; (2)Key Centre for Strategic 

Mineral Deposits, Department of Geology, University of Western Australia, WA, 6009. Australia 

Four fields of ultramafic lamprophyres (UML) have so far been 

discovered in the Eastern Goldfields province of the Archaean 

(4.2-2.7 Ga) Yilgarn Craton (Figure 1). Bulljah, Lara, 

Melrose and Norseman. Melrose and Lara have not previously 

been reported whilst two hitherto unrecorded bodies are here 

reported from Norseman. The isotopic ages of the intrusives 

vary from 849±9 Ma (Rb-Sr) at Norseman (Robey et al., 1986) to 

305±7 Ma at Bulljah (Hamilton and Rock, 1990). No isotopic 

ages are available for the bodies at Melrose or Lara. The UML 

at Melrose intrude Archaean granites and geological 

relationships indicate a pre-Permian post-Archaean age for 

Lara. These intrusives are significantly younger than the 

2.1 Ga Mt Weld carbonatite and the 2.7 Ga Yilgarn calc- 

alkaline lamprophyre dyke swarms (Rock, 1990) which are also 

located in the Eastern Goldfields province. Peak metamorphism 

reflecting the last Archaean tectono-thermal event occurred at 

2.7 Ga, therefore the UML represent the youngest post- 

cratonisation magmatic events so far recorded on the Yilgarn 

craton. 

Fig. 1 Location of Yilgarn UML 

The bodies typically form dykes which may be discontinuous 

over several kilometres. The Melrose dykes have widths up 

to 80cm and commonly exhibit flow differentiation on a 

centimetre scale. This feature has been reported from 

aillikites in Labrador (Malpas et al., 1986). Four pipe like 

bodies are also reported, two from Bulljah, one from Melrose 
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and one from Lara. The country rock of one Bulljah pipe has 
been metasomatised and magnetite alteration has occurred over 
a width of several metres. 

The cognate mineralogy of the Yilgarn UML's comprise 
phenocryst phases of phlogopite and subhedral to euhedral 
olivines set in a matrix of varying abundances of phlogopite, 
cpx, calcite, spinel series, apatite, Mg-Mn ilmenite, 
serpentine, perovskite and Ti-bearing andradite schorlomite 
garnet; melilite and nepheline are absent. Late stage 
carbonate veining and segregation features are apparent. 
Irregular segregation structures often contain chlorite, 
pyrite and pyrrhotite inclusions (Archer, 1986). 

Phlogopites evolve towards tetraferriphlogopite as a result of 
the replacement of Al^^ by Fe^"^ in the tetrahedral site. Rare 
Ba-bearing phlogopites and feldspars are recorded at Bulljah, 
olivines are commonly serpentinised, the few fresh grains 
analysed carry up to 44 wt% MgO. Diopsides range from low Al- 
Ti diopside through to titaniferous salite. The presence of 
both high Ti02 and AI2O3 in cpx is particularly diagnostic of 
ultramafic lamprophyres world-wide (Rock, 1987). The spinels 
describe a wide continuum from low Cr203 aluminous magnesian 
chromite (AMC) to high Cr203 titanian magnesian aluminous 
chromite (TMAC) to low A1^03 titanian magnesian chromite (TMC) 
to high FeO^ titanomagnetite (TM). This trend corresponds to 
the trend 2 of kimberlite and lamproite spinels (Mitchell, 
1986). At both Bulljah and Melrose early grains are often 
rimmed by later stage more evolved groundmass compositions. 
We suggest the spinel spectrum represented here is probably 
magmatic although AMC spinels overlap xenocrysts from garnet 
and spinel Iherzolite. It is envisaged that the AMC trend 
results from the early Co-crystallisation with phlogopite 
which effectively reduces the amount of Al^"^ for AMC spinel 
growth. 

Xenocryst and macrocryst phases are common. Macrocrystal 
olivine is ubiquitous at Norseman, grains tend to be anhedral 
and contrast sharply with the subhedral to euhedral 
phenocrysts. Picroilmenite is also ubiquitous with 
compositions ranging from moderate MgO (6-12 wt%), high Cr203 

(0.5-2.5 wt%), moderate MnO (0.5-1 wt%) to low MgO (4 wt%) low 
Cr203 (0.0-0.5 wt%). All picroilmenites have high FeO^ 
possibly reflecting formation under relatively oxidising 
conditions. Mantle derived xenocrysts occur at Bulljah and 
Melrose. Bulljah concentrates yielded an array of garnets 
corresponding to Dawson and Stephens' (1975) Gl, G3, G5, G9 
and GIO categories plus two species of chrome diopsides and 
red-brown aluminous spinels. The garnets indicate that the UML 
sampled garnet Iherzolite, garnet harzburgite, spinel 
Iherzolite, eclogite and lower crustal material on its ascent. 
Ultramafic nodules are not apparent in surface exposures, but 
five well rounded spinel Iherzolite nodules recovered from 
diamond drill core represent the only intact mantle sample 
recovered from beneath the Yilgarn craton. The largest nodule 
(6cm) comprises red-brown spinel, cpx, opx, calcite and 
serpentine and altered olivine. Analyses of cpx indicate 
equilibration at less than 1000°C (Jaques, 1989). G3, G5, G9 
garnets and Cr-diopsides were recovered from Melrose. No 
ultramafic nodules were discernible at outcrop but abundant 
rounded crystal xenoliths exhibiting reaction rims were 
apparent at one locality. levels in G3 garnets from both 
Bulljah and Melrose (<0.02 wt%), indicate relatively shallow 
origin. 
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Geochemically the Yilgarn UML's are potassic (K^O/Na20 > 1), 
ultrabasic undersaturated (SiOp = 37.57%), primitive (MgO = 
16.74%), titanian (Ti02 = 4.25%) and iron rich (FeO^ = 14.2%). 
They can easily be discriminated from kimberlites on the basis 
of their MgO/CaO and Si02/Al203 ratios (Figure 2a). One 
analysis in the kimberlite field represents an anomalously 
olivine rich portion of an ultramafic lamprophyre dyke from 
Melrose. The FeO^ of the UMLs are very high with respect to 
kimberlites and reflect high titanomagnetite content. Ni and 
Cr values are moderate, average 492 ppm and 457 ppm. 
Incompatible elements are typically enriched (average Ba 
829 ppm, Rb 58 ppm, Sr 800 ppm, Nb 123 ppm, Zr 799 ppm. 
La 104 ppm and Ce 261 ppm). The enhanced light rare earth 
element (LREE) signature is typical for all members of the 
lamprophyre clan and is attributed to derivation from a 
partial melt of metasomatised mantle. 

Fig. 2 Discrimination Diagram Based on Whole Rock 
Geochemistry 

We conclude that the UMLs are the youngest member of the 
following spectrum of mantle-derived magmatic rocks within the 
Yilgarn craton. Komatiite (2.8 Ga) -► basalt (2.7 Ga) -*■ calc 
alkaline lamprophyre (2.7-2.6 Ga) -► peralkaline granitoid 
(2.6 Ga) -► dolerite (2.5-2.2 Ga) ->• carbonatite (2.1 Ga) UML 
(0.8, 0.3 Ga). We suggest that widespread UML magmatism 
(coupled with the absence of true kimberlites) is the hallmark 
of intracratonic provinces with an early history of massive 
komatiite basalt extraction and subsequent tectonic stability. 
Cratonic provinces with a similar history of development such 
as the Superior Province may have few or no true kimberlites 
and low diamond potential. 
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THE GEOLOGY AND MINERALOGY OF SOME KIMBERLITES IN THE MWADUI AREA 

Gobba, J.M. 

Williamson Diamonds Ltd., Mwadui Mine, Tanzania. 

The Mwadui kimberlite-bearing area is located in the 
Tanzania Archean Craton (2.5 - 3.0 Ma). The craton contains 
the oldest rocks known in Tanzania namely greenstones (basic 
and acid metavolcanics, banded ironstones and metasediments) 
and granitoids. The majority of the kimberlites lie within the 
craton and the Mwadui area is one with the highest number of 
fertile kimberlites. Out of the 67 known kimberlites in the 
latter area, 25 are diamondiferous, and only 3 have been 
economically exploited for diamonds. Among the three economic 
kimberlites is the Mwadui kimberlite pipe covering an area of 
about 146 ha making it the largest kimberlite in the world. 
Since its discovery (1940) the Mwadui pipe has produced 3.4 
tons of diamonds valued at US$1200 million. 

The Mwadui area kimberlites were emplaced into the 
granitoids and greenstones during the Early Tertiary times 
(40-53 Ma; Davis, 1977; Raber, 1978; Shee, 1981). A 
considerably older age of Mid-Proterozoic (1097 Ma) has been 
obtained for one kimberlite in the Bubiki area 
(Bristow, 1986 ) . 

A preferred structural trend of the kimberlites is NE-SW 
which coincides with the trend of dolerite dyke swarms of 
Upper Proterozoic age. The Mwadui pipe lies at the 
intersection of the NE-trending dolerite dykes and a NW- 
striking shear zone. Close to the pipe is a major NNE-trending 
lineament. A structural trend between N and NNE appears to be 
associated with major kimberlitic intrusions e.g. Mwadui, 
Mhunze and Nyamigunga. 

Macroscopic and microscopic study done recently has 
permitted in the mineralogical and textural classification of 
kimberlites in the Mwadui area. The mineralogical 
classification follows Skinner and Clement (1979) and is based 
on the predominant macrocrysts whereas the textural 
classification (Clement and Skinner, 1979) gives the facies 
(crater, diatreme and hypabyssal). 

The study of the geology of the Mwadui pipe has shown 
that all the facies of a true kimberlite are preserved namely 
crater, diatreme, and hypabyssal (Gobba, 1989). In the crater 
facies are found both epiclastic and pyroclastic kimberlitic 
sediments (tuffs, shales, mudstones). The crater facies rocks 
are overlain by superficial deposits (gravels, silcretes 
calcretes, and clays). Below the bedded crater facies rocks 
are the diatreme facies tuffisitic kimberlite breccias which 
are characterized by abundant unaltered xenoliths, discrete 
and fragmented autoliths of hypabyssal kimberlite and 
xenocrysts from from deeper crustal/mantle sources. True 
hypabyssal facies within the main pipe has not been exposed. 
However, there are kimberlite dykes to the N and S of the main 
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pipe which show mineralogical and textural properties of 
hypabyssal kimberlite. The dyke to the north has a NE-SW 
orientation and is an altered serpentine-diopside kimberlite. 
The southern dyke has a SE trend and is an altered kimberlite 
containing serpentine and clay minerals. 

A few other kimberlites show all the three facies (e.g. 
Mhunze and Nyamigunga) whilst most of the remaining are eroded 
to deeper levels removing some of the facies (mainly the 
crater facies). 

Many Mwadui area kimberlitic intrusions are characterised 
by an absence of macrocrystal olivine and it is suggested that 
these could be related rocks here after called para- 
kimberlites, transitional between kimberlites and other 
ultramafic rocks (Gobba and Saxby, 1982; Gobba and Edwards, 
1983). The criteria used in this study to classify a rock as a 
para-kimberlite is the morphology of olivine grains and the 
presence of groundmass minerals such as nepheline or analcime 
(Shee, 1980). Some kimber1itoids have been found in Mwadui 
area e.g. 65K34 kimberlite pipe. In this intrusion extensive 
mineral alteration to serpentine, carbonates and clay minerals 
are common. Pseudomorphs of olivine and monticellite are 
found, spinels and apatite are ubiquitous. At Bubiki (48K5 
kimberlite pipe) olivines have unusual shapes and perovskites 
are unusually large.’ Overall the rock is considered to be a 
marginal kimberlite possibly transitional to an olivine 
melilite type rock association. 

Some of the occurrences may represent aphanitic 
kimberlites and may have come about through filter pressing 
process. These however are not common and usually occur in 
specific geological settings such as dykes and sills. The 
fairly widespread occurrence with this texture is unusual for 
kimberlites. Several possibilities are given by Wyatt (1983) 
who suggested that they could be of relevance if these rocks 
are kimberlites. Firstly, they could have unusual structural 
control which could account for the removal of coarse 
constituents. Alternatively the absence of macrocrysts could 
be an intrinsic feature of the Mwadui area as a whole. It is 
therefore interesting to speculate that since the Mwadui 
kimberlite is almost completely preserved, we may be 
observing, in the Mwadui area, the terminal features of 
kimberlitic episodes that may not normally be observed in 
other areas. However considering combined evidence to date it 
seems probable that these occurrences are related rocks rather 
than aphanitic kimberlites. In regard to this it would seem 
that the presence of Mwadui true kimberlite in a province with 
fairly numerous occurrences of kimberlite-related rocks is 
unusual. 
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COMPARATIVE GEOCHEMICAL EVOLUTION OF CRATONIC LITHOSPHERE: SOUTH 
AFRICA AND SIBERIA 

W.L. Griffin^^^;JJ. Gumey^^^; N.V. Sobolev^^^ and C.G. Ryan^^^ 

(l)CSIRO Div. of Exploration Geoscience, Box 136, N. Ryde, NSW 2113, Australia; (2)Dept. of Geochemistry, 

Univ. of Cape Town, Rondebosch 7700, RSA; (3)Inst. of Geology & Geophysics, USSR Acad, of Sciences, 

Novosibirsk, USSR 

This paper compares geochemical data (trace elements by proton microprobe) on 
diamond-inclusion minerals (DI) and the the corresponding phases in heavy-mineral 
concentrates, from kimberlites in Siberia (SIB) and southern Africa (SA). The SIB data are 
from Udachnaya, Aikhal, Sytykanskaya and Mir pipes; the SA concentrate data and most of the 
DI data are from kimberlites on the Kaapvaal craton, but the DI data include a few grains from 
Botswana. Published Nd model ages on garnets indicate Archean ages for peridotite-suite 
diamonds in both SIB and SA kimberlites. Comparison of major- and trace-element patterns in 
diamond-inclusion (DI) garnets and spinels from these two areas shows many similarities, and 
some important differences. 

Garnet DI populations are dominated by subcalcic pyropes in both areas, but calcic 
(Iherzolitic) garnets may be more common in SA. The Nickel Thermometer (Griffin et al, 
1989) has been used to estimate temperature (Tni) for individual garnet grains. T^i in South 
African DI garnets ranges from 950-1500 °C; in SIB garnets the range is 800-1500°C, but all DI 
with T<950°C are from the Mir pipe. The DI garnets from SA and SIB show similar patterns of 
depletion in Zr, Y, Ga and Ti, and enrichment in Sr, with decreasing Ca/Cr. However, SIB DI 
garnets have higher median Cr# values, and lower median Mg# values, than DI from South 
Africa. Chromite is an abundant DI phase in SIB kimberlites, and less common in SA. DI 
chromites from the two areas show similar ranges in Cr#, Ni and Ga, but those from SIB have 
lower median MgO and Mg#, and higher Cr/Mg, Fe and Zn. The differences in Mg# of garnet 
and chromite DI populations between the two areas, and the lower Zn in the S A chromites, 
would be consistent with a 150-200°C higher average T beneath SA at the time of diamond 
formation. However, this difference is not apparent in the Tni values of DI garnets, which 
show very similar mean and median temperatures for the two cratonic areas. In addition, the 
well-defined Fe-Zn correlations in the DI chromite populations (Fig. 1) arc en echelon, rather 
than continuous with one another as would be expected if only a T difference was involved. It 
therefore appears that the deeper portions of the cratonic lithosphere beneath S A had lower Cr 
and higher Mg# than the Siberian mantle, at the time of diamond formation. 

Comparison of garnet concentrates from diamondiferous kimberlites also shows several 
significant differences between SA (Kaapvaal craton) and SIB. Concentrates from both areas 
contain significant proportions of subcalcic garnets, but moderately subcalcic pyropes (3-5% 
CaO) appear to be more common in SIB concentrates, relative to extremely subcalcic and 
Iherzolitic garnets. The concentrates show a similar range of T^i, but the SIB distribution is 
strongly weighted toward lower T relative to the SA distribution. Other factors being equal, 
this lower T distribution would imply a greater proportion of material from the graphite stability 
field in the Siberian pipes. This is not consistent with their high diamond grades; the favored 
alternate interpretation is that the geotherm at the time of emplacement of kimberlites was lower 
beneath Siberia than beneath the Kaapvaal craton. The existence of low-T (<950°C) DI garnets 
in SIB suggests that a similarly low geotherm may have existed in Archean time. The 
maximum Cr content of concentrate garnets shows a strong correlation with T (and presumably 
with P) in both sets of concentrates (Fig. 2). However, the SIB garnets show higher Cr 
(maximum and average values) at any T than those from SA. SIB concentrate garnets also have 
higher median Cr/Mg and lower median Mg# than those from S A, mirroring the differences 
seen in the DI garnet populations. 

SA concentrate garnets are significantly enriched in Zr, Y and Ga relative to those from 
SIB. The median Zr and Y contents of calcic garnets (>4% CaO) in SA are 35 and 13 ppm, 
respectively, compared to 28 ppm Zr and 9 ppm Y for SIB garnets. 30% of such garnets in 
SIB concentrates have <10 ppm Zr, compared to 12% of SA garnets. The low-Ca garnets in 
both areas are very depleted in Y (median 2-3 ppm), but those in SA are considerably richer in 
Zr, with a median value of 24 ppm compared to 14 ppm in SIB. Significant levels (>5ppm) of 
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Sr, like those seen in DI garnets, are common in the subcalcic garnets of the SIB concentrates, 
but very rare in the S A concentrates. 

Comparison of the DI and concentrate data suggests that the S A lithosphere is lower in 
Cr and Cr/Mg, and higher in Mg#, than the SIB lithosphere. The S A mantle is thus more 
refractory in terms of Mg#, but less refractory in terms of Cr#; this is inconsistent with a simple 
difference in degree of depletion through removal of basic melts. These differences existed at 
the time of Archean diamond formation, and have persisted since. The S A lithosphere is 
enriched in Zr and Y relative to the SIB lithosphere, and probably contains a lower proportion 
of highly depleted harzburgite. These differences in LIL elements and possibly in bulk Ca 
content were established after diamond formation. 

These differences may be related to other significant differences in kimberlite mineralogy 
between the two cratons. The maximum, and perhaps mean, diamond grades of Siberian 
kimberlites are reported informally to be higher than those of kimberlites on the Kaapvaal 
craton. Siberian ^amonds from the pipes considered here are typically octahedra with little 
evidence of resorption, while SA diamonds typically are dodecahedral, and have lost up to 50 
% of their mass by resorption. K-richterite and other metasomatic minerals occur in many SA 
pipes, but apparently are rare in SIB ones. Finally, the garnets of sheared garnet peridotites 
from SA kimberlites show elevated Fe3+ contents (Luth et al., 1990), suggesting that the melt 
metasomatism that affected these xenoliths (Griffin et al. 1989b) has involved an increase in the 
oxygen fugacity of the lithosphere. 

We suggest that: (1) Early Archean processes were similar in the SA and SIB 
lithospheres, leading to depletion in most LIL and HFSE elements, a high proportion of 
harzburgite relative to Iherzolite, and enrichment of very subcalcic garnets in Sr (and LREE). 
(2) The differences in major-element composition (Cr#, Mg#) were established in very early 
Archean time, and do not reflect simple differences in degree of depletion; they may reflect 
original heterogeneity. (3) the SA lithosphere was "refertilized" following diamond formation, 
by metasomatic processes which have affected the Siberian lithosphere little if at all. (4) Effects 
of these processes include introduction of Zr, Y and Ca (and probably K and Ti); reduction in 
the proportion of harzburgite to Iherzolite, and stripping of Sr and LREE from subcalcic 
garnets. (5) The same process may have raised the oxygen fugacity of the SA lithosphere, 
leading to resorption of diamonds whether in the mantle wall rock, or in later kimberlites which 
have been buffered to the oxidation state of those wall rocks. 

Griffin, W.L., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, G.F. 1989a. Contrib. 
Mineral. Petrol. 103, 199-202. 

Griffin, W.L., Smith, D., Boyd, F.R., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, . ^ 
G.F. 1989b. Geochim. Cosmochim. Acta 53, 561-567. 

Luth, R.W., Virgo, D., Boyd, F.R. and Wood, B.J. 1990. Contrib. Mineral. Petrol. 104, 56- 

FIGURES (next page) 

Fig. 1 (top left). Fe-Zn relations in DI chromites. Squares, SIB; circles, SA. The trends 
toward higher Fe and Zn in each group reflect cooling. 

Fig. 2 (top right). Histograms of Cr/Mg for DI garnets. Hatched area: SA; clear, SIB. 

Fig. 3 (middle). Cr-T relations in concentrate garnets from SIB and SA. 

Fig. 4 (bottom). Histograms of Zr content in high-Ca (>4% CaO) concentrate garnets from 
SIB (n=147) and SA (n=128). 
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SYSTEMATICS OF ISOTOPIC DISEQUILIBRA BETWEEN MINERALS OF 
LOW TEMPERATURE GARNET LHERZOLITES 

M. Gunther and E. Jagoutz 

Max-Planck-Istitut fur Chemie, AbteilungKosmochemie, Saartrasse 23, 6500Mainz, F.R.G. 

The garnet bearing Iherzolites of the southern African craton can be divided into two types: 
1. ) High temperature deformed garnet Iherzolites (1200-1400 °C) 
2. ) Lower temperature (900-1100 °C) coarse (and deformed) garnet Iherzolites (1). 

The chemici equilibration of minerals under mande PT conditions is an unsolved 
problem. For petrographic PT estimations to reconstruct geothermal gradient, it is essential to 
assume chemical equilibrium between the minerals. Since the multidimentional chemical 
reactions are not quantitatively understood yet, only isotopic analysis can provide 
informations on chemical equilibrium.between the minerals. Furthermore the isotopes are 
giving the only time information of the last chemical equilibration. 

Spinell Iherzolites from alkali basalts show a mineral Nd isotopic equilibrium between 
OPX and CPX (2) at the time of eruption High temperature deformed garnet Iherzolites are 
in Nd isotopic equilibrium between CPX and garnet,.as they were sampled by the 
kimberlites,while the low temperature Iherzolites are commonly not in isotopic equilibrium 
(3). 

We investigated mineral separates of three coarse grain low temperature garnet 
harzburgites. Two of them contain some CPX(<5%). The samples were collected in 
Kimberley floors, S.A., in 1986, during a fieldtrip, by the courtesy of the Anglo American 
Company. The xenoliths were arranged according to their macroscopic appearance. 
Especially the texture of the garnets is striking. It is possible to classifie the xenoliths in 
order of "increasing deformation" of the garnets: In one endmember (EJ 8601) the garnet 
occurs only in several cm large clusters, intergrown with OPX little CPX and phlogopite. 
With "increasing deformation" the clusters become disordered and gradually smeared out, 
ending in a homogenous distribution of garnet. EJ 8604 shows garnet intergrown with 
OPX/CPX and little phlogopite, still as clusters, whereas EJ 8631 displays a much more 
homogenous distribution.of garnets. These clusters are suggesting to be the reaction 
products of a preexisting mineral phase. 

'pH 

Fig. 1 Nd/Sm disequilibria (Symbols see Fig. 1) 
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We analysed mineral separates for Sr, Nd, and Pb isotopic systematics. Although the 
Sm/Nd ratios in garnets are about 5 to 10 times higher than in CPX and OPX, the Nd 
isotopic composition of garnet is less radiogenic, resulting in "future isochrones" with 
negative slopes. Similar results are reported by Richardson et al.(1985), as shown in Fig 1, 
while the sample EJ 8631, which contains the most deformed garnet cluster, is equilibrated 
in respect to the Nd isotpes, but their Sr isotopes are still recording a chemical 
disequilibrium. It seems that the Sr isotopes are more resistant to equilibration. While the Rb 
content of all these minerals is to little to explain a variation in the Sr isotopic composition, 
the measured isotopic composition of the minerals varies over a wide range. Garnets are 
always containing very radiogenic Sr (Fig. 2). The lead composition of EJ 8601, which 
contains the least deformed garnet clusters shows an extreme composition in garnet 
(206/204: 32,09, 207/204: 16,41, 208/204: 42,18), while its CPX plots above the enriched 
part .of the oceanic basalt field. TTie other CPX's are laying near the field of unradiogenic 
depleted mantle, the OPX lies near above the enriched part of the oceanic basaltic field (after 
4), while the garnets have consitantly the most radiogenic lead values (Fig. 3). The 208p|3 
systematics shows,that the Th/U ratio in the garnets is lower than in OPX, also indicating an 
isotopic disequilibrium between these mineral phases (Fig. 3). 

0.514 

0,510 
0,704 0,706 0,708 0,710 0,712 

Sr 87/86 
Fig. 2 Nd/Sr distribution plot 

Since an information on the age can only be obtained in an equilibrated system, it is 
not possible to give an age estimate by using the above mentioned isotopic systematics. Only 
the U Pb system opens the possibility to look through the different metamorphic episodes. 
While the 206/204 versus mu diagramm is giving the eruption age, the Pb/U concordia 
diagram of EJ 8604 and EJ 8631 indicates a very old age of the protolith (more than 4 g.a.), 
and a young (200 ma) desturbance, which might be connected to the beginning of the 
eruption event. This young event might be the commmonly refered metasomatic episode (5). 
The very early differentiation of harzburgites was also suggessted by Boyd 1987 (6), 
according to their higher Si content. 

The Nd and the Sr isotopic systematic proves that the minerals of garnet harzburgites, 
the comon low temperature or coarse granular xenolith from kimberlites, are not in chemical 
equilibrium We suggest that the garnet had a precursor mineral phase. Compared to CPX this 
mineral phase had a low Sm/Nd and Th/U ratio but a high Rb/Sr and U/Pb ratio. We propose 
that an aqueous fluid invaded a depleted harzburgite and a hydrous phase (possibly an 
amphibole) was crystallized. Also the 208/204 versus 206/204 indicates an early disturbance 
of the protolith, which might also to be seen in the 207/204 versus 206/204, showing an 
"isochron" between OPX and garnet (EJ 8604) of about 1,4 g.a., which might be the age of 
hydratation. 
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After a time of isotopic evolution this amphibole reacted to gamet+OPX 
+phlogopite+/-CPX, possibly caused by an episodic increasement of pressure, about 200 
m.a.ago. During this event the primary CPX and OPX was not isotopically equilibrated (EJ 
8601, EJ 8604), while the garnet inhereted the isotopic composition of the preexisting 
amphibole but lost some of its Nd U and Th. Since in the deformed sample (EJ 8631) the 
Nd. was isotopically equilibrated at the time of sampling by the kimberlite 90 m.a. ago the 
deformation might be only as old as the eruption. 

206pb/'c»4p|5 

Fig. 3 Lead diagramm 
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GEOCHEMICAL CORRELATIONS BETWEEN KIMBERLITIC INDICATOR MINERALS AND 
DIAMONDS AS APPLIED TO EXPLORATION 

Gurney, and Moore, 

(l)Dept. Geochemistry, Univ. Cape Town, Rondebosch 7700, South Africa; (2)P.O. Box 1372, Wangara, 

W. Australia 6065 

Diamond Potential Based on the assumption that diamonds 
in kimberlite are derived from disaggregated xenoliths of 
peridotite and eclogite, the presence of diamond can 
frequently be successfully predicted by identifying the 
presence of the appropriate xenocrysts of two other resistant 
minerals, garnet and chromite. Since these are frequently 
sought in exploration programmes, such a predictive capability 
can be very useful in assigning priorities to prospective 
targets. 

Both peridotitic and eclogitic diamonds are present in 
every well characterised kimberlite world-wide and in 
lamproites. Peridotitic diamonds predominate overall, but 
either paragenesis may dominate the diamond population at 
individual localities. 

Peridotitic Diamonds The dominant source rocks of 
peridotitic diamonds are predicted.to be harzburgites 
(probably carbonated) ± garnet and/or chromite. Lesser 
amounts of diamond are derived from garnet Iherzolite. Garnet 
and chromite macrocrysts liberated from diamond harzburgite 
are in general more abundant than diamond itself and can be 
used as pathfinders to predict the presence of diamond. The 
garnets and chromites can be recognised by their compositions 
which are similar to some inclusions in diamonds. 

Garnet and chromite macrocrysts from diamondiferous 
Iherzolite cannot be similarly identified, and at present they 
are not useful in determining the economic potential of a 
kimberlite occurrence. 

Eclogitic Diamonds Chrome-poor garnet macrocrysts 
liberated from potentially diamond-bearing eclogite (Group I 
eclogite) can also be identified on the basis of distinctive 
compositions. In some kimberlites. Group I eclogite has made 
a major contribution to the overall diamond content of the 
pipe. 

Megacrvst Minerals Many kimberlites contain megacryst 
suite minerals including abundant garnet similar in appearance 
to some eclogitic garnets, with which they may have 
overlapping major element compositions. Care must be taken to 
discriminate against these megacrysts since they are not 
related to diamond. Since megacryst garnets as a group show 
strong igneous trends they can be differentiated from 
eclogitic garnets on the basis of simple linear plots. 
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Preservation of Diamonds Resorption of diamonds after 
formation is an important process in southern Africa and some 
other diamond provinces. It is much less significant in the 
best known Siberian diamond populations and in places such as 
Angola. In southern Africa, highly oxidised ilmenite 
compositions with elevated inferred Fe203 contents are not 
associated with high grade kimberlites. This is inferred to 
be correlated with the resorption process that has affected 
the diamonds. 

Application Based on a sound database, indicator mineral 
compositions can be used to predict the diamond content of 
kimberlites in a semi-quantitative way with considerable 
success, providing diamond content is regarded as the sum of 
harzburgitic diamonds plus eclogitic diamonds modified by 
resorption. 

Exceptions Exceptions can occur. These can often be 
detected by additional investigations that better define the 
petrogenetic history of the indicator minerals and their 
source rocks. 
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THE MAGMATIC EVOLUTION OF THE JACUPIRANGA COMPLEX, BRAZIL 

Caspar, J.C. 

Departamento de Mineralogia e Petrologia, Instituto de Geociencias, Universidade de Brasilia, 70910 Brasilia, Brazil. 

The Jacupiranga Complex is composed of two major rock 
bodies, dunite to the North and magnetite pyroxenite to the 
South. The magnetite pyroxenite body is intruded by: 
a - pyroxenite and nepheline-bearing pyroxenite dykes. Many 
of them fenitized. 
b - a crescent-shape ijolite intrusion composed of melilite 
ijolites and fenitized ijolites. 
c - an elongated carbonatite intrusion consisting of five 
mainly phases: Cl - sovite, C2 - calcite-dolomite 
carbonatite, C3 - sovite, C4 - sovite, and C5 - beforsite. 
Cl is chemically different and C2 to C5 may represent four 
separate magma batches derived from an evolving parental 
carbonatite magma (Caspar 1989). 
d - phonolite dykes and pegmatitic nepheline syenite veins 
near the contacts of the complex. 
A suite of Si-saturated rocks occurs as veins, dikes, and 
small intrusions in the borders of the Complex, displaying a 
large petrographic variety: gabbros, diorites, olivine 
monzonites, porphiritic and non-porphiritic monzonites and 
syenites, alkali syenites, quartz monzonites and syenites. 
Microprobe analyses of minerals from the ultramafic and 
nepheline-bearing rocks showed that: 
1 - spinels from pyroxene-bearing dunites are similar or 
more evolved than magnetites from the magnetite pyroxenites. 
The substitution mechanisms of the dunitic spinels present a 
magmatic evolution that is different from all other rocks of 
the complex. 
2 - primary micas, olivines, and pyroxenes from the 
fenitized pyroxenites are less evolved than the same 
minerals from any other pyroxenite. 
3 - spinels and pyroxenes from melilite ijolites are less 
evolved than spinels and pyroxenes from the metasomatized 
ijolites. 
Mineral chemistry of the saturated suite indicated that 
there is no possible differentiation process that is able to 
explain the mineral composition of those rocks: 
a - spinels, pyroxenes, and micas from syenites, monzonites, 
and gabbros and diorites present three parallel composition 
trends. 
b - plagioclases from quartz monzonites are as calcic as 
those from olivine monzonites and mela-mozonites. 
Plagioclases from quartz syenites are much more calcic than 
any other syenite plagioclase. 
According to the above data a multi-stage magmatic system is 
required to explain the ultramafic and nepheline-bearing 
rocks (Figure 1): 
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1 - early crystallization and accumulation of olivine gave 
rise to dunites and wehrlites. 
2 - just aside the dunites occurred the a^ccumulation of 
clinopyroxene originating the magnetite pyroxenites. This 
new magma was compositionally different from the melt from 
which the olivines crystallized. Pyroxene crystal mushes 
were injected in country rocks forming the pyroxenite dikes 
found around the complex. 
3 - dikes and sills of nepheline-bearing pyroxenites, with 
and without olivine, intruded the magnetite pyroxenites. A 
silicate melt possibly related to these nepheline-bearing 
pyroxenites split in two immiscible liquids and gave rise to 
Cl and melilite-free ijolites. This process occurred in a 
magma chamber underneath the magnetite pyroxenites. 
4 - a second intrusive phase of dikes and sills of 
nepheline-bearing pyroxenites, with or without olivine. Once 
more a magma related to these nepheline-bearing pyroxenites 
split in two liquids originating a carbonatite magma and the 
melilite ijolites. Episodically upwards injection of this 
differentiating carbonatite magma resulted in the C2 to C5 
carbonatite bodies. Fenitization produced by this 
carbonatitic activity affected early formed nepheline- 
bearing pyroxenites and melilite-free ijolites. Parent 
magmas for stages 2, 3, and 4 were certainly very similar in 
composition. Nepheline syenites and phonolites represent the 
closing stages of magmatic activity 3 and/or 4. Injections 
of pyroxene crystal mushes may have resulted in pyroxenite 
dikes intruding magnetite pyroxenites and country rocks. 
As seen above, gabbros and diorites, monzonites, and 
syenites, may represent each a different batch of magma. We 
suggest that the Jacupiranga plagioclase-bearing rocks were 
produced by different degrees of crustal contamination of 
the same magmas that originated the nepheline-bearing rocks 
and carbonatites. Three major factors could have contributed 
to this variety of plagioclase-bearing rocks that do not 
represent differentiation series: a) more than one magmatic 
stage occurred at the complex; b) liquids of different 
differentiation degrees may have been contaminated giving 
rise to melts of many particular compositions; c) 
different degrees of wall-rock assimilation could have 
occurred. 
The history of the Jacupiranga complex is not the history of 
a magma chamber but rather that of a conduit. 

References 
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BYRO SUB-BASIN AS A POTENTIAL DIAMOND-BEARING PROVINCE 

CL. GFIA CH 

Quicksilver Resources NL 

Location and Regional Geology 

The Byro prospect is located approximately 700 kilometres NNE 
of Perth, Western Australia. 

The Western Gneiss terrain, a cratonised older component of 
the Yilgarn Block underlies the Permian aged Byro sub basin 
and an older Proterozoic seguence known as the Badgeradda 
Group. 

The proximity of the Byro sub basin to the Yilgarn Block would 
suggest it lies as a Cratonic peripheral zone underlain by a 
cratonised, faulted basement of the same age as the Yilgarn 
Block (c.2.6-3.2 Ga). 

Exploration 

In 1988 during follow up work by Quicksilver Holdings Pty Ltd 
and Hardman Resources NL to two previous microdiamond finds, 
abundant chromite concentrations were located; indicating an 
ultrabasic source for some of the chromites. Chromite 
morphology exhibited fresh to fractured octahedra indicating 
limited travel. Bevelled and frosted edges on some of the 
grains were indicative of the more magnesian (lamproitic) 
chromites identified by geochemical cation ratio plots 
Cr/Cr-l-Al vs Mg/Mg-f-Fe2-i-. 

The abundance of chromite, and the apparently fresh and often 
pristine chromite morphological characteristics suggests a 
provenance within the Byro sub basin. The near occurrence of 
a G-10 type pyrope, pyropic almandine as well as niobium (2%) 
enriched rutile and hafnium (5%) enriched zircon suggests a 
kimberlitic affinity. Chromites recovered from an initial 25 
kg stream sediment sample programme over 53 sites produced a 
78% chromite recovery rate. 

Geophysical Study 

Aeromagnetics were at 200 metre line spacing and nominal 
sensor height of 60 metres. Colour 1:20,000 scale photographs 
were used for ground control and navigation. The data was 
also digitally processed. Several magnetic anomalies were 
recognised as immediate targets. 

Primary Magnetic Feature AN2 

A localised, primary dipolar ground magnetic anomaly (AN2) was 
thought to be the source for chromites. AN2 can best be 
described as an EW trending tabloid. Subsequent pitting, 
aircore and diamond drilling around AN2 delineated an 
unexpected NE-SW trending palaeo-infill, part outcropping, 
consisting of fragmental and bouldery ingredients set in a 
clay bound silty matrix. The infill trends NE-SW and is 



Extended Abstracts 131 

offset from the centre of AN2. Chromite has been recovered 
throughout the depth of the infill to 41 metres. Some of the 
chromites exhibit lamproitic cation ratios in the diamond 
inclusion field. 

Trace element geochemistry detracts from a kimberlitic source 
for the infill. 

Petrography & Stratigraphy 

Petrographic studies on 20 rock thin sections describe three 
major stratigraphic horizons. 

Uppermost Unit: Two thin sections from surface rock samples at 
AN2 describe a superficial sediment, termed the Infill, of 
Miocene or younger age and composed of guartz fragments in a 
clay rock matrix, clastic in nature and slightly bedded. 

Mineralogical study of Wilfley tabled concentrates from a 
20kg+ specimen of infill produced six particles of gold which 
were mostly flakes of between 0.1 and 0.25mm. Heavy mineral 
observation of downhole samples of the infill recovered 
abundant (60+ grains) chromite and pyropic almandine out of 
2- 3 kg of air core sample to 27 metres. A diamond drill hole 
provided angular clay fragments one of which at 23.2 metres 
was indicative of a komatiitic type ultramafic origin. 

Middle Unit: Claystone Grit Unit (regional exposed rock unit, 
considered part of a glacial Permian - Lyons Formation): 
described as a sandy siltstone with poor sorting containing 
lithic clasts to 2mm and a silt textured matrix. Clasts range 
from very coarse sand to coarse silt. The large diameter 
clasts are a mixture of guartz-rich rocks of igneous origin, 
both Plutonic and volcanic textured examples. 

The matrix stains very positively for K-feldspar, optically 
unresolvable. There is also extensive carbonate and some 
0.1mm minerals, some of which have been determined as 
ilmenite, iron oxide, pyrite and a single grain of rounded 
chromite. This chromite has a very high Cr/Fe ratio and 
low A1 and Si. It measures 62 microns. 

SEM analysis identified various heavies, and garnet, of the 
almandine pyrope species. The opagues included iron oxides 
with a trace of Cr, Mn ilmenite and rare chromite. The 
chromite has Cr, Fe, significant Ti and very low A1 and Mg. 

Lowermost bedded Siltstone Unit: The description for this 
Upper Permian aged unit is a siltstone dominant in guartz and 
K-feldspar. Within the siltstone the feldspar content 
implies a tuff component. Quartz 30-40%, K-feldspar 30-40%, 
muscovite 5-20%, carbonate 2-3%. The accessories were 
identified by SEM. The opagues were all iron oxide with low 
Mn. The garnet was an almandine spessartite. The monazite is 
thorium bearing, less than 1%. Opagues were estimated to be 
3- 5%. 
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AN2 - Infill Age Determination 

A palynological study was undertaken of drill core rock 

specimens from the AN2 area. Examined sample ARB--3 from the 

lower bedded unit described as a grey siltstone contained 

microfossil assemblages of Late Permian (230Ma) age, younger 

than the Upper Carboniferous - Lower Permian Lyons Formation 

(280Ma) thought to exist in the area. A second drill core 

sample ARB-1 from the infill deposit yielded microfossils of 

Miocene or younger age establishing a Miocene (25-7Ma) or 

younger age for the infill. The type of microfossils 

recovered supports a freshwater mode of deposition, 

however, the lower bedded unit may also have survived a 

brackish water environment. 

Conclusions & Recommendations 

The occurrence of many grains of fresh chromite exhibiting 

lamproitic cation ratios, together with a G-10 pyrope garnet 

from 25 kg stream sediment samples illustrates the opportunity 

for alkali and/or kimberlite style of intrusion to exist 

within the Byro sub basin. The results derived from this 

latest phase of diamond exploration goes far to verify that 

previous microdiamond finds made by another company in the 

Byro sub basin are real^ 

A younger Miocene aged unit termed the infill, contains 

abundant chromite, pyropic almandine and occasional gold and 

sulphides. The infill is a localised deposit and remnant of a 

previous larger palaeo-channel. It cross cuts all three 

stratigraphic units. 

The highly potassic nature of the lower most bedded unit of 

Upper Permian age and the middle bedded unit of uncertain age 

cannot be explained wholly. Both units often resemble 

tuffaceous sediment derivatives probably from an acid - 

intermediate volcanic terrain. The source for pyropic 

almandine and non kimberlitic chromite in the middle unit has 

not been established. Furthermore, pyropic almandine in one 

drill hole of the middle unit is coincident with a linear NE 

magnetic trend cutting across the G-10 pyrope occurrence. The 

linear feature may have been a progenator for intrusives of 

alkali-kimberlitic magmati^type. 

Magnetic anomaly AN2 has been drilled and as yet the source of 

the anomaly remains unexplained. A dyke or sill source for 

the chromite is not to be ruled out. Slightly elevated 

magnetic susceptibilities in the lower bedded unit at depths 

between 40-65 metres may be confirming the source of the AN2 

anomaly as sedimentary in origin similar to many other 

magnetic targets previously drilled. 

Anomalous, magnesian chromite occurring within a Miocene aged 

deposit over the Byro sub basin in conjunction with 

interpreted structural trends and past diamond finds suggests 

a tectonic inter-relationship prevails in the Byro sub basin. 

M/112B 
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ULTRAPOTASSIC MAGMAS ALONG THE FLANKS OF THE OLIGO-MIOCENE RIO 

GRANDE RIFT, U.S.A.: MONITORS OF THE ZONE OF LITHOSPHERIC MANTLE 

EXTENSION AND THINNING BENEATH A CONTINENTAL RIFT 

Gibson, Thompson, Leat, Morrison, MA.;Hendry, G.L.&Dickin, 

(l)Department of Geological Sciences, University of Durham, South Road, Durham, DHl 3LE (UK); (2)British 

Antarctic Survey, High Cross, Madingly Road, Cambridge, CB3 OET (UK); (3)School of Earth Sciences, University of 

Birmingham, Edgbaston, Birmingham, B15 2TT (UK); (4)Department of Geology, McMaster University, 1280 Main 

Street West, Hamilton, L85 4M1 (Canada) 

Recent theoretical studies of rift tectonics have concluded that their observed 
geophysical features require that: (1) extension affects a much wider zone of the 
underlying lithospheric mantle than the crust; (2) early extension involves a 
comparatively wide zone, that narrows with time (e.g. Rowley & Sahagian, 1986; Buck et 
al., 1988). The Neogene evolution of the segment of the Rio Grande rift between the Great 
Plains and Colorado Plateau shows this theoretical pattern clearly. The width of the 
crustal extension zone narrowed from -170km in the Oligo-Miocene to ~50km In the Pliocene 
(e.g. Aldrich et al., 1986; Fig.1). In contrast, both gravity and teleselsmic studies 
(Parker et al., 1984) Indicate that the current width of the zone of thinned lithospheric 
mantle (^=2-3) beneath the rift is —750km wide. This is presumably the aggregate result 
of all Neogene extension In the area, most of which took place in the Oligo-Miocene. We 
have sampled a diverse range of Oligo-Miocene magmatism (ranging from ultrapotassics to 
Hy- and Ne-ngrmative basalts) extending —650km across the thinned lithospheric mantle 
zone at 36-38°N, from the Navajo Igneous Province, Arizona, to Two Buttes, SE Colorado. 
The section is centered on the present day rift (Espanola Basin) and crosses L. Miocene 
hypabyssal intrusion complexes on the rift shoulders at Dulce and Riley, west of the 
rift, and Spanish Peaks to the east. A geochemical traverse along this section shows a 
spatially symmetrical variation In element and oxide ratios, such as Na^O/K^O (Fig. 2) 
and B^Nb, around the physiographic Rio Grande rift. Average Na.O/klo ratios are as low 
as 0.4 In L. Miocene vents and intrusions above thick lithosphere f-15Dkm) on the stable 
platforms flanking the rift. Examples of rock types from this tectonic setting are the 
'kimberlites" and minettes of the Navajo Province and minettes at Two Buttes. Average 
Na^O/KpO ratios increase towards the rift shoulders (1.2) and range from 1.4 to 8.66 in 
the cenffe of the rift where the lithosphere is -75km thick. The large range in Na^O/K^O 
ratios in the Espanola Basin reflects the occurrence of both alkali and tholeiitic L. 
Miocene basalts in that area. A s^il^^ymmetrical spatial variation Is apparent in Sr 
and Nd isotope ratios; average °^Sr/ °Sr ratios range from 0.70713 on the flanks to 
0.70433 in the centre of the rift. 

The variation In average Na 0/K O ratios broadly parallels the corresponding 
teleselsmic lithosphere thickness proTile and is a mirror irnage of the gravity profile. 
Tectonic reconstructions show that the Farallon Plate was being subducted eastwards under 
the area at 24 Ma and the seismic tomographic study of Grand (1987) has provided direct 
evidence for this hypothesis. It has been suggested that the upward migration of 
volatiles from the sinking slab were responsible for mantle metasomatism and consequent 
ultrapotassic magmatism in the Navajo Province from 28-23 Ma (Laughlin et al., 1986; 
Rowell & Edgar, 1983). However the symmetrical ratio plots of incompatible elements, 
Na 0/K O and isotopes of magmas in a 650km zone centered on the rift axis suggests that 
the ultrapotassic magmas on the stable flanks and shoulders of the rift are not directly 
related^ the subductji^ of th^Farallon plate; an asymmetric process. In the Espanola 
Basin, Sr/°°Sr and ^^Nd/'^Nd isotope ratios and incompatible element concentrations 
are comparable to those of ocean island basalts (OIB’s), e.g. Hawaii. This suggests that 
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the magmas in the rift axis, both tholeiitic and alkalic, were derived from an 
asthenospheric source. On the stable rift flanks almost all of the magmas are highly 
enriched In strongly incompatible elements and are depleted in high-field-strength 
elements such as Nb and Ta. These compositions are more typical of lithosphere-derived 
magmas (e.g. Thompson et al., 1990); a view concordant with the evidence of their 
radiogenic isotope ratios. The majority of dykes on the rift shoulders show similar 
elemental enrichments and depletions to the intrusions on the rift flanks but rare 
OIB-type magmas are also present. Our interpretations of magmatism across the rift zone 
are in agreement with those of Roden et al., (1990) who have recently suggested that the 
minettes of the Navajo Province are the a result of mixing melts from asthenospheric and 
lithospheric mantle sources. They suggest that the radiogenic Nd-isotope ratios of the 
peridotite xenoliths in the Navajo magmas reflects their long term Isolation from mantle 
convection and that these Inclusions are not samples of recently subducted lithosphere. 
The base of the lithosphere may be metasomatised by the percolation of small melt 
fractions from asthenosphere (McKenzie, 1989). Remelting of this underlying metasomatised 
lithosphere by stretching and decompression in the first phase of extension of the Rio 
Grande rift may explain the symmetrical occurrence of ultrapotassic magmatism in our 
sampled section. Such a model does not satisfactorily explain the lack of strongly 
potassic compositions amongst the Oligo-Miocene magmatism of the rift axis. However, this 
axis has a marked tendency to link sites of substantial Oligocene pre-rift magmatism 
along the Southern Rocky Mountains. These earlier liquids may have heated the 
sub-continental lithospheric mantle sufficiently to melt out any pre-existing fusible 
potassic fractions before rifting began. 
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Fig 1 Crustal structure at approximately 37°N beneath the Colorado Plateau, Rio Grande 
rift and Great Plains, from the gravity study of Cordell (1982) and the teleseismic study 

of Parker et al. (1984). 
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GEOCHEMICAL AND PETROGRAPHIC EVIDENCE FOR HIGH MG-ULTRAPOTASSIC 
MAGMAS IN SE COLORADO, USA 

Gibson, Thompson, Mitchell, Dickin, Morrinson, A.. & Hendry, ^^^G.L. 

(l)Department of Geological Sciences, University of Durham, South Road, Durham, DHl 3LE (UK); (2)Department 

of Physics, The University, Newcastle upon Tyne, NEl 7RU (UK); (3)Department of Geology, McMaster University, 

1280 Main Street West, Hamilton, Ontario, L85 4M1 (Canada); (4)School of Earth Sciences, University of 

Birmingham, Edgbaston, Birmingham, BIS 2TT (UK). 

Two Buttes, Colorado (37*^30’N 102®30’W) is situated on the stable plateau of the 
Great Plains, 300km east of the present-day axis of the Rio Grande rift. This complex 
consists of two laccoliths and numerous associated dykes which have intruded sediments of 
Triassic and Cretaceous age. The laccoliths are cut by sparse late-stage syenitic 
pegmatite veins and contain crustal xenoliths. Petrographically the rocks comprising the 
laccoliths consist of phenocrysts of clinopyroxene and phlogopite ± olivine that are set 
in a groundmass of feldspar, magnetite, clinopyroxene and phlogopite. Phlogopite mineral 
separates from these previously undated rocks yielded K/Ar ages of 27-35 Ma. The 
Oligocene age of these intrusions corresponds with the Initiation of extension and 
magmatism In the Rio Grande rift and further west. The Two Buttes mlnettes therefore 
appear to represent the most easterly outcrop of rift-related magmatism. 

The rocks were originally called prowersites by Cross (1906) but haye recently been 
classified as minettes (Bergman, 1987). The Two Buttes intrusions have an ultrapotassic 
geochemistry (K*0/Na 0=1.5-3.2) but have concentrations of ALO^ that are too high 
(12.5-15.8 wt.%)Tor tha rocks to be classified as lamproites. Concentrations of MgO vary 
from 4.0-9.6 wt.% and SiO^^from 50.3-56.8 wt.%. The Two Buttes minettes are enriched in 
light rare-earth elements (1!REE) relative to heavy rare-earth elements (HREE; 
Ce/Yb^=11-19) and are enriched in large ion lithophile elements (LIL) relative to LREE’s 
(Ba/La^ =1-2). Chondrite-normalised incompatible element diagrams show troughs at Nb and 
Ta reStive to LREE’s (La/Nb =3-4) and LIL’s. In terms of whole-rock geochemistry, the 
Two Buttes minettes are simllSr to those in the Navajo Province which lies 200km to the 
west of the Rio Grande rift axis. The minettes at Two Buttes have lower Ce/Yb ratios 
than the minettes from the Navajo Province (Ce/Yb =36-79) and have higher concentrations 
of HREE’s for a given MgO content. We suggest that this variation in Ce/Yb^ ratios is due 
to partial melting, I.e. the minettes at Two Buttes represent a greater degree^of partial 
melting of a garnet bearing mantle th^fhose in the Navajo province. 

®"sr/8®Sr ratios for the Two Buttes minettes range from 0.707512 to 0.70842. These 
are higher than those observed fram other western USA ultrapotassics, such as the Leucite 
Hills and Smoky Butte. ^Nd/^^^Nd Isotope r^os ra^e from 0.512321 to 0.512392 and 
show a negative correlation with Sr-isotopes. ^"^Nd/'^Nd ratios shovv^ 
g^rre^'on with MgO, i.e. the most evolved minettes have the lowest '^Nd/‘^Nd ratios. 

Sr/ Sr ratios exhibit a corresponding negative correlation with MgO. We Inte^ret this 
In terms of AFC style contamination. The minettes appear to have assimilated °^Sr-rlch 
crust during fractionation. The absence of mantle xenoliths within the Two Buttes 
minettes is consistent with them fractionating In upper-crustal magma chambers. On an Sr, 
Nd isotope plot the Two Buttes minettes, like the Navajo minettes, trend towards EM2 
(ZIndler & Hart, 1986). It has been suggested that an EM2 component Is typical of a 
circumcratonic lithospheric mantle domain, as opposed to the EMI cratonic domain 
(Menzies, 1989). However potassic rocks in and around the Rio Grande rift e.g. Spanish 
Peaks, Elkhead Mountains, appear to have either EMI or EM2 signatures. Implying that the 
domains are localised. EMI and EM2 reservoirs may contain a mixture of recycled subducted 
oceanic crust and sediments. The isotopic compositions of oceanic crust, with either 
pelagic sediments or terrigenous sediments, are thought to be responsible for the isotope 
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chemistry of EM1 and EM2 reservoirs, respectively (Chauvel & Hofmann, 1990). Relative 
depletions in Nb, Ta and Ti may: i) represent subduction related magmas or ii) result 
from the high crystal/liquid distribution coefficients of high-field-strength elements 
(HFSE) relative to LREE’s and UL’s. Meen & Ayers (1989) and Kelemen et al. (1990) 
calculated that basaltic magma ascending relatively slowly through lithospheric mantle 
and reacting with it will develop HFSE depletions. Inversions of REE concentrations of 
other similar hIgh-Mg K-rIch magmas from the western United States (McKenzie & O’NIons, 
in press) show that the magma sources are preferentially enriched, relative to chondrite, 
in the LREE (i.e. La to Sm) rather than the MREE to HREE (i.e. Eu to Lu). They suggest 
that the magmas were in equilibrium with an amphibole-bearing perldotite and that the 
enrichment of the source regions was associated with subduction. During extension, 
enriched mantle regions bearing amphibole would be the first to melt. Unlike the Navajo 
Province, Two Buttes Is situated 300km east of the projected limit of the zone effected 
by Mesozoic and early-Cenozoic eastward subduction of the Farallon Plate (Grand, 1987). 
Any subduction component within the Two Buttes minettes would have to have been Inherited 
from the underlying accreted Proterozoic island arc-volcanics. 

0.702 0.703 0.704 0.705 0.706 0.707 0.708 0.709 0.710 

®^Sr/®®Sr 

Sr-Nd Isotope plot of hIgh-Mg ultrapotassic magmas in the Western United States. 
Sources of data are as follows: Elkhead Mountains, Leat et al., 1988; Leucite Hills and 
Smoky Butte, Fraser, 1987; Navajo, Alibert et al., 1986 and our unpublished data; Spanish 
Peaks and Two Buttes, our unpublished data. 
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INDICATOR MINERALS FROM PRAIRIE CREEK AND TWIN KNOBS LAMPROITES: 

RELATION TO DIAMOND GRADE. 

W. L. Griffin^^^; S.Y. O’Reill/^^; C.G. Ryan^^^ andMA. Waldman^^K 

(1) CSIRODiv. of Exploration Geoscience, Box 136, N. Ryde, NSW 2113, Australia; (2) School of 

Earth Sciences, Macquarie University, Sydney 2009, Australia; (3) Waldman Consulting, 6900 W. 

Quincy Ave., Littleton, CO 80123, USA. 

Prairie Creek (PC) and Twin Knobs #1 (TKl) are Late Cretaceous diatremes of olivine 
lamproite in the Murfreesboro field, Arkansas, and are separated by ca. 1 km. Prairie Creek 
has a historical grade of 13 carats/ 1(X) tonnes, whereas TKl has a grade of <1 carat/100 tonnes 
(Waldman et al., 1987). We have used the proton microprobe to obtain rapid, non-destructive 
trace-element analyses of macrocryst (>0.5 mm) garnet, chromite and ilmenite in heavy-mineral 
concentrates from PC and TKl. The aim is to test the usefulness of such analyses in evaluation 
of diamond exploration targets, and to explain the difference in grade of these adjacent 
diatremes. 

Garnets: Garnet concentrates from PC and TKl show similar ranges of Ca and Cr, and 
both contain ca. 10% of mildly subcalcic "GIO" pyropes (Fig. 1). PC contains a higher 
proportion of relatively low-Cr, high-Ca garnets. Both diatremes contain a population of 
relatively Zr-rich (>50 ppm Zr) garnets with Zr/Y ~5 (Fig. 2), high Ti02 (0.6-1%) and a strong 
Zr-Ti correlation. In PC this group has low Cr contents, whereas the high-Zr garnets in TKl 
have >7% Cr203. Temperature has been estimated for each grain using the Nickel 
Thermometer of Griffin et al. (1989a). The garnet concentrates show markedly different 
temperature distributions (Fig. 3). The main population at PC lies in the range 850-1050 °C, 
with another peak at T>1250°C representing the highest-Cr grains. The main populations at 
TKl lie from 700-900 °C and 1200-1500°C. On a cratonic geotherm, the diamond stability field 
extends from ca. 950°C (the intersection of the geotherm with the diamond-graphite curve) to 
ca. 1250°C (ca. 200 km, the probable base of the lithosphere). About 1/3 of the PC garnets, 
and 1/5 of the TKl garnets, lie in this "diamond window". Temperature estimates for the 
"GIO" garnets at both TKl and PC show that the lower-Cr GIO grains are derived from the 
graphite stability field, while the high-Cr ones have unusually high temperatures. Similar high¬ 
er, high-T garnets are found at Sloan, where they have been described as high-Cr megacrysts 
(Eggler et al., 1979). The high-Zr,Ti garnets are interpreted as the result of interaction between 
magma and mantle wall rock, by analogy with the garnets of sheared garnet peridotite xenoliths 
(Griffin et al., 1989b; Smith et al., 1991). Most high-Cr garnets in TKl have suffered such 
melt metasomatism, while most high-Cr garnets in PC are still depleted (<50 ppm Zr). 

Chromites: PC and TKl contain similar chromite macrocrysts; both show two 
populations (Fig. 4). The main population in both contains 30-55% Cr203 and >1000 ppm 
Ni; it is similar to the main population in lamproites worldwide. The other population contains 
50->60% Cr203, 10-15% MgO, < 0.5% Ti02, and <600 ppm Ni. The high-Ni population 
shows a trend to high Ti (>5% Ti02) at low Al and high Cr. It essentially follows Mitchell's 
(1987) "Trend 2", and is interpreted as magmatic; it may have crystallized from the (proto- 
)lamproite magma. 

i 
1 

The low-Ni population is similar in all respects to spinels from garnet Iherzolite 
xenoliths from kimberlites in South Africa and Siberia. These grains have Zn contents from 
800-1700 ppm, negatively correlated with Ni. This implies equilibration temperatures of ca. 
700-900 °C (Griffin et al., 1991), and indicates that these spinels, despite their high Cr# and 
Mg# and low Ti, are derived from the graphite stability field. Neither of the diatremes contains 
spinels equivalent to the main population in Group 1 kimberlites, which is derived largely from 
harzburgites and dunites (Griffin et al., 1991). 

Ilmenites: PC contains few picroilmenites, whereas they are abundant at TKl. The 
ilmenites from TKl show a large range in MgO (9%-15%) and Cr203 (0.2-4.5%) and a very 
well-defined parabolic relation between Mg and Cr (Waldman et al., 1987). They also define 
smooth continuous curves on plots of Ni, Cr, Mg and Zr against Nb (Fig. 5). All of these 
features are consistent with extended fractional crystallization of a single batch of magma; 
similar patterns are seen in many kimberlites (Moore et al, 1991; Griffin et al, unpubl.). Many 
of the ilmenites at PC are low-Nb, Ni, Zr types of probable crustal derivation. However, 
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several grains fall near the trends defined by the TKl ilmenites, and are probably derived from a 
similar, magma. The unusually high Cr content of the ilmenites suggests a a relationship to the 
high-Cr garnet population. 

Discussion: The garnet concentrate from TKl contains a larger proportion of 
material from the graphite stability field than that from PC; it also contains a higher proportion 
of high-T, probably magmatic, garnets. The volume of mantle sampled by TKl appears to 
have been more affected by melt metasomatism than that sampled by PC. Both of these factors 
are consistent with the lower diamond grade in TKl. The spinels in both diatremes consist of a 
magmatic population common to lamproites worldwide, and a smaller xenocryst population. 
The xenocrysts are all probably deriv^ from Iherzolites in the graphite stability field. Neither 
pipe has sampled typical depleted mantle in the diamond stability field; this may be related to the 
relatively low grade of both pipes. The ilmenites are all high-Mg types, of the type usually 
regarded as "good" indicators. However, the trace elements show that they represent an 
extended fractionation sequence, which may have allowed time for extensive metasomatism of 
the mantle wall rocks adjacent to the magma chamber. This study demonstrates the usefulness 
of trace-element data, especially on garnets, in evaluating the diamond potential of exploration 
targets. Whereas the major-element data on the garnets suggest similar potential for PC and 
TKl, the trace-element data clearly identify PC as the more attractive target. In addition, data 
on both garnets and spinels, when compared with our larger database, are consistent with a 
relatively low grade for PC. 

Griffin, W.L., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, G.F. 1989a. Contrib. 
Mineral. Petrol. 103, 199-202. 

Griffin, W.L., Smith, D., Boyd, F.R., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, 
G.F. 1989b. Geochim. Cosmochim. Acta 53, 561-567. 

Eggler, D.H., McCallum, M.E. and Smith, C.B. 1979. in Boyd, F.R. and Meyer, H.O.A. 
(eds.) The Mantle Sample: Inclusions in Kimberlites and Other Volcanics. AGU, 
Washington D.C., pp. 213-226. 

Mitchell, R.H. 1987. Kimberlites: Mineralogy, Geochemistry and Petrology. Plenum 
Press, New York, 442 pp. 

Moore, R.O., Griffin, W.L., Gurney, J.J., Ryan, C.G., Cousens, D.R., Sie, S.H. and Suter, 
G.F., 1991. Contrib. Mineral. Petrol., in press. 

Smith, D., Griffin, W.L., Ryan, C.G and Sie, S.H. 1991. Contrib. Mineral. Petrol., in press. 
Waldman, M.A., McCandless, T.E. and Dummett, H.T., 1987. Geol. Soc. America Spec. 

Paper 215, 205-216. 

HIAF Proton Microprobe 

Fig. 1. Ca-Cr relations in garnets. Squares, PC; circles, TLKl. 
Fig. 2. Zr-Y relations in garnets. Symbols as in Fig. 1. 



Extended Abstracts 141 

HIAT Proton Microprobe 

600 800 1000 1200 1400 1600 

T(Ni) 

HIAF Proton Microprobe 
15i---r 

1000 1200 

T(Ni) 

1600 

HIAT Proton Microprobe 

HIAT Proton Microprobe 

Fig. 3 (top). Tni histograms for PC and TKl. 
Fig. 4 (middle). Cr-Ni and Zn-Ni relations in chromite macrocrysts. Symbols as in Fig.l. 
Fig. 5 (bottom). Nb-Zr and Nb-Ni relations in ilmenites. Symbols as in Fig. 1. 



142 Fifth International Kimberlite Conference 

CHROMITE MACROCRYSTS IN KIMBERLITES AND LAMPROITES: 

GEOCHEMISTRY AND ORIGIN. 

W.L. Griffin C.G. Ryan Guniey^^\' N.V. Sobolev^^^ and T.T. Win^^K 

(1) CSIRO Div. of Exploration Geoscience, Box 136, N. Ryde 2113, Australia; (2) Dept, of Geochemistry, 

Univ. Of Cape Town, Rondebosch 7700, Sout Africa; (3) Inst, of Geology & Geophysics, USSR 

Academy of Sciences, Novosibirsk, USSR. 

Introduction: Macrocrysts of chrome-spinel (CMs; 0.2-2mm, anhedral to euhedral) 
are common in many kimberlites and lamproites, and are important as indicator minerals 
during diamond exploration. However, the use of chromites in exploration is usually 
based on major-element criteria which may be ambiguous. Analysis of trace elements by 
proton microprobe can add another level of discrimination, and a program to this effect is 
in progress at the CSIRO. Here we discuss major- and trace-element data on >1000 
chromites from kimberlites and lamproites worldwide, on >170 diamond-inclusion (DI) 
chromites from South Africa and Siberia, and on >70 garnet-chromite pairs from 
xenoliths and concentrates. Data for various elements are combined in Figure 1. 

Data: CMs from kimberlites show limited ranges in Cr203 (45-65%) and A1203 (2%- 
12%; Cr# [Cr/(Cr-i-Al)] ranges from 0.7 to 0.95. Lamproite CMs show a much greater 
range to lower Cr and higher Al, with Cr# down to 0.2; there is little overlap in A1203 
between kimberlite and lamproite CM populations. Mg# [Mg/(Mg+Fe)] ranges mainly 
from 0.4 to 0.7. CMs from Group 2 kimberlites extend to lower Mg# than those from 
Group 1 kimberlites, and lamproites contain significant numbers of high-Mg#, low-Cr# 
spinels. In general there is no correlation between Mg# and Cr#; the low-Cr "tail" in 
Fig. 1 is defined by a small proportion (<10%) of the sample. 

More than 1/3 of the analyzed CMs contain >1% Ti02, and many, especially in 
Group 2 kimberlites, contain 2-4%. Ti typically shows a broad negative correlation with 
Al and Mg#, and a weak positive correlation with Cr#, expecially in lamproites. In 
general, therefore, chromite macrocrysts from kimberlites and lamproites follow the first 
part of Mitchell's (1987) "Trend 2", rather than the "AMC trend". Ni contents of CMs 
range from 300-2000 ppm; they show no correlation with Mg# or MgO, but are broadly 
anticorrelated with Cr. The highest Ni values are found in the low-Cr CM populations in 
lamproites. Group 2 kimberlites contain two major populations of CMs with Ni contents 
of ca. 400-700 ppm and 900-1200 ppm, respectively; Group 1 kimberlites have one 
major population with ca. 600-900 ppm. Zn contents of CMs in kimberlites are mainly 
in the range 400-900 ppm, with a few higher values. Lamproites, and some Siberian 
kimberlites, contain many CMs with Zn >1000 ppm; the high-Ni population in 
lamproites contains 200-500 ppm Zn and shows a negative correlation between Zn and 
Ni. Ga contents of CMs range from <2-100 ppm, and show a broad positive correlation 
with Ni. 

y' 
DI chromites show narrow ranges of Cr# and Mg#, and for most trace elements 

as well. Siberian DI chromites show significantly lower Mg# and MgO, and higher Zn, 
than those from South Africa. Ti and Ga contents of DI chromites are typically low , but 
even lower values of Ga are found in CMs from kimberlites. 

Harzburgite chromites typically lie in a very narrow range of Cr# and Mg#, while 
Iherzolite spinels show a wider range of Cr# and a rough negative correlation between 
Cr# and Mg#. Only four xenolith spinels, all from Iherzolites, contain >10(X) ppm Ni. 
10% of the analyzed xenolith spinels, divided equally between harzburgites and 
Iherzolites, contain >1% Ti02. In general, Iherzolite spinels contain less Ni, more Ga 
and more Zn than harzburgite spinels. The Nickel Thermometer (Griffin et al., 1989) 
allows calculation of a temperature for each garnet-chromite pair. Fig. 2 shows a good 
correlation between 1/T and the Zn content of the xenolith spinels, and probably reflects 
partitioning between chromite and olivine. The correlation between Ni and 1/T is not as 
good, which suggests bulk-composition effects on the partitioning of Ni. 

Discussion: 
(11 Origin of macrocrvst chromites: Comparison of the CM populations with the 

data on xenolith spinels provides clues to the origin of chromite macrocrysts. The low-Ti 
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CMs in Group 1 kimberlites appear to be true xenocrysts, derived mainly from 
harzburgites. Very low-Ga CMs from these kimberlites may be derived from as garnet- 
free chromite harzburgites and dunites. Group 2 kimberlites contain two major 
populations, one of which is equivalent to the xenolith spinels. The minimum Zn 
content of this population is higher than the equivalent in Group 1 kimberlites, indicating 
a lower maximum temperature. The other population in Group 2 kimberlites is 
essentially identical to Mitchell's (1987) "Trend 2", and is considered to be magmatic 
(phenocrystal) in origin. CM concentrates from some Group 2 kimberlites are dominated 
by this magmatic population. CMs intermediate between the two major populations in 
Group 2 kimberlites may reflect reaction of xenocryst spinels with (proto-?)kimberlite 
magma; this may also be the origin of high-Ti CMs in Group 1 kimberlites. CM 
concentrates from lamproites typically contain relatively few xenocrystal spinels, and 
many of these are low-T Iherzolite chromites. The major CM population in many 
lamproites has high Ti, Ni, Cr and lower Mg#. It also follows Trend 2, but at higher 
Mg#, MgO and Ni, and lower Zn, than the corresponding population in Group 2 
kimberlites. It is interpreted as a magmatic population, reflecting a higher temperature of 
crystallization. 

(21 Mantle stratigraphy and origin of host rocks: The general separation of the 
xenolith spinels with harzburgites at high T and Iherzolites at lower T (Fig. 2) might 
reflect a general stratification of the cratonic lithosphere. Alternatively, it may reflect a 
general lack of spinel-bearing Iherzolites at greater depth. The distribution of Tni in 
garnet concentrates from kimberlites strongly suggests that Iherzolites and harzburgites 
are interleaved in the deeper parts of the lithosphere, and that Iherzolites are 
volumetrically dominant. 

The Mg and Zn distributions in their respective xenocryst populations suggest 
that Group 1 kimberlites have sampled the mantle from greater depths, on average, than 
Group 2 lamberlites. This is consistent with derivation of Group 1 kimberlites from the 
asthenosphere and Group 2 mainly from the lithosphere. Sr-Nd data suggest that both 
Group 2 kimberlites and lamproites are derived from enriched lithosphere; the differences 
in their magmatic CM populations suggest that the major difference between the two rock 
types is the higher temperature of lamproitic magmas. 

O') Implications for Exploration: The use of "diamond inclusion" compositions 
to evaluate exploration targets may be misleading, since MgO contents, in particular, will 
be affected by cooling following diamond fonnation. Also, many high-grade Group 2 
kimberlites are dominated by the magmatic CM population, which should be recognized 
as a positive indication although it has lower Mg# and Cr# than DI chromites. The low-P 
limit of the diamond stability field corresponds to ca. 950°C on a cratonic geotherm; 
reference to Fig. 2 shows that only chromites with <ca.700 ppm Zn, and >ca. 600 ppm 
Ni, are likely to be derived from the diamond stability field. The Ga content of chromites 
appears to correlate broadly with degree of depletion; DI spinels and harzburgite spinels 
typically contain <30 ppm Ga. The proportion of chromites with low Zn and Ga, and 
high Ni, in a concentrate may serve as a rough guide to the diamond potential of an 
exploration target. 

Griffin, W.L., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, G.F. 1989. Contrib. 
Mineral. Petrol. 103, 199-202. 

Mitchell, R.H. 1987. Kimberlites: Mineralogy, Geochemistry and Petrology. Plenum 
Press, New York, 442 pp. 

FIGURES (next page) 

Fig. 1 a-e. Interelement relations in chromite macrocrysts from Group 1 and 2 
kimberlites (Southern Africa) and lamproites (Australia, China, USA), compared 
with data from diamond-inclusion chromites and chromite-garnet peridotites. 

Fig. 2 (lower right). Zn and Ni contents of chromites, plotted against 1/T as determined 
by nickel thermometry on coexisting chrome-pyrope garnets. 
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TRACE ELEMENTS IN GARNETS FROM TANZANIAN KIMBERLITES: RELATION 

TO DIAMOND CONTENT AND TECTONIC SETTING. 

W.L. C.G. Ryan^^h S.Y. OReilly^^^; P.H. Nixon^^^ and T.T. Win^^K 

(1) CSIRO Div. of Exploration Geoscience, Box 136, N. Ryde, NSW 2113, Australia; (2) School of Earth Sciences, 

Macquarie University, Sydney 2009, Australia; (3) Dept, of Earth Sciences, Univ. of Leeds, Leeds LS2 9JT, U.K 

Introduction: The Tanzanian craton contains >400 known kimberlite occurrences, divided 
geographically into an Eastern and a Western zone (Nixon & Condliffe, 1989). The Western 
Zone includes both diamondiferous^pipes (including Mwadui) and barren ones. The kimberlites 
of the Eastern Zone, closer to the craton margin, apparently are all barren. Tanzania is therefore 
a good example of an area with abundant targets for exploration, in which rapid evaluation and 
ranking of targets is important in limiting the cost of exploration and testing. The major-element 
composition of concentrate garnets commonly plays an important role in such evaluation, but 
involves several levels of ambiguity. For example, subcalcic ("GIO") pyropes are known from 
many barren deposits (Kuruman province; Sekameng), while some economic deposits (e.g 
Argyle) contain few if any subcalcic pyropes. 

In this work we have used trace-element data, obtained by proton microprobe, to add 
another level of discrimination to the use of garnets in target evaluation. The Ni content of 
garnet is strongly temperature-dependent (Griffin et al., 1989a), and this "Nickel Thermometer" 
provides key data for the more sophisticated interpretation of garnet concentrate data. In an area 
with a "cratonic" geotherm, the diamond stability field lies between ca. 950°C (the intersection 
of the geotherm with the diamond stability field) and ca. 1250°C (roughly the base of the 
lithosphere). The proportion of concentrate garnets within this "diamond window" is a measure 
of whether the kimberlite has sampled potentially diamond-bearing mantle. Other elements, 
such as Zr, Y, Ti and Ga, provide information on the degree of depletion, and on the nature and 
extent of metasomatic processes. 

Data: Cr-pyrope garnets are abundant in most pipes in the area. There is a similar range of Ca 
and Cr contents, and a similar abundance of moderately subcalcic garnets, in the kimberlites of 
both zones. In the Western Zone, subcalcic pyropes occur in both diamond-bearing and barren 
pipes (Nixon & Condliffe, 1989). Fig. 1 compares the distribution of nickel temperatures in 
pipes from the Eastern Zone (mainly Makibulei) with those from barren (mainly 80K6, 99K2) 
and diamond-bearing pipes (mainly Mwadui, Sultan) in the Western Zone. There is a clear 
difference between the barren and diamondiferous pipes in the Western Zone; the 
diamondiferous ones contain a significant proportion of garnets in the "diamond window", 
whereas these garnets are almost absent in the barren pipes. Both barren and diamondiferous 
pipes also contain a population of garnets with T>1250°C. The garnets from the Eastern Zone 
kimberlites show a major peak lying on the low-T side of the diamond window, as well as the 
high-T population seen in the Western Zone pipes. 

The high-T group in all three groups is similar in composition; Cr203 is 1-3%, Zr is 
mainly >50 ppm, Zr/Y is nearly constant at 4 (Fig. 2), and Ti02 is high (0.2-1%) and strongly 
correlated with Zr (Fig. 3). The garnets within the diamond window are mostly enriched, with 
20-50 ppm Zr, ZrA" = 2-4, and relatively high Y/Ga (Fig. 4). These values are typical of 
garnets from relatively fertile Iherzolites. Some garnets show high Zr without corresponding Ti 
enrichment, and are similar to garnets from phlogopite-bearing peridotites, which are inferred to 
have experienced hydrous metasomatism. 

The low-T garnets of the barren Western Zone kimberlites have generally low Zr (0-40 
ppm, aver. ca. 20 ppm); many of these also have low Y contents, and probably are derived 
from depleted Iherzolites. A separate population has high Y and Y/Ga, with Zr/Y <1. These 
are typical of many low-T,P garnets, and reflect the partitioning of Y into garnet, and Zr into 
cpx, with decreasing T (O'Reilly & Griffin, 1989). The low-T garnets of the Eastern Zone 
show a wide range of Zr contents. Most higher-Zr ones (Zr>50 ppm) also show Ti enrichment. 
The rest are either very depleted (low-Zr,Y) types, or those with high Y and low Zr/Y, as seen 
in the barren Western Zone pipes. 
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Discussion: The high-temperature garnet population in all the pipes is similar in composition 
to low-Cr megacryst garnets, and to the overgrowth rims on the garnets of sheared peridotite 
xenoliths in kimberlite (Griffin et al. 1989b). This is also consistent with their high 
temperatures of equilibration. This population, and other garnets with high and correlated 
values of Ti and Zr, are therefore interpreted as magmatic (megacrysts), and/or as peridotite 
garnets affected by melt metasomatism; these melts are inferred to be asthenosphere-derived 
(Smith et al., 1991). 

There is essentially no difference in degree of depletion between the Eastern Zone and 
the Western Zone, in the sense of one having a higher proportion of harzburgitic garnets. The 
G10 garnets in both the barren pipes of the Eastern Zbne and the diamond-bearing pipes of the 
western zone have relatively high Cr203 (5-10%), and mostly lie in the T range 900-1050°C. 

This places them on the low-T boundary of the diamond stability field, assuming a 40 mW/m^ 
geotherm, and shallower than similar garnets from the Kaapvaal craton. The GIO garnets in the 
barren Western Zone pipes contain 2-3% Cr203, and are all derived from the graphite stability 
field. 

Garnet concentrates from most South African diamondiferous pipes have median Zr and 
Y contents of 20-30 and 5-10 ppm, respectively. The barren pipes of both zones in Tanzania 
contain a high proportion of such depleted Iherzolite garnets. In contrast, the garnets from the 
diamondiferous pipes, including those in the "diamond window", are more fertile, with median 
Zr and Y ~ 50 ppm and 15 ppm, respectively. There is therefore no clear correlation between 
diamond grade and the fertility of the sampled mantle in these pipes. The data raise the 
interesting possibility that the deeper parts of the Tanzanian lithosphere are more fertile than the 
shallower parts, and that this fertility is due to interaction with asthenospheric magmas. A 
similar process may have affected the Kaapvaal craton, but to a lesser degree (Griffin et al., 
1991). 

The main difference between the diamond-bearing and barren pipes of the Western Zone 
is in the depth range sampled by the kimberlites. The barren ones have only sampled quite 
shallow mantle (70-100 km), whereas the diamond-bearing ones contain material derived from 
120-200 km deep. Assuming a cratonic geotherm, those in the Eastern Zone have sampled 
from 1(X)-130 km, and should include some material from the diamond stability field. 
However, the geotherm in this zone, nearer the craton margin, may be slightly higher than 

40mW/m2; this would move the intersection of the geotherm with the diamond-graphite stability 
field to greater depth, and place all of the low-T garnets from the Eastern Zone in the graphite 
stability field. 

Conclusions: At the moment, this study is based on a limited number of pipes, with 
relatively few garnets from several. However, the results clearly indicate that depth of sampling 
is the primary control on the diamond potential of kimberlites in the area. The results also 
demonstrate the usefulness of trace-element analysis of concentrate garnets as a rapid and cost- 
effective tool for the evaluation of diamond exploration targets. 

Griffin, W.L., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, G.F. 1989a. Contrib. 
Mineral. Petrol. 103, 199-202. 

Griffin, W.L., Smith, D., Boyd, F.R., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, 
G.F. 1989b. Geochim. Cosmochim. Acta 53, 561-567. 

Griffin, W.L., Gurney, J.J., Sobolev, N.V. and Ryan, C.G., 1991 (this vol.). 
Nixon, P.H. and Condliffe, E. 1989. in Kimberlites and Related Rocks, Vol. 1. Geol. Soc. 

Australia Spec. Publ. 14. pp. 407-416. 
O'Reilly, S.Y. and Griffin, W.L. 1989. Terra Abstracts 1,9-10. 
Smith, D., Griffin, W.L., Ryan, C.G and Sie, S.H. 1991. Contrib. Mineral. Petrol., in press. 

FIGURES (next page) 

Fig. 1 (left). Tni histograms for diamondiferous and barren pipes of the Western and Eastern 
Zones. 

Figs. 2 (top right) to 4 (bottom right). Zr-Ti-Y-Ga relations. Squares, W. Zone 
diamondiferous pipes; circles, W. Zone barren pipes; stars, E. Zone pipes. 
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ILMENITE AND SILICATE MEGACRYSTS FROM HAMILTON BRANCH: TRACE 

ELEMENT GEOCHEMISTRY AND FRACTIONAL CRYSTALLIZATION. 

W.L. Griffin^^^; C.G. Ryan^^^ ondDJ. Schulze^. 

(1) CSIRO Div. of Exploration Geoscience, Box 136, North Ryde, NSW 2113, Australia; (2) Dept, of Geology, 

Univ. of Toronto, Erindale College, Mississuagua, Ontario L5L1C6, Canada. 

Introduction: The Hamilton Branch kimberlite in eastern Kentucky contains a well- 
developed suite of ilmenite and silicate (cpx+opx+gnt) megacrysts. The ilmenites range in MgO 
from 15% to 9% and in Cr203 from 5% to 0.2%, describing a rough parabola in a Cr-Mg plot 
(Fig. l;Schulze, 1984). High-Cr, high-Mg ilmenites occur as inclusions in silicates, and 
lower-Cr, high-Mg ones in intergrowths with clinopyroxene; small silicate inclusions occur in 
low-Cr ilmenites with 12-14% MgO. No silicates are known to be associated with the ilmenites 
containing <12% MgO. This trend has been interpreted as the result of fractional crystallization; 
a continuous increase in Ca/(Ca+Mg) in clinopyroxene with decreasing Cr in silicates and 
ilmenite suggests that silicates and ilmenite crystallized together over a T range from ca. 1450- 
1200 °C. This study presents trace-element data, obtained by proton microprobe, on the 
ilmenites and associated clinopyroxene, and provides further information on the processes of 
fractional crystallization that have produced the ilmenite megacrysts. 

Data: Schulze (1984) showed that Cr in cpx decreases as Ca/(Ca+Mg) increases, i.e. with 
declining T, Our data show that Ni in cpx also decreases, and 7i increases, as Cr and Mg 
decrease; these trends are consistent with the fractional crystallization model. Sr in cpx 
decreases slightly, from 180-140 ppm, as Ni drops from 350-110 ppm, then drops to 80 ppm 
at 60 ppm Ni. This trend suggests that clinopyroxene was a major fractionating phase, and is 
consistent with its abundance in the megacryst assemblage. 

Nb in ilmenite ranges from 400-2600 ppm, and is positively correlated with Zr (250-900 
ppm) (Fig. 2). Nb shows a strong negative correlation with Mg in ilmenite (Fig. 3), while the 
Mg content of the ilmenites is positively correlated with Mg in coexisting silicates. Nb and Zr 
appear to have behaved as incompatible elements, during the entire crystallization process, and 
the Nb content of the ilmenites is therefore taken as an index of fractionation. 

Most of the increase in the Nb content of ilmenite takes place after MgO has declined 
below 12%, i.e. after the point where coexisting silicates have not been recognized. The Cr and 
Ni contents of ilmenites decrease as Nb rises; Cr drops to its minimum value at a lower Nb 
content than does Ni (Figs. 4,5). The smooth covariation of Mg and Ni against Nb is 
interupted by a major spike at ca. 1000 ppm Nb; Ni rises from 200-950 ppm, and MgO from 
12.5-15%, at essentially constant Nb and Zr. Another possible spike is represented by 2 points 
near 2000 ppm Nb. 

A1203 in ilmenite decreases steadily (from >1% to 0.25%) as Nb increases. Ga 
contents of ilmenites show a weak and irregular increase from ca. 12 ppm to ca. 20 ppm with 
increasing Nb. Zn contents also rise, from ca. 100-120 ppm, following the end of silicate 
crystallization, then fall slowly again. Nb/Ta varies irregularly at first, then rises from 6 to 8 as 
Nb increases from 10(X)-2600 ppm. 

Discussion: The smooth covariance of Ni, Zr etc. against Nb is typical of ilmenite megacryst 
suites from kimberlites and some lamproites, worldwide (Moore et al., 1991; Griffin and Ryan, 
unpubl.). These smooth variations are generally consistent with the fractional crystallization of 
a single batch of magma. At Hamilton Branch, most of the rise in the Nb and Zr contents of 
ilmenite takes place after mafic silicates apparently stopped crystallizing; this corresponds to the 
late stages of crystallization, at T<1200°C. Simple calcilations, treating Nb and Zr as perfectly 
incompatible elements, show that >60% of the liquid crystallized between the beginning of 
ilmenite precipitation and the end of cpx crystallization. Half of the remainder crystallized to 
produce the lowest-Mg, highest-Nb ilmenites. Since Nb and Zr were obviously not completely 
incompatible, these are minimum estimates of the degree of crystallization, and any pre-ilmenite 
crystallization of mafic silicates would raise these estimates. The rise in Nb/Ta of the ilmenites 
at high Nb is further evidence of extreme fractional crystallization. 

The major spike in the Ni-Nb and Mg-Nb curves (Figs. 2-4) is interpreted as the result 
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of mixing between the main batch of magma and a similar, less-fractionated magma. This 
would have the most severe effects on the strongly depleted, compatible elements, but less on 
Nb and Zr. Similar magma-mixing episodes earlier in the sequence may have contributed to the 

scatter in the high-Mg limb of the Mg-Cr plot (Fig. 1); these would be difficult to recognize 
without the enrichment of Nb and Zr as benchmarks. 

Schulze (1984) argued that other phases (olivine, phlogopite and/or carbonate) must 
have crystallized together with ilmenite in the late stages of fractionation, to prevent the magma 
from being enriched in Mg. However, the relatively gradual drop in Ni, and the fact that the Ni 
content of ilmenite does not drop below 100 ppm, suggest that olivine was not a coprecipitating 
phase. However, the fact that Ni appears to remain constant as Nb increases from 1000 to 
>2000 ppm argues for the crystallization of a Ni-bearing phase, perhaps sulfide. Cr is 
incompatible at this stage, rising from 0.2 to 0.4% (Fig. 1). The slow drop in A1 during the 
fractionation may reflect the precipitation of phlogopite, but the rise in Ga during the late 
fractionation would appear to contradict this. The ilmenites from the Twin Knobs lamproite 
(Griffin et al, 1991) are quite similar to those from Hamilton Branch, but show a rise in Ni and 
Cr equivalent to the rise in Nb late in the fractionation, consistent with the absence of any mafic 
silicates in the cumulate assemblage. 

The high Nb and Zr contents of the ilmenites, compared to the Nb and Zr contents of 
known magmatic rocks, suggest that ilmenite/magma Kp values for these elements are »1. 
The apparently continuous rise in Nb and Zr during fractionation, despite the high Nb and Zr 
contents of ilmenite, therefore implies that ilmenite was never more than a minor phase in the 
cumulate assemblage. If olivine and phlogopite are ruled out as late cumulate phases, then 
carbonate may be required to buffer the Mg content of the liquid, as suggested by Schulze 
(1984). 

The low-Mg, moderate-Cr ilmenites that define the low-Mg arm of the "parabola" in 
Fig. 1 may not be related to the main ilmenite assemblage. Both analyzed grains lie off the main 
Nb-Ni curve, and one has lower Zr than the main trend. While they appear on Fig. 1 to 
represent the latest stages of fractionation, they do not have the highest Nb contents. There is 
therefore no clear evidence that they represent a continuation of the main fractionation trend. 
However, their high Nb and Zr contents show that they are late-stage ilmenites, and they may 
be from a related but separate batch of cumulates, sampled by the ascending kimberlite. 

Griffin, W.L., O’Reilly, S.Y., Ryan, C.G. and Waldman, M.A., 1991 (this vol). 
Moore, R.O., Griffin, W.L., Gurney, J.J., Ryan, C.G., Cousens, D.R., Sie, S.H. and Suter, 

G.F., 1991. Contrib. Mineral. Petrol., in press. 
Schulze, D.J., 1984. in Kornprobst, J. (ed.) Kimberlites II: the Mantle and Crust-Mantle 

Relationships. Elsevier, Amsterdam, pp. 97-108. 
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Fig. 1. Mg-Cr in Hamilton Branch ilmenites. 
Triangles: tiny ilmenites in silicate megacrysts; 
crosses, cpx-ilm intergrowths; open circles, 
ilmenites with silicate inclusions; dots, 
monomineralic ilmenites. 

Zr (ppm) 

Fig. 2. Nb-Zr relations in ilmenites 

Fig. 4. Nb-Cr relations in ilmenites 

Fig. 3. Nb-MgO relations in ilmenites 

Fig. 5. Nb-Ni relations in ilmenites 
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GENESIS OF DIAMOND PLACERS ON THE GUIANA SHIELD, SOUTH AMERICA 

Grubb, ^^^Mark D. and McCallum, 

(1) P.O. Box 725, Tehachapi, CA 93581; (2) Dept. Earth Resources, Colorado State Univ., Fort Collins, CO 80523. 

Detailed geological and geomorphological field investigations in the 
Issineru-Enachu mining district of Guyana were combined with analyses of 
the sedimentary sequence in the Guiana Basin and regional scale geomorphic 
analyses of the Guiana Shield to form a coherent placer genesis model for 
the region. Placer deposits are the result of interactions between three 
parameters: 1) source rock, 2) regional geologic setting, and 3) regional 
and local geomorphic evolution. 

The principal source for diamond on the Guiana Shield is inferred to 
be fluvial deposits of the Proterozoic Roraima Group (Fig. 1). Although 
no diamonds have been found in these rocks, the spatial coincidence of 
diamonds and the Roraima Group offers strong evidence that this is their 
major source on the Shield. The Roraima Group is coirposed dominantly of 
orthoquartzite, quairtz arenite, quartzose and polymictic conglomerate, and 
arkosic arenite. The depositional environment of these sediments is 
interpreted to be a series of coalescing wet-type alluvial fans that 
accumulated to more than 3000 m thick. Structural, sedimentological, and 
paleocurrent data suggest that the present northeastern escarpment of the 
Roraima Group closely approximates the Roraima sedimentary basin margin. 
Fan-head depositional sites of this type are well documented as sites of 
placer enrichment (Schumm, 1977; Minter, 1978). 

The geomorphic mechanisms responsible for placer formation of 
diamonds on the Guiana Shield are eluvial concentration due to humid 
tropical climate weathering and fluvial transportation coupled with 
sorting and concentration in a semiarid climate. The latter mechanism is 
enhanced by two factors: 1) multiple rapid shifts between humid tropical 
rain-forest conditions and semiarid savannah type conditions that have 
been documented for at least the Pliocene to the Holocene and 2) low 
amplitude episodic epeirogenic uplift of the Guiana Shield (Table 1). 
Extensive sedimentological, palynological, geochronologic, and 
geomorphological evidence support the model (Pflug, 1969; Damuth and 
Fairbridge, 1970; Van der Haramen, 1972). 

Fluvial system instability resulting from either climate change or 
uplift topically leads to a ccmplex response, and, in the Guiana Shield 
region, this is reflected evidence of repeated aggradation and incision 
of alluvial valleys as the system continually readjusted toward 
equilibrium. Such oscillations result in the repeated reworking of 
alluvium that is a requisite to placer formation (Schumm, 1977; Lairpietti 
and Sutherland, 1978). The modem fluvial system on the Guiana Shield is 
entrenched into a stripped etchplain that is thinly veneered by regolith 
and alluvial sediments (Fig. 2). Consequently, location and grade of 
placer deposits are controlled mainly by bedrock structural fabric, a 
situation that is highly conducive to placer concentration. 

Ehanerozoic age low anplitude episodic uplift is evidenced by six 
major regional planation surfaces cut into the Shield. Crustal flexure of 
the trailing edge continental margin created profound bedrock nickpoints 
in trunk streams draining into the Atlantic Ocean and has isolated the 
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upland fluvial systems from sea level fluctuations associated with 
glacial-interglacial cycles (Fig. 2). This isolation prevented wholesale 
stripping and transportation of alluvium from the uplands and allowed 
repeated reworking of pre-existing and newly created sediments into high 
grade placers. The 1:1 ratio of gem to industrial diamonds recovered in 
much of Guyana reflects extensive reworking of the placer diamonds and 
contrasts strongly with the lower ratios associated with primary diamond 
sources such as kimberlite pipes. 

Uplift of the Guiana Shield combined with episodic climatic shifts 
has resulted in the development of two widespread Pleistocene age terraces 
underlain by braided river alluvial deposits and a deep, Holocene age, 
gravel-rich valley fill in the Issineru-Enachu mining district. Placer 
grade and diamond quality increase in progressively younger terraces and 
ultimately in the valley fill. The valley fill underlying the modem 
fluvial system has undergone a minimum of four dramatic erosion- 
sedimentation cycles, resulting in a gem to industrial diamond ratio of 
greater than 2:1. 

Reconnaissance sampling indicates that more than 100 million cubic 
yarids of ore gravel occurs in the valley fill within the mining district, 
assuming an ore horizon of 1 m. This estimate includes well developed 
point bars associated with the trunk stream in the district, the Mazaruni 
river. Overburden beneath the flooc^lain of the Mazaruni River is 
inferred from seismic refraction mecisurements to be from 7 m to more than 
18 m thick. 

(1974). 
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Table 1. Pliocene to Holocene geologic and geomorphlc history of 
northern Guyana proposed as a model for the Guiana 
Shield. 

AUE 

SEOIMENIAR 

GUIANA BASIN 

y oEPosiis 

GUIANA SHIELD 

-GCOHonmnrsunn^uE- 
ON THE GUIANA SHIELD 

(elevation, m above mean sea level) 
INFERRED PALEOCLIMATE 

MOLOCEME (0) (0) HUMID TROPICAL 

Mazarunl 

(B) (B) 
(70 - 90) 

6EMIARI0 

PLEISTOCENE 

(C) (C) HUMID tropical 

PLIOCENE 
(M) (H) Llanos 

8EMIARI0 

(100 - 170) 

(D) OEMERARA ALLOFORHATION. Well sorted coarse to 
fine sand and clay. 

(B) BERBICE ALLOFORMATION. Coarse to fine, angular, 
poorly sorted sand that locally contains gravel at»d 
Is locally arkoslc. Includes a carbonate reef 
allomember. 

(C) COROPINA ALLOFORMATION. Silty loaei, clay and 

pyrite bearing peat. 

(M) MACKENZIE ALLOFORMATION. Coarae to fine angular, 
poorly sorted, sand that locally coantlana gravel 
and la locally arkoslc. 

Figure 2. Map of Northern Guyana Illustrating the bedrock nick- 
points and the approximate hingellne of crustal flexure 
as Indicated by the trace of basement outcrop. 
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IR SPECTROSCOPIC CHARACTERS OF GARNETS AND SPINELS - A POTENTIAL 

DISCRIMINATIVE TOOL FOR DIAMOND EXPLORATION. 

Like Guo; Wuyi Wang;Alian Wang and Andi Zhang. 

Institute of Mineral Deposits, CAGS, Beijing 100037, China. 

Garnet and chromite are two important indicator minerals for diamond exploration. Most reported 
studies were focused on their compositional characters (1, 2, 3, 4, 5, 6, 7, 8] over the years. Although the 
structural refinement analysis |9, 10, 11], and spectroscopic studies (12, 13, 14] of garnet and spinel 
have been done in detail, but there is no one using the structural characters of garnet and chromite to 

discriminate primary diamond sources so far. 
In recent years, the structure and spectroscopic features of above two minerals have been studied by 

the authors (15,16,17 for garnet and 18,19 for chromite]. It has been discovered that there are some pecu¬ 
liar garnets and chromites to diamondiferous kimberlitic rocks. An IR microanalysis method has been 
established [18]. In order to contrast the spectroscopic character with its chemical composition of these 
two minerals because the IR spectroscopic and compositional information could be obtained from the 
same grain. 

Fig. 1 IR spectra of Garnet(a) and chromite(b) 

Figure la is a typical IR spectrum of garnet. The frequency differences of band positions (V(--Vp) 
and / 2 are assigned factor group splitting and site group splitting respectively. These tw '' 
spectral characters are concerned with the substitution of ions Ap^, Cr^^ and Fe^^ in octahedron, ar / 

Mg^"^, Fe^^ and Ca^^ in dodecahedron. The X—V' diagram drawn by using factor group splitting 

(ordinate) and site group splitting (abscissa) shows that more than 15“/© garnets of each diamondifero js 
kimberlite body with site group splitting larger than 85cm“’ because they have subcalcium ir* 
dodecahedron and smaller factor group splitting because of their rich chromium contents in octahedron 

(Fig. 2a—d). However, in all non-diamondiferous rocks, there are'no garnet with the above characters 
(Fig. 2e-h). 

IR spectra of most chromites show two strong bands (Fig. lb). The shift of high—frequency band A 
is concerned with the distortion of octahedron which is mainly caused by the substitution of Al^^, Cr^^ 
and Fe'^ . Another X-Y diagram drawn by using the positions of band A (abscissa) and band B 

(ordinate) shows that most chromites from diamondiferous kimberlitic rocks are located at the range of 
635- 625cm~' for band A, and 505-495cm"* for band B (Fig. 3a-c,h), but those from barren rocks are 
normally located out of this range (Fig. 3d,e-g). 

Part of this work is supported by the Department of Geology, U.W.A. and CRA Exploration Pty 
Eimitcd. Many thanks to Prof. P.G. Harris, Dr. W.J.Chang, Prof. N.M.S. Rock and Dr. C.Smith. 
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Fig. 2 Factor group splitting vs size gruop splitting of garnet Diamondiferous 
kimberlites (a-Liaoning 50, b-Liaoning 42, 3-Shengli 1 and 4-Hongqi 1), Barren 

kimberlites' (e-Shangyu , f-Liuling),Basall (g-Kuandian), Barren lamproite 
(h-Jingshan) 

g 

590 610 630 ■ 650 ' 670 

Band A Band A 
Fig. 3 Relationship of IR band A vs band B of chromite Diamondiferous Kimberlites 

(a—Shengli 1, b—Liaoning 50, c— Koffiefontcin) and lamproite (h—Ellcndalc 4), 

Barren kimberlite (d-Rictfontein, c-Shexian), Related rocks (f-Anomaly 19 
N.S.W., g-Narracoota Acid volcanics,W.A.) 
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EMPLACEMENT AND IMPLICATIONS OF ULTRA-DEEP XENOLITHS AND 

DIAMONDS FROM THE TRANSITION ZONE. 

Haggerty, Stephen E. 

Dept of Geology, Univ. of Massachusets, Amherst, MA 01003 U.SA. 

The recognition of high-Si garnet inclusions in diamonds 
from Monastery (Moore and Gurney, 1985) and Jagersfontein 
(Tsai et al., 1985; Moore et al., 1991, in press) in South 
Africa, and from San Luiz in Brazil (Wilding et al., 1989), 
and of pyroxene exsolved from garnets in xenoliths from 
Jagersfontein (Haggerty and Sautter, 1990; Sautter et al., 
1991; Sautter and Haggerty, this volume), provides a basis 
for the evaluation of transport mechanisms and the timing of 
sample entrainment from the transition zone at depths between 
400 and 650 km. These ultra-deep samples have significant 
implications for petrochemical models of the upper mantle, 
diamond genesis and kimberlite evolution. 

There are at least three possible origins for the 
transition zone*; (1) it is isochemical with the upper 
mantle, but not the lower mantle, and represents a series of 
phase changes to higher deiisity polymorphs; (2) it is a 
primoidial interface that resulted from fractionation of the 
core and differentiation of the upper mantle from the lower 
mantle; or (3) it was created by the bouyancy-equivalent 
piling up of subducted oceanic slabs. In none of these cases 
is this zone likely to contain an abundance of heat-producing 
elements. Therefore, the only viable mechanism for the 
transport of ultra-deep xenoliths and diamonds from regions 
in the vicinity of the transition zone (>300 km) is by plume 
activation arising from instabilities in the D" layer at the 
core-mantle boundary. 

Kimberlites are becoming increasingly accepted as 
plume-driven melts from the upper mantle. These bodies have 
been geochemically linked to ocean island basalts and share 
the distinction with plateau basalts erupted at the onset of 
continental fragmentation, inasmuch as tectonism and melt 
generation are both plume-activated (Duncan and Richards, 
1991). Major plumes are invoked to account for flood basalts 
of the Karoo in southern Africa, and plume paths are 
documented by le Roex (1986 ). The most prominent plumes on 
the SE margin of the Kaapvaal Craton that were active at 
about the time (100 Ma) cf the Jagersf ontein kimberlite 
eruptions were the Shona, Bouve and Marion hot spots. We 
attach particular significance to the location of the 
Jagersfontein and Monastery kimberlite pipes at the edge of 
the craton with the association of ultra-deep xenoliths and 
excess-Si garnets in diamonds. It was at the edge of the 
ciraton that the plumes were most vigorous as attested to by 
the ensuing separation of Madagscar and Antarctica from 
southern Africa during the Mesozoic. If plumes are indeed 
generated in the D" layer at the core-mantle boundary (2900 
km) then mechanical transport of xenoliths from the region 
of the relatively shallow transition zone (400 km) would not 
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appear to be a significant obstacle. The thermal regime and 
the initial sizes of bodies entrained in the plume may, 
however, be critical to xenolith survival. Physical 

entrainment of mantle xenoliths is a new proposal. Plumes 
are most commonly considered to be only agents of heat 
transfer, but if melts are produced (e.g., Campbell et al,, 
1989) and relative viscosities are appropriate to solid media 
transport, xenolith entrainment is inevitable. Rising plumes 
on intersection with the transition zone are likely to 
mushroom because of thermal dissipation. It is critical to 
sampling of this horizon that temperatures range from 
liquidus to sub-liquidus, vertically and laterally, 
throughout the zone. Other barriers and horizons of 
interference are at the lithosphere-asthenosphere boundary 
(LAB), and at 75-100 km in the lithosphere in the region of 
the LILE and HFSE metasomes (LHM). It is either at the LAB 
or the LHM that garnet-bearing xenoliths equilibrated to form 
pyroxene lamellae from previously homogeneous high-Si 
garnets. (Sautter and Haggerty, this volume). 

Plumes do not appear to be affected on geological time 
scales by whole mantle convection (e.g., Olson et al., 1988), 
thus sustained thermal activity at and within the 
sub-cratonic lithosphere should be expected. While the 
volatile content of the transition zone remains unknown, 
indications from OIBs is that plumes are geochemically 
enriched. Even with subduction, the transition zone is 
unlikely to be a source of volatiles because of dehydration 
and progressive melt extraction of the down-going slab. 
Therefore, enrichment is very likely derived directly from 
the D" layer. We propose that this is the main source of 
volatiles for melt metasomatism of depleted lithosphere. 
Continued activity might result in extensive metasomatism at 
the base of the lithospheric keel or tectosphere until some 
critical threshold is reached in which plumes are transformed 
to what we now designate as flumes (wet hot spots) and 
kimberlites are injected. Primary transport of the 
ultra-deep samples was by plumes, and following equilibration 
(i.e., exsolution of pyroxene from garnet) by flumes. 

Some other possibly important implications for volatiles 
originating from the D" layer are: (1) a source of. C for 
micro-diamonds, and diamonds in some classes of eclogites; 
(2) the ubiquitous presence of sulfides as diamond 
inclusions; (3) erosion at the base of subcratonic 
lithospheric keel and penetration of dieimond-etching and 
diamond-dissolution fluids and melts; (4) a more rational, 
explanation for the sources of volatiles in LILE and HFSE 
metasomatizing melts and cube diamond overcoats at higher 
levels in the lithosphere; (5) a possibly exotic mechanism 
for carbon isotopic fractionation; and (6) a' more viable 
source for SiC, Fe, and magnesiowustite-ferropericlase 
inclusions in diamonds. Eclogitic diamonds are of diverse 
origin, and distinctions in diamond-entrapment ages between 
some eclogitic and ultramafic dicunonds may well be related 
to a global plume event at -1.5 Ga^ followed by particularly 
vigorous flume activity and kimberlite eruptions at -1.0 Ga, 
and again at 100 Ma. Kimberlite and lamproite eruptions in 
specific time frames on a global basis can now perhaps be 
best explained if the timing of eruptions is linked to the 
geometry of plume instabilities from the D" layer. 
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The link between and among basalts, OIBs, kimberlites, 

plumes and plate tectonics is enormously strengthened by the 

recognition of asthenospherically-derived diamonds and of 
xenoliths from the transition zone (TZ). If plumes are 

primarily responsible for diamond eruptives, an inevitable 
conclusion is that all such eruptives have a high probability 
of containing transition zone xenoliths (TZX); but this 
raises an interesting question on the apparent absence of 
eclogitic or TZX-based diamonds in off-craton kimberlites. 

One possibility is that off-craton intrusions have a greater 

opportunity for interaction with oxidizing asthenosphere 

(Haggerty, 1986): below cratons and in the continental keel 

model (e.g., Haggerty, 1986), the asthenospheric interval 

between the base of the keel and the TZ is of the order of 

200 km; in the tectosphere model (Jordan, 1975), the interval 

may be only kilometers thick or may not be present at all; 

whereas in off-craton regions the interval is about 400 km. 

Nonetheless, we propose that TZXs are widespread but that 

because of extensive equilibration, these xenoliths are more 

generally described as garnet harzburgite, garnet Iherzolite, 
garnet pyroxenite, and eclogite. If the transition zone is 

to be fully characterized, future studies should concentrate 
on developing techniques and establishing criteria to 

unequivocally distinguish between ultra-deep xenoliths and 

those derived from shallower horizons. 
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THE PHYSICAL CHARACTERISTICS AND SYNGENETIC INCLUSION GEOCHEMISTRY 

OF DIAMONDS FROM PIPE 50, LIAONING PROVINCE, PEOPLE’S REPUBLIC OF CHINA* 

Harris, Duncan, Zhang, Mia, andZhu, 

(1) Department of Geology and Applied Geology, University of Glasgow, Glasgow, G12, 8QQ, Scotland; 

(2) Sino-British Co-operation Brigade, Bureau of Geology and Mineral Resources, Pulandian, Liaoning Province, 

PRC; (3) No. 6 Geological Brigade of Liaoning Bureau of Geology and Mineral Resources, Pulandian, 

Liaoning Province, PRC. 

Introduction:- Pipe 50 is located in the Toudaogou area, near 
Fuxian. The kimberlite has an irregular rhomboidal outline, 
trends east-west with a surface length of 275m and width of 
55m, is believed to be of Devonian age (366 to 398Ma), and is 
intruded into Proterozoic sandstones, (Zhang et al 1989). In 
this study, the physical characteristics of 13,000 diamonds 
from this mine covering the whole production are presented, 
together with data on the nature and chemistry of the 
syngenetic inclusions, collected over a two-year period. 

Dieunond Characteristics:- Initial shape variations as a 
function of size, Harris et al (1975) are shown in Figure la. 
The proportion of primary diamond shapes is given in Figure 
lb, after reassignment of broken diamonds (irregulars) to 
their sub-shapes. Octahedra (70%) and macles (10%) dominate 

FIGURE la FIGURE lb 

the primary shapes, with about 5% each of cubes and 
aggregates, there being a small percentage of genuine 
irregulars. Figure lb also clearly shows that the proportions 
of these crystals are independent of diamond size. In 
addition, from diamond size -7+5 to the very smallest stones, 
there is a pronounced reversal in the proportion of 
dodecahedra, (the resorbed form of primary octahedra). This 
change is also accompanied by a steady and marked increse in 
the proportion of both sharp-edged octahedra, from 25% to 75% 
and triangular macles, from 15% to 60%. Octahedral faces of 
both morphologies consist of triangular growth platelets 
giving crystal edges a distinct striated appearance. 

With diamonds larger than -7+5, colour proportions are also 
largely independent of size, colourless (55%) and brown (30%) 
dominating over yellow (8%), the remaining few percent being 
grey-black or transparent green coated. In sizes smaller than 
-7+5, the steady increase in colourless stones at the expense 
of yellow and brown, is probably not real, but reflects the 
difficulty of determining true body colour in small diamonds. 
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Apart from the distinctive striated and terraced appearance of 
the smaller octahedra and macles, a noticeable surface feature 
on about 10% of dodecahedra are very shallow, irregular 
bounded, matt etched depressions, which may partially occur 
over an entire stone, or be confined to a few faces. This 
surface is considered to be incipient corrosion sculpture, a 
root zone diamond surface texture, (Robinson et al 1989). 
More rarely, dodecahedral surfaces exhibit imbrication, or 
non-alluvial scratch-like markings, the latter, having a very 
variable surface distribution. In the size range 0.5 to 
3.0mm, 45% of diamonds are plastically deformed, but this 
value falls to 20%, both for the smallest diamonds, where 
identification is difficult because crystals are sharp-edged 
and for large diamonds where numbers are small. Plastic 
deformation is expectedly high among brown diamonds of all 
sizes (70%), but at Pipe 50, relatively high levels of 
deformation among colourless (average 30%) and yellows 
(average 45%), are also recorded. 

Syngenetic Inclusions:- The diamond paragenesis at Pipe 50 is 
overwhelmingly peridotitic, only one eclogitic diamond being 
recovered during the examination period. Olivine and chromite 
dominate over all other minerals, but chrome diopside has an 
unusually high and equal occurrence with pyrope garnet, 
enstatite and sulphides. In all, 59 inclusions were recovered 
from 55 diamonds. Analysis of individual and co-existing 
inclusions indicate that the paragenesis is strongly 
Iherzolitic, with a very minor harzburgitic component. 
Olivines average Fo = 92.40 (n=20), enstatites, En = 93.00, 
(n=2), and chromites have average Cr203 contents of 65.16 wt%, 
(n=21). Only two of the 5 pyropes are harzburgitic, but the 
Iherzolitic ones have up to 13 wt% Cr203). Chrome-rich 
Iherzolitic clinopyroxenes (n=3), (approx. 1.50 wt% Cr203) co¬ 
exist with the most chrome-rich olivines (0.06wt % Cr203), but 
a fourth clinopyroxene is distinctly chrome-poor (0.40 wt%, 
when coexisting with pyrope (1.75 wt% Cr203). Sulphide 
inclusions (n=4), are confined only to pyrrhotite with 
exsolved pentlandite. The single eclogitic diamond turned out 
to be Iherzolitic, containing a pale-orange, relatively high 
titanium (0.41 wt% TiO^) garnet, (4.30 wt% CaO, 1.48 wt% 
Cr203), associated with a pale-green bimineralic inclusion of 
chrome poor (0.64 wt% Cr203) clinopyroxene and an 
orthopyroxene with a Fe/Fe+Mg ratio of 88.60. 

Discussion:- The constancy in the proportion of primary 
shapes with size for the overwhelmingly peridotitic diamond 
paragenesis at Pipe 50, implies a very constant nucleation 
rate and growth for these diamonds. This result may also be a 
general feature of such diamond populations, as similar graphs 
have been recorded for the peridotitic diamonds at Finsch and 
DeBeers Pool mines in Kimberley, (Harris et al 1984). 

If upward moving magmas of kimberlite or lamproite release 
diamonds from disaggregating xenoliths, as proposed by 
Robinson et al (1989), then evidence from diamond size 
distribution characteristics, (Deakin and Boxer, 1989), 
suggests that very large numbers of small diamonds will be 
released in the final stages of this disaggregation. Whilst 
many of these diamonds may undergo resorption to extinction, 
the small proportion that remains is numerically substantial 
and hence, small sharp-edged crystals are easily recognised in 
a diamond population. At Pipe 50, diamond size distribution 



162 Fifth International IQmberlite Conference 

may play a part in accounting for the unresorbe^ smaller 
diamonds, but more probably the unresorbed larger diamonds, 
are protected either by the xenolith, or if released, because 
there is insufficient oxygen activity in the magma to cause 
resorption. Of these two proposals, the second is favoured 
for Pipe 50, because diamonds of such a wide range of sizes, 
are unlikely to be released from xenoliths all at once. 

The proportional increase in sharp-edged octahedra with 
decreasing size is not thought to be caused by a new influx of 
diamonds, as considered by Haggerty (1986). The 30% increase 
in octahedra at Pipe 50, is not accompanied by any similar 
increase in the total octahedral content, nor is there any 
increase in the total made proportion, both likely 
consequences if a second diamond population was present. 
Also, particular attention was paid to the recovery of 
inclusions from sharp-edged smaller crytals, and no obvious 
differences in mineralogy or chemistry were noted between them 
and inclusions recovered from larger more rounded crystals. 

Inclusions belonging to the Iherzolitic paragenesis, are 
usually, either rare, or if more substantially present in a 
specific diamond population, associated with a dominant 
eclogitic paragenesis, (see e.g. Otter and Gurney, 1989) . At 
Pipe 50, not only are eclogitic inclusions absent, but 
Iherzolitic diamonds constitute the major paragenesis. 
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Introduction 

The trace element geochemistry of natural diamonds or “diamond and its inclusion” provide 
valuable information on the environment in which diamonds crystallize. In addition such 
information may prove to be useful in "fingerprinting" diamonds of different provenence areas. 

Existing data on the geochemistry of single diamond crystal are confined mainly to the 
geochemistry of inclusions in the diamond. ((Meyer and Boyd 1972) The development of the 
proton microprobe now makes it possible to measure the trace element contents in the diamond 
matrix itself. However, this technique has the serious drawback that the analysis is confined only 
to a narrow depth of 50 to 100 microns from the crystal surface and since the trace element 
content in a diamond may be zoned (Gurney 1991), this technique may not provide a true 
reflection of the bulk trace element geochemistry in diamond. 

Potentially the most powerful technique for determining the bulk trace element content of a 
diamond is Neutron Activation Analysis (NAA). Previous studies in this field (Fesq et al. 1975, 
Erasmus et al. 1977 ) made use of 55 cc intrinsic Ge(Li) detectors (peak to compton ratio of 40:1; 
efficiency of 10%). The sensitivity of these detectors were not sufficient for the analysis of trace 
elements in a single diamond crystal and composite samples of between 10 and 20 stones (total 
Igm) were analysed. This provided information only on the average chemistry of a group of 
stones. Improvement in detector technology over the last decade has led to the development of 
large volume (199cc) Ge(Li) detectors (“Monster” detectors) with an improved peak to compton 
ratio of 72:1 and an efficiency of 40%. With this detector and improved counting electronics, we 
have been able to achieve up to a 5 fold increase in sensitivity which now enables us to 
quantitatively analyse trace elements in small single crystals. 

Sample selection 

Thirty-five diamonds both with and without visible inclusions have been selected for trace element 
analyses by NAA. Ten of the samples are from the George Creek mine in Colorado, nine samples 
are from a mine near Romaria in Brazil and ten samples are from the Finsch mine in South Africa. 
The diamonds range in weight from .01 to 0.2 carats and any inclusions are generally less than 10 
microns in size. The diamonds also vary considerably in colour and quality, from black to gem 
quality white. 

Experimental procedure 

The diamonds were irradiated in an Oak Ridge type reactor at Pelindaba (South Africa) for ten 
days, and are then counted 17 hours, 3 days, 12 days, 30 days and 3 months after irradiation. 
Counting times employed were 6 hours for the first count, and then for 24 hours for each of the 
subsequent counts. It is important to make sure that the gamma signal counted on the detector 
comes from the body of the diamond and not from any residual surface contamination, and special 
care was taken in the cleaning of the diamonds prior to irradiation: the diamonds are boiled 
individually in a concentrated mixture of HNO3, HCIO4 and H2SO4 for 1 hour before 
encapsulation in a quartz vial and on post irradiation removal, the procedure is repeated. The total 
neutron flux received by each sample was measured by using a flux monitor in the form of steel 
wire wrapped around the outside of the vial. Background counts were performed regularly 
throughout the experiment. 
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Quantitative data; precision and accuracy 
Diamonds are particularly well suited to the technique of NAA as the carbon matrix is 
“transparent” to neutrons and the diamonds have a very low background count. In order to 
quantify the trace element data in single crystal diamonds it was essential to develop suitable 
standard material with trace element concentrations and matrix that is comparable to diamond. In 
this study it was found that a ~ 50:1 mixture of “specpure” graphite with standard rock powders 
provided us with suitable reference material, although the concentrations of most elements in the 
standards are still higher than those found in most diamonds. Large volumes of these mixed 
standards were analysed both at the Schonland Centre, University of the Witwatersrand and at the 
Institute of Geochemistry, University of Vienna. The interlaboratory comparisons and replica 
analyses (see Table 1) provide us with a measure of the accuracy and precision of our analyses at 
ppb levels. 

Table 1. A comparison of data for graphite standard from University of Vienna and the Schonland 
centre. Except where stated values given in ppb 

Element Vienna Schonland n Std. Dev. 
mean mean 

La 60 86 8 30 
Nappm 100 96 8 12 
Br 120 68 8 12 
As 70 53 8 8.8 
Sm 12 15 8 5.9 
Au 14 8 8 9.5 
U 5 11 4 6.6 
Nd 100 no 2 1.4 
Ba ppm 6 12 7 11 
Lu 5 2 3 2.1 
Yb 20 28 5 13 
Ce no 177 4 44 
Cr ppm 108 130 9 23 
Eu 35 112 4 9.6 
Co ppm 2.3 2.9 8 1.4 
Fe% 0.17 0.11 7 0.5 
Ta 17 18 8 1.4 
Sc 460 803 8 11 
Ni ppm 55 72 8 17 
Tb 20 13 4 8.1 
Cs 50 43 6 8.8 
Hf 20 25 4 13 
It 1.4 1.9 6 0.6 
W 40 43 7 23 
Th 15 20 7 3.4 

Discussion 

All the diamonds thus far analysed contain some trace elements and each individual stone has its 
own trace element characteristics. This strongly emphasises the need to analyse individual stones 
rather than composite samples. As expected, clear white diamonds contain only few elements and 
always at low abundances, whereas stones with inclusions or with deep colour contain relatively 
high abundances of trace elements. Black diamonds contain almost all the elements listed in 
Table 1. In all cases, if the diamond contains an identifiable inclusion, the geochemistry reflects 
that inclusion. 

Trace element geochemistry in relation to environment of crystallization 

In most cases the geochemistry of the diamonds is dominated by siderophile elements and all the 
indications from this study are that the chemistry of the siderophile elements reflects the 
environment in which the diamonds crystallized. For example the Au^ ratios in two of the 
diamonds from Finsch (Fig. 1) plot close to the mantle line and are consistent with Au/Ir ratios in 
diamond obtained by Fesq et al. (1975). It is interesting to note that many of the diamonds thus 
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far analysed contain Au irrespective of whether or not there is an inclusion such as sulphide which 
may host Au, suggesting that Au in diamond may exist in the metallic form. 

Plots of Fe versus Cr, and Fe versus Sc are shown in Fig. 2 and 3. The data shown in these plots 
represent diamonds both with and without visible inclusions. Clearly the Finsch diamonds can be 
separated into the two major parageneses found in diamond inclusions. The samples with high Cr 
and high Sc content both have visible peridotitic garnet inclusions, whereas the remaining Finsch 
diamonds (two of which have eglogitic clinopyroxene inclusions) all have lower Cr and Sc 
contents and plot in separate fields in Fig. 2 and 3. Furthermore, there are indications that both 
groups of Finsch diamonds have a different signature to the diamonds from North And South 
America; these have a more restricted geochemistry which is strongly influenced by Fe. 

Trace element Geochemistry in relationship to provenance area 

Some diamonds are also relatively enriched in lithophile elements The chondrite normalized REE 
patterns for these stones are shown in Fig.4. Clearly the REE patterns for the three suites of 
diamonds analysed in this study are significantly different. Moreover, the fact that in each case 
there are two diamonds from each suite with similar patterns provides some measure of 
confidence in these analyses of REE at ppb levels. 

Samples FIO and GCl are both black diamonds with no visible inclusions or cracks, but the four 
remaining diamonds range from brown to colourless and are characterised by micro-cracks which 
contain tiny specks of material. Thus although the REE could be located in the body of the 
diamond, our interpretation is that these LREE enriched patterns reflect contamination of the 
diamond by the host kimberlite. In conclusion, we suggest that the lithophile elements (and in 
panicular the REE) tell us more about the kimberlite event rather than about the crystallization 
environment of diamonds. 

Conclusions 

The application of NAA technique to small (<0.2 carats) single crystal diamonds clearly illustrates 
the ability to analyse trace elements in diamonds down to ppb for some elements. Ultimately such 
information must prove useful in 1) understanding the origin of diamonds 2) relating diamonds to 
their source area, and 3) other facets of the diamond industry such as the use of diamonds as 
semi-conductors. 
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Fig. 1 A comparison of the 
Au/Ir ratio for two of the Finsch 
diamonds to various mantle 
derived rocks, the arrow shows 
the mantle (Au/Ir = 0.01) - 
Crust (Au/Ir = 3.3) 
differentiation trend. (After 
Tredoux et. al 1989) 

Fig. 2.3 Plots of Fe versus Cr and Fe versus Sc respectivly. The horizontal shading represents 
the field for the North and South American Diamonds, the vertical shading represents the field for 
the Finsch peridotitic diamonds and the dotted shading the field for the Finsch eglogitic 
diamonds. 

Sc (ppb) 

Fig.4 REE patterns for Finsch 
(Fll and F12) Brazil (D7 and 
D8) and Colarado (GCl and 
GC3) diamonds. 
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AND DISTRIBUTION, SHOWN BY MANTLE XENOLITHS FROM THE 

MATSOKU KIMBERLITE PIPE. 
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Introduction 

The nature and mobility of mantle melts and their relationships to 

mantle metasomatism are important topics of extensive recent debate. 

The garnetiferous peridotite-pyroxenite xenoliths from Matsoku have 

been of particular interest in this context (e.g.Harte et al.,1975, 

1987), and although somewhat unusual for xenoliths from kimberlite, 

it is evident that they record similar processes of formation to 

those associated with 'dike’ intrusion and metasomatism in many 

mantle xenoliths from basalts. This paper summarise_s the most 

recent work on the Matsoku xenoliths, which has led to clarification 

of: the chemical character and origin of the melt involved in 

injection and metasomatism, textural aspects of melt distribution 

and crystallisation, the production of 'cumulate' chemical 

compositions, and the relative roles of diffusion and infiltration 

in metasomatism. 

Trace eleinent evidence of melt compositions 

Ion microprobe studies of trace element compositions in the garnets 

and clinopyroxenes in the pyroxenite sheets ('dikes') and 

metasomatised rocks have been carried out on a Cameca IMS4f ion 

microprobe (Edinburgh University/NERC facility). An 0“ primary ion 

beam was used, and positive secondary ions were measured at high 

energy (to reduce molecular overlaps) and standardised against NBS 

glass and natural garnet and clinopyroxene standards. 

Measurements were made principally for Y, Zr and REE and show 

considerable similarity between the compositions of Matsoku garnet 
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and clinopyroxene formed in equilibrium with intruding and 

infiltrating melt, and those of Cr-poor megacrysts from kimberlites. 

REE data for a garnetiferous pyroxene-rich 'dike* (specimen LBM 137 

documented by Harte et al., 1987) are shown in Fig. 1, where they 

are compared with Edinburgh ion microprobe 

data for coexisting garnet and clinopyroxene in a megacryst from the 

Monastery mine (provided by R. 0. Moore), and with cpx megacryst 

PHN1600E4 (data from Kramers et al., 1981). 

Fig. 1 demonstrates the considerable similarity between the trace 

element contents of the Matsoku 'dike' phases and those of the 

megacrysts, and thereby suggests that the melt intruding and 

metasomatising the Matsoku peridotites was of very similar 

composition to that from which the Cr-poor megacrysts crystallised. 

Estimation of the Matsoku melt composition using crystal-liquid 

partition coefficients (Hanson, 1980) yields a melt of OIB-like 

(primitive basanite) characteristics, as similarly determined for 

Cr-poor megacrysts (Harte, 1983; Jones 1987). Thus despite the 

lithospheric P-T estimates (ca. 35 kbs and 1000‘^C) of the Matsoku 

xenoliths, there is evidence of intrusion and metasomatism by a melt 

of asthenospheric origin, similar to that suggested to metasomatise 

high-temperature deformed peridotites (Harte, 1983). 

Melt textures in pyroxenite 'dikes' and modally metasomatised rocks. 

Partially preserved igneous textures involving both euhedral- 

subhedral and interstitial-xenomorphic pyroxene crystals are found 

in some of the intrusive pyroxene-rich 'dikes'. These suggest 

pseudomorphing of the shape of interstitial melt patches by the 

interstitial-xenomorphic crystals. 

Particularly good evidence of melt distribution and melt geometry 

has been found in the textures of ilmenite concentrations in some 

modally metasomatised rocks. Irregular and sometimes elongate 

patches of ilmenite (up to 1.5 cms long) were seen with curious 

cuspate and spiky margins, with suggestions that they might 

represent melt pseudomorphs.. A study of dihedral angles for 

ilmenite grains between two olivines and between two orthopyroxenes 

was undertaken, and yielded a very wide spread of values with 

evidence of bimodal distribution in each case. For olivine the 

ilmenite dihedral angles were concentrated at 50-60° and 90-100°, 

while the bimodes for orthopyroxene were at 60-70° and 110-120°. 

The dihedral angles close 60° were interpreted, following 

experimental work, as those originally belonging to the melt now 

pseudomorphed by the ilmenite; whilst the concentration of values 

around 90-120° were tentatively interpreted as those reflecting the 

texturally equilibrated value of ilmenite itself (Harte and 

Matthews, 1989). Experimental work at 1200°C and 5kbs has recently 

been completed on ilmenite-olivine and ilmenite-orthopyroxene 

aggregates to cheqk the equilibriiim solid dihedral angles of the 

ilmenite, and this has given values of approximately 100° and 120° 

for olivine and ilmenite respectively, thereby strongly supporting 

the above interpretations.. 

The above features indicate a number of important conclusions: 

1) The rate of solid-solid textural equilibration, even at the 

cimbient temperatures of ca.lOOO °C indicated by the Matsoku 

xenoliths (Harte et al. 1987), is limited. 

2) The distribution of melt porosity is clearly non-uniform on the 

1-lOcms scale at higher melt fractions, and involves ' patches' as 

well as channels. 

3) The low dihedral angles for melt-olivine-olivine show that 

extremely small amounts of melt should adopt a connected geometry 

through a olivine-rich matrix (see also Beere, 1975). 
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4) During crystallisation original melt volumes may be replaced by 

single minerals, demonstrating mobility of melt components during 

crystallisation, which would be facilitated by the melt connectivity 

noted under (3). 

5) The migration of melt components during melt crystallisation 

means that even late stage interstitial melt pools do not preserve 

their bulk melt composition during crystallisation. These features 

are similar to those seen in layered cumulate bodies, and partly 

account for the cumulate chemical composition characteristics of 

'dikes' in mantle xenoliths. 

6) Features (4) and (5) above provide an explanation of the 

similarity of textures between some mantle rocks showing modal 

metasomatism and those of cumulates. 

Garnet cracking and metasomatism In petrographlcally unmodified 

wallrocks. 

The wallrocks to some pyroxenite 'dikes' show no evidence of modal 

metasomatism or other change in routine petrographic examination, 

but are clearly metasomatised to mineral compositions similar to 

those in the 'dikes'. In view of the apparently unmodified 

textures, it was originally thought that the metasomatism was 

largely diffusion controlled. However, the low dihedral angles of 

the melt noted above, clearly make it possible for melt in low 

volumes to infiltrate and be drawn into the wallrocks along mineral 

grain edges, without obvious textural change. 

Minerals in these wallrocks have been chemically changed to largely 

homogeneous compositions, except for garnets, which may show core 

compositions typical of unmetasomatised peridotite (Harte et al., 

1987). Recent extremely detailed electron microprobe analysis and 

back scattered electron imaging has shown the detailed pattern of 

the change (principally Fe-Ti enrichment) in garnet composition. 

Narrow, quite sharply defined zones of chemically modified (Fe-Ti 

rich) garnet transect regions of little modified garnet. These 

features imply that during melt infiltration the garnets cracked, 

and that melt penetrated along the fractures; then, following 

cracking, garnet growth occurred with Fe-Ti rich compositions 

controlled by the infiltrated melt, and the fractures were filled 

with new garnet. These 'healed cracks' are not visible in normal 

optical examination and are distinct from the visible fractures 

formed during entrainment and eruption of the xenoliths. The larger 

healed cracks may show fringes of smaller healed cracks, and it is 

evident that the cracking and regrowth of the garnet extensively 

controlled the change in garnet chemistry. The influence of volume 

diffusion is therefore far less than it originally appeared to be, 

though probable diffusion-controlled halos of lesser chemical change 

do occur around the healed cracks and the margins of the garnets. 
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COMPOSITE MEGACRYSTS AND MEGACRYST AGGREGATES FROM THE WILLIAMS 

KIMBERLITES, MONTANA, USA: MULTIPLE PRODUCTS OF MANTLE MELTS. 

Hearn, B. Carter, Jr. 

U.S. Geological Survey, 959 National Center, Reston VA 22092 USA. 

The Williams kimberlites of Eocene age in north-central Montana contain mega- 
crysts (size > 1 cm) of olivine (mostly serpentinized), garnet (gar), phlogopite (phi), 
clinopyroxene (cpx), and ilmenite (ilm) (in order of decreasing abundance), which are 
typical of the Cr-poor suite of megacrysts from kimberlites world-wide. Also present 
are composite megacrysts (megacrysts with inclusions of generally 0.2 to 2 mm size) 
and rare megacrystalline aggregates (coarse-grained nodules with two or more phases 
or monomineralic clusters of grain size > 1 cm), in which coexisting phases provide 
data to calculate temperature (T) and pressure (P) for the Eocene upper mantle. 

Composite garnet megacrysts contain grains of one or more of the phases cpx, 
orthopyroxene (opx), ilm, phi, and calcite, and contain tiny rounded to elongate grains 
of spinel (sp), rutile (rut), or ilm. Elongate grains are probably exsolved; others could 
be primary inclusions or annealed exsolution grains. Composite garnet megacrysts 
have Mg# [= 100Mg/(MgFe)] 74-83, Cr203 0.15-3.39% [% = wt.%], and Ti02 
0.05-1.35%. These compositional ranges are similar to those for the mono-mineralic 
garnet megacryst population (McGee, 1986): Mg# 68 to 88 (larger than in any other 
kimberlite), Cr203 0-2.4 wt%, and Ti02 0-1.5%. 

Three composite cpx megacrysts contain primary inclusions of gar or phi of 
>0.2 mm size. Other cpx megacrysts contain tiny (<0.1 mm), probably primary 
inclusions of subrounded, irregular, or euhedral Mg-llm or FeCr sp, and also contain 
tiny elongate to needle-shaped opx, Mg-llm, Ti-magnetite (Timag), or sp, of probable 
exsolution origin. Cpx megacrysts have Mg# 84-93, Cr203 0.03-0.57%, and AI2O3 
0.47-3.30%. Cores are generally unzoned, and thin intact rims show higher MgO and 
lower FeO and AI2O3. CaO, Na20, and Cr203 can be either enriched or depleted in 
rims. Implying that individual megacrysts were exposed to different late-stage fluids. 

Six megacryst aggregates consist of gar + cpx, gar + cpx + ol, gar -f cpx -1- ilm, 
gar + cpx + phi, ilm + gar, and gar + phi + rut. The minerals lack strain features. 
Several aggregates contain fine-grained veins of Al-rich opx and cpx, Mg-AI sp, and 
serpentine or chlorite. One contains veins of Al-Ti cpx, Ti-amphibole, and serpentine. 
Garnet in the gar-phl-rut aggregate has Mg# of 48, suggesting a crustal origin. 
Garnets In the other five aggregates have Mg# 73-80 and Cr203 0.04-0.81%. 
Ca-Mg-Fe contents fall In the field of Williams garnet megacrysts (fig. 1), Indicating 
that both could have similar deep source regions. Garnets In ilmenite-bearing assem¬ 
blages tend to be more Fe-rich than in llmenite-free assemblages. The megacryst and 
the aggregate garnet with lower CaO contents both have high Ti02 contents, similar 
to Ca0-TI02 relations In Williams megacryst garnets. 

Ilmenites In aggregates and composite megacrysts contain 6.9-13.1% MgO and 
0.3-2.0% Cr203, ranges typical of Ilmenite megacrysts and xenocrysts In kimberlites. 
Thus the aggregates may represent upper-mantle sources of ilmenites In kimberlite. 

Most of the phlogopites (11.1-15.7% AI2O3, 0.7-4.7% Ti02, 0.1-1.1% Cr203, 
0-0.8% BaO, and 0.2-0.7% F) in composite megacrysts and aggregates are similar In 
composition to primary phlogopites in perldotite xenoliths and to megacryst phlogo¬ 
pites. All are dissimilar to groundmass phlogopites in the host kimberlite, which are 
more Fe-rich, contain tetra-ferriphlogopite component, lower AI2O3, and lower Cr203. 

Calculated T's of equilibration of composite garnet megacrysts are 940 to 
1390 °C by the Ellis and Green (1979) gar-cpx method (EG79) or the Finnerty and 
Boyd (1986) Mg in cpx method (FB86) (assuming the presence of opx). Calculated 
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T's for megacryst aggregates are 1045 to 1265 °C by the same methods, and are 
within the T range of composite garnet megacrysts. For five of the seven analyzed 
clinopyroxene megacrysts, T is low, 500-660 °C {FB86); T for one is 1130 °C 
(FB86),and T for one with coexisting garnet is 780 °C (EG79). The lower T clino- 
pyroxenes contain ilm, Ti-mag, or sp inclusions and lack garnet, and thus may be from 
the more shallow spinel facies in the upper mantle. Calculated P Is 55 kb for one 
composite garnet megacryst by the Nickel and Green (1985) method based on Al In 
opx, and 45 kb for one aggregate by the Kohler and Brey (1990) method based on 
CaO In olivine. Projection of T's onto the geotherm estimated from Williams peridotite 
xenoliths (Fig. 2) implies that many of the aggregates and composite garnet mega¬ 
crysts are from the 50-60 kb region of high T,P garnet peridotites. 

Megacryst aggregates appear to be coarse-grained, pegmatitic products of melts in 
the lithospheric upper mantle, which crystallized In a range of moderate to high T and 
P. The chemical similarity of aggregates and megacrysts suggests that the aggregates 
represent the multi-phase upper-mantle source rocks which were disaggregated to 
produce at least part of the suite of garnet, clinopyroxene, and ilmenite megacrysts 
and xenocrysts. The wide range of chemistry and of calculated or inferred T and P 
indicate that the composite megacrysts and megacryst aggregates crystallized from 
several separate melts, rather than constituting a related series of products from a 
single melt. Vein mineralogy in aggregates suggests access of Fe-, AI-, Ti-rich fluids in 
the gar + sp stability field, just prior to or during ascent of the kimberlite; such fluids or 
melts must have been somewhat different from the host kimberlite. The geochemical 
complexity is consistent with the complex history of depletion and enrichment of the 
Montana lithospheric upper mantle In Montana. 
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Fig. 1 Ca-Mg-Fe composition (mol %) of gar, cpx, and ilm in composite megacrysts 
and megacryst aggregates; lines join coexisting phases; dashed-line = field of Williams 
garnet megacrysts from McGee (1986). 

Fig. 2 Calculated T and ranges of T (by EG79 and FB86 methods) for megacryst 
aggregates and garnet megacrysts (arbitrarily plotted near 48 kb, except two with 
calculated P), and cpx megacrysts (arbitrarily plotted near 25 kb); fields of Williams 
garnet peridotites from Hearn and McGee (1984). 
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GEOTECTONIC CONTROLS OF DIAMONDS AND KIMBERLITES AND THEIR 

APPUCATION TO DIAMOND EXPLORATION. 

Helmstaedt, HJI. 

Department of Geoh^al Sciences, Queen*s University, Kingston, Ontario, Canada K7L 3N6. 

Although it is common knowledge that diamond-bearing 
kimberlites occur primarily on Precambrian cratons, 
particularly on those underlain by rocks of Archean age, 
hypotheses explaining this phenomenon have not provided a rig 
orous theoretical base for area selection in diamond 
exploration. One of the major problems was the general 
assumption that exploration for kimberlite diamonds consists 
of searching for diamondiferous kimberlites and that efforts 
to establish exploration models need focus only on 
understanding the larger-scale geotectonic and regional 
structural controls of kimberlite distribution. Only after it 
was recognized that most diamonds in kimberlites may represent 
xenocrysts, has it become clear that understanding the 
geotectonic environment of diamond formation is an entirely 
separate, but equally important problem. Realistic diamond 
exploration models must thus include the following three 
components: 

1. Prediction of regions under which diamonds may have 
formed. 

2. Selection of those areas where diamonds may have 
survived to be picked up by kimberlites or 
lamproites. 

3. Establishment of regional tectonic and local 
structural controls of kimberlites, lamproites, or 
related rocks in the appropriate areas. 

The correlation between diamondiferous kimberlites and 
Archean cratons as well as Archean isotopic dates from 
southern African diamonds (Kramers, 1979; Richardson et al., 
1984) clearly indicate that diamonds formed since early 
lithosphere development and were able to survive in mantle 
roots beneath Precambrian shields to be picked up by 
kimberlites and lamproites ranging in age from the Proterozoic 
to Late Mesozoic. Judging from mineral inclusions in diamonds 
and the mineral assemblages of diamond-bearing xenoliths 
(eclogites and garnet harzburgites), these mantle roots 
consisted mainly of highly depleted peridotites with lenses of 

eclogitized mafic rocks. This composition as well as the fact 
that, in a generally hotter Archean lithosphere, the 
relatively high P - low T gradient required for diamond 
formation could only be achieved by tectonic burial of 

relatively cool material, suggest that the, mantle roots were 
formed by subduction of oceanic lithosphere (e.g., Schulze, 
1986; Helmstaedt and Schulze, 1989). Survival of the diamonds 
is possible only if the refractive, relatively cool and low- 

density roots stay attached to the craton during subsequent 
plate motions and remain insulated against later re-heating 
and excessive tectonic reworking. 
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Of importance for diamond exploration is the fact that 
the presence of relatively low-density and low-temperature 
mantle roots can be detected by their high shear-wave 
velocities relative to adjacent hotter asthenosphere (e.g., 
Grand, 1987). Available data indicate that such roots are more 
common under Archean cratons (as compared to Proterozoic 
shields and Phanerozoic erogenic belts), though they are not 
equally developed or present under all Archean crust (e.g., 
Hoffman, 1990). The key to understanding this secular control 
on the formation of mantle roots is the Archean tectonic 
environment, in which a buoyant, shallow mode of subduction 
was predominant allowing continental nuclei to become 
tectonically underplated by depleted oceanic lithosphere. 
Subduction zones became generally steeper ih post- Archean 
times, when the shallow subduction mode was restricted to 
regions of exceptionally fast plate convergence and/or 
subduction of young ocean floor (Helmstaedt and Schulze, 
1989). Although relatively ancient mantle roots appear to have 
been a requirement for diamond formation, the distribution of 
the generally much younger kimberlites may have no correlation 
with such roots. Large-scale area selection should thus 
concentrate on regions in which mantle roots have survived at 
least until kimberlite emplacement. On cratons with 
geophysically recognizable mantle roots, all kimberlites 
postdating the establishment of the mantle root should have a 
relatively high diamond potential. On the other hand, 
kimberlites on cratons without geophysical evidence of mantle 
roots would have diamond potential only, if they were emplaced 
prior to the destruction of an earlier mantle root. In such 
cases, a careful assessment of the orogenic and magmatic 
processes that may have destroyed or eroded the roots is 
necessary. 

In North America, mantle roots underlie the Archean 
southern Slave Province and much of the Superior Province 
(Hoffman, 1990), suggesting that post-Archean kimberlites in 
these regions should have diamond potential. On the other 
hand, if an ancient mantle root had survived the Proterozoic 
orogenic activity along the margins of the Archean North 
Atlantic craton (Nain and Greenland), it was destroyed by the 
Iceland plume that initiated the opening of the Atlantic 
(Hoffman, 1990). Mesozoic kimberlites on this craton thus have 
a low diamond potential. Although the Archean Wyoming province 
has no mantle root at present, the diamond potential of the 
State Line kimberlites is probably the result of kimberlite 
emplacement in the Devonian (Naeser and McCallum, 1977), 
predating the erosion of remnants of an old mantle root by 
Tertiary shallow subduction (Helmstaedt and Doig, 1975; Bird, 
1988) related to the Laramide orogeny. 

In southern Africa, on-craton kimberlites of many 
different ages are diamondiferous, because parts of an ancient 
mantle root survived under the Kaapvaal craton at least until 
the end of the Cretaceous. Off-craton kimberlites have a low 
diamond potential, because mantle roots either never existed 
in their intrusive paths, or such root were eroded prior to 
kimberlite emplacement. During area selection on 
diamondiferous cratons, post-mantle root and pre-kimberlite 
tectonic and magmatic processes must be considered when 
evaluating regional or local structural controls that have 
provided pathways for the kimberlites. Thus mantle-root- 
friendly features, such as mafic dyke swarms (e.g.. Karroo) 
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must be distinguished from mantle-root-destructive structures, 

such as larger-scale crustal fractures, hotspots, and plumes, 

that may control the location of kimberlites, but have a 

negative effect on the diamond potential of the root. Examples 

of the latter are crustal-scale fractures in the Brazilian 

shield, that have controlled the ascent of magmas during the 

Late Proterozoic Brazilian event and have later served as 

pathways for Mesozoic kimberlites. An early mantle root under 

the Brazilian shield, indicated by the occurrence of detrital 

diamonds in Proterozoic sedimentary rocks, must have been 

destroyed during Proterozoic erogenic events, for the Mesozoic 

kimberlites following the Brazilian structures do not contain 
significant amounts of diamonds. 

As shown by the diamond potential of the Kimberley 
region of Western Australia, post-Archean mantle roots may 
also be prospective exploration targets, and kimberlites are 
not the only magmas to tap the roots. The Kimberley region 
provides an excellent opportunity to test the effects of 
tectonic and magmatic events on the gradual erosion or 
destruction of mantle roots, for similar lampr'oites have 
sampled the mantle root in the Late Proterozoic (1180 Ma) and 
the Mid-Tertiary (20-22 Ma) with vastly different economic 
results (e.g., Jaques, 1989). Here, as in regions of multiple 
kimberlite events, studies of xenoliths, xenocrysts, diamonds, 
and diamond inclusions should be more closely integrated with 

structural and tectonic studies to monitor the status and 

diamond potential of mantle roots through time, and to 
establish improved theoretical models for future exploration. 
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THE INDIVIDUALITY OF ON- AND OFE-CRATON MEGACRYST SUITES IN 

SOUTHERN AFRICA. 

HopSf JJ.; Moore, *RO.; and Gurney, JJ. 

Dept. Geochemistry, University of Cape Town, Rondebosch 7700, South Africa. *Present address: P.O. Box 1372, 

Wangara, WA.. 6065, Australia. 

Megacrysts (i.e. discrete crystals > 1 cm in diameter) 
occur at localities both on and off the Kaapvaal craton in 
southern Africa. 

Complications arise from classifications involving field 
descriptions (size, mineral assemblages) as opposed to those 
which are based on analytical results (mineral compositions). 
On the basis of mineral compositions, it is apparent that some 
megacrysts represent coarse disaggregated minerals from 
peridotite and eclogite xenoliths; these will not be 
discussed. Several other suites of compositionally distinct 
megacrysts can be distinguished on the basis of related 
mineral compositions and the occasional presence of co¬ 
existing phases. These include: 

Cr-poor suite (olivine ± orthopyroxene ± clinopyroxene + 
garnet + ilmenite + phlogopite ± zircon) 

Fe-rich suite (olivine + phlogopite + zircon + ilmenite ± 
clinopyroxene) 

Granny Smith suite (clinopyroxene ± phlogopite ± ilmenite) 

Group II suite (garnet ± olivine + clinopyroxene + rutile) 

The Cr-Door suite 
The Cr-poor suite (Nixon and Boyd, 1973; Gurney et al., 

1979) is present in both on- and off-craton Group I 
kimberlites. Major and trace element compositional trends are 
consistent with fractional crystallization. However, 
comparison of the megacryst suites from individual Group I 
localities (cf. Schulze, 1987) indicates differences in 
mineral compositions and, in some instances, differences in 
mineral abundances (e.g. abundance of olivine) and mineral 
assemblages (e.g. absence of ilmenite). Nd and Sr isotopic 
compositions of clinopyroxenes from the Cr-poor suite are 
depleted relative to bulk earth and are similar to some ocean 
island basalts. Differences in isotopic compositions between 
clinopyroxenes from the same locality are more significant 
than differences between localities themselves. 

The observed differences in mineral compositions, mineral 
assemblages and mineral abundances attest to the individuality 
of the Cr-poor suite at each locality and suggest that each 
must represent a localized feature rather than a continuous 
horizon in the upper mantle. Thermobarometric evidence 
suggests that the megacryst suite represents a 'thermal 
perturbation' of the steady state geotherm consistent with a 
localized feature. In contrast, certain features particularly 
the limited variation in mineral compositions and the 
similarity in isotopic compositions, imply similar Mg-rich 
asthenospheric source material for all Cr-poor megacryst 
suites. Differences between localities can be attributed to 
variable degrees of partial melting, to different 
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crystallization environments, to differences in the 
proportions of crystallizing phases and to different degrees 
of fractional crystallization. The Cr-poor megacrysts are 
xenocrysts in their host kimberlites. 

The Fe-rich suite 
The Fe-rich suite has been identified at the on-craton 

Monastery kimberlite (Moore et al., in prep). A tenuous link 
has been established between the Cr-poor suite and the more 
evolved Fe-rich suite at Monastery. However, the ilmenite 
compositions require that assimilation and/or magma recharge 
has occurred, subsequent to garnet and clinopyroxene 
crystallization, if the two suites are related. Such 
processes may have been active late in the fractionation 
sequence when only relatively small volumes of magma existed, 
possibly in vein-like isolated intrusions. 

The Granny Smith suite 
The Granny Smith suite has been identified at several on- 

craton localities near Kimberley and Jagersfontein (Boyd et 
al., 1984). The clinopyroxenes are found both as discrete and 
polycrystalline nodules and significant compositional 
differences are found between localities. The limited range 
in calcic compositions of the clinopyroxenes corresponds to a 
small range of temperatures (at approximately lOOO^C) if the 
diopside solvus is applicable, and equilibration to 
lithospheric conditions is suggested. Nd isotopic ratios of 
Granny Smith clinopyroxenes are equivalent to those of the Cr- 
poor clinopyroxenes, but Sr isotopic ratios are higher. These 
characteristics suggest that the Granny Smith suite might also 
represent the crystallization products of asthenospheric 
melts, but in association with assimilation of lithospheric 
wallrocks, possibly under sub-solidus conditions. 

The Group II suite 
Megacrysts were previously thought to be absent from Group 

II kimberlites, but recently, Daniels and Gurney (1989) 
identified Cr-poor garnet megacryst compositions in a study of 
the heavy mineral concentrate from the Dokolwayo kimberlite in 
Swaziland. Moore et al. (1990) demonstrated that the major 
and trace element compositions of the Dokolwayo garnets differ 
from those of the Cr-poor suite. Directed investigations have 
since recognised the presence of garnet megacrysts in a large 
number of Group II kimberlites in South Africa (Moore and 
Gurney, this volume). The diversity of mineral assemblages in 
this suite is, however, limited in comparison to the Cr-poor 
suite. 

The Group II kimberlites in the Barkly West dyke swarm 
host Cr-rich clinopyroxene and garnet megacrysts. 

Overall 
Several megacryst suites might be present at a particular 

locality. The individuality of the respective suites between 
the different localities establishes that each must represent 
a localized feature rather than a continuous horizon in the 
lithosphere. 
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PETROLOGY, MINERALOGY, AND GEOCHEMISTRY OF THE METTERS BORE NO. 1 

LAMPROITE PIPE,. WEST KIMBERLEY PROVINCE, WESTERN AUSTRALIA 

Hwang, P.; Rock, N.M.S. & Taylor, W.R. 

Key Centre for Strategic Mineral Deposits, Geology Department, University of Western Austro, 'a, 

Nedlands 6009, W. Australia. 

The Metters Bore No. 1 lamproite is a small (2.5 ha) pipe¬ 

shaped intrusion, belonging to the Calwynyardah field within the 

Miocene (~20 Ma) West Kimberley lamproite province (Jaques et 

al. 1986). It intrudes Permian sediments of the Fitzroy Trough. 

It is concealed beneath 2 m of red-brown sandy soil and 1.5 m of 

pisolitic laterite, but is detectable by its strong magnetic 

signature. 

Both magmatic lamproite and fragmental (tuffaceous) material 

are present. The tuffaceous units occur in the southwest 

portion of the pipe, and are comprised of at least four types of 

juvenile lamproite lapilli, supported by a matrix of ash with 

smaller cognate or accidental particles and occasional veined 

calcite. The lapilli are typically non-vesiculated, subangular 

fragments of diopside-olivine-leucite lamproite (up to 3mm 

across), although fine-grained vitrophyric leucite lamproite, 

medium-grained diopside-leucite-phlogopite lamproite, and 

lattice-textured leucite-phlogopite lamproite also occur. 

The magmatic rock is dominantly a porphyritic olivine- 

diopside-leucite-(phlogopite) lamproite (olivine » phlogopite), 

with an altered glassy groundmass. Olivine phenocrysts and 

microphenocrysts are almost wholly altered to clays, although 

one fresh grain with a magnesium number [lOOMg/(Mg+Fe^"^) ] of 91 

was found as an inclusion in a wadeite crystal. Inclusions of 

chromite up to 20 |Im across are common. 

Diopsides (five compositionally distinct and one indistinct 

form) describe fields within the pyroxene quadrilateral 

representing: (1) phenocrysts; (2) groundmass; (3) Ca-rich 

phenocrysts; (4) heavy mineral concentrate (HMC) fraction; (5) 

Cr-rich xenocrystic diopsides; (6) broad field of inclusions 

within amoeboid leucite phenocrysts. They are generally Ti- and 

Cr-rich, Al-poor diopsides which follow evolutionary trends of 

Cr-depletion and Fe-enrichment. 

Leucite phenocrysts are completely altered to analcite and 

montmorillonite and occur in three different morphologies: (1) 

singular euhedral phenocrysts; (2) amoeboid-shaped, (3) poorly 

crystallised glomerocrysts containing abundant pleonaste 

phenocrysts; poorly crystallised glomerocrysts containing 

microlites of diopside but no pleonaste. 

Three generations of phlogopite are present: (1) rare 

phenocrysts, (2) microphenocrysts and euhedral groundmass 

flakes, and (3) inclusions. The micas typically have high F 

contents which range up to 4.13 wt%, BaO contents which average 

0.7 wt%, and evolutionary trends of Ti02- and FeO-enrichment and 

Al203-depletion. 

Compositions of spinels fall into three distinct populations 

which represent: (1) cognate chrome spinel; (2) heavy mineral 

concentrate (HMC) spinel; (3) pleonaste. The cognate spinels 

show evolutionary trends of initial Cr and Ti-enrichment and 

Fe^^-depletion, followed by co-evolving trends of (a) constant Cr 

and Fe^"^ and (b) Cr depletion and Fe^'^-enrichment . HMC grains 
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fractionate towards increasing Ti, Cr, and Fe^^ compositions with 
decreasing Al, and pleonastes show the same trends but without 
Cr-enrichment. 

Amphiboles are present as K- and Ti-rich richterites and show 
trends of increasing Ti, Na, and Fe with decreasing Mg. 

Accessory phases include priderite, perovskite, ilmenite, 

sphene, apatite, wadeite, zircon, and barite. The diopsides, 
phlogopites, tetraferriphlogopites, tetraferribiotites, and Ti- 
rich K-richterites have consistent tetrahedral site deficiencies 
which can be satisfied by tetrahedral Ti'’+. This is probably a 
result of the high Ti/Al ratio in lamproite magma. 

The groundmass contains abundant needles of priderite and 
apatite; less abundant perovskite, interstitial potassian 
titanian richterite, Mn- and Mg- rich ilmenite; and rare chrome- 
spinel, pleonaste, and wadeite. Heavy mineral concentrates 
yielded various minerals of mantle origin including Cr-rich 
diopside (up to 2.5 wt% Cr203), magnesian chrome spinel (up to 
16 wt% MgO), and rare pyrope garnet. 

Geochemically, the Metters Bore No.1 lamproite is an 
ultrapotassic, perpotassic, and peralkaline rock with high Ti02 
and a magnesium number [lOOMg/(Mg+Fe^'*') ] of 62.5. K, Rb, and Ba 
show considerable mobility due to secondary alteration 
processes. Incompatible elements are strongly enriched (Fig.la), 
at up to 1000 times primitive mantle abundances (370ppm Rb, 
1400ppm Sr, 4000ppm Ba, llOOppm Zr), and Rb/Sr ratios are 
typically higher than other lamproite suites. Abundances of the 
compatible elements Ni and Cr are moderate, and average 342 ppm 
Ni and 367 ppm Cr. These, together with the moderate Mg- 
numbers, imply evolution of the Metters Bore magma from a more 
primitive parent. Mantle normalised Sc/V ratios are <1, which 
is typical for leucite lamproites but different from olivine 
lamproites in the West Kimberley province. The rare earth 
elements (REE) are strongly enriched, with 700 times chondrite 
abundances for light REE and 8 times chondrite for heavy REE 
(Fig.lb). 

Diamond prospectivity diagrams, using chrome-spinel and pyrope 
garnet compositions, imply a low potential for the Metters Bore 
No.1 lamproite to host economic quantities of diamond. 

Reference 
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Fig.l. 'Spidergrams' of representative whole-rock samples of the 
Metters Bore #1 lamproite. (a) Normalized to primitive mantle, 
(b) normalized to average chondrites. 
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MANTLE XENOLITHS IN POTASSIC MAGMAS FROM MONTANA; Sr, Nd AND Os 
ISOTOPIC CONSTRAINTS ON THE EVOLUTION OF THE WYOMING 

CRATON LITHOSPHERE. 

Irving, and Carlson, 

(1) Dept. Geol. Sciences, Univ. of Washington, Seattle, WA 98195 USA; (2) Dept. Terrestrial Magnetism, 

Carnegie Inst. Washington, Washington, DC 20015 USA. 

A variety of ultramafic xenoliths occur at several localities within the late 
Cretaceous to Oligocene volcanics and dikes of the alkalic igneous province of central 
Montana, U.S.A. In concert with geochemical and isotopic studies of the magmatic 
rocks (Irving and O'Brien, this volume), similar detailed analysis of the ultramafic 
xenoliths has been undertaken in an attempt to understand the evolution of the Archean 
lithosphere and to evaluate its effects on the mamas that percolated through it. 
Previous work on the magmatic rocks in the Highwood Mountains subprovince (O'Brien 
et al., 1991) has suggested an important role for Archean lithospheric mantle in 
providing a small volume component of extreme composition that controlled most of the 
isotopic and certain trace element features of the erupted magmas. 

Two quite distinct suites of ultramafic xenoliths have been studied from Eocene 
primitive olivine minette dikes from the Highwood Mountains (located near Great 
Falls) and Eagle Buttes (located 40 km to the northeast). Lithologies at the first locality 
include peridotites (Cr-spinel harzburgite and spinel Iherzolite, with or without mica and 
amphibole), websterite (one as a band or dike in harzburgite), several types of mica 
dunite (containing accessory Cr-spinel and clinopyroxene), and glimmerite (as veins 
cutting harzburgite). The Eagle Buttes suite contains anhydrous, Cr-diopside spinel 
Iherzolites and narzburgites that resemble those found typically in alkalic basalts 
worldwide. Application of the most reliable thermobarometers for spinel peridotites 
(Wells, 1977 2-pyroxene solvus; Sack and Ghiorso, 1991 olivine-spinel; Kohler and Brey, 
1990 Ca in olivine) is hampered by the very high Ca content of clmopyroxenes and the 
very low Ca content of olivine (50-160 ppm, using microprobe counting times of 500 
sec). Nevertheless, it is evident that the majority of peridotites and dunites from both 
localities equilibrated at unusually low temperatures (600-700®C). Calculated pressures 
are 14-20 kbar for the Highwood samples and 12 kbar for those from Eagle Buttes. Two 
of the mica dunites equilibrated at much higher temperatures (980^C) and apparently at 
higher pressures than the other Highwood samples. Garnet peridotite xenoliths from 
the kimberlitic Williams diatreme located about 100 km east of these, localities (Hearn 
and McGee, 1984) must be samples of even deeper lithosphere. 

The unique glimmerite vein consists mostly of Ti-rich phlogopitic mica with 
subordinate orthopyroxene and minor clinopyroxene, plagioclase (An^), celsian, zircon 
and rutile. The pj^oxenes give an equilibration temperature of 1020®C, and the 
presence of calcic plagioclase in this mineral assemblage is not inconsistent with the 
pressure estimates obtained from other Highwood ultramafic and granulite xenoliths. 
iTie presence of zircon and the bulk rock U abundance of 0.8 ppm offer the possibility 
of precisely dating this vein, particularly if this large xenolith has eimerienced only 
transient heating during entrainment and ascent. The vein has a selvage of mica 
orthopyroxenite adjacent to the surrounding harzburgite. 

A strildng and unexpected feature of^l the Highwood xenoliths is the presence of 
large negative Eu anomalies (Eu/Eu*=0.2-0.4), accompanied by relatively high 
abundances of trivalent REE (Fig, 1). In contrast, one spinel harzburgite from Eagle 

But^s h^ lower REE abundances with nQ significant Eu anomaly, yet is relatively light- 
REE enn^ed (Laj^/Ybj^= 16). The peridotites have bulk Mg/(Mg+sFe) of 0.87-0.89 
with bulk CaO contents of 1.1-2.8 wt.%, whereas the mica dunites are both more and 
l^s magnesian (Mg/(Mg+2Fe) = 0.83-0.91), and have higher Sm/Nd, K, Rb and Ba. 
^e glimmente IS relatively enriched in Ba (1880 ppm), Zr (350 ppm), Th (3 ppm), Cr 
(930 ppm) and Ni (1280 ppm). ^ 
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Bulk rock isotopic ratios for several of the Highwood xenoliths range to extreme 
values (®'^Sr/*6sr = 0.715 to 0.769, = -16 to -40, l87os/I860s = 0.90 to 1.04). Nd 
model ages relative to depleted mantle range from 2.6 Ga to greater than 4 Ga, and Os 
model ages (Tpp, Walker et al., 1989) range from 0.4 to 3.0 Ga (with 3 out of 4 greater 
than 2.7 Ga). The Os model ages are calculated assuming Re/Os = 0 and give the 
absolute minimum age of Re loss. The samples analyzed so far show an inverse 
correlation between ^^^Os/^^Os and Fo content of olivine, suggesting that Re loss 
accompanied partial melt removal during formation of the lithosphere in the early 
Archean (as noted previously by Walker et al. (1989) for xenoliths from southern 
Africa). In contrast, a 2.5 Ga Sr model age for a mica dunite may imply late 
Archean/Proterozoic enrichment in Rb by metasomatic addition of mica. The 
glimmerite vein (e = -33) is interpreted as an ancient metasome that is probably one 
example of the material contributing to the wide range of isotopic compositions 
measured in the younger magmatic rocks. 

Ultramafic rocks displaying some similar geochemical features to the Montana 
xenoliths, including negative Eu anomalies, occur as tectonic inclusions within 3.7 Ga 
gneisses from Labrador (Collerson et al., 1991). They differ, however, in their isotopic 
characteristics, and appear to be ancient partial melting residues, without the 
presumably subsequent but still ancient enrichment signature. 

Prior to the metasomatic addition of mica, the olivine-rich rocks from Montana may 
have been cumulates complementary to ancient feldspathic crust, or possibly residues 
from partial melting of less ancient asthenospheric mantle. The negative Eu anomalies 
may be a consequence feldspar removal or perhaps the partitioning behavior of 
orthopyroxene under highly reducing conditions (McKay et al., 1990). In either case the 
compositional differences among mantle lithospheric samples throughout central 
Montana suggest that there is considerable regional variability in equilibration 
temperature, trace element composition and age (and possibly intrinsic f02)as a 
function of both depth and geographic location. Given this, it is not surprising that there 
is also wide variation in the isotopic and trace element composition of erupted magmas 
within this province. 
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ISOTOPIC EVIDENCE FOR VARIABLY ENRICHED MORE LITHOSPHERIC MANTLE 

IN XENOLITHS FROM NORTH QUEENSLAND, AUSTRALIA 

Irving, and Menzies, 

(1) Dept. Geol Sciences, Univ. of Washington, Seattle, WA 98195 USA; (2) Dept. Geology, Royal Holloway and 

Bedford New College, Egham, Surrey TW20 OEX ENGLAND. 

Accretion of lower Phanerozoic lithosphere in eastern Australia is believed to have 
involved various intraplate and subduction-related processes. Ultramafic xenoliths from 
five Recent alkalic basalt eruptive centers in the Atherton, McBride and Chudleigh 
Provinces of north Queensland provide evidence for variable enrichment of very 
primitive MORE lithosphere. The samples studied are predominantly Cr-diopside 
spinel Iherzolites and several pyroxenites and amphibole pyroxenites that occur as dikes 
in large composite samples (Irving, 1980). Nd and Sr isotopic compositions for our 
samples (not age corrected), along with those reported by O'Reilly et al. (1988), plot 
mostly within the field of modern MORE (Fig. 1), however, one sample from Sapphire 
Hill is markedly more enriched (^^Sr/^^Sr 0.70991, e -8). REE abundances for 
constituent clinopyroxenes range from light REE-depleted to quite light REE-enriched 
(Fig. 2), and correlate well with the range in isotopic composition. Two host basalts 
have isotopic compositions typical of continental OIB-like, asthenospheric melts. 

The xenolith results are consistent with models of lithospheric mantle based on 
other xenolith suites (e.g., McDonough and McCulloch, 1987; Menzies, 1990), however, 
the range in the north Queensland examples is very large over a small area, and implies 
that the underlying mantle lithosphere is unusually heterogeneous on a small scale. We 
interpret the results as implying ancient subduction of oceanic lithosphere beneath the 
eastern margin of Australia, with subsequent metasomatism by fluids, now widely 
believed to be carbonatitic (Green and Wallace, 1988; Meen et al., 1989). 

References 

Green, D. H. and Wallace, M. E. (1988) Mantle metasomatism by ephemeral 
carbonatite melts. Nature, 336, 459-462. 

Irving, A. J. (1980) Petrology and geochemistry of composite ultramafic xenoliths in 
alkalic basalts and implications for magmatic processes within the mantle. American 
Journal of Science, 280A, 389-426. 

McDonough, W. F. and McCulloch, M. T. (1987) Isotopic heterogeneity in the southeast 
Australian subcontinental lithospheric mantle. Earth and Planetary Science Letters, 86, 
327-340. 

Meen, J. K., Ayers, J. C., and Fregeau, E. J. (1989) A model of mantle metasomatism by 
carbonated alkaline melts: Trace-element and isotopic compositions of mantle source 
regions of carbonatite and other continental igneous rocks. In Bell, K., Ed., 
Carbonatites: Genesis and Evolution, p. 464-499. Unwin Hyman, London. 

Menzies, M. A. (1990) Archean, Proterozoic and Phanerozoic lithospheres. In Menzies, 
M. A., Ed., Continental Mantle, 67-86. Clarendon Press, Oxford. 

O'Reilly, S. Y., Griffin, W. L., and Stabel, A. (1988) Evolution of Phanerozoic eastern 
Australian lithosphere: Isotopic evidence for magmatic and tectonic underplating. 
Journal of Petrology, Special Lithosphere Issue, 89-108. 



S
a
m

p
le

/C
h
o
n
d
ri

te
s 

Extended Abstracts 187 

0.5136 

0.5134- 

0.5132- 
■D 

z 
5 0.5130 

Z 0.5128 
n 
■q- 

0.5126" 

0.5124- 

X 

Q76-5 

X LE76-4 

X BC83-2 

X SH76-2P 
X 32-76-4 

A 
Host XLE76-1P 
Basalts 

0.5122 

Xenoliths and 
Host Basalts 

X SH83-2 

I I I I I 

0.701 0.703 0.705 0.707 0.709 0.71 1 0.713 

8 7_ , 86_ 
Sr/ Sr 



188 Fifth International Kimberlite Conference 

ISOTOPIC AND TRACE ELEMENT REMOTE SENSING OF MONTANA CONTINENTAL 

LITHOSPHERE FROM ERUPTED MAGMAS. 

Irving, and O^Brien, 

(I) Dept. Geol Sciences, Univ. of Washington, Seattle, WA 98195 USA; (2) Geol. Survey of Finland, SF-02150 

Espoo, FINLAND. 

In a continuing effort to characterize mantle-derived magmas in Montana and the 
evolution of the subjacent mantle, we have obtained isotopic and trace element data for 
many late Cretaceous to Oligocene mafic volcanic and shallow intrusive rocks 
throughout west-central Montana. Most, but not all, of the provinces sampled have 
been radiometrically dated. 

All these rocks are light REE-enriched, and span a range in La abundances from 
50-90x chondrites (Adel Mt. Volcanics) to 270x chondrites (Garnet Range). Sr and Nd 
initial isotopic compositions (Figure 1) range from near Bulk Earth, through slightly 
enriched to more extreme values, which overlap and extend the fields determined 
previously for rocks from the Crazy, Highwood and Bearpaw Mountains and Missouri 
Breaks (e.g., Dudas et al., 1987; Scambos and Farmer, 1988; Dudas, 1991; O'Brien et al., 
1991). The more enriched samples have e mostly between -10 and -20, but have a 
wide range in ^'Sr/^Sr from 0./055 (Garnet Range) to 0.7095 (Dillon). 

Isotopic composition is partly correlated with eruption age and magma tjpe, but 
there is considerable variation both in space and time. Most of the Eocene (j3-45 \fo) 
mafic mamas so far analyzed from west-central Montana have 6 < -10 and ®'Sr/^Sr 
> 0.705. Exceptions are the kimberlitic and alnoitic magmas from the Missouri Breaks 
and Haystack Butte (Scambos and Farmer, 1988) that may have ascended explosively 
because of high CO2 contents. Mid-Oligocene lavas from Indian Flats (IF, 39 Ma) plot 
near Bulk Earth, whereas those from Virginia City (VC, 33 Ma) overlap isotopically with 
rocks from the Highwood and Bearpaw Mountains. In the late Oligocene, isotopic 
compositions range from near Bulk Earth at Volcano Butte (29 M^, to e of -5 at 
Black Butte (BB, 24 Ma), to much more negative e in the Smoky Butte lamproites (27 
Ma) of eastern Montana. 

Following our studies in the Highwood Mountains (Irving et al., 1989; O’Brien et 
al., 1991), we interpret the isotopic array mostly in terms of assimilative interaction 
between asthenospheric melts (with isotopic compositions near Bulk Earth) and the 
Wyoming Craton lithospheric mantle keel. This model differs from that proposed by 
E^ler et al. (1988) and Dudas (1991), who contend that the magmas originate entirely 
within the ancient lithospheric mantle. We believe that mass flux of magma into the 
lithosphere is required in order to partially melt or ^similate cold, residual peridotite. 
In eitner case the geochemistry of the magmas provides indirect information on the 
nature of the lithosphere (e.g., Menzies, 1989). The observed variation in isotopic 
composition of the magmas requires that the Precambrian lithospheric mantle is 
regionally variable in isotopic/trace element composition and possibly in age. However, 
interpretation of the isotopic data is complicated further by the possibility that rates of 
magma ascent through the lithosphere may have been spatially variable, and/or that 
thinning of the ancient lithosphere (by thermal erosion or possibly by extension) was 
widespread by the mid-Oligocene. 

The very radiogenic strontium coupled with the presence of quartz xenocrysts in the 
lavas from the Dillon area may signify contribution from a crustal component. 
Nevertheless, we believe that the dominant source of the enriched isotopic 
characteristics throughout the province is ancient lithospheric mantle, based on the 
extreme compositions (e -16 to -40, ®'Sr/^Sr= 0.7149 to 0.7693) of mantle 
xenoliths from minette in tne Highwood Mountains (Irving and Carlson, this volume). 
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A DIAMOND-GRAPHITE BEARING ECLOGITIC XENOLITH FROM ROBERTS VICTOR 

INDICATION FOR PETROGENESIS FROM Pb, Nd, AND Sr ISOTOPES. 

Jacob, ^^^D.;Jagoutz, and Sobolev, 

(1) Max-Planck Institut fur Chemie, Abt. Kosmochemie, Saarstrasse 23, 6500Mainz, F.R.G.; (2) Institute of 

Mineralogy and Petrology, 630090 Novosibirsk, U.S.S.R. 

The 8.6 kg eclogitic xenolith "Rovic 124" is the largest known diamond-bearing 
xenolith. It consists of three different zones Al, A3 and A6, which are distinguished in colour 
as weU as in mineral composition and which confirm a complex history of this rock. 
All zones show subhedral or rounded garnets in an interstitial matrix of cpx and can be 
classified as Group I according to the classification for Roberts Victor eclogites by Macgregor 
and Carter (1970) or as Type A according to Jagoutz et al. (1984). Zone Al and A3 are of 
normal eclogitic petrography with about equal amounts of cpx and gnt,while zone A3 contains 
a small amount of graphite. The Graphite is flaky and shows no pseudomorphosis after 
diamond. Zone A6 consists of more than 90 Vol% garnet and is rich in diamond. Diamond 
occurs in various shapes and sizes and is only interstitial, sometimes siurounded by phlogopite 
which occurs along cracks in all three zones (very small amounts in zone Al). 

The garnets of Rovic 124 plot in the fields of group B and group A eclogites in the Ca-Mg-Fe 
plot of Coleman et al. (1965) and show a grospyditic trend; zone A6 having the highest ( up to 
10.2 % CaO) and zone Al the lowest ( up to 5 % CaO) Calcium-concentrations.Applying the 
cpx-gnt thermometer by Ellis and Green (1979), zone Al yields a temperature of 1133°C. 

The trace element concentrations in the different sections vary between 1 (Al gnt) and 5 ppm 
(Al cpx) Nd, 0.45 (A6 cpx) and 1.8 ppm (A6 gnt) Sm and 2.5 (A4 gnt) and 137.1 ppm (Al 
cpx) Sr. Lead concentrations lie between 49 (A3 cpx ) and 523 (Al cpx) ppb. The partition 
coefficients for Nd, Sm, Sr and Pb between clinopyroxene and garnet give a systematic trend, 
where zone Al shows the highest and zone A6 the lowest D: 

Zone DNd DSm DSr Dpb 
Al 5.10 1.45 47.00 2.86 
A3/A4 1.06 0.42 43.90 1.10 
A6 0.65 0.27 3.34 0.18 

The Phlogopite contains 64 ppm Sr, 0.54 ppm Sm, 3.34 ppm Nd and 1076 ppb Pb. It is clearly 
of metasomatic origin judging by its occurrence along cracks in the nodule. 
Fe^'*’/! Fe ratios as obtained from microprobe analyses of garnet in the different zones seem to 
be variable. 

The Sr isotopic composition are different in clinopyroxenes of the different layers which the 
Rb content can not account for. It is suggested that the variations in Sr isotopes are a remanent 
of a layered protolith. 
The neodymium isotopes yield yong internal mineral ages for the different sections, although 
the trend of zone Al being the youngest and zone A6 being the oldest is visible. Zone Al 
equilibrated at the time of eruption of the kimberlite (124 Ma, Allsopp and Barret (1975)) and 
yields an age of 168 Ma ± 52. The small amount of metasomatic phlogopite in this zone in 
comparison to the much higher amounts in other zones indicates that the phlogopite might have 
reacted out at the time of the resetting of the minerals in this zone. The Nd internal age is much 
younger than the one obtained from lead isotopes (363 Ma), but the datapoints lie on or close to 
the 2.75 Ga isochron which is defined by clean whole rock compositions of diamond-free 
eclogites from Roberts Victor (Jagoutz et al. (1984)) (Fig.2). 

In Lead isotopes (Fig.l), the datapoints of Rovic 124 form a well defined linear array on the 
left side of the geochron which intersects at p = 8.3. The range of the ratios observed is 
large and covers about half of the range observed for several different nodules from Roberts 
Victor measured by Jagoutz and Zindler (in prep.).The age of the array is 2.98 Ga. Some of 
the datapoints (A6 gnt, A3 gnt and Phlog.) lie close to or in the^eld defined for Group 11 
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Kimberlites (Smith et al. (1985)) which is interpreted as influence of the kimberlite on the 
eclogite during eruption. 

There are basically two possible explanations for the observered heterogeneities in Rovic 124: 

(i) A likely explanation for the layering is a primary origin: 
A layered protolith of basaltic composition and rich in carbon, e.g. oceanic basalt with carbon 
bearing sediment layer(s), was subducted under the African craton. During subduction all 
carbon was transformed to diamond. Some part of the diamonds then formed flaky graphite, 
e.g. due to shearing or uplift along the diamond -graphite stability boundary. 
This hypothesis is supported by the Sr isotope compostion which account for primary 
differences in Rb content of the layers prior to subduction. 

(ii) The layering could have been produced by metamorphic reactions, induced by a fluid front. 
This fluid front penetrated zone A1, reduced its trace element content and equilibrated cpx and 
gnt in their Nd isotopes; any existing diamond would be reacted out. In zone A3 the reaction 
with the fluid was not complete.This resulted in a partial equilibration of cpx and gnt, yielding 
an "age" and an amount of trace elements intermediate between the ones for zone Al and A6, 
and reducing the carbon content, leaving some graphite behind. Zone A6 was not reached by 
the fluid front and retains its original mineralogy and chemistry. Against this theory is the fact 
that the existing graphite does not show pseudomorphosis after diamond. Also the distribution 
of phlogopite is inverse to the one expected from an entry of the fluid front at zone Al. 
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Fig.l: versus plot shows the 2.75 Ga isochron, defined by "clean whole 
rocks" of non-diamondiferous xenoliths from Roberts Victor. Open circles are cpx and gnt 
respectively, closed circles are calculated whole rock compositions. Inset shows isochrons 
and intemaJ ages for Rovic 124. Age (1) for layer A6 is a clean cpx, age (2) is a ultraclean 
separate from the same cpx split. 

Fig 2: In a ^^^PbA^'^Pb versus plot the Rovic 124 data forms a linear array, yielding an 
age of 2.98 Ga. Geochron and fields for Group II Kimberlites and MORE shown for 
reference. 
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THE ROLE OF FLUORINE IN THE CRYSTALLIZATION OF NIOBIUM AND 

PHOSPHORUS ORES IN CARBONATITES. 

Bruce C. Jago and John Gittins. 

Department of Geology, Earth Sciences Centre, University of Toronto, Toronto, Ontario, MSS 3B1, Canada. 

Phase equilibria studies have helped to deduce compositional 
controls on Nb and P mineralization and paths of fractional 
crystallization that might be experienced by natural carbonatite 
melts. High niobium solubilities (5 - 10 wt. % Nb205) in simple, 
water - saturated calcium carbonate melts (Watkinson 1970) conflict 
with the generally low Nb205 contents (< 0.5 wt. %) of most 
carbonatites, with the exception of hydrothermally enriched zones in 
bodies such as Araxa (Mariano 1989). To evalute this disparity and 
determine the effect of alkalinity and F content on perovskite and 
pyrochlore (Pyr) crystallization, experiments were conducted (1 
kbar, 550 - 945° C.) in anhydrous, F - bearing Na - Ca carbonate 
melts [CaC03 - Na2C03 - F (Cc - Nc - F), Jago 1991] with a natural 
pyrochlore ( < 2.1 wt. % F) from Oka (Perrault 1968). The effect of 
alkalinity and F content on the crystallization history of apatite 
was determined in the same F- bearing join (1 kbar, 550 - 930° C.) 
with a natural fluor - apatite (av. 25 anal., 2.8 wt. % F), Jago 
1991). 

Pyrochlore Crystallization in the Quaternary Cc - Nc - F - Pyr 

Figure 1 is a generalized pseudoternary section through the 
carbonate - rich portion of the quaternary Cc - Nc - Pyr - F (Jago 
1991). The plane of the section is dominated by the phase field for 
pyrochlore owing to the low solubility of pyrochlore (< 0.75 wt. % 
or < 0.45 wt. % Nb205 equiv.) at all binary, ternary and quaternary 
invariant points which is in agreement with Nb contents of natural 
systems. A perovskite group mineral occurs as an intermediate 
compound on the carbonate - pyrochlore binary at Nc64 Pyr36 owing to 
the reaction of pyrochlore with carbonate melt. The perovskite - 
pyrochlore binary projects into the F - bearing ternary and 
terminates at a peritectic point with 1 wt. % F (T > 930° C.) at the 
intersection of the phase fields for carbonate, pyrochlore and 
perovskite. Under conditions of fractional crystallization, 
perovskite reacts with the F - bearing melt to form pyrochlore; 
cotectic crystallization of carbonate and pyrochlore proceeds down 
temperature to higher F contents and eventual intersection of the 
phase field for a fluoride mineral at approximately 7 - 8 wt. % F 
and 590° C. Crystallization of this three phase assemblage enriches 
the melt in alkalis but proceeds at essentially constant F content 
to a quaternary eutectic. The location of the peritectic at low F 
contents and high temperatures explains the general paucity of 
perovskite + pyrochlore - bearing assemblages in carbonatites, which 
almost universally experience fractional crystallization, and, the 
occurrence of pyrochlore reaction rims on perovskite (Oka, Nickel 
and McAdam 1963; Russian, Kapustin 1980) . Alkali - rich hydrothermal 
fluids must have been F - poor to form lueshite from pyrochlore at 
Lueshe (Safiannikoff 1959) in Zaire. 

Apatite Crystallization in the Quaternary Cc - Nc - F - Apatite 

The combined effect of alkalis and fluorine on apatite 

solubility was examined to extend the range of previous studies to 
compositions that are relevant to the crystallization of apatite 
from anhydrous, halogen and alkali - bearing carbonate melts up to 
extreme compositions of the Oldoinyo Lengai type. 

Apatite solubility in Nc - bearing compositions in the ternary 
Cc - Nc - Ap decreases markedly from 25 wt. % on the Cc -Ap binary 
to about 4 wt. % on the nyerereite (Ny) - Ap (800° C.) binary. A 
single ternary eutectic is located on the Cc - rich side of Ny - Ap 



194 Fifth International Kimberlite Conference 

at Cc51 Nc 45.5 Ap 3.5 at 787° C. The Nc - rich side of the ternary 
is dominated by the phase fields for apatite and Na - Ca carbonate - 
phosphate compounds which results in very restricted phase fields 
for Ness and Ny. A ternary eutectic (Nc78 Cc21 Apl, 700° C.) and 

ternary peritectic (Nc 40.5 Cc 36.5 Ap3.0, 795° C.) were located on 
the Nc - rich side of Ny - Ap but phase relations on Nc - Ap were 
not constrained. 

Eutectic temperatures are depressed by approximately 200° C. 
and apatite solubility by about one half with the addition of 8 wt. 
% F to ternary compositions. This also establishes the fluorite 
stability field and extends the compositional range over which 
alkali - bearing, Cc - rich melts (Nc:Cc < 1) may fractionate to 
Nc - rich compositions (Nc:Cc > 1) and bypass the thermal barrier 
imposed by nyerereite in Cc - Nc. Two pseudoternary sections 
(Figures 2 and 3) illustrate contrasting crystallization schemes in 
the Cc - rich portion of the quaternary which are a function of 
apatite solubility and dictated by the form of the apatite liquidus 
(ie. convex with T max; gentle negative slope with increasing F 
content). For melts with bulk Nc:Cc ratios greater than about 1.5 
(Figure 2), apatite solubility in F - bearing carbonate melts is 
insufficient to deplete the melt in F during the course of apatite 
precipitation. As a result, fractional crystallization invariably 
proceeds toward the fluorite - apatite cotectic from the carbonate 
(A->) or apatite (B->) stability fields, and melts with low 
initial F contents can experience two periods of carbonate 
precipitation. For melts with bulk Nc:Cc ratios less than about 1.5 
(Figure 3), apatite precipitation may or may not be sufficient to 
deplete the melt in F, and the crystallization scheme is largely 
controlled by the initial F content of the system. For melts with 
high F contents (> 7 - 8 wt. %), crystal fractionation of apatite 
(C->) enriches the melt in F, and crystalli'zation proceeds toward 
the fluorite - apatite cotectic prior to intersecting the calcite 
stability field. For melts with less than approximately 7 - 8 wt. % 
F, apatite precipitation can deplete the melt in F and fluorite 
precipitation is possible only after cotectic crystallization of 
apatite and calcite sufficiently c^nriches the melt in F. Ternary 
and quaternary phase relations support a trend of alkali - 
enrichment during magmatic evolution in anhydrous, F - bearing melts 
and presents viable crystallization paths that can account for 
fluorite - bearing, calcite - apatite and calcite - bearing, 
fluorite - apatite vein assemblages. 
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IS CLIFFORD’S RULE STILL VALID? AFFIRMATIVE EXAMPLES FROM 

AROUND THE WORLD. 

Janse, AJA. 

Mintel Pty Ltd, 11 Rowsley Way, Corine, Western Australia 6020. 

In 1966 Clifford published a paper in which he confirmed and re-formulated 
a concept first stated by W.Q. Kennedy in 1964 that the occurrence of 
diamondiferous kimberlites is restricted to those parts of the earth’s crust 
which Kennedy called "rigid cratonic nucleii of respectable antiquity, ±2000 
M.y.". 

Clifford, following Kennedy, observed that economically diamondiferous 
kimberlites, regardless of their age of intrusion, occur.only in areas 
underlain by basement older than 1600 M.y. which he thought represented 
Archaean cratonic terrain. His observation was mainly related to 
occurrences in the African continent, but it appeared to be valid to Siberia 
as well where since 1955 many economically diamondiferous kimberlites 
were discovered on the large Siberian Platform. 

A certain amount of confusion exists about the interpretation of the term 
craton. It is often used in a strict time - stratigraphic sense and then it is 
synonymous with Archaean basement. Hence the question "are these 
kimberlites on or off craton?", enquires whether or not the kimberlites in 
question occur in areas underlain by basement rocks of Archaean age. This 
is considered to have economic consequences. 

It is also used in a broader structural-lithological sense in which cratons 
represent rigid, relatively immobile and generally low grade metamorphic 
parts of the Earth’s crust in contrast to surrounding belts of highly deformed 
and high grade metamorphic rocks i.e. mobile belts, which can be as young 
as Palaeozoic in age, although the rocks of the craton are generally 
understood to be always of Precambrian age. 

In this broader sense cratons are coherent blocks in the Earth’s crust of any 
Precambrian age which have become rigid inj;hat they react to surrounding 
or abutting tectonic forces by faulting, tilting or warping instead of folding. 
This cratonic condition is attained some time after their latest thermal event 
when the crustal block has thickened and cooled down. 

Thus most cratons sensu lato are composed of blocks of Archaean or Early 
Proterozoic rocks, welded and surrounded by Proterozoic mobile belts. The 
whole assemblage often carries a bewildering array of local stratigraphic or 
structural names so that it is confusing for a geologist, not familiar with the 
area, to understand the tectonic pattern. 

In 1984 and again in 1991 the author proposed a simple classification of 
cratonic blocks into three major divisions, i.e. - 
(i) Archon - in which the basement rocks are of Archaean age; 
(ii) Proton - in which they are of Early to Middle Proterozoic age; 
(iii) Tecton - in which they are of Late Proterozoic age. 
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The time boundaries between these divisions have been selected as: archons 
- older than 2500 M.y.; protons - between 2500 and 1600 M.y. and tectons - 
between 1600 and 800 M.y. 

Many cratons, however, are overlain by younger, flat lying, little or 
undeformed sediments and volcanics (platform cover) so that, in many cases, 
it is not possible from direct observation to ascertain the nature of the 
underlying basement. The whole tectonic assemblage of cratonic blocks, 
mobile belts and cover rocks is often referred to as a Platform. 

Furthermore, parts of a craton can be re-activated by a later thermal event 
and so become rejuvenated from archon to proton or tecton or from proton 
to tecton and this has consequences for its economic potential. 

Close observation shows that all economic kimberlites in Southern Africa 
occur on the Kalahari Archon and most of them on the Kaapvaal nucleus 
within the Kalahari Archon. South African geologists go as far as stating 
that kimberlites occurring outside the boundaries of the Kalahari Archon do 
not contain any diamonds (Skinner, personal communication). Thus the 
kimberlites in Namibia, Bushmanland and the southern Cape Province are 
barren as they are located in the Namaqua-Natal province which is built up 
by protons and tectons. 

Recent research in the USSR has shown that the basement of the Siberian 
Platform can be divided into several Archaean megablocks (archons) 
separated by Proterozoic mobile belts. Economic kimberlites (Mir, Aikhal, 
Udachnaya) occur only on the archons. It is also stated that the basement 
underneath the platform in the newly discovered kimberlite province 100km 
north of Arkhangel in Western Russia is Archaean. 

In 1979 a primary source rock with a very high content of diamonds was 
found at Argyle in Western Australia which soon proved to be a very 
significant economic deposit. 

The example of Argyle shows that economically significant, diamondiferous 
non-kimberlitic primary source rocks can occur "off-craton" (in the sense of 
Clifford), or off-archon (this paper), but located in an Early Proterozoic 
mobile belt which surrounds an Archaean craton. 

The Argyle rocks, however, are not kimberlite but lamproite and worldwide 
examples show that other diamondiferous lamproites occur in Proterozoic 
terrains, i.e. protons. 

Economic kimberlites occur in Archaean parts of the North China (Sino- 
Korean) Archon (Mengyin, Shandong and Fuxian, Liaoning). However, the 
basement to the Yangtze craton is generally of Proterozoic age, and the only 
primary source rock for diamond found so far is lamproite (Guizhou). 

Diamondiferous, but so far non-economic, kimberlites (Aries, Skerring) 
occur on the Kimberley Archon, while an economic lamproite (Argyle) 
occurs in the Halls Creek Proton, close to the edge of the Kimberley Archon. 
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The Majhgawan pipe in central India, which was long thought to be a 
kimberlite has recently been classified as a lamproite; it lies right on the 

edge of the Aravalli Archon. 

The alluvial diamonds in Kalimantan occur in areas underlain by highly 
deformed, medium grade metamorphic basement. Thus their source rocks 
are very distant or occur in a fragment of old cratonic terrain (Archon or 
Proton) which has not yet been found or recognised despite considerable 
exploration efforts by expatriate companies. 

Worldwide observation also shows that the most and the largest diamond 
deposits occur on Archons which have the thickest platform cover and which 
have been uplifted the most. For example, within the Kalahari Archon, the 
Kaapvaal nucleus, which has a total thickness of Paleozoic and Mesozoic 
platform rocks in the order of at least 10,000m and an uplift of at least 
3,000m, has the highest regional diamond content, while the Zimbabwe 
nucleus with a thinner platform cover (now mostly eroded) has the lowest. 

Other cratons with high regional diamond potential are the Siberian 
Platform which has a substantial thickness of platform cover, while in 
Western Australia the Kimberley craton with its thick cover has proved 
richer than any other cratons in Australia which have lesser covers. 

Perhaps there is a measurable relationship between regional diamond 
potential and the total thickness of the platform stratigraphic successions 
and the amount of subsequent uplift. To find this could be the challenge for 
the next few years. 

It is concluded that if Clifford’s rule is modified so that his "ancient cratons" 
represent truly Archaean terrain older than 2500 M.y., then it is still valid. 
Thus economic kimberlties occur "on-archon" and, in general, more towards 
the centre of an archon. (This modified Clifford’s Rule was called the 
Clifford-Sinitsyn Rule at the Kimberlite Workshop held in Leningrad in 
March 1990). Economic lamproites, on the other hand, seem to occur along 
the periphery of an archon or in surrounding mobile belts preferably close to 
the edge of an archon. Prospecting methods should be tailored to the type 
of cratonic basement present to find the most likely primary source rocks. 

However, because of the uncertainties in determining the exact petrological 
nature of the basement in platform areas and in rejuvenated terrain, there is 
still room for the "inspired" geologist or prospector who goes into the field 
to find a major diamond deposit in areas condemned by others. 
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NON-KIMBERLinC DIAMONDS SOURCE ROCKS. 

Janse, AJA.. 

Mintel Pty Ltd, 11 Rowsley Way, Corine, Western Australia 6020. 

Since the discovery of kimberlite as a major primary source rock for 
diamonds in 1872 various claims have been made for other rocks, which are 
not kimberlites, to represent a source rock for diamonds. These claims have, 
at various times, been disputed, ridiculed or proved wrong and in general 
very little attention was paid to them as the alleged diamond deposits were 
economically insignificant. 

In 1978 and 1979 olivine lamproite was found to be a primary source rock for 
economically very important diamond deposits. Since then the matter ceased 
to be of academic interest only and increasing attention has been focussed 
on assessing the validity of the discoveries of diamonds in various kinds of 
rock. 

In many cases the original discovery could not be repeated by other 
investigators and it was claimed that the original mineral was misidentified, 
being a variety of the spinel group instead of diamond. Be that as it may, 
improved sample processing techniques and modern X-ray equipment have 
shown that diamonds occur in rocks other than kimberlites and olivine 
lamproites. Traces of diamond have been reported from related rocks such 
as less mafic lamproites (leucite lamproites), ultramafic and alkalic 
lamprophyres (alnoites, aillikites, damkjernites, monchiquites), but there are 
an increasing number of reports, often quite well substantiated, which state 
that diamonds were found in dunite/harzburgite or garnet pyroxenite in 
ophiolite complexes, garnet peridotite in gneiss and in alkaline basalt, 
eclogite in gneiss, alkaline basalt, dolerite, granite, pegmatite and of course 
in meteorites and in meteorite impact structures (Table 1). 

There are also reports that small diamonds and microdiamonds were found 
in low grade metamorphic greywacke-turbidite sequences of Lower to Middle 
Proterozoic age, i.e. Ghana and Northern Territory of Australia, for which 
no kimberlitic or lamproitic source rock can be found, and in high grade 
metamorphic paragneiss for which it is claimed that the diamonds have a 
metamorphic genesis (Kokchetav, Northern Kazakhstan). 

Finally there are reports that the isotopic composition of carbonados in 
Bahia indicates that these may be derived from non-kimberlitic source rocks. 

Most of these occurrences are not economically important, except for the 
alluvial diamond deposits of southeastern Kalimantan (if it is accepted that 
these are derived from an ophiolitic source rock), for the Popigay impact 
structure which apparently contains a large resource of small diamonds and 
which would be economic if it were not located well above the arctic circle, 
and for the carbonado deposits in Bahia. 
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Recent research has indicated that diamonds in kimberlites and olivine 
lamproites are derived from three deep seated sources, i.e. garnet Iherzolite, 
garnet harzburgite and eclogite. It is interesting tanote that similar deep 
seated rocks are brought to the surface by tectonic forces in ophiolite, 
peridotite and eclogite complexes and that diamonds are claimed to have 
been found in these rocks in some places. 

The content of diamond in these deep seated rocks can be extremely high in 
places. It can be measured in percentages in eclogite nodules in kimberlites 
from South Africa or if the octahedral graphites in the Beni Bousera 
ophiolite are true pseudomorphs after diamond, it can reach 20 per cent. 
Thus the search is on for an ophiolite in which the diamonds have not been 
transformed into graphite. Graphite has been found in eclogite and garnet 
peridotite nodules in. kimberlite pipes (Orapa, Jagersfontein, Mir), but also 
in carbonatites, which gives food for thought and impetus for a wider search. 

It is likely that the list in Table 1 is neither complete nor conclusive. 
Certain occurrences will be or have already been proved wrong (diamonds in 
alkaline basalt in Kamchatka) or doubtful (metamorphic genesis for 
diamonds in Kokchetav), but it is certain that other occurrences will be 
added in future. 
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TABLE 1. NON-KIMBERLITIC DIAMOND SOURCE ROCKS CLAIMED BY 
VARIOUS AUTHORS 

Rock Types Grade Indicator Minerals 

1. Eclogites 

in gneissic country rock 
Kokchetav (Kazakhstan) 

high Py-Alm garnet, Na-Cr pyroxene 

2. Garnet-Pyroxenite 

in Ophiolite complexes 
Beni Bouscra (Morocco) 

high? Py-Alm garnet, chromite 

3. Harzburgite/Dunite 

in Ophiolite complexes 
Tibet, British Columbia 

low Chromite, platinum minerals 

4. Dunites 

as pipes in country rock 
Upper Volta 

low Chromite, Mn-ilmenite 

5. Alkaline ultrabasic complexes 
Kotui (Northern Siberia) 

low Chromite, pyrope garnet 

6. Ultramafic lamprophyres 
Western Australia 

low Chromite, Perovskite 

7. Alkaline lamprophyres 

(Monchiquites) 
Western Australia 

low Chromite 

8. Lherzolite nodules in 

alkaline basalt 
Mongofia 

low Pyrope, Cr-diopside 

9. High grade metamorphics 
Kokchetav (Kazakhstan) 

high? Py-Alm garnet, pyroxene 

10. Garnet Peridotite 

in gneissic country rock 
Bohemia 

low Pyrope, Cr-diopside, chromite 

11. Olivine Bombs in basalt 
Ruang Volcano (North Sulawesi) 

low Diamond, olivine 

12. Meteorite impact structures 
Popigay (Northern Siberia) 

high? Hexagonal diamond 

13. Dolerite/diabase dykes 
New South Wales 

low Diamond 

14. Xenocrysts in alkaline basalt 
Kamchatka 

low Diamond 

15. Turbidite/greywacke 
Ghana, Northern Territory 

high/med Diamond 

16. Lithified Precambrian 

Conglomerate 
Bahia 

medium Carbonado 
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PERIDOTITIC PARAGENESIS PLANAR OCTAHEDRAL DIAMONDS FROM THE 

ELLENDALE LAMPROITE PIPES, WESTERN AUSTRALIA. 

A.L. Jacques^^^;A.E. HalP^;l Sheraton^^^; C.B. Smith^^^ and Z. Roksandic^^^ 

(1) Bureau of Mineral Resources, Canberra, ACT, Australia; (2) CRA Exploration Pty Ltd, Perth, Werstem Australia. 

Introduction 

The 20 Ma Ellendale lamproite pipes, in the West 

Kimberley province of Western Australia, are the youngest 

diamond pipes known. Previous studies (Hall & Smith, 1984; 

Jaques et al., 1989) have shown that the larger size (> 1 mm) 

diamonds from these pipes are mostly distinctive lustrous 

dodecahedra containing equal proportions of peridotitic and 

eclogitic paragenesis inclusions and having a wide range of 

carbon isotopic compositions (<S^^C = -3.4 to -14.4°/oo). New 

data show that a distinctive suite of small commercial sized 

(1.0 - 2.5mm) octahedral diamonds from the Ellendale pipes are 

of peridotitic paragenesis and similar to small octahedral 

diamonds found in garnet peridotite (dominantly Iherzolite) 

xenoliths from the Argyle lamproite. 

Ellendale planar octahedral diamonds 

Amongst the Ellendale diamonds are a distinctive suite of 

small stones which are typically frosted, step-layered planar 

octahedra and mostly white to pale brown in colour (Hall and 

Smith, 1984, fig. 7f). Graphite inclusions are common. 

Included amongst these stones are hemimorphic forms, half 

octahedron, half resorbed to dodecahedron (Hall and Smith, 

1984, fig. 7e). These are thought to have resulted from 

partial resorption of diamond protruding from the surface of a 

xenolith. Subsequent disaggregation of the xenolith released 

the whole stone with the previously embedded portion retaining 

its original octahedral form. 

The suite contains only peridotitic primary mineral 

inclusions: olivine, enstatite, olivine + enstatite, Cr- 

diopside, olivine + Cr-diopside, and olivine + Cr-pyrope. 

Chrome diopside is abundant (« 40% of stones with primary 

silicates), as found in previous studies of the Ellendale 

stones (21% of peridotitic inclusions), implying a dominantly 

Iherzolite facies derivation. 

Olivine (MggQ 0^92.4) and enstatite (Mg92.6-92 9' 
0.7% AI2O3) lie within the compositional range previously 

found for inclusions in Ellendale peridotitic diamonds and, 

overall, are not as Mg-rich as olivine inclusions in diamond 

worldwide (mostly Mg^Q 5_g2.5 cf > ^992.5)- Chrome diopside 
(Ca/(Ca+Mg) = 0.43-0.44, l-i.4% Cr2.02),'and chrome pyrope 

(Mg84'.~ ^^2^3' ~ CaO) also fall within the 
compositional range previously established for peridotitic 

inclusions from Ellendale diamonds. The Ca-saturated nature 

of the Cr-pyrope is consistent with derivation from a 

Iherzolite assemblage. 

Temperature-Pressure Estimates 

Equilibration temperatures estimated for inclusions from 

the Ellendale octahedral diamonds are very similar to those 

obtained for the Ellendale peridotitic population (1125±50‘^C) 

using a variety of thermometers (Table 1). A nominal pressure 
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of 5 GPa has been assumed where pressures are unknown which 
seems a reasonable estimate since very similar pressures were 
calculated for two of the diamonds. 

Diamond Assemblage P (GPa) 0
 

o
 

Method 

Ellendale: Jaaues et al.. 1989 
E4/2 01-opx (5) 1115 Ca in opx 
E4/11 01-ga - 1100 Ni in ga 

(5) 1225 Fe-Mg ol-ga 
E4/12 01-ga - 1165 Ni in ga 

(5) 1055 Fe-Mg ol-ga 
E4/18 01-opx-cpx 4.50 1120 Cpx-opx/Ca in ol 

(4.5) 1090 Ca in opx 
E4/20 Opx (5) 1095 Ca in opx 
E4/24 Opx (5) 1145 Ca in opx 
Mean 1125 

Ellendale selected octahedra 
E208 Opx (5) 1135 Ca in opx 
E209 01-opx (5) 1020 Ca in opx 
E217 01-cpx 4.47 (1100) Ca in ol 
E226 01-ga (5) 1150 Fe-Mg ol-ga 
Mean 1100 

Arcfvle: Jaaues et al.. 1989 
A104 01-opx (5) 1120 Ca in opx 
A151 01-ga - 1225 Ni in ga 

(5) 1150 Fe-Mg ol-ga 

Note: Thermobarometers given in Brey and Kohler (1990) and 
Griffin et al. (1989) . 

These temperatures are slightly higher than those 
typically obtained for peridotitic inclusions in diamond from 
kimberlites. Even higher temperatures (1140-1290^0) were 
obtained from inclusions in diamond and diamondiferous 
peridotite xenoliths from the Argyle pipe (Jaques et al., 
1990). This difference in temperature between Argyle and 
Ellendale diamonds (especially eclogitic suites) is clearly 
shown by the much higher level of aggregation of nitrogen in 
the Argyle diamonds compared to Ellendale stones (Taylor et 
al., 1990). The mean equilibration temperature for the 
Ellendale peridotitic diamonds is very similar to that 
obtained from nitrogen aggregation characteristics for 
Ellendale 9 peridotitic diamonds for a late Precambrian age of 
formation (Taylor et al., 1990). 

Carbon Isotopic composition 

The Ellendale planar octahedra have a small range in 
carbon isotopic compositions (<S^^C = -3.1 to -6.2°/oo vs PDB) 
with a peak of <5^^C values at - 4.8°/oo. These fall within 
the compositional range found previously for peridotitic 
diamonds from the Ellendale pipes (<S^^C = -3.9 to -6.4°/oo, 
averaging -5.2°/oo) and peridotitic suite diamonds from Argyle 
and elsewhere. 

The limited range of the Ellendale peridotitic suite 
diamonds contrasts with the range of values observed for 
Ellendale eclogitic paraaenesis diamonds which extend to 
values more depleted in (<5^^C = -3.8 to -11.2°/ogl. 
Argyle eclogitic diamonds are even more depleted in (<S^^C 



204 Fifth International Kimberlite Conference 

mostly -9 to -12°/oo) suggesting involvement of significant 
amounts of recycled crustal carbon (Jaques et al., 1989). 
Ellendale eclogitic diamonds, by comparison, apparently had a 
much smaller input of crustal carbon. 

Origin of the diamonds 

The recognition of an association of a distinctive 
diamond morphology, namely step-layered octahedra, with 
exclusively peridgtitic paragenesis inclusions and restricted 
mantle-type' (S^^C » -5Voo) carbon isotopic composition in 

the Ellendale diamonds mirrors a similar finding in the Argyle 
diamonds (Jaques et al., 1990). The Argyle lamproite contains 
distinctive sharp-edged planar octahedral diamonds which have 
peridotitic inclusions and small negative (S^^C values and 
these have been identified as being derived from 
diamondiferous peridotite xenoliths of mostly Iherzolitic 
composition. 

Microdiamonds at Ellendale, below the size range of the 
octahedral stones studied in this paper, are of similar planar 
form and dominant brown or white colour and, may therefore be 
of similar origin, viz. from primordial mantle carbon in 
subcontinental peridotitic, mostly Iherzolitic, mantle. The 
less depleted nature (in terms of Mg/Fe) of the inclusions, 
the relative abundance of chrome diopside inclusions and the 
Ca-saturated nature of the chrome pyropes suggest a 
Iherzolitic rather than a harzburgitic source for most of the 
Ellendale peridotitic diamonds. 

The preservation and lack of resorption of these diamonds 
seems likely to be due to shielding in peridotite xenoliths 
until a comparatively late stage in the eruption of the 
lamproites. Shielding of eclogitic paragenesis diamonds has 
been less effective, possibly because of the lower melting 
temperature of eclogite and earlier disaggregation of the 
eclogite xenoliths. 
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A REVIEW OF THE CARBONATITES OF AUSTRALIA 

A.L. Jacques^^\' J. Knutson^^^; and R. Duncan^^K 

(1) Bureau of Mineral Resources, Geology &. Geophysics, Canberra Australia; (2) R.K. Duncan and 

Associates, Leederville, Western Australia. 

Several major new carbonatite complexes have recently 
been found in Australia. This paper reviews the geology, 
mineralogy and geochemistry of carbonatites in Australia and 
their mineral resources. 

Geology, Age and Setting 

Most of the carbonatites in Australia are of late 
Proterozoic age and intrude either cratonised Proterozoic 
mobile belts or the margins of Archaean blocks (Fig.l ). The 
carbonatites all appear to be spatially related to deep-seated 
faults, and range in form from major circular bodies (some as 
large as 10km across), with marked magnetic and gravity 
signatures to small (< 100m) dykes and plugs. 

The oldest is the Mount Weld Carbonatite dated at 2.02 Ga 
which intrudes Archaean greenstones of the Eastern Goldfields 
Province of the Yilgarn Block (Fig. 1). The Mt Weld 
carbonatite is a 3 km wide stock or plug buried beneath 
alluvium and Tertiary lake sediments. The body has a central 
carbonatite (dominantly sovite) core surrounded by a 500m wide 
zone of brecciated, biotite-rich wallrock (glimmerite). An 
earlier generation of cumulate and orbicular textured sovite 
is intruded by later dolomite-bearing carbonatites typically 
containing apatite, magnetite, phlogopite and pyrochlore. 

The Ponton Creek alkaline complex is a major circular 
body some 10km across which intrudes Archaean granites and 
gneisses at the eastern margin of the Yilgarn Block (Fig. 1) 
and is thought to be of Proterozoic age. The complex, which 
is covered by some 500m of Permian tillite, has a central core 
of ultramafic cumulates, dominantly magnetite-bearing olivine 
clinopyroxenite, cut by narrow veins of apatite-rich 
carbonatite. Peralkaline syenites are also associated. 

The Cummins Range Carbonatite lies at the intersection of 
the King Leopold and Halls Creek mobile belts at the southern 
margin of the Kimberley Block (Fig. 1). The carbonatite, 
which has been dated at 905 Ma, intrudes Precambrian 
metasediments and gneisses as a zoned vertical stock 1.8 x 1.7 
km across. A central carbonatite-rich core is enclosed by an 
envelope of carbonated and micaceous altered pyroxenite which 
passes into an outer zone of unaltered pyroxenite. The 
altered zone is cut by numerous ring dykes and cone sheets of 
carbonatite and a satellite plug of carbonated mica pyroxenite 
is also present. Sr and Nd isotopic data suggest that the 
Cummins Range carbonatite may be related to the Bow Hill 
lamprophyre further north in the East Kimberley (Fig. 1), 
which is of comparable age. 

The Mundine Well carbonatite is a series of lenses 700m 
in diameter which intrude a partially assimilated synclinal 
keel of the Archaean metavolcanic Western Shaw belt of the 
Pilbara Block of Western Australia (Fig. 1). Rock types 
include apatite-sovite, altered apatite-magnetite- 
silicocarbonate, apatite olivine sovite, and alkaline 
pyroxenite. 
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Fig. 1. Distribution of carbonatites and other alkaline rocks 
in Australia. Details of alkaline rocks in the Tasman Fold 
Belt are given in Jaques et al., (1985). 

The 730 Ma Mud Tank Carbonatite intrudes Early 
Proterozoic granulites of the Strangways Metamorphic Complex 
in the southeast part of the Arunta Block in central Australia 
(Fig.l ). The complex consists of a number of carbonate-rich 
lenses surrounded by mica-rich zones emplaced into poly- 
metamorphic granulites and granitoid cataclasites. Inclusions 
of syenite and granulite (some boudinaged) have been 
pervasively metasomatised and contain albite and alkali 
pyriboles. Mud Tank Carbonatite appears to have been emplaced 
at mid-crustal levels (> 15 km) possibly during faulting 
related to the development of the late Proterozoic Amadeusi 
Basin. Mud Tank differs from many other carbonatite complexes 
in having lower abundances of LREE and other incompatible 
elements and a slight decoupling of LREE from HREE. 

The Redbank breccia pipes are a suite of some 50 
carbonate-rich copper-bearing breccia pipes which intrude 
middle Proterozoic volcanic and dolomitic sedimentary rocks of 
the Macarthur Basin. Intense K-metasomatism and geochemical 
enrichments have previously been interpreted as indicating a 
carbonatitic affinity, viz. a carbonated K-rich trachytic 
magma. Recently the presence of carbonatitic volcanism has 
been questioned and the Redbank mineralisation interpreted as 
resulting from mixing of Cu- and sulphate-rich basinal brines 
with reduced, hydrocarbon-bearing fluids from underlying 
country rocks with mineralisation occurring in fractures. 
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The Wallowav carbonatite comprises small dykes and plugs 
of carbonate-rich lamprophyric rocks which intrude late Prot¬ 
erozoic metasediments of the Adelaide Fold Belt. The Walloway 
intrusions are closely associated with Jurassic (170 Ma) 
Orroroo kimberlites and isotopic and geochemical data suggest 
a genetic relationship (Nelson et al., 1988). 

Resources 

The Mount Weld Carbonatite hosts a world-class REE 
deposit together with discrete deposits of Y, Ta, Nb and P 
developed in a 10-70m thick regolith zone over the carbonatite 
(Duncan and Willett, 1990). The REE mineralisation is mostly 
contained in supergene Th-deficient monazite but significant 
amounts of Y and HREE are contained in secondary churchite. 
The mineralised zone forms a discrete zone at the centre of 
the body and contains some 15.4 Mt at 11.2% REO plus yttrium 
with a cutoff grade of 5%. Included in this resource is a 
high grade zone of 1.35 Mt with a grade of 23.6% REO and a 
cutoff grade of 20%. Reserves of other metals include 250 Mt 
of phosphate at 18% (10% cutoff grade), 145 Mt of tantalum ore 
at a grade of 0.034% Ta205 (0.02% cutoff) and 273 Mt of 
niobium ore at a grade of 0.9% Nb205 (0.5% cutoff). 

A REE-enriched regolith zone up to 60m thick is also 
developed over the Cummins Range Carbonatite and hosts sub- 
economic LREE,. Nb, U and P mineralisation in the form of 
secondary monazite, and detrital monazite, apatite, pyrochlore 
and apatite. A resource of 3-4 Mt with a grade of 2-4% REO is 
inferred (Andrew, 1990). 

The Mud Tank Carbonatite yields fine gem quality zircons 
(alluvial), and degraded mica-rich rocks (hydrobiotite and 
hydrophlogopite) are currently being evaluated as a vermicu- 
lite deposit. 

Oxidised high grade ore has been mined from the Redbank 
copper deposits in the past. A subeconomic resource of 4 Mt 
with a grade of 2.5% Cu from primary ore bodies has been 
identified at the two major prospects and the deposits are 
currently being re-evaluated. 
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SPINEL - AS INDICATOR FOR DIAMOND. 

Zhou Jianxion^ Zhang Andi; Wang Wuyi; Xie Xilin; Guo Lihe. 

Institute of Mineral Deposits, CAGS, 26 Baiwanzhuang Road, Beijing 100037, China 

This extended abstruct will concern primarily with macrocryst spinel classification.It is 

proposed first to discuss the spinel guoup populations of typical kimberlite and lamproite 

bodies, to discuss their significance for diamond exploration, and then to discuss their or¬ 

igin. Only the principal points summariged below. Detailed description of the each spinel 

group and discussion can be’ found in other papers ( Zhang Andi, 1991, Zhou 

Jianxiong, 1991) . 

Spinel is one of the most characteristic minerals of kimberlite and lamproite. Although 

its amount in kimberlite and lamproite varies widely from trace quantities up to about 

0.3-0.5% (Sobolev, 1975), it is very resistent to physical and chemical weathering, and 

it is easily found in the concentration. They arc abundant enough to act as indicator for 

primary source rock.There have been some successful examples in China.One of diamond 

bearing kimberliee pipe and one of diamond bering lamproite field were found by tracing 

spinels. 

Howerer, for a long time, as Mitchell said (1987), determining provenacc of spinel 

is still very difficult.lt is analogous to the olivine macrocryst problem.And the composition 

of spinels from kimberlite and lamproite are similar to that of spinels from a wide variety of 

basic and ultrabasic rocks.Recently the people found the diamond bering rocks always con¬ 

tain spinels which show similar chemical features to the mineral inclusions in diamond 

(Gurney, 1989, Dong and Zhou 1980) . 

In this study the classification of spinel is made by Q-clustcr analysis, based upon the 

predominance of Cr203, AI2O3, Ti02and MgO. The nearly 5000 analyses from above 68 

rock bodies have been studed.Most of quantitative analyses were made by typical EPMA, 

that is wavelength dispersive spectrometry our lab. Very few came from the reference.The 

occurences of spinels include in diamondiferous or barren kimberlites and lamproites, and 

other rcletive rocks, such as lamprophyres, basalts, alpine peridotities, layered basic in¬ 

trusions and meteorite and so on. which arc not only front 6 provinces in China, but also 

from South Africa, Australia, America and USSR.Fig.1 and Table 1 summary the main 

results obtained by the cluster analysis.These all 12 groups involve almost the all spinels oc- 

cured in above mentioned rocks.lt is obvious that each group is characterized by differente 

TiOj, AI2O3, Cr203and MgO contents. And it is easily recognized by computer program 

based upon thd amount of compositions.SI, S2 and S3 groups with very high Cr203and 

MgO are all direct indicators for diamond.They all contain very low Al203and TiOj, al¬ 
though they have a little diffrent each other. SI group almost does not contain Ti02. S2 

group contains about 1 % Ti02.S3 group contains very high Cr203and MgO, mainly found 

in meteorite. S4 guoup can be found in a variety of occurences, including kimberlite and 

lamproite. Usually this guoup were further subdivided according to the Ti02Content. S5 

guoup with high Al203is not typical to kimberlite and lamproite. S6 group with low 

Al203and high Ti02is typical for kimberlite, and sometimes found in lamproite.S7 group 

with high Al203and Ti02is typical for lamproite, but also found in kimberlite, especially 
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in mica kimberlite.Other groups are not very importent and very easy to discriminate.This 

classification has been proved very useful for following three fields: 

(1) Simplifing the quantitative description for spinel groups in kimberlite* lamproite 

and other rocks. Fig2 shows the spinel group populations in a few typieal kimberlites and 

lamproites which arc characterized for each rock. 

(2) Simplifing the description for spinels from nature concerntrates.lt is very useful to 

exploration of diamond. 

(3) Studing spinel origin. 

TiOa RANGE MgO RANGE 

Fig. 1. Compositional ranges for 12 group spinels. Obtained by cluster analysis.lt shows the different 

among 12 group spinels. 

Table 1. Averaged compositions each group 

Group Name TiOi AljOj Crp, MgO Occurences 

SI poor Ti. A1 rich Mg chromite 0.12 5.29 . 64.00 12.72 Inc KimD LamD 

S2 titanian poor A1 rich Mg chromite 0.42 4.29 64.63 11.07 Inc KimD LamD 

S3 High Mg. Cr chromite 0.36 6.54 67.37 15.43 Met Inc KimD 

S4 poor Ti rich Al. Mg chromite 0.48 12.17 52.81 11.69 Lay Chr Lam Kim 

S5 poor Ti high Al chromite 0.43 21.67 47.21 13.04 Lap Kim Chr 

S6 rich Ti poor Al chromite 3.14 3.87 57.52 10.89 Kim Lam 

S7 hith Ti rich Al chromite 4.08 10.25 48.43 10.32 Lam Kim2 

S8 poor Al low Mg chromite 0.28 3.35 54.51 5.91 Ler 

S9 low Ti rich Fe chromite 0.68 6.17 60.71 3.56 Met Chr 

SIO poor Ti rich Cr Mg-Al spinel 0.13 34.14 35.38 14.40 Lap Kim 

Sll chrome Mg-Al spinel 0.06 52.50 14.35 18.56 Bas 

SI2 high Ti rich Fc chromite 9.15 6.49 41.77 0.72 Met 

Notes: Inc. inclusion in diamond; KimD, diamondiferous kimberlite: LamD, diamonodiferous lamproite; 

Kim. Kimberlite: Kim2. mica kimberlite: Lam. lamproite: Lay. layered basic intrusion: Chr. alpine chromite 

deposits: Lap. lamprophyre: Ler. Iherzolite: Met. meteorite; Bas. basalt. 
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Fig. 2 Histograms of spinel group population from some typical kimberlites and 

lamproites.Diamondferous; SFKF, Koffiefontein SA; ED4, Ellcndal^WA; SDSLl, Shandong SLl 

China; SDHQ6, Shandong HQ6 China: LN50, Liaoning LN50 China; MPl, Guizhou MPl 

China, lamproite; Barren: HNTM, Hunan TM China; SXLL, Shanxi LL China; JS7, Hubei JS7 

China,lamproite. 

The results of present studing show the following criterias which the geologists must 

consider during the exploration of diamond: 

(1) Chemically spinels from kimberlites and lamproites exhibit the widest ranges in 

TiOj, AI2O3, CrjOjand MgO contents comparing with those of non—kimberlites.This is a 

very importent criteria which we must consider any time. The distrbution figers of 

CrjOj-AljOj, CrjOj-TiOjand CrjOjand Cr203-Mg0 are very importent for estimating 

of source rocks. 

(2) Macrocryst spinels can be considered to be xenocrysts derived from dunites, 

harzburgites, Iherzolites and pyroxenitc which have different P and T physical 

conditions.In other words, as the paragenesis from dunite to pyroxenite the Cr203in spinel 

decreases with similtancous increase in amount of AI2O3. That is why that diamondiferouse 

rocks usually contain more groups than barren rocks. 

(3) SI and S2 group spinels directly indicate if the diamond present or not.Diamond 

bearing kinberlites or lamproites always contain these spinels (see Fig.2) .It is possible to 

use these spinels as semiquantitative criteria .These spinels can be called syngenetic chromite 

with diamond or diamond phase chromite, and may be used as indicator for finding of 

new source rocks. 

(4) S6 group spinel is very special indicator for kimberlite, S7 group spinel is very 

special indicator for lamproite.lt is very clear to see in the Fig. 2. Only in barren rocks S6 

and S7 groups were replaced by S5 and SIO groups, for example, the spinels in Hunan 

and Shanxi kimberlite fidles, China (Fig.2) . 

(5) According to above mentioned criteria, a comprehensive understand about 

spinel in a kimberlite or lamproite body can be made based u^ion at least 50 grain spinel 
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analses.lt means that more analyses of spinel must be done during the exploration, other¬ 

wise it is possible to lose useful information. 

(6) Spinels from reletive rocks are different from spinels in kimberliees and lamproites 

in spinel group population.lt is easy to discriminate each other. 
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UNUSUAL SPINEL-GARNET LHERZOLITE XENOLITHS FROM BASALT IN 

EASTERN CHINA: CONSTRAINTS ON THE LATE-TERTIARY THERMAL 

STRUCTURE OF THE UPPER MANTLE 

Jin, Green II, Borch, ^^^FLS. and Tingle, 

(1) Department of Geology of California, Davis, CA 95616 USA; (2) Department of Geomechanics, University 

China University of Geosciences, Wuhan 430074, PRC. 

Although garnet peridotite xenoliths are common from kimberlite, they are quite rare in 
basalts. Xenoliths in which coexisting spinel and garnet are found are even more rare. We have 
identified spinel-garnet Iherzolite xenoliths from three localities in Eastern China: A Pliocene 
alkalic basit in Nushan County, Anhui Province; a Plio-Pleistocene nephelinite basalt and 
limburgite in Mingxi County', Fujiang Province; and a Plio-Pleistocene nephelinite. tuff in Zhejiang 
Province. The first locality is in close proximity to the Tangcheng-Lujiang deep fault and the other 
two are associated with the deep fracture system of the sou5i-east coast of China. The thickness 
of the crust in these regions is 31-33 km. 

These special xenohths are vety similar in both localities. They are 5 - 20 cm in diameter 
and all are five-phase peridotites (olivine-enstatite-diopside-gamet-spinel) with the following 
volume proportions: Olivine (55-65%); Orthopyroxene (20-30%); Clinopyroxene (10-15%); 
Garnet (3-6%); Spinel (2-5%). They have coarse-tabular textures with a distinct foliation defined 
by elongated olivines and pyroxenes and aligned spinels. The garnets are round arid lacking in 
inclusions; in most cases they have a well-developed thin, fibrous, kelyphitic reaction rim 
consisting of pale brown translucent spinel and pyroxene. Examination of the dislocation 
microstmcture of the olivines using the oxidation decoration technique also found them to be very 
similar. In both localities, the olivines of these xenoliths, like the more-abundant spinel 
peridotites, show evidence of three stages of plastic deformation: (i) Wide, straight, (100) 
subgrain boundaries induced by low stress deformation; (ii) very narrow (100) boundaries induced 
by higher stress deformation; (iii) local development of {110) slip bands produced by still higher 
stresses associated with xenolith extraction from the mantle by the magma (Jin et al., 1989). 

All phases of these rocks are homogeneous in chemicd composition. Analyses were 
determined with a Cameca electron microprobe. A representative example from each locality is 
presented in Table I: 

Table 1: Composition (wt %) of 5-phase Lherzolite Xenoliths from Eastern China 

MINGXI #M-3 Nushan # N-3 

01 Opx Cpx Ga Sp 01 Opx Cpx Ga Sp 

Si02 40.77 54.39 51.76 41.76 0.11 40.80 53.64 51.03 42.17 0.12 
Ti02 0.11 0.13 0.43 0.17 0.26 0.01 0.16 0.48 0.16 0.21 
AI2O3 - 3.27 6.14 23.26 49.20 ” V 5.65 7.53 22.34 56.42 
Cr203 0.02 0.50 1.15 1.27 17.09 0.02 0.36 0.69 1.04 9.01 
FeO 9.39 6.38 3.15 7.71 11.88 10.49 7.06 3.90 7.69 11.76 
MnO 0.13 0.12 0.05 0.36 0.09 0.13 0.16 0.13 0.45 0.08 
MgO 49.27 33.77 16.07 20.54 20.22 48.66 32.52 16.33 21.86 21.29 
NiO 0.38 - - - - 0.38. - - - - 

CaO 0.08 0.79 18.41 5.07 0.33 0.11 0.22 17.97 4.87 0.39 
Na20 - 0.17 1.73 - 0.01 - - .70 0.06 0.10 

Total 100.05 99.52 99.06 100.16 99.14 100.60 100.82 99.76 100.64 99.38 

The chemical compositions of these Iherzolites are similar to the few published analyses of 
other 5-phase peridotites. The correspondence with a xenolith from the Massif Central in France 
(Berger and Brousse, 1976; Berger, 1977) is particularly striking because of the similarly high 
AI2O3 and low Cr203 contents. A spinel-garnet xenolith from the Pali-Aike volcanic field, Chile 
(Skewes and Stem, 1979; Stern et al., 1984) and one from a kimberlite in New South Wales, 
Australia (Fergusen et al., 1977) have significantly more Cr203 in the spinels and those from 
kimberlite in Lesotho, S. Africa (Nixon and Boyd, 1973) are very much richer in Cr203 and 
lower in AI2O3. 
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Temperatures and pressures of equilibration were estimated for specimens M-3 and M-4 
(Mingxi) and N-3 (Nushan) using the geothermometer of Nickel and Green (1985) and the 
geobarometer of Bertrand and Mercier (1985). The calculated conditions of equilibration were: 

#M-3: 1020OC, 1.8 GPa (62 km); #M-4: IIOOOC, 2.62 GPa (85 km); #N-3: 1100^0, 1.9 GPa (63 
km). These conditions are consistent with stable coexistence of garnet and spinel in chrome-poor 
peridotite (O'Neill, 1981). To facilitate direct comparison between these xenoliths and those from 
the literature, we also used the same thermobarometric method to calculate the conditions of 
equihbration of the 5-phase peridotites from the Massif Central, Lesotho, Pali-Aike, New South 
Wales, and another garnet-spinel peridotite from Bow Hill, Tasmania for which analysis of the 
spinel has not been published (Sutherland et al., 1984). The last three of these xenoliths all lie 
within the range of our temperature and pressure determinations; those from the Massif Central are 

hotter and deeper (~1270oC; 77 km) and those from Lesotho are much colder and much deeper 

(~900®C; 115 km). Thus, all of these 5-phase Iherzohtes except those from South Africa plot on 

an elevated geotherm whereas those from Lesotho lie on a typical 40 mW/m^ continental geotherm. 
Eastern China has more than 7 localities of garnet peridotite from basalt including at least 

three localities of spinel-garnet Iherzolite. Thus, this area may be a particularly useful region for 
determination of the structure and composition of this critical depth region of the subcontinental 
mantle. The opportunity to determine precise temperature and pressure conditions for these 
unusual xenoliths also will allow us to anchor the geotherm for these regions and thereby assign 
pressures to spinel Iherzolite xenoliths for which only accurate temperatures can be directly 
determined. 

References 

Berger, E. (1977) Sur la presence d’une Iherzohte a grenats en enclave dans le basalte alcalin de 
la Vestide du Pal (Ardeche): Conditions d’equilibre, implications petrogenetiques et 
geotectoniques. C. R. Acad. Sci. Paris, Fr., D. 284, 709-712. 

Berger, E.and Brousse, R. (1976) Une Iherzolite a grenats du pipe d'Eglazine (Lozere, France) 
stabilisee a 1400°C et 30kb. C. R. Acad. Sci. Paris. Fr., D. 282, 1477-1480. 

Bertrand, P. B. and Mercier, J-C. (1985) The mutual solubility of coexisting ortho- and 
cUnopyroxene: towards an absolute geothermobarometer for the nature system. Earth 
Planet. Sci. Lett. 76, 109-122. 

Ferguson, J., Ellis, D-L, and England, R. N. (1977) Unique spinel-garnet Iherzolite inclusion 
in kimberlite from Austraha. Geology 5, 278-280. 

Jin, Z.-M., Green II, H. W. and Borch, R. S. (1989) Microstructures of olivine and stress in 
the upper mantle beneath eastern China. Tectonophysics 169, 23-50. 

Nickel, K. G. and Green, D. H. (1985) Experimental geothermobarometry for garnet 
peridotites and implications for the nature of the lithosphere, kimberlite and diamonds. 
Earth Planet. Sci. Lett. 73, 158-170. 

Nixon, P. H. and Boyd, F. R.(1973) Petrogenesis of the granular and sheared ultrabasic 
nodule suite in kimberlites. Lesotho Kimberlites by Nixon, P. H. (Editor) 48-56. 

O’Neill, H. St.C (1981) The transition between spinel Iherzolite and garnet Iherzolite and its 
use as a geobarometer. Contrib. Mineral. Petrol. 77, 185-194. 

Skewes, A. and Stem, C. R. (1979) Petrology and geochemistry of alkali basalt and ultramafic 
inclusions from the Pali-Aike volcanic field in Southern Chile and the origin of the 
patagonian plateau Lavas. J. Volcanol. Geotherm. Res. 6, 3-25. 

Sutherland, F. L., Hollis, J. D., and Barron, L. M. (1984) Garnet Iherzolite and other 
inclusions from a basalt flow. Bow Hill, Tasmania. Kimberlites II: The Mantle and Crust - 
Mantle Relationships. Komprobst, J. (Editor), 145-160, Elsevier, Amsterdam. 

Stem, C. R., Saul, S., Skewes, M. A. and Futa, K. (1989) Garnet peridotite xenoliths from 
the Pali-Aike alkali basalts of southernmost South America. Kimberlites and Related 
Rocks, Volume 2, Geol. Soc. Australia Spec. Publ. 14. Ross, J. et al. (Editors). 735-744. 



214 Fifth International Kimberlite Conference 

CARBONADO AND YAKUITTE: PROPERTIES AND POSSIBLE GENESIS. 

Kaminsky, F.V. 

Central Research Inst. Geol Prospecting for Base and Precious Metals, Moscow, 113545 USSR. 

Two types of carbonado are currently known, which are 
essentially different in composition, properties, the way 
of formation: it is common carbonado of Brazilian type, and 
yakutitec The latter was first encoiinted in the 60-s in 
placers of the Northern Yakutia and was called by the name 
of this region* It is represented by grains of flattened 
hexagonal form, not very large in size* Its main peculia¬ 
rity is the presence of hexagonal carbon modification - 
lonsdaleite* It is characterised also by more heavier car¬ 
bon isotopic composition as compared to carbonado, very low 
paramagnetic nitrogen content, and other peculiarities, 
which are generalized in Table: 

Grain properties Carbonado Yakutite 

Shape irregular, isometric flattened-hexagonal 

Mass, carat 1-40 (up to 5167) 0*01-0.2 (up to 3) 

Crystallite size, 
mkm 

0o5“80 
(usually 10-40) 

0*1-1 

Structure not observed 10-90"" 

The presence of 
non-diamond 
carbon phases 

none lonsdaleite (up to 
50%), chaoite also 
may be present 

Photoluminescenee 
spectra 

N5, H5, H4, T1 
systems 

non-sti?uctural 
wide band 

Paramagnetic ni¬ 
trogen impurity 
(C-center, cm""') 

4.10'’® - 5*10'’^ absent j- 
(less than 10'^) 

Other paramagne-. 
tic centers, cm” 

5.5*10'’'^ - 4.5*10''® 2*10'^® -1.2*10'’^ 

Carbon isotope 
composition 
( PDB, o/oo) 

-23.2 - -50.6 -9.9 - -20.1 

Hydrocarbon component 
impurity, % up to O.n insignificant 

A set of structural—compositional peculiarities of car¬ 
bonado and yakutite allows to consider them as independent 
mineral varieties, which genetically differ from one another 
and from diamond* 

Primary occurences of yakutite were encounted in impact 
metamorphic rocks and also in stone and iron meteorites* Ex¬ 
perimental conditions of obtaining of lonsdaleite-bearing 
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aggregates (momentary impact loading above 150 kb) and cry¬ 
stallographic study of yakutite show, that they are para- 
morphs after graphite, formed as a result of extremely high 
momentary loading explosive type. 

The problem of genesis of carbonado of classical Bra¬ 
zilian type is more complicated, because it has been never 
encounted in primary occurences. The absence of carbonado 
findings in kimberlites and lamproites in spite of more than 
a century of mining of primary deposits in Africa, Siberia, 
Australia, as well as the peculiarities of carbonado compo¬ 
sition permit us to draw a conclusion, that this mineral is 
associated neither whith kimberlites no lamproites, and it 
is most of all of non-plutonic origin. Based upon studies 
of carbonado structure L.F.Trueb and W.C.Butterman, and 
C.Jeynes suggested, that carbonado is an analogue of cera¬ 
mics and was formed as a result of high-temperature sinte¬ 
ring when adsorbed impurities were eliminated and diamond 
particles were partially recrystallised. We could consider 
this mechanism of carbonado formation to be real, taking 
into account an experimental support for such sintering 
when producing of artificial carbonado. 

However artificial carbonados greatly differ from natu¬ 
ral ones by essentially bigger crystallite size, the pre¬ 
sence of paramagnetic nitrogen, and other features. The 
most essential from genetic point of view is high density 
of dislocations in crystallites of natural carbonado, which 
have been studied by Y.Moriyoshi et al. Dislocations in cry¬ 
stallites are chaotically oriented and do not show polygoni- 
zation (as it takes place in balas crystallites). As dislo¬ 
cations are thermodinamically unstable element of crystalli¬ 
te structure and diffuse when heating, preliminary subjected 
to poligonization, the real pattern contradicts with hypo¬ 
thesis of high-temperature sintering with pressure. To ex¬ 
plain the genesis of natural carbonado we propose a hypothe¬ 
sis of crystallite formation without high pressure under lo¬ 
cal heating of carbon substrate. Small crystallite size is 
a decisive factor in this caseo 

When studying fine-dispersed metallic and other phases 
it was established, that surface energy in the smallest (1- 
100 nm) newly formed crystallites is an independent thermo¬ 
dynamic potential, which under certain conditions has an 
opposite direction as related to chemical potential. Due to 
this fact the parameters of phase transitions for small cry¬ 
stal particles depend on their sizes. This phenomenon was 
called as ’’phase dimension effect”. If, besides pressure and 
temperature, we introduce into phase equilibrium calculation 
the third independent parameter ”f”, an effective crystalli¬ 
te radius, we obtain the following energy condition of sta¬ 
bility of crystallite diamond structure: 

A][f 0 
where - difference of volumetric chemical potentials 

of diamond and graphite. 

£ - difference of energies of <3^-bonding and 
«jt-bonding in graphite and diamond. 

- geometric parameters of graphite and diamond 
crystallites. 
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A diagram of diamond phase equilibrium, calculated 
from this equation, is described as a surface in space with 
following coordinates: pressure - temperature - crystallite 
size; 

If the second ('^surface’*) member of the above equation 
is insignificant ( r 100 nm), then the diagram of graphi- 
te/diamond equilibrium does not differ from the known one. 
However as crystallite size decreases ( r^ 10 nm), the 
surface of phase equilibrium is noticelly deflected to the 
area of low pressures, while with the **r'* ^ 1 nm diamond 
is stable even in the absence of external pressure in the 
temperature field up to 2000 

Based upon the above constructions we could suggest 
carbonado formation beyond high pressure fields In this 
case we could practically Explain all the peculiarities 
of carbonado; degree and nature of dislocations in cry¬ 
stallites; essential impurities of polymerized hydrocarbon 
compounds; carbon isotopic composition, corresponding to 
organic matter; and inclusions of mineral phases uncommon 
for diamond. 
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PETROGENETICCARBONATITE - MELILITITE RELATIONSHIPS IN THE 

KAISERSTUHL COMPLEX, UPPER RHINEGRABEN. 

Keller, Jorg. 

Mineralogisch-Petrographisches Institutder Universitdt Freiburg D-7800 Freiburg, FRG. 

In the alkaline rock/carbonatite complex of the 

Kaiserstuhl, Rhinegraben, the petrogenetic link between 

calciocarbonatites and silicate melts is represented by highly 

evolved ultrabasic melilitite-nephelinites. These compositions 

are traditionally termed bergalites (Soellner, 1913). Bergalites 

are calcite-bearing hauyne-nepheline-melilite-perovskite- 

apatite-magnetite rocks with Si02 contents of 31-37% (Table 1). 

In several petrological and geochemical aspects bergalites are 

similar to turjaites and okaites both being closely associated 

with carbonatites. 

Bergalites occur as dyke rocks in the final stage of 

magmatic evolution, together with late alvikitic carbonatite 

dykes (lehnert, 1988). Often both rock types occur together in 

form of double dyke intrusions. 

Sr-, Nd-, and Pb-isotopic evidence groups bergalites of the 

Kaiserstuhl closely together with carbonatites, and with the 

olivine nephelinitic and olivine melilititic primary magmas of 

the Rhinegraben area (Schleicher et al.l990). These three rock 

types form a petrogenetically coherent association. 

Figure 1: REE contents 

and patterns of 

bergalites from the 

Kaiserstuhl, compared to 

primary olivine 

nephelinite, carbonatite 

and tephrites. 
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The carbonate content which characterizes bergalites occurs 
in the form of late stage vugs or interstitial matrix. C/0 
isotopes have generally aquired a low temperature re¬ 
equilibration, however some examples with carbonate isotopic 
compositions falling in the field of primary igneous 
carbonatites have been analyzed (Hubberten et al. 1988) . 

Bergalites are considered transitional between carbonatites 
and the silicate magmas. Their chemical composition is quite 
variable (Table 1), but all varieties are highly fractionated 
with Mg-values of 54 to 38, and low Sc,Ni,Cr,Co contents. 
Bergalites are distinctly enriched in incompatible elements, 
especially Sr, Ba, LREE, Nb etc. giving in general a 
carbonatititic trace element signature.Bergalites are modelled 
having fractionated from primary olivine-melilite nephelinite at 
intermediate to high pressure.This extended fractionation is 
responsable for trace element and CO2 enrichment.Carbonatite 
separation occurs at shallow level, but there is no unambiguous 
petrographic evidence available to decide whether final 
separation involves liquid immiscibility or residual melt 
separation.Bergalitic magma compositions (including okaites and 
turjaites) seem to occur in several carbonatite complexes and 
their petrogenetic role in the evolution of carbonatites merits 
focused petrologic attention. 

References: 

Hubberten HW, Katz-Lehnert K and Keller J (1988) Chem Geology 
70: 257-274 

Keller J (1984) Fortsch Mineral 62, Beih 2: 2-35 
Keller J , Brey, G., Lorenz, V. & Sachs, P. (1990)IAVCEI Int. 
Vole. Congress Mainz 1990. Field Guide 60p. 
Lehnert K (1989) PhD dissertation Univ Freiburg, 290pp. 
Schleicher H, Keller, J and Kramm U (1990) Lithos 26:21-35 
Soellner J (1913) Uber Bergalith, ein neues melilithreiches 
Ganggestein aus dem Kaiserstuhl. Mitt Bad geol LA 7: 415-466 

TABLE 1: Chemical compositions of bergalites from Kaiserstuhl 
Rhinegraben. 

Si02 31.96 33.63 
Ti02 1.44 1.73 
AI2O3 12.66 13.30 
Fe203 6.06 5.69 
FeO 3.79 4.43 
MnO .46 .43 

MgO 3.00 3.78 
CaO 16.65 13.79 
Na20 3.94 6.93 
K2O 2.80 2.04 
P2O5 .68 .86 
CO2 8.32 6.71 
SO2 .62 .90 
H2O 5.84 4.90 
Total 98.22 99.12 

V 466 430 
Ni 16 2 

Ba 3337 2320 
Sr 3255 3003 
Nb 565 548 
La 368 306 
Ce 431 546 
Y 61 73 
Zr 297 420 

35.00 36.15 
1.87 1.61 

12.58 14.22 
6.82 6.51 
3.75 3.98 

.35 .48 
4.54 5.71 

16.94 11.33 
4.40 6.59 
1.14 2.59 
1.13 .81 
4.75 3.34 

.70 2.02 

4.76 2.11 

98.38 97.45 

51f^ 526 
0 

1882 2909 
3125 2982 

447 553 
263 280 
479 421 

69 65 
334 383 
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DEVELOPMENTS IN REMOTE SENSING OF CARBONATITES; AIRBORNE IMAGING 

SPECTROMETRY AT MOUNTAIN PASS, CALIFORNIA AND IRON fflLL, COLORADO. 

Kingston, MJ. 

US. Geological Survey, MS 921, Reston, VA 22092 USA. 

Data acquired with the NASA Airborne Visible/Infrared 
Imaging Spectrometer (AVIRIS) over Mountain Pass in California 
and Iron Hill in Colorado were analyzed to evaluate the use of 
narrow-band imaging data for carbonatite exploration as well 
as for regional geologic mapping. The AVIRIS instrument 
utilizes a linear array of discrete detectors and 4 
spectrometers to collect 224 channels of data over the 400 to 
2400 nm wavelength region. The spatial resolution is 20 m for 
swaths 10.5 km wide. 

At Mountain Pass, three flightlines of data were collected 
over the rugged mountain range which encompasses the 
carbonatite. A block of Precambrian metamorphic rocks, which 
are the oldest rocks in the region, is exposed in the eastern 
flank of the mountains; more resistant Paleozoic sedimentary 
rocks form the higher western half of the range. The 
metamorphic complex consists primarily of light-colored 
granite augen gneiss, biotite granite gneiss and garnet gneiss 
that are intricately interlayered. These rocks are bounded by 
normal faults on the northeast and by the extensive north¬ 
trending Clark Mountain fault on the west. The carbonatite as 
well as several bodies of potassium-rich igneous rocks intrude 
the granite augen gneiss. The carbonatite stock which is the 
major source of light rare-earth elements (REE) in the United 
States, was selected several years ago as a test site for 
evaluating AVIRIS capabilities for detecting REE absorption 
features. 

Dolomite is the most widely distributed lithology in the 
thick sequence of sedimentary rocks exposed west of the Clark 
Mountain fault. The area is well suited for remote sensing 
studies because of the sparse nature of Mohave desert-type 
vegetation, including Joshua and juniper trees, mesquite, 
grasses and various cacti. 

One flight line of AVIRIS data was acquired over the Iron 
Hill carbonatite, which also was emplaced in Precambrian 
metamorphic rock, principally granite gneiss. The dolomitic 
carbonatite (rauhaugite) appears in plan view as a two-lobed 
stock. Carbonatite dikes radiate outward from the stock, 
cutting the associated alkalic rocks which surround the 
rauhaugite core. The alkalic rocks include pyroxenite, 
uncompahgrite, ijelite and nephelene syenite. A zone of 
fenitized rocks, formed by metasomatic alteration of the 
granite and felsite country rocks, surrounds the carbonatite 
complex. 

Vegetation is considerably more dense in southwestern 
Colorado than at Mountain Pass. In such areas of moderate to 
heavy vegetation, a special problem exists in interpreting 
airborne imagery because mineral spectra may be diluted or 
masked by spectral features associated with chlorophyll and 
cellulose. 

Various methods can be used to enhance high-resolution 
airborne data as well as to remove atmospheric and solar 
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irradiance effects. Two complementary approaches were used at 

Mountain Pass: (1) the construction of relative absorption 
band depth (RED) images and (2) the use of. ground-based 
spectral measurements to calibrate the AVIRIS radiance data to 

reflectance. 

The initial step was to generate the RED images directly 
from the data. The resulting images emphasize diagnostic 
spectral features of minerals, while minimizing reflectance 
variations due to topographic slope and albedo differences. 
The specific wavelengths that define the absorption band 
shoulders and minimum were determined from laboratory spectral 
reflectance measurements of samples collected in the field 
area. The absorption bands initially chosen were those 
positioned at 2200 nm (Al-OH), 2310 nm (dolomite) and 2330 nm 
(calcite) wavelengths. To construct an RED image, two or 
three channels from each absorption band shoulder are summed 
and then divided by the channels that define the band minimum. 
Each RED image is sensitive to a particular absorption 
feature. Three RED images may be displayed as a red-green- 
blue color composite. 

Eecause there are strong atmospheric features in the visible 
range near the REE spectral bands, RED images are unsuccessful 
in defining the presence of REE-bearing rocks. However, such 
detailed spectral information may be extracted from the AVIRIS 
radiance data after it has been calibrated to reflectance. An 
empirical regression calibration was used to achieve this at 
Mountain Pass. Spectral reflectance measurements were made in 
the field during the AVIRIS overflight using several targets 
of different brightness. These reflectance values were 
regressed against AVIRIS digital numbers and the calculated 
gain vs. offset correction applied to AVIRIS data over a wide 
area having similar surface eleVation and sky conditions. 
AVIRIS "spectra" may then be extracted for individual pixels. 

Many of the lithologic units were discriminated on the RED 
composite images. At Mountain Pass, granite gneiss, dolomite 
outcrop and the surrounding calcitic alluvial material are 
clearly separated on a 2200-nm, 2310-nm and 2330-nm RED color 
composite image. Granite and quartzite could be separated 
because the intensity of the 2200-nm absorption feature due to 
muscovite is directly related to the proportion of that 
mineral in each rock type. The Clark Mountain fault is 
delineated on the image both in areas of bedrock and alluvium. 
Skarn deposits were revealed west of Mountain Pass. 

The REE spectral reflectance features of interest to remote 
sensing are the narrow, sharp absorption bands due to Nd which 
occur near 580, 740, 800, and 860 nm. It is possible to 
detect these narrow Nd features only because of the high 
spectral resolution (AVIRIS channels are only 10 nm apart). 
At Mountain Pass, spectra which displayed the Nd features were 
observed in pixels extracted from the mine area. Spectra were 
extracted which displayed the calcite features at 2330 nm and 
the 2200 nm feature due to Al-OH-bearing minerals in the 
granite country rock. Spectra were also extracted from major 
lithologic units, alluvial fans and areas of hydrothermal 
alteration and compared with a library of laboratory spectra 
for mineral identification. 

Processing the data at Iron Hill was complicated by the 
moderately heavy vegetation cover. Various RED images were 
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generated but vegetation obscured much of the mineralogical 
information. The characteristic carbonate featu^re for 
rauhaugite, near 2310 nm, coincides with the wavelength region 
for cellulose absorption. However, vegetation is not so dense 
at lower elevations, and rauhaugite dikes were located 
crosscutting the alkalic rocks. The most successful RED image 
for spatial definition of the rauhaugite stock represented a 
broad, but sometimes intense band centered near 1100 nm. This 
distinct feature, which may occur as a doublet in laboratory 
spectra, is assigned to ferrous iron that substitutes for 
magnesium in the dolomite lattice. Results of laboratory 
spectral measurements of carbonatite samples collected world 
wide indicate that this absorption feature is common in 
rauhaugite samples although it is rare in sedimentary or 
metamorphic dolomites. The distribution of alkalic rocks 
could also be mapped by the ferrous iron RED image. The 
spectral response displayed by rauhaugite is more intense, 
enabling the separation of the stock and dikes from the 
alkalic rocks. 

A distributed flat field correction was used to remove 
atmosphere effects from the Iron Hill AVIRIS data so that 
spectra could be extracted. This technique is an alternativ 
to the empirical regression process used at Mountain Pass ana 
is useful when in situ spectral measurements have not been 
made. For this calibration, RED images were first examined to 
identify pixels having weak or absent mineral and vegetation 
absorption bands. The average radiance spectrum of these 
scattered, spectrally flat pixels was then divided through the 
data set. 

Dolomite spectra were extracted from the calibrated Iron 
Hill data, but there has been limited success in extracting Nd 
absorption bands. The REE content of Iron Hill carbonatite 
rocks is low and Nd bands are weak or nonexistent in 
laboratory and field spectral measurements of these rocks. 
Also, a chlorophyll absorption band occurs near the Nd feature 
at 680-nm which will conceal weak Nd features. The next step 
in future processing of these data is to "unmix” the 
vegetation, so that the spectral response of underlying rocks 
and soils may be detected. 

High-resolution multispectral imagery is potentially a very 
effective tool for geologic mapping, both because certain 
surface minerals can be identified by their spectral- 
reflectance characteristics and because remote sensing 
provides a synoptic view of landforms. Imaging spectrometers 
such as AVIRIS provide sufficient spectral sampling to define 
diagnostic spectral signatures on a per-pixel basis. 

A useful approach to the processing of AVIRIS data is to 
first construct RED images, so that the major lithological 
units may be separated. These images also quickly provide 
information on the provenance of alluvial material and may 
show structural details in areas of limited bedrock exposure. 
For detailed mineralogical characterization, calibration to 
reflectance units is necessary, so that spectral curves may be 
extracted and interpreted for selected areas. Eecause 
carbonatites display a unique combination of spectral 
characteristics, including carbonate, Nd, and often ferrous 
iron absorption features, these methods are useful not only 
for exploration of carbonatites, but also for the delineation 
of the surface extent of the carbonatite core, dikes and 
related alkalic rocks. 
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HIGH-RESOLUTION ION-PROBE ANALYSES OF RARE EARTH ELEMENTS IN 
KIMBERLinC ZIRCONS. 

Kinny, P.D. 

Research School of Earth Sciences, Australian National University, GPO Box 4, Canberra, 2601, Australia. 

Certain varieties of kimberlites are known to contain rare accessory zircons which are 
unusual (although not unique) with respect to typical zircons from upper crustal rocks in that 
they have large grain-sizes (up to 20mm diameter), and they are relatively depleted in the 
normally abundant trace-elements U, Th, Hf, Y and the ^E. They are widely believed to be 
xenocrysts of deep-seated origin which nevertheless are interpreted (based on documented age 
relationships) to have a genetic association with kimberlites and related magmas (Kinny et al., 
1989). The results of REE abundance measurements of kimberlitic zircons reported here 
show that they may also possess a unique REE fractionation pattern with respect to zircons 
from other rock-types and could thus be of increased value as a diamond-indicator mineral in 
prospecting. 

The REE analyses were made on the SHRIMP ion probe at ANU, Canberra, using 
high mass-resolution in preference to energy-filtering or peak-deconvolution procedures to 
avoid spectral interferences. By doing so, lower detection limits and higher precision are 
achieved for the REE than any other microbeam technique. Further, the small inclusions of 
different minerals which may contaminate bulk chemicaJ analyses are avoided. The REE 
analyses are performed on the same 25|im scale as U-Pb isotopic analyses, and all fourteen 
REE are measured. 

Figure 1 shows mean chondrite-normalised REE abundances for kimberlitic zircons 
from the Jwaneng DK2 pipe in Botswana, in comparison with representative crustal zircons 
(from a zoned plutonic complex in southeastern Australia). Two ages of zircons are present at 
Jwaneng (as identified with the ion probe, Kinny et al., 1989), an Archaean suite and a 
Permian suite (244 ± 4 Ma), the latter corresponding to the pipe age. The Jwaneng kimberlite 
zircons share certain characteristics of their REE patterns with the crustal zircons : a rise in the 
light REE abundances from La to Gd, a positive Ce anomaly and a negative Eu anomaly. 
However, the principal differences are best illustrated in Figure 2 in which the REE patterns 
are normalized to that of the granite zircons. Whereas the other crustal zircons have a similar 
fractionation of the heavy REE with respect to the granite zircons, the kimberlite zircons show 
significantly less fractionation. This is particularly the case for the young Jwaneng zircons 
which have a virtually flat chondrite-normalized heavy REE pattern (Fig.l). Figure 2 also 
illustrates the smaller magnitude of the Ce and Eu anomalies in the kimberlite zircons with 
respect to the crustal zircons in this instance. 

The exact origin of kimberlitic zircons is still unclear, but it appears from the REE data , 
that they are formed from an extremely fractionated and depleted source with respect to typical 
crustal melts. This may serve in the future as a useful diagnostic tool for kimberlitic zircons. 

Reference : P.D. Kinny, W. Compston, J.W. Bristow and I.S. Williams (1989) Archaean 
mantle xenocrysts in a Permian kimberlite: Two generations of kimberlitic zircon in Jwaneng 
DK2, southern Botswana. In: Kimberlites and Related Rocks, Geological Society of 
Australia Special Publication 14, Volume 2, pp 833-842. 

Acknowledgment: The Jwaneng zircons were kindly provided by J.W. Bristow, Anglo 
American Corp. Ltd Research Laboratory, Johannesburg, South Africa. 
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GEOCHEMICAL CORRELATIONS IN ROBERTS VICTOR EGLOGITES. 

Kirkley, Gurney, Harte, and Helmstaedt, 

(1) Dept, of Geochemistry, Univ. Cape Town, Rondebosch 7700, South Africa; (2) Grant Inst, of Geology, Univ. 

Edinburgh, West Mains Road, Edinburgh, EH93JW; (3) Dept, of Geological Sciences, Queen’s Univ., Kington, 

Ontario, Canada, K7L 3N6. 

Eclogite xenoliths in kimberlites may have originated (1) 
as cumulates from melts of garnet peridotite, (2) as fragments 
of subducted oceanic crust, and/or (3) through combinations of 
models 1 and 2, e.g. by the transformation of subcontinental 
garnet clinopyroxenites by Na-bearing metasomatic fluids 
derived from a subducted slab. 

The strongest geochemical evidence presently available is 
carbon and oxygen stable isotope data which supports the 
subduction model. values of diamonds containing 
eclogitic inclusions (-34°/oo to +2.7*^700) are compatible with 
crustal (organic and carbonate) carbon sources. Enriched 
values in Group I eclogites (>6°/oo) indicate that they could 
represent hydrothermally altered basalts, whereas Group II 
eclogites, with values <6°/oo, could represent gabbros 
altered at higher temperatures and lower water/rock ratios. 
No mantle (high temperature) processes are presently known 
which can account for the oxygen isotope characteristics of 
the eclogites. 

If the eclogites were originally crustal rocks, it is to 
be expected that the identity of their protoliths is difficult 
to prove by geochemical means, considering the wide range of 
processes which could affect their compositions, e.g. 
submarine hydrothermal alteration and weathering, low to high 
grade metamorphism, and mantle metasomatism. On the other 
hand, if the eclogites represent mantle cumulates, more 
coherent geochemical trends would be expected. This study 
examines correlations among major element, trace element, and 
oxygen isotope compositions in Roberts Victor eclogites in 
order to further test the proposed models. 
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JWANENG FRAMESITES - INCLUSIONS AND CARBON ISOTOPES. 

Kirkley, M.B.; Gurney, JJ. and Rickard, R.S. 

Geochem. Dept., Univ. Cape Town, Rondebosch 7700, South Africa. 

The highly diamondiferous Jwaneng kimberlite diatreme in 
Botswana, like Orapa, produces numerous examples of 
polycrystalline diamond aggregate, known as framesite. Carbon 
isotope compositions have been determined and clinopyroxene, 
chromite, and garnet have been identified as inclusions in a 
small sample suite of Jwaneng framesite (Jwf). The inclusions 
have unusual ma^jor element compositions (Table 1) compared to 
inclusions in single crystal diamonds from Jwaneng and in 
diamonds worldwide. 

Carbon Isotopes Tha^ Jwf samples studied exhibit a 
bimodal distribution of values with peaks at 
approximately -19 and -2voo (Fig. 1) . The framesites appear 
to be isotopically homogeneous with a maximum difference of 
0.5^ypo being detected among fragments of individual samples. 
No 5^'^C values have yet been found which correspond to the 
prominent peak in the range -3 to -9^^700 developed by 
peridotitic diamonds worldwide. 

Clinopvroxene A clinopyroxene (cpx) inclusion which 
coexists with chromite in JWF4 contains a high proportion of 
the ureyite molecule (34% NaCrSi205). K2O content is 0.09 wt%. 
The cpx is similar in composition (Fig. 2) to cpx in framesites 
from Orapa (10.24 wt% CroO^; Gurney and Boyd, 1982) and from 
Mir (11.8 wt.% Cr203; Sobolev, et al., 1971). 

Chromite Jwf chromites are particularly high in Cr203 
and low in MgO compared to other chromites closely associated 
with diamond (Fig. 3). Up to 0.3 wt% ZnO has been detected. 
The Jwf chromites occur as subhedral crystals embedded in a 
white alteration product, largely carbonate, which commonly 
fills vugs and forms coats on Jwf. 

Garnet Garnet in JWFll is intermediate between eclogitic 
and peridotitic inclusions in Jwaneng single crystal diamonds 
with respect to Cr203, CaO and MgO (Fig. 4). TiO^ (0.5 wt%) 
and NaoO (0.1 wt%) contents are, in contrast, typical of 
eclogitic diamonds. 

values and inclusion comfjositions indicate that 
Jwaneng framesites have an eclogitic affinity. That this 
eclogitic association is a product of subduction of crustal 
rocks is supported by the presence of ureyitic clinopyroxene 
(8.4 wt% Cr203) in omphacite xenoliths from the Colorado 
Plateau diatremes which are considered to represent subducted 
chromite-bearing basalts or clinopyroxenites metasomatized by 
Na-bearing fluids (Helmstaedt and Schulze, 1988). 

REFERENCES 

Gurney, J.J., and Boyd, F.R. (1982) Mineral intergrowths with 
polycrystalline diamonds from the Orapa Mine, Botswana. 
Carnegie Institute of Washington Geophysical Laboratory, 
Annual Report of the Director, 1981-1982, p. 267-273. 

Helmstaedt, H., and Schulze, D.J. (1988) Eclogite-facies 
ultramafic xenoliths from Colorado Plateau diatreme 
breccias. In D.C. Smith, Ed., Eclogites and eclogite 
facies rocks, p. 287-450. Elsevier, Amsterdam. 

Sobolev, N.V., Botkunov, A.I., Lavrent'yev, Yu.G., and 
Pospelova, L.N. (1971) Peculiarities of the composition of 
minerals coexisting with diamond from Mir. Zapiski 
Vsesoyuznyi Mineralogia Obshchestva, 100, 558-564 (in 
Russian). 



226 Fifth International Kimberlite Conference 

Table 1. Jwaneng framesite inclusion compositions. 

JWF 11 u nr 
-1.3 -1.3 -18 

CPX CHR CHR GAR 

Si02 54.28 0 0 42.21 

Ti02 0.09 0.16 0.15 0.55 

AI2O3 3.68 3.23 3.43 20.77 

Cr203 11.56 69.51 69.60 3.89 

FeO 1.80 15.95 15.22 7.50 

MnO 0 0.32 0.33 0.37 

MgO 9.78 7.47 8.28 20.84 

CaO 10.63 - - 3.75 

Na20 7.21 - - 0.13 

K2O 0 — — ** 

TOTAL 99.02 96.64 97.01 100.01 

OXY 6 4 4 12 

Si 1.997 0 0 3.008 

Ti 0.002 0.004 0.004 0.029 

A1 0.159 0.135 0.142 1.745 

Cr 0.336 1.943 1.927 0.219 

Fe 0.055 0.472 0.446 0.447 

Mn 0 0.010 0.010 0.022 

Mg 0.536 0.394 0.423 2.214 

Ca 0.419 - 0.286 

Na 0.514 - - 0.018 

K 0 - - - 

SUM 4.020 2.958 2.961 7.989 

Figure 1. Carbon isotope compositions of Jwaneng framesites. 

(5'^C PDB 
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Figure 2. Jwaneng clinopyroxene inclusions. 

Figure 3. Jwaneng chromite inclusions 

Figure 4. Jwaneng garnet inclusions. 

CaO 
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UNEQUILIBRATED ULTRAMAFIC XENOLITHS FROM UDACHNAYA KIMBERLITE 

PIPE, WESTERN YAKUTIA 

Evgenii E. Laz’ko and Victor P. Serenko. 

Institute of Ore Deposits Geology, Petrography, Mineralogy & Geochemistry, USSR Academy of Sciences, 

Moscow, USSR. 

Uncommon garnet-bearing ultramafic rocks from kimberlites which contain 

unequilibrated mineral associations are of great importance for interpretati¬ 

on of mantle petrogenesis and dynamics. Several types of such xenoliths have 

been found in Udachnaya kimberlite pipe (Sobolev et al., 1984; Laz’ko, 1988). 

The most interesting samples among them as regards to mantle processes study 

are: xenoliths with zoned garnets; peridotites with homogeneous minerals 

(within a single crystal) which composition vary appreciably from grain to 

grain; "polymict peridotite type" ultramafic rocks containing fragments of 

unrelated mineral parageneses. 

PERIDOTITES WITH ZONED GARNETS. These samples are the most common 

variety of uneqilibrated ultramafic xenoliths in Yakutian kimberlites 

(Serenko et al. , 1982; Laz’ko, Serenko, 1983). All of them are typical 

sheared peridotites with mosaic or fluidal-mosaic textures in which 

recrystallized olivine, abundant porphyroclasts of pyroxenes and rounded 

garnet grains are present. A zoning in the latter can be seen sometimes in a 

hand specimen. Purple transparent core of such garnets are surrounded by 

orange highly cracked rim. 

The proper example of peridotite with zoned garnets is large (10*6*6 

cm) xenolith TUV-43. The diameter of garnet grains in it reaches up to 6-8 

ram. A pronounced concentric symmetrical zoning of the mineral have been 

detected by a microprobe. Garnet have strong core-to-rim decreases in Cr203 

and increases in Ti09 contents. Less prominent rise has been found for AI2O3 

and FeO concentrations in the same direction. CaO content slightly decreases 

and oxidation rate of Fe grows from core to rim: 

Oxides Outer Intermed late zones Core Outer 
zonel 2 3 4 5 6 7 zone2 

Ti02 1.22 1.16 1.13 0.93 0.34 0.02 0.08 1.15 

AI2O3 18.8 18.5 18.9 18.0 17.9 18.1 17.8 19.2 

Cr203 3.87 4.30 4.95 6.07 6.67 6.96 7.54 3.78 
FeO 9.07 8.80 8.34 8.64 7.82 7.59 7.67 8.27 

CaO 5.10 5.07 5.12 5.41 5.62 5.95 6.11 5.07 

19.6 20.3 15.5 10.3' 10.0 10.6 7.1 17.6 
The garnets composition smoothl y vary in outer parts of grains only at 

a distance 0 .2-0.7 mm from the edges of crystals. Cores of garnets in TUV-43 
peridotite (2-6 mm thick) are homogeneous and have almost identical 
composition in all examined grains. On the contrary , external parts of the 
latter have rather different composition even in adjacent grains. In 
particular the difference in Cr903 contents exceeds 1.5 wt.%. 

Other minerals of TUV-43 peridotite are homogeneous and chemically 

equilibrated with outer Ti-rich rim of garnet. Olivine contains 89.1-89.5 of 

Fo-molecule, orthopyroxene En^Q ,^_9q y has low AI2O3 content - 0.55-0.65 

wt.%. Subcalcic clinopyroxene composition (rag=0.902, Ca/Ca+Mg= 38.0-38.5%) is 

indicative of a high-temperature origin of the sample (>1200*^0. Bulk rock is 

strongly exhausted by AI2O3 (0.96 wt.%) and CaO (0.95 wt.%) but despite such 

depletion it nevertheless contains rare phlogopite plates with "©^ilibriura" 

primary-type appearance. 
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PERIDOTITE WITH HOMOGENEOUS GARNETS OF DIFFERENT COMPOSITION. Xenoliths 

of this variety are rather rare in Udachnaya pipe (Pokhi lenkoSobolev, 1978; 

Laz’ko et al., 1983). A small (3*2=*=2 cm) nodule TUV-177 from our collection 

belongs to sheared texture type rocks and contains garnets of different 

color, from bright purple to dark orange one. A composition of individual 

garnet porphyrocJasts is almost homogeneous except very weak increase of Ti02 
and FeO contents accompanied by decrease in Cr203 in the outmost parts of few 

grains. However different porphyroclasts composition varies distinctly from 

grain to grain (Cr203 2.26-4.11; Ti02 0.39-1.17; FeO 7.41-8.96). A clear 

negative correlation exists between Cr203 and Ti02, C'r203 and FeO 

contents. Besides garnets peridotite contains abundant porphyroclasts of 

orthopyroxene (Engg; Al203=0.48 wt.%) and clinopyroxene tmg=0.90. 

Ca/Ca+Mg=41%), which are cemented by partly serpentinized fine-grained 

olivine Fogg. The composition of separate grains of all constituent minerals 

except garnet in TUV-177 xenolith is identical. The texture of the rock is 

fluidal-mosaic with strong foliation. These feature are indicative of a 

particularly intensive deformation of the rock in high-temperature mantle 

conditions (T=1136^C). 

"POLYMICT PERIDOTITE" TYPE ULTRAMAFIC ROCKS. Xenoliths with fragments 

of unrelated unequilibrated mineral associations partly resembling "polymict" 

mantle samples from Bultfontein and De Beers kimberlites (Lawless et al., 

1979) are particularly rare in Yakutian diatreraes. Unic xenolith of this type 

(TUV-29) consists of two quite different (in terms of chemical composition) 

mineral associations which probably have not been formed at the same time. 

The main association is a intensively deformed garnet olivinite with 

olivine porphyroclasts ^034-86 smalJ scattered grains of violet 

garnet. The latter belongs to high-Cr203 and low-CaO "diamondiferous 

peridotites" (Pokhilenko, Sobolev, 1986) variety (table 1). However Fe/Fe+Mg 

Table 1. Composition of minerals in TUV-29 nodule. 

1 2 3 4 5 6 7 8 9 10 
01 01 Gnt Gnt Cpx Cpx Gnt Gnt I Im 11m 

Si02 39.7 38.9 40.0 40.4 55.3 55.1 41.9 41.4 - - 

Ti02 0.00 0.00 0.06 0.11 0.23 0.23 0.70 0.5 6 47.7 48.7 

AI2O3 0.00 0.00 14.0 13.8 1.73 2.46 20.9 20.8 1.22 0.68 

Cr203 0.02 0.00 10.9 11.5 0.16 0.24 0.74 0.66 0.99 0.94 

FeO 13.1 15.1 10.7 12.0 4.35 3.69 12.7 13.1 38.8 36.3 

MnO 0.13 0.15 0.49 0.58 0.07 0.07 0.27 0.46 0.17 0.25 

NiO 0.31 0.18 0.00 0.00 0.03 0.01 0.05 0.07 0.15 0.14 

MgO 46.2 44.7 18.6 17.2 16.6 16.4 1 7.0 17.8 10.9 11.1 
CaO 0.05 0.07 3.82 4.35 20.1 19.3 5.53 4.96 - - 

Na20 - - 0.00 0.00 1.38 1.84 0.00 0.00 - - 

Total 99.51 99.10 98.57 99.94 99.95 99.34 99.79 99.81 99.93 98.11 

mg 86.3 84.1 75.6 71.9 87.2 88.8 70.5 70.8 40.6 42.1 

1,2 - coarse grained olivine ; 3,4 - violet garnet: } ^ ” clinopyroxene, large 

crystal; 6 - clinopyroxene included into orange garnet; 7 - large orange 

garnet; 8 - orange garnet included into clinopyioxene; 9 - ilmenite, 

inclusion in garnet; 10 - veined ilmenite in olivine matrix. 

of garnets from TUV-29 is almost twice higher than in actual diamond-bearing 

dunites and harzburgites from Udachnaya pipe (Pokhilenko, Sobolev, 1986). 

At the peripheral part of the xenolith large rounded crystals of orange 

low Cr203 garnet up to 2 cm in diameter and elongated pale-green FeO-rich 

clinopyroxene (up to 3 cm) are present. These phases form the main volume of 

a second mineral association. They strongly resemble the megacrysts of a low- 

Cr association widely spread in kimberlites both by appearance and in terms 
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of composition Garnets and c1inopyroxenes of "megacrystic” association 

contain numerous drop-like ilmenite inclusions up to 1 cm in diameter, 

intergrowths of phlogopite with 1-2 wt.% Ti02 and tiny Cu-Ni-Fe sulfide 

globules. Additionally, narrow veins of ilmenite cross the olivine matrix of 

the main rock. A distribution of minerals in the xenolith and the lack of 

their compositional equilibrium suggest that "megacrystic" association was 

formed later than primary garnet olivinite had crystallized and was 

plastically inserted into the latter rock synchronously with deformation. At 

the same time in a process of recrystallization the mg-numbers of constituent 

minerals in olivinite have been partly decreased. 

DISCUSSION. Unequilibrated high-temperature ultramafic xenoliths from 

kimberlites are peculiar "snapshots" of subcratonic mantle rocks and 

conditions just before magma eruption and therefore such nodules are 

invaluable tool to decipher various mantle processes. Samples like peridotite 

TUV-177 are suggested to be related to large-scale intensive mixing of hot 

plastic mantle rocks. In the case under consideration mixing apparently was 

extremely "dry" process since the indications of melt or fluid presence in 

the evolved peridotite are negligible. On the contrary, an origin of garnets’ 

zoning similar to one examined in the xenolith TUV-43 are among the best 

examples of contamination during deformation of depleted peridotites by fluid 

or highly fluidized melt. The raetasomatic agent completely escaped out of the 

rock after zoning had been formed. The signs of synchronous mixing, melting, 

deformation and chemical changes of deforming rocks in mantle are even more 

convincing from TUV-29 xenolith study. We conclude that unequilibrated 

ultramafic rocks are indicative of an intimate connection of magmatism, fluid 

mass transfer, and large scale deformation at the regions of kimberlite melt 

generation in mantle. The total process including kimberlite parental magma 

origin may be explained by a diapiric ascent of large volume of hot plastic 

partially melted asthenosphere and it’s interaction with relatively cold 

subcratonic lithosphere. 

REFERENCES 
LAWLESS P.J., GURNEY JJ., DAWSON J.B. 1979. Polyuict peridotites froB the kltfontein and De Beers Hines, RiBberley, South 

Africa. In Boyd F.R. and Heyer H.O.A. eds, The Hantle Sasple, p.p. H5-155, Aier. Geophys Union, Wash., D.C. 

LAZ’RO E.E. 1988. Ultraiafic tantle xenoliths in kisberlites. In Laz’ko E.E. and Sharkov E.Y. eds, UltraBafic rocks, p.p. 3A6- 

379, Nauka Publ. CoBpany, Hoscow (in Russian). 

LAZ’RO E.E and SERENRO V.P. 1983. Peridotites with zoned garnets froB Yakutian kiBberlites: evidence of high-teaperature deep- 

seated netasoBatisB and aantie diapirisB? Trans. USSR Acad. Sci., ser. geol., No. 12, p.p. 41-53 (in Russian). 

LAZ’RO E.E., SERENRO V.P., HURAVITSRAYA G.N. 1983. Sheared peridotite with a garnet of variable coaposition froB Udachnaya 

kiBberlite pipe (Yakutia). Rept. USSR Acad. Sci., v. 268, No. 6, p.p. 1458-1462 (in Russian). 

PORHILENRO N.P. and SOBOLEV N.V. 1978. Garnets of different coaposition in sheared Iherzolite froB Udachnaya kifiberlite pipe, 

Yakutia. 11 IHA Heet. Novosibirsk, Abstr. v. 2, p. 9 (in Russian). 

PORHILENRO N.P. and SOBOLEV N.V. 1986. Xenoliths of diasondiferous peridotites froa Udachnaya kiaberlite pipe, Yakutia. Geol. 
Soc. Austral. Abstr., No. 16, p.p. 309-311. 

SERENRO V.P., NIRISHOV R.N., LAZ’RO E.E. 1982. Zoned garnets in porphiroblastic Iherzolites froB Kir kiaberlite pipe. Rept. USSR 

Acad. Sci., v. 267, No. 2, p.p. 438-441 (in Russian). 

SOBOLEV N.V., PORHILENRO N.P., RODIONOV A.S. 1984. InhoBogeneities of the deep seated inclusions in kiiberlites as an indication 

of the processes of dynanic evolution in upper lantle substance. 27th IGC sess. Hoscow, Abstr. v. 5, p.p, 399-400. 



Extended Abstracts 231 

COANJULA DIAMONDS, NORTHERN TERRITORY, AUSTRALIA 

D.C Lee^^\- S.R. BoyS^^; BJ. Griffm^^^; B.W. Griffin^^^^ and T. Reddicliffe^^K 

(1) Ashton Mining Limited, Jolimont, Western Australia; (2) Department of Earth Sciences, Open University, United 

Kingdom; (3) Electron Microscopy Centre, University of Western Australia; (4) Division of Exploration Geoscience, 

C.S.I.R.O., North Ryde, Australia; (5) Ashton Mining Limited, West Perth, Western Australia. 

Two deposits rich in micro-diamonds occur near Coanjula, N.T. The diamonds 
are typically 0.2mm and rarely exceed 0.5mm in size. 

Two diamond bearing kimberlites occur 120km to the north and 24 ultrabasic 
volcanic pipes occur within a radius of 60km of the microdiamond deposits. 

The Coanjula microdiamonds occur in sediments of the Murphy Metamorphics 
Group which are dated at 2050 Ma. Extensive drilling and sampling has revealed a 
deposit of microdiamonds which is 12km long and up to 500m wide. A smaller 
deposit, 2km long and 300m wide is located 5km to the south. The microdiamond 
content exceeds one per kilogram in some parts of the deposit. 

A porphyritic latite - trachyandesite body 3km long and up to 2km wide, with a 
chilled margin exhibiting spinifex texture, forms a central core to the larger of the 
microdiamond deposits. The number of microdiamonds in the sediments increases 
towards the margins of this volcanic intrusive but samples of the trachyandesite have 
not contained microdiamonds. 

More than 70% of the diamonds are opaque cubes with a fibrous structure. A 
further 4% are colourless, yellow, or green non-fibrous cubes. The remaining 25% of 
the diamonds are octahedral, dodecahedral or irregular. This unusual suite of 
microdiamonds is unlike any recorded from kimberlite or lamproite. 

The microdiamonds have been analysed by proton micro-probe for trace 
elements. Nitrogen content and Carbon Isotope ratios have been determined and 
micro-inclusions have been extracted and analysed. This work was undertaken to 
determine if the diamonds are of "metamorphic" origin as it has been reported from 
the Soviet Union (Shatsky, 1989) that fibrous cubic microdiamonds similar to some of 
the Coanjula diamonds have been found in metamorphic rocks. 

Proton micro-probe analysis of 22 Coanjula diamonds showed a large number 
of elements present in widely varying concentrations. S, K, Ti and Fe are present at 
levels of lO-lOOppm, V, Cr, Cu, Zn, Pb and Zr occur at 0-10 p.p.m. Normalization to 
constant Fe content greatly reduces the scatter in the data, indicating that most 
elements are contained in small inclusions of melts, fluids and daughter minerals. 
Coanjula microdiamonds have trace element patterns broadly similar to 
microdiamonds from Argyle lamproite but have higher Ti/Fe for the same K/Ca. 
Ellendale lamproite microdiamonds have much lower K/Ca ratios than either Argyle 
or Coanjula microdiamonds. 
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Fe - normalised Qi and Zn show a positive correlation which may be related 
to micro-inclusions of sulphides. The similarity of Cu/Zn ratios in microdiamonds 
from Coanjula, Argyle, Ellendale and Zaire (Mabuji Mayi) suggests that they contain 
similar sulphides and thus have a similar (i.e. mantle derived) origin. 

Forty-four of the opaque cube diamonds from Coanjula have been examined 
for inclusions. Inclusions were exposed by fracturing, ashing and sectioning the 
stones. Inclusions vary in size but are usually in the 2 to 5 micron range. Many of 
the cubes are of composite structure with a massive, irregular core overgrown by a 
fibrous coat to form a cubic stone. When ashed in air at 600°C, the massive core 
burnt before the fibrous overgrowths. 

Chrome-magnetite, diopside, jadeite, garnet and mica inclusions have been 
analysed in-situ in fractured cubes. These inclusions are compositionally similar to 
eclogitic (Meyer, 1987) and calc-silicate (Sobolev, 1984) inclusions. Residues after 
ashing contain both quenched liquid and crystalline phases. Polished sections of the 
microdiamonds contain primary melt inclusions. A potassic aluminous melt is present 
as numerous inclusions in the core of one microdiamond (Table 1). The melt data is 
unlike previously reported compositions (eg Navon et al.,1988) in that titanium is 
below detection limit. 

Twenty seven of the opaque cube diamonds were found to have values 
ranging from -10 to -22.5Voo* Eleven of the octahedral/resorbed irregular diamonds 
had <S^^C values from -2.5 to -21.5 °/oo but with a distinct sub-group centred at -4°/oo- 
Infra-red spectra were obtained for both opaque cubic and clear irregular diamonds. 
The spectra indicate a low nitrogen content, the presence of possible type 1^ cubic 
diamonds and some type laA diamonds in the irregular group. 

It is concluded from the nature of the inclusions, the zoned structure of some 
of the cubes and the range of isotopic compositions that the Coanjula diamonds are 
of magmatic origin. 

Table 1: Composition of melt inclusions in a microdiamond core 

Sample Inc 1 Inc 2 Inc 3 Inc 4 Inc 5 Inc 6 Inc 7 Mean+S.D. 

Si02* 54.66 52.41 53.99 54.13 53.28 55.23 51.54 53.61 + 1.29 
Ti02 0.00 0.00 0.17 0.00" 0.00 0.00 0.28 0.06 + 0.11 
AI203 23.46 23.77 23.49 22.74 23.96 22.73 23.49 23.38 + 0.47 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 

FeO 4.32 5.61 5.27 4.92 4.32 6.08 5.46 5.14 + 0.66 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 

MgO 4.22 3.24 3.03 3.93 3.90 3.96 3.71 3.71 + 0.43 
CaO 0.00 0.00 0.00 0.30 0.00 0.00 0.00 - 

Na20 3.89 5.64 1.32 3.01 4.72 0.98 4.96 3.50 + 1.81 
K20 9.44 9.33 12.60 10.65 9.82 11.02 10.46 10.47 + 1.13 
Cl 0.00 0.00 0.13 0.32 0.00 0.00 0.09 0.06 + 0.12 

Oxide total** 89.28 73.28 69.95 38.04 68.37 69.88 67.22 

* Analyses by Link EDS on a JEOL 6400 SEM, data in wt.%. 
** total prior to normalisation to 100wt.% oxides 
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NEW TYPE LAMPROITE OF THE DAHONGSHAN AREA, HUBEI PROVINCE, CHINA 

Liu Guanliang^^^ and Xu Zhiqiang^^K 

(1) Yichang Institute of Geology and Mineral Resources (CAGS); (2) The North Eastern Geology Brigade of Hubei. 

The lamproite of Dahon^shan area (31 “ —31“ 44'N, 112“ 32'—113“ 20'E) 

He Immediately by the marRln of the north part of Yantze craton. About 10 

volcanic groups by sea bottom volcanic eruption and 40 hypabyssal intrusives 

constitute a lamproite belt with 70 km long and 1—6km wide. Their isotope 

ages range from 490Ma to 352Ma (i.e. from Cambrian to Devonian period). 

In previous studies these rocks in this area had been called 

kiraberllte-1ike, kimberlite, melltite besalts, glass dunite and 01-Di 

lamprophyres. Among them four hypabyssal intrusives were identified as 

lamproite in early eighties.lt was found in this work through petrography, 

geochemistry, mineralogy studies that the rocks mentioned above all belong 

to lamproites. But some rock bodies of them appear to be transitional 

between lamproite and kimberlite while other bodies between lamproite and 

rainette. 

Our investigation confirms the presence of four distinct rock face 

assemblages including three volcaniclastic facies and one hypabyssal face. The 

volcaniclastic facies show variation in occurrence, texture and structure 

and can be divided into volcanic diatreme; crater brecciatnear volcanic crater 

lappilii far volcanic sed pyroclastic rocks and tufflte. The hypabyssal 

intrusive facies occur either separately intrusive body or associated with 

volcanic eruption rocks and formed lamproite volcanic suite from 

volcaniclastic rocks (agglomerate, breccia, lapplti and tuff Including 

air-fall) to magma intrusive facies (including lava flow). 

According to the suggestions by lUGS (1989) and Scott-Sralth, Skinner 

(1985) , Mitchell (1985), the textural and mineral assemblege classification 

can be i-ecognized as follows« (see table) 

The volcaniclastic rocks are mainly composed of olIvine-laraprolte and 

magma hypabyssal Intrusives are composted of dlopslde lamproite. 

The volcanic dlatrerae and crater facies consist of breccia (rare 

agglomerate ). lappili and tuff. The compsitions of breccia are mainly 

autothlc breccia of phlogoplte-ollvine lamproite. The first olivine generation 

correspOuuS to the macrocF/sts found in kimberlites, but many of olivines are 

auhedral and show subhedral oiten with parts of the crystal margin having a 

complex but euhedral shape. This facies also contain many xenolith of 

country rocks, rare dunite xenolith ,upper mantle xenoliths forming symplectlc 

Intergrowths of spinel and crystal fragments. The cement is composed of 
cartxmate, serpenite. etc. 
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The classification table of Dahotyrslian lanproite 

teatural mineral 

l.Volcanlclastlc rock 1.Olivine laraproite 

(D agglomerate >64mra (D olivine lamproite 

(2) breccia >2mm (2) phlogoplte-ollvlne lamproite 

(3) lappili >— (Including ol-raadupltlc lamproite) 

0 tuff <2mra 0) glass-olivine lamproite 

2,Magma hypabyssal intrusive 2.Dlopslde laraproite 

lava flow 0 ollvlne-dlopslde laraproite 

(D dikes, sills (Including ol-Dl madupltlc lamproite) 

(S) leuclte-ollvine-dlopslde laraproite 

0 sanldlne-diopslde-raadupltlc laraproite 

Near volcanic crater facies lappill i this facies are of well-beddlnR 

structure which was formed by accumulation of various size lappili having 

well-sphericity, roundness and well-smoth. The lappili materials consist 

mostly of olivine laraproite or glass olivine lamproite. The crystal 

fragments are serpentlzatlon olivine, vermlculInizatlon phlogoplte and 

llmenlte. The cement Is of carbonate, serpenite and clay mineral. 

Sed pyroclastic rock and tufflte of far volcanic crater faciest The facies 

were formed by the alternation of pyroclastic sedimentary rock (including 

air-fall tuff) and doloraltlc corbonate of middle Cambrian or early 

Ordovician systemCtwo period) with well graded beddings. The fragment 

materials are mainly olivine lamproite but usually been resolued into 

rooolroorllIonite and ferric material. 

Magma hypabyssal Intrusive faclesi The rocks are with distinct porphyrltlc 

texture and are characterised by two generations of olivlneCusually 

serpenlzation) having euhedral-subhedral and sometimes a complex but 

euhedral shape. The porphyrltlc minerals Include dlopslde, leuclte. The matrix 

is composed of phlogoplte, sanldlne. potasslc rlchterlte. apatite, rutile, 

llmenlte and glassy. Rare perldotlte. dunlte xenolith are found in some rock 

bodies. 

The whole rock geochemistry about 150 samples from various facies show Slo^ 

35-50%. Mgo 4-26% from balsc to ultrabaslc. The K.^o contents ar commonly 

less thau that of the West klraberley larmpriote. The reason leading to low 

KgO may be with relative to particular geological setting of sea-bottom 

volcanic eruption. As a result, it is not approriate to judge of 

ultrapotassic rocks from the K^O content for the Dahongshan lampi*olte. 

However, the K^O contenes of most samples range from 0.5% to 2% , some to 

3-5%. The KgO/wajjO ratios are generally>2. average 6.55. The fresh volcanic 
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glass are also high In K2O ranging from 5.82% to 6.55%. These data show 

that the lamproltes In Dahongshan area belong to ultrapotasslc rock suite. 

This suite Is characterled by higher contents of Ba, Rb, Sr, Pb, Th, U, 

Tl, Zr, Nb, REE pattens are highly fractloned and enriched In LREE. 

The Isotopic compositions of the lamproltes In Dahongshan area are Sr /Sr 

=0.70380—0.706881 Nd'“/Nd'“=0.5U65—0.51230, Pb^/Pb”‘=17.737—20.870, Pb“^/ 

Pb^=15.330—15.075, Pb”“/Pb^=38.656—42.856, beins in between type E 

kimberlites and lamproltes, and appear a tendency for two driction evolution 

towards EMI and EMH form PREMA. The Isotopic compositions show that the 

Imaproites of Dahongshan area may be relative to old subductlon of proterozolc 

Era. 

The minerals commonly present In the lamproltes of' Dahongshan area as 

major primary constitunt are olivine, diopslde, phlogopite, leucite, 

sanidime, rlchterlte, Accessoryphases Include apatite, provsklte, rutile, 

ilmenlte. The xenocrysts include olivine, spinel, garnet, cr-dlopslde and 

llraenite. For ollvinei the compositions of phenocryst of two generations are 

Fo77-88, of xenocrysts and In mantle xenollths (dunlte. perldotlte) are Fo 

90-93. Diopslde occurs as a phenocryst or groundmass. The compositions of 

diopslde in many of hypabyssal Intruslves are variation with two trends: A 

dominant trend Is Tl Increasing with A1 Increasing. Another Is of preserving 

low Tl with A1 Increasing. The Cr-dlopslde are high In Cr_0_ ranging from 

1.72% to 3.08%. The compositions of phlogopite also have two distinct trends 

of which one Is the transitional type (high A1 high Tl) towards fliioette* the 

other is the characteristics of lamprolte. K-rlchterite Is lower In K^O, MgO 

and higher in Na^O, Al^O^ than that of the K-rlchterite of the West Australia 

lamproltes. 

The macrocryst compositions of spinel and garnet mostly belong to 

Iherzollte suite and a few parts of them like harzburglte/dunlte suite. 

The lamproltes in Dahongshan area are considered to be derived by 

partial melting of garnet Iherzolite from lithosphere, where the depletion 

of perdotlte soure appears to be less strong. The primary magma In 

raetasomatlon zone of upper mantle had been replaced and enriched In LILE, then 

uprisen by diaplrlsm and cut through the overlying crust along with sea-bottom 

volcanic eruption. 
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THE GENESIS OF PEROVSKITE-BEARING BEBEDOURITE AND THE PROBLEMS 

POSED BY CLINOPYROXENTTE-CARBONATITE COMPLEXES. 

LLoydy F.E. and Bailey, D.K 

Dept. Geology, Univ. Bristol, Wills Memorial Building, Queens Rd., Bristol BS8IRJ, UK. 

Bebedourite (Ti-rich, perovskite-titanomagnetite-apatite- 

phlogopite clinopyroxenite) is an early-formed facies of 91-70 
Ma pyroxenite-carbonatite complexes emplaced in a zone of 

deep-seated faults between the Parana Basin and the Sao 

Francisco Craton, Brazil. Late-stage carbonatite cores are Nb 

and REE rich and compare closely with Iron Hill, Colorado, but 

South African clinopyroxenite-carbonatites, e.g. Phalaborwa, 

are by contrast poor in these elements. 

Type bebedourite from the base of Salitre 1 borehole (114 m) 

does not show typical cumulus texture. Large (ca. 6 mm across) 

isolated, coarse aggregates or single grains of diopside are 

heavily fractured,.corroded, fluid-inclusion filled, and 

"supported" in a coarse matrix. Matrix minerals crystallised 

in the order: first-generation phlogopite, fluor-apatite, 

magnetite which both rims and forms inclusions in Ce- 

perovskite, followed by Ce-perovskite and titanomagnetite. 

Diopside rims are partly replaced by phlogopite, and typically 

a narrow band of second generation phlogopite + a carbonated 

alkali-mafic silicate mineraloid separates diopside from 

adjacent minerals. Corroded areas and cleavages in diopside 

are variously filled by phlogopite flakes, apatite, occasional 

perovskite grains, and veinlets + blebs of the carbonate- 

silicate mineraloid. Electron microprobe investigation has 

revealed areas where the mineraloid can be resolved into 

calcite, K-richterite and a serpentine-like material. 

Diopsides are homogeneous, nearly pure (woll 50, en 44, fs 6), 

and low in Cr203 (below detection-0.08 wt%), Ti02 (0.72-1.06 

wt%), AI2O3 (0.47-0.41 wt%), and Na^O (0.26-0.35 wt%), 

characteristics shared by pyroxenes from lamproites (Mitchell, 

1979; Hamilton and Rock, 1990) and pyroxenite facies of other 

pyroxenite-carbonatite complexes e.g. Iron Hill, Colorado. 

Kimberlite groundmass clinopyroxene (Dawson et al., 1977) has 

slightly less Ti02j lower MgO/FeO values and higher Cr203. 

Petrography indicates that the bebedourite diopside is more 

primary than the mineral assemblage in which it occurs and is 

possibly xenocrystic in origin. Such clinopyroxene does not 

have necessarily any evolutionary relationship with the more 

Fe- and Na-rich clinopyroxenes of rocks consanguineous with 

some clino-pyroxenites such as pyroxene sovites, ijolites and 

syenites. 

First-generation phlogopite (Mg/(Mg+Fe)=0.88) is aluminous. 

Second-generation phlogopite is peralkaline 

(Mol.K20+Na20/Al203 up to 10.7) and trends towards tetra- 

ferriphlogopite. In contrast with phlogopites in lamproites 

Ti02 is low in both types. On an AI2O3 vs Ti02 diagram (after 

Mitchell, 1985) the first generation plots in the field of 

phlogopites from kimberlites which also overlaps with the 
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Leucite Hills lamproite field. The second generation defines a 

kimberlitic (TiOg-poor), as opposed to lamproitic, trend. Low 

CroOo in the bebedourite phlogopites, however, is more typical 

of lamproite than kimberlite phlogopites (Hamilton and Rock, 

1990). The suggestion that increasing Fe*^ in phlogopite 

relates to increasing K20+Na20/Al203 in the liquid (Velde and 

Yoder, 1977) is consistent with the composition of the 

interstitial residue (mineraloid + K-richterite). 

Perovskites are close to pure composition (average wt% Ti02 — 

56.4; CaO = 39.7) with low FeO (<1.5 wt%), Na20 (<0.5 wt%) 

and, apart from CeO (>1%), relatively low REE and Nb content. 

In these respects they are typical of perovskites from 

kimberlites and alkali-mafic lavas and contrast with those 

from lamproites and carbonatites which show considerable ss 

towards loparite and leushite end-members (Mitchell, 1985). 

In magnetite Ti02 is <1 wt%; MgO varies from below detection 

to 2.4 wt%; AI2O3, Cr203 and MnO are all <0.5 wt%, a 

composition that compares closely with an analysis given for 

magnetite surrounding perovskite in the Premier magnetite- 

serpentine-carbonate dikes (Mitchell, 1979). Titanomagnetite 

(average wt% Ti02 = 26) contains 2.1-4.04 wt% MnO which is 

comparable to carbonatite magnetites (Mitchell, 1979), but the 

considerable ulvospinel component is much more typical of Mn- 

bearing magnetites in alkali-mafic lavas, e.g. SW Uganda 

(Lloyd et al., in press). 

The carbonated silicate contains variable Si02 (22-38 wt%), 

MgO (8-13 wt%) and CaO (22-33 wt%); Ti02 and AI2O3 are <1 wt%. 

Apart from high alkalis: Na20 ^ K2O = ca. 3 wt%, the 

composition is comparable to calcite kimberlites such as the 

Premier magnetite-serpentine-calcite dikes. Where blebs of 

calcite occur the Sr-content of >1% implies a primary origin. 

Associated K-richterite has a composition very close to that 

found in MARID xenoliths (Dawson and Smith, 1977) with 

Mg/(Mg+Fe) = 90, K20 ^ Na20 = ca. 5 wt%, and Ti02 not >0.75 

wt% distinguishing it from Ti-bearing richterites in 

lamproites and K-mafic lavas (Mitchell, 1985). 

On the basis of petrography and mineral chemistry bebedourite 

may represent clinopyroxene-rich mantle invaded and mobilised 

by a kimberlite-carbonatite melt. The clinopyroxenite mantle 

facies could originate as the product of partial melting in 

the sub-cratonic mantle on a geothermal gradient where 

clinopyroxene, but not phlogopite and calcite, is stable, i.ei 

just above the Wendlandt and Eggler solidus. Such a melt could 

accumulate, become gravitationally unstable and slowly rise, 

crystallising clinopyroxene en-route. In terms of heat 

balance, however, the P-T path could be expected to remain 

close to and subsequently reapproach the solidus, (Bailey, 

1986) limiting upward movement and causing stagnation. These 

conditions would encourage the separation of volatile-rich, 

alkali-mafic silica-calcite fluid/melt. This pegmatitic 

medium, pervasively injected, could effect the para- 

contemporaneous auto-remobilisation of part of the 

clinopyroxenite body as a ’’mush" of clinopyroxenes with 
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xenocrystic appearance. A proportion of the clinopyroxenes 

would be likely true xenocrysts from the products of previous 

like episodes of diapir stagnation. Eventual emplacement of 

the crystal mush within the crust would be the consequence of 

concentrated channeling of the volatile-rich medium beneath a 

major crustal fault zone. 

Phlogopite, apatite and magnetite would precipitate from the 

pegmatitic medium and late-stage enhanced CO-CO2 activity 

would encourage Ti activity and cause precipitation of Ti- 

minerals in an otherwise Ti-poor assemblage. 

The diapiric upward movement of the clinopyroxene "crystal 

mush" to lower P,T regions could lead to separation and 

eventual emplacement of an immiscible carbonatite magma. 

The bebedourite diopside lacks features that popularly might 

be expected to imply mantle affinity, i.e. Cr, jadeite, 

Tschermak’s molecule. This raises a question about the nature 

of the possible mantle source. Another question is the origin 

of the Nb- and REE-rich signature of the associated 

carbonatite cores and whether this endorses a kimberlitic 

connection. Both these questions are being investigated and 

possible answers will be proposed. 
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CRYSTALLINE INCLUSIONS IN CHROMITES FROM KIMBERLITES AND LAMPROITES. 

A.M. Logvinova and N.V. Sobolev. 

Institute of Mineralogy and Petrography 630090 Novosibirsk, USSR 

A comparative study of inclusions in chrome spinel macrocrysts (more than 0.5 mm) 
extracted from heavy concentrates of several kimberlite pipes of Yakutia (Udachnaya, Ailkhal, 
Mir, International) and lamproites of western Australia (EUendale 4 pipe) have been performed. 
Out of 1000 spinel ^ains from kimberlites and 700 grains from lamproites solid inclusions 
have been identified respectively in 20 % and 10 % of all examined grains. More than 60 % of 
all inclusions are heavily altered. 

Olivines are the most abundant inclusions for both rock types being found in 57 out of 
70 chromite grains containing unaltered inclusions. Chrome diopside was fixed in 3 grains, 
enstatite in 2 grains, pyrope in 5 grains including one of lamproitic chrome spinel. 

Kimberlitic spinels with inclusions contain from 0.()6 to 3.02 wt % Ti02, from 36.3 to 
64.3 wt % Cr203, from 9.2 to 16.6 wt % MgO. Lamproitic spinels contain from 0.16 tp 3.16 
wt % Ti02, from 38.3 to 58.5 wt % Ct20^, from 11 to 13 wt % MgO. 

Crystalline inclusions from kimberlitic chromites are represented mainly by crystals with 
well developed octahedral faces, being similar to most inclusions in diamonds by their negative 
diamond (or chromite) morphology. 

Both olivines, pyroxenes and pyrope inclusions from lamproitic spinels are highly 
resorbed and are rounded. 

Olivine included in chrome spinels from kimberlites are containing 89-94 mol% Fo. One 
chromite grain from Udachnaya pipe with 49.5 wt% Cr203, 5.3 wt% AI2O3, 3.0 wt% Ti02 
contains two olivine inclusions with 89 and 92 mol% Fo. Olivine included in lamproitic spinel 
has a narrower range of Fo: from 88 to 90 mol%. 

Pyrope presence in one of chromite grains from lamproite (7.3 wt% Cr203, 6,.4 wt% 
CaO) and in four grains of kimberlitic spinels (Cr203 from 2.0 to 6.9 wt%, CaO frm 3.9 to 9.6 
wt%) indicates along with some chrome-diopside inclusions Iherzolitic and also one wherlitic 
parageneses of the studied chromite grains. 

Temperature estimate for 30 kbar pressure using O'Neill and Wall (1987) approach have 
shown a range from 790 to 1020°C for all kimberlitic chromites (AV. 914°C for 37 samples) 
and from 1010 to 1140°C for lamproite spinels (Av. 1062°C for 21 samples). A significant 
higher equilibration temperature is observed for chromite-ohvine pairs from lamproite compared 
with those of a number of Yakutian kimberlites. 
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GEOCHEMICAL SYSTEMATICS IN MANTLE MEGACRYSTS AND THEIR 

HOST BASALTS FROM THE ARCHAEAN CRATON AND POST-ARCHAEAN 

MOBILE BELTS OF SCOTLAND. 

Long^^K A; ThirlwalP\ M.F.; Menzies^^K M/l.; Upton^^\ B.GJ. andAspen^^K P. 

(1) Department of Geology, University of London (RHBNC), Egham, Surrey TW200EX; (2) Department of 

Geology and Geophysics, Grant Institute, University of Edinburgh, Edinburgh EH9 3JW. 

The origin of megacrysts in alkaline volcanic rocks continues to be a somewhat controversial topic as 

they can represent (a) polybaric fractionates formed in conduits within the lower lithosphere, or (b) fragments of 

the peridotite protolith that comprises most of the lower lithosphere, or (c) shallow precipitates formed within 

crustal magma chambers. In an attempt to address these questions we have studied several on-craton and off- 

craton xenolith-bearing vents in NW Scotland. In particular mica, clinopyroxene and amphibole megacrysts 

entrained by Tertiary and Permo-Carboniferous alkaline volcanic rocks on and off the Hebridean craton were 

analysed for Sr, Nd and Pb isotopes and relative abundances of Sr, Rb, U, Pb and the rare earth elements (REE). 

ON-CRATON 

At present only one xenolith locality at Loch Roag Lewis has been studied within the Hebridean craton. 

Micas - Rb/Sr and U/Pb ratios in on-craton mica megacrysts are quite variable (Rb/Sr = 0.538-0.946; 

U/Pb = 0.068-0.078). Rare earth element abundances in mica megacrysts are characterised by an enrichment in 

the LREE over the HREE (e.g. (Ce/Yb)]sj = 38.68-56.35) consistent with what is observed in mica megacryst 

data from other on-craton and off-craton localities. However no europium anomalies were found as reported by 

Menzies et al. (1985) for mica megacrysts from off-craton localities in southern Arizona. In the on-craton mica 

megacrysts ^^Sr/^^Sr = 0.70505-0.70773 [(^^Sr/^^Sr)47]y^j^ = 0.70395-0.70628] and extends the reported range 

for this locality and new (0.51085-0.51233) overlap with previously published mica analyses 

(Menzies and Halliday 1988). The Pb isotopic variability is tightly constrained and overlaps with the field of 

EMI (i.e.Enriched Mantle 1) apart from one data point which has anomalously low ^®^Pb/^^^Pb and high 

208pb/204pb ratios. More importantly this mica megacryst has the lowest ratio (epsilonjs^^ = - 

34.2)reported for mica megacrysts from throughout the world . 

Clinopyroxenes - Rb/Sr in on-craton clinopyroxenes are similar (Rb/Sr = 0.0031-0.0003) to that 

reported for other megacrysts but much higher than that reported for peridotite orogenic massifs or xenoliths. 

U/Pb m clinopyroxenes are similar (U/Pb = 0.065-1.120) to megacrysts from South Africa (on-craton) and the 

western USA (off-craton) (BenOthman et al,1990). REE abundances in clinopyroxenes define an inverted U 

shaped pattern comparable to megacrysts from South Africa and the western U.S.A. (Eggler et al 1989; Shimizu 

1975). Overall the chondrite normalised rare earth abundance pattern is enriched in the LREE [e.g. on-craton cpx 

(Ce/Yb)N = 8.247-8.391]. 
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On-craton clinopyroxene megacrysts have lower ^^Sr/^^Sr ratios than the micas (i.e. ^^Sr/^^Sr — 

0.7046-0.7049) and Nd isotope data are more radiogenic than the micas (^^^Nd/^^^Nd = 0.512447). Pb isotopic 

variability (^^^Pb/^^^Pb, ^^^Pb/^®^Pb and ^^^Pb/^^^Pb) is tightly constrained within the EMI field and as 

such the clinopyroxene and mica data overlap. 

OFF-CRATON 

Within the Proterozoic mobile belt of NW Britain several widespread localities were studied in order to 

assess the lateral (and vertical) variability of the post-Archaean lithosphere and to compare and contrast the 

origin of megacrysts within lithosphere of different ages (i.e. Dunaskin Glen, Kiers Hill, Elie Ness, Colonsay). 

Micas - Rare earth element abundances in mica megacrysts are characterised by a LREE enriched pattern 

similar to on-craton micas (e.g. Ce^A^bN = 5.837-19.041). These data are also similar to what is observed in 

mica megacrysts from other off-craton localities in eastern Australia and the western USA (Irving and Frey 

1984; Menzies et al 1985). Off-craton mica megacrysts have ^^Sr/^^Sr = 0.74928-0.70669 [( 

^^Sr/^^Sr)2gQMa = 0.70540-0.706290] and the l^^Nd/^^^Nd = 0.51259-0.51267 and overlap with previously 

published mica megacryst analyses for off-craton localities. 

Clinopyroxenes - In clinopyroxene megacrysts Rb/Sr = 0.0004-0.0158 and U/Pb ratios = 0.049-0.123. 

These ratios are significantly lower than that reported for pyroxene megacrysts from off-craton localities within 

the Proterozoic mobile belts of the western USA (U/Pb = 0.216-1.929; BenOthman et al,1990). REE 

abundances in clinopyroxenes define an inverted U shaped pattern comparable to megacrysts from on-craton and 

off-craton localities. Clinopyroxene megacrysts have ^^Sr/^^Sr = 0.70344-0.70589 [(^^Sr/^^Sr)2goMa. = 

0.70344-0.70571] and 143fsj(]/144]sj(j ratios = 0.51269-0.51275. These data overlap with the range reported for 

MORB and OIB. Pb isotope data are similar to that reported for other off-craton localities in the western USA 

and eastern Australia (BenOthman et al 1990, Stolz and Davies 1988). 

MEGACRYST ORIGIN 

On-craton megacrysts - Hypothetical liquids that may have co-existed with the megacrysts can be 

calculated using published partition coefficients and the elemental data outlined above. The calculated melts are 

very enriched in the LREE ([CeA^y^ = 50-70) and are similar to carbonatitic melts (Bell 1989) and pyroxenite 

xenoliths (Menzies and Halliday 1988). Any suggestion of a relationship between the megacrysts and melts 

similar to the host basalts can be further tested by comparison of the age corrected isotopic data for the 

megacrysts with the source characteristics of the host basalts. The on-craton micas and clinopyroxenes have 

(87sr/86sr)47j^^ = 0.70395-0.70628 which is comparable to that observed in ocean island basalts (OIB’s) but 

the range in (l'^3Nd/144Nd)47j^^ = 0.51082-0.51241 is beyond that normally associated with OIB’s. As a 

consequence of this we can conclude that it is rather unlikely that the bulk of the on-craton megacrysts represent 
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polybaric fractionates from uncontaminated melts whose source region was similar to that of OIB (i.e. 

asthenosphere or deeper). 

Perhaps the on-craton megacrysts are entrained fragments of the peridotite protolith. The Loch Roag 

Archaean? peridotite protolith appears to be similar to that normally encountered beneath mobile belts and not 

cratons. This is somewhat anomalous in that an integration of kimberlite-borne and basalt-borne xenolith data 

from on-craton (Archaean) and off-craton (post-Archaean) localities indicates that the Archaean peridotite 

protolith is normally highly magnesian and very different from that occurring beneath post-Archaean crust. This 

has been interpreted to mean that the Archaean protolith is a residue from extraction of komatiitic melts whereas 

the post-Archaean lithosphere represents a basalt residue. It appears that Loch Roag may be an exception to this 

rule if we can assume that lateral displacement has not occurred and resulted in the superposition of Archaean 

upper (crust) and post-Archaean lower (mantle) lithosphere. With regard to the origin of megacrysts we can state 

that the dominant mineralogy of the peridotite protolith is anhydrous and this makes it a rather unlikely source 

for hydrous megacrysts. Moreover the REE characteristics of the on-craton clinopyroxene megacrysts differ from 

that of clinopyroxenes in basalt-borne and kimberlite-borne peridotite xenoliths (Menzies and Hawkesworth 

1987 and references therein; Nixon 1987 and references therein). 

However one aspect of the megacryst data may link them to present-day enriched lower lithosphere. Pb 

isotope variations observed in on-craton clinopyroxene and mica megacrysts overlap with that of on-craton 

enriched spinel Iherzolites from Loch Roag (i.e. EMI). This implies a possible co-genetic relationship since the 

Sr and Nd isotopic data also plot below the mantle array beyond the field occupied by OIB’s toward EMI. 

The similarity between hypothetical co-existing melts for the on-craton megacrysts and small volume 

carbonatitic melts and pyroxenite xenoliths from Loch Roag indicates that perhaps the on-craton megacrysts and 

pyroxenites represent disrupted conduits which formed from the migration and crystallisation of lithospheric 

melts. It is interesting to speculate that perhaps the spread of Sr and Nd isotopic data between OIB and EMI 

indicates that a sub-lithospheric component (OIB) in some way triggered melting of the lithosphere (EMI) 

resulting in hybrid melt products which crystallised within the lithosphere. Eventual disruption and entrainment 

of this vein/wall rock assemblage would seem to account for the xenolith population, i.e. hydrous and 

anhydrous megacrysts, hydrous and anhydrous pyroxenites and enriched Iherzolites (i.e. reacted wall rock adjacent 

to veins). 

Off-craton megacrysts - Hypothetical melts that may have co-existed with the off-eraton megacrysts are 

less enriched in the LREE ([CeA'bJjsj = 7-20 ) than those calculated for on-craton megacrysts being more similar 

to alkaline basalts. Moreover the off-craton micas and clinopyroxenes have (^^Sr/^6Sr)280Ma = 0.70344- 

0.70629 and (^'^^Nd/^^^Nd)47j^^ = 0.51259-0.51275 which overlaps with the range observed in OIB’s and as 

such differs from the on-craton megacrysts. We can conclude from these data that the off-craton megacrysts may 

represent polybaric fractionates of ast he no spheric melts derived from source(s) similar to that of OIB’s. 
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EXPERIMENTS ON EXPLOSIVE BASIC AND ULTRABASIC, ULTRAMAFIC, 

AND CARBONATITIC VOLCANISM. 

Lorenz^^\ V; Zimanowski^^^ B. and Frdhlich^^\ G. 

(1) Institutfur Geologie, Universitdt Wurzburg, Pleicherwall 1, D-8700 Wurzburg, ERG; (2) IKE, Universitdt Stuttgart, 

Pfajfenwaldring 31, D-7000 Stuttgart 81, ERG. 

Until recently, explosive volcanism of basic, ultrabasic, ultramafic, and carbonatitic 
magmas leading to the formation of maars and dialremes has been considered to be 
the result of near-surface depressurization of the respective magmas and the 
consequent intensive unmixing of large amounts of volatile phases. During the last 
twenty years, the study of active and fossil rhyolitic to basaltic volcanoes has shown, 
however, that phreatomagmatic explosions, i.e. thermal explosions, are much more 
widespread than previously thought and are the result of a near-surface interaction of 
rising magma and surface water or groundwater. As the Earth has a hydrosphere 
consisting of widespread surface water bodies (sea, lakes, rivers) and groundwater 
(pore or joint water) magma rising to theEarth's surface, with a high probability, has 
to rise not only through parts of the lithosphere but also into or through the 
hyckosphere. Thus, there is a high probability that contact with the hydrosphere may 
result in phreatomagmatic explosions. From the study of maars and dialremes it has 
also been shown, that every magma type reaching the Earth's surface may get 
involved in phreatomagmatic explosions If the hydrologic environment is suitable. As 
long as magma rises to near-surface levels (no matter what its chemistry) and 
contacts groundwater or surface water in suitable quantities, phreatomagmatic 
explosions will follow each other rapidly and the respective^maar-diatreme volcano 
will g-ow In size, i.e. in diameter,depth, and thickness of its tephra-ring. 

Many aspects of the tephra deposits and the features of mags and dialremes 
indicative of a phreatomagmatic origin have been discussed already. Very important 
aspects are the scarcity or lack of vesicles In the juvenile pyroclasts, the blocky to 
spherical shapes of these clasts, and their grainsize variation from fine ash to lapilli 
size. Another important aspect is the large proportion of country rock clasts in the 
tephra reaching 80 - 90 % and indicating explosive fragmentation in the root zone of 
the respective diatreme, I.e. in the transition zone between a 1 - 2 m thick feeder-dike 
and the conical-shaped diatreme. 

Maars and dialremes of basic, ultrabasic, ultramafic, and carbonatitic magmas in 
most aspects do not differ very much between each other neither do they differ in 
respect to maars and diatremes associated with more silica-rich magmas. Type of 
alteration and type of country rock clasts including deep seated xenoliths are 
variables, depending on the particular chemistry and depth of origin of the magma 
involved and on the particular country rocks surrounding the diatreme. In addition the 
amount of water involved in the individual explosions is dependant on the local 
hydrogeological situation. 

One particular aspect where there Is a difference between most acid to basic 
magmas and ultrabasic, ultramafic, and carbonatitic magmas concerns the shape of 
ash grains and lapilli. Only the latter magma types contain a significant amount of 
spherical ash grains and spherical lapilli indicative of low viscosity and consequent 
influence of surface tension. Sofar very little is known about the actual physical 
processes leading to and causing phreatomagmatic explosions. 
Unknown are: 

Relative and absolute quantities of magma and water which interact explosively, or 
participate "passively" in the explosions. 
Maximum pressures reached during the explosive process. 
Energy balances of the thermal explosion process. 



246 Fifth International Kimberlite Conference 

Fragmentation processes of the magma prior, during and after the explosion. 
Fragmentation processes in the surroundina countrv rocks. 

Thermal explosions (including the natural phreatomagmatic explosions) can evolve If 
a sufficiently hot melt and water mix mechanically and form an igniteable mixture (i.e. 
coarse fragmentation). The temperature contrast between the hot and the cool liquid 
results in formation of insulating vapour films ("Leidenfrost effect"). Pressure pulses 
or other hyckodynamic events in the system can destabilize these vapour films. The 
consequent collapse of the vapour films (resulting in a so-called direct contact) in 
combination with an extremely fast enlargement of the heat transfering surface of the 
melt (i.e. fine fragmentation) results in fast heat transfer from the melt to the water. 
The water consequently gets superheated and transformed into steam. As the heat 
transfer happens much faster (about one magnitude) than the vapourization, the 
water vapourizes "coherently" (i.e. nearly completely and homogeneously), thus 
resulting in an explosive expansion of highly pressurized steam to ambient pressure. 

Numerous experiments were carried out on metal melts and some on thermite 
melts interacting with water (e.g. Frdhiich, 1987; Wohletz & McQueen, 1984) with 
only the latter undertaken in respect to phreatomagmatic volcanism. In 1987 an 
experimental set-up for studies of explosive interaction between water and basic, 
ultrabasic, ultramafic, carbonate, and carbonatitic melts was constructed by an 
interdisciplinary research group at the IKE laboratories in Stuttgart. Aim of the 
project was not to build a "mini volcano" but to produce igniteable mixtures of water 
and hot melt on a small scale in order to investigate basic physical aspects. 

The experimental set-up was called TEE-HAUS (Thermal Explosion Experiment 
House). In this TEE-Haus thermal explosions are generated by the injection of 
several ml (0.5 to 10 ml) of water into 150 ml of melt. Inductive heating of a 
crucible (steel or metal ceramics; 5 cm internal diameter, 7.5 cm in depth) to 
temperatures between 740 - 1800‘C is used to melt mixtures of carbonates (Na, 
K, Ca carbonates) or granulates of volcanic rocks of basic, ultrabasic, or ultramafic 
composition.. Explosions are either triggered by the injection pressure of the water 
(in case of carbonate melts) or by the impact of a metal object of 0.5 g mass and 
approx. 8 J kinetic energy (in case of silicate melts). Measurements of explosion 
intensity, ejection velocity, water mass and water injection velocity, control of melt 
composition and temperature, adjustment of injection geometry and strength of 
trigger pulse, video and high speed film documentation of the explosions were 
performed. The fragments derived from the silicate or carbonate melt of each run 
were collected and analyzed for their grain size distribution and shape. 

In excess of 500 experiments were performed between 1988 and 1991 on 
carbonate (50/50 % Na2C03/K2C03) and carbonatite (a simplified artificial Lengaite) 
melts as well as on Tertiary olivine melilitite (ultramafic) from the Swabian Alb. 
Tertiary olivine tholeiite (basic) from the Vogelsberg, Quaternary nephelinite and 
basanite (ultrabasic) from the West Eifel and Permian basaltic andesite from 
Palatinate (all samples from areas within Germany). During these experiments 
thermal explosions were observed with all the melts used. The explosions generated 
inside the crucible exerted repulsion forces to the crucible between several 1000 
and 23 000 N. These ranges were found in the carbonate experiments where 
no external trigger was applied, as well as in the silicate experiments where an 
eternal trigger force of approx. 400 N (vertical force component) was applied. One 
of the most important results of the experimental work is the determination of the 
magnitude of the trigger pulse for the ignition of phreatomagmatic explosions. 
Pressure waves of that intensity (8 J) certainly are abundant at active volcanic sites, 
caused e.g. by volcanic tremor, pressure pulses of the rising magma, or other 
seismic events. The ejection velocity was found to be in a range between 200 and 
400 m sri. Explosion energy values up to 500 J were calculated. The maximum 
explosion pressure was calculated in the range between 10 and 100 MPa. 
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In case of experiments with vesicular melts irrespective of their chemical 
composition, the presence of many non-condensible gas bubbles obviously hinders 
or even prevents the ignition of a thermal explosion (Zimanowski et al., 1991). 

A probable explanation for this phenonemon is the damping of the trigger pulse 
(shock wave) due to the compressability of the gas bubbles: If the volume ratio of 
gas bubbles to liquid phase exceeds a yet unknown limit the trigger pulse is damped 
below the minimum level for destabilizing the vapour films. 

Mass ratios of the respective amounts of water and melt which interacted thermally 
(so-called interactive masses) were determined between 1:10 and 1: 30. Thus, only 
a small part of the 150 ml of melt interacted thermally with injected water causing 
the explosion whereas the larger part of the melt was ejected passively from the 
crucible.Different fragmentation processes result in specific grain size and grain 
shape populations that can be distinguished from each other. Particles resulting from 
the fine fragmentation process that precedes and causes the thermal explosion are 
characterized by angular to subrounded shapes and grain sizes ranging from 20 |im 
to 180 |im. Due to the mechanism of formation the interactive fragments are 
characterized by an extremely high cooling rate, therefore, the resulting particles 
consist of highly unordered glass and have an extremely large surface area. In 
natural pyroclastic deposits such particles probably will loose their characteristics in 
short time because of alteration. The majority of the experimentally produced 
fragments, i.e. the fragments ejected passively, form during the expansion of the 
generated steam by stimulated Taylor instability wave growth, stripped-off Helmholtz 
instability waves and free air fragmentation. As the cooling rate of these fragments is 
distinctly lower than that of the "interactive" fragments, they are still liquid once they 
formed and, therefore, the shape is characterized by the effects of viscosity and 
surface tension in respect to the chemical composition of the melt. In natural 
ultrabasic, ultramafic, and carbonatitic phreatomagmatic volcanism a large proportion 
of the ash grains and lapilli as well as the bombs show a spherical shape, often 
display internal layering (lapilli, bombs), contain xenocrysts or xenoliths derived from 
country rocks (surrounding the diatreme), or contain juvenile clasts which formed 
penecontemperaneously. Those accretionary features as well as frequent 
concentrically oriented flow textures demonstrate the liquid state of these fragments 
after their formation. The results of the experiments suggest, that the pyroclasts 
described above are related to phreatomagmatic explosions but are not diagnostic to 
the process of explosive interaction of magma and water itself. 

The experimentally produced explosive mixture (igniteable mixture) represents a 
small geometric element that most probably also occurs during phreatomagmatic 
events in nature. The behaviour of large scale explosive mixtures of water and 
magma can be modelled by combination of many small elements, but may require 
additional scaling factors (e.g. geometric damping or thermal detonation 
mechanisms). The determined magnitude of energy and pressure pulses in the 
experiments, however, demonstrates that the mechanism of thermal explosion is 
suitable to explain large scale fragmentation in diatreme root zones and thus 
formation of maars and diatremes. 

Frbhiich, G. (1987) Interaction experiments between water and hot melts in 
entrapment and stratification configurations. Chem.Geology, 62, 137-147. 

Lorenz, V.(1985) Maars and diatremes of phreatomagmatic origin, a review. 
Trans.Geol.Soc.S.Afr., 88, 459-470. 

Lorenz, V.(1986)On the growth of maars and diatremes and its relevance to the 
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Lorenz, V.(1987) Phreatomagmatism and its relevance. Chem.Geol., 62, 149-156. 
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volcanism. Studies in Geophysics, N.Acad.Press, Washington, 158-169. 
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PALACOZOIC LITHOSPHERE MANTLE FEATURE BENEATH FUXIAN, LIAONING 

PROVINCE, CHINA: THE INFORMATION FROM No. 50 KIMBERLITE PIPE. 

Lu, Fengdang*; Zheng, Jianping*; Zhao, Lei**; Zhatig, Hongfu***. 

*China University of Geosciences, Wuhan 430074, P.R. China; ** China University of Geosciences, Beijing 100083, 

P.R. China; *** NoHhwest University, Xian 710096, P.R. China. 

Abstract 

GEOLOGICAL SETTING 

Liaoning diamondiferous district is located in North China Platform. There are two 

kimberlite fields, Tieling and Fuxian kimberlite field. The former is in north margin of 

North China Platform, the latter being 340 km south of it. 25 kimberlite bodies are known 

to occur in Tieling but all of them are barren. 18 kimberlite pipes and 58 dykes are distrib¬ 

uted in Fuxian and belong to 3 clusters. Some of these bodies are diamond—rich and have 

grade type. No. 50 pipe is the best one of diamond—rich kimberlites. It has been eroded to 

level at the transition from diatreme to root zone. 

KIMBERLITE AGE OF NO. 50 PIPE 

K-Ar datings of kimberlite whole rocks and micas are 422-462 Ma and 398 Ma 

respcetively which may represent the magma emplacement age and crystalline age of mica. 

But the Rb—Sr isochron age of whole rock is 1109 Ma which may reflect the original age of 

kimberlite. Most diamonds in No. 50 pipe contain significant amount of nitrogen concen¬ 

trates to form various type of aggregation which link with age of diamond. This process 

obeys second order kinetic equations. According to Erans and Harris (1989) method, the 

two population of the modal age of diamonds in No. 50 were revealed. They are 2200 Ma 

and 1200-1500 Ma. Obviously, the first group of diamonds were formed older than 

kimberlite No 50 pipe and the second is near the isochron age. 

GEOCHEMICAL CONSTRAINS 

The mea values of major elements of the kimberlites in No. 50 pipe are as following : 

SiOj 32.63 %, MgO 27.68 %, Ti02 1.2%, K20 + Na20 0.79%, 

P2O5 0.66%, MgO/(MgO+FeO) 0.88 and the trace elements are Ni 775-1228ppm, Cr 

557-606ppm, Ni/Co 9.10-26.24, K / Rb 9.67-17.46, Th/U 9.25, Nb/Ta 19.71-31.95, 

La 93.71-130.67ppm, La/Yb 205-348, Like all kimberlites in the world. No. 50 pipe 

kimberlites are characterized by simple linear REE distribution pattern showing extreme 

light REE enrichment. La and Yb are enriched 150—350 and 1.5—8 times chondritic 

aboundances respectively. The initial *^Sr/ Sr is 0.7074 near the ratios from group—n 

kimberlites in South Africa; C in kimberlites range from -4.4 to -5.4 which are in¬ 

cluded by the range in ^ ^ C of diamonds (from —4 to —8 ) from No. 50 pipe. Compared 

with Shandong kimberlites. No. 50 pipe has relative low MgO, Mg/(Mg+Fe), and high 

Ti02 » P2U5 and REE. These facts may imply that there is a metasomatic mantle beneath 

Fuxian showing more enriched with LREE, K, Rb, Sr, Ti, and P, and lesser ultrabasis fea¬ 

ture than that beneath Shandong kimberlite feild. 

We think that kimberlites are the products of hybridization of three components; they 

are xenocrysts derived from mantle which are represented by many kinds of macrocrysts, 

kimberlitic magmas and volatiles. Most of macrocrysts are olivine exhibiting relatively large 

(>3mm) rounded-anhedral and including octahedeon diamonds, Cr-rich garnets and 
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chromites in No. 50 pipe. They present in considerable (30—40%) quentities in kimberlites. 

Subtracted those olivines, the approximate composition of bearing-volatile kintberlitic 

magmas can be obtained. Using least squares method, kimberlitic magmas in No. 50 pipe 

are roughly fitted for the melting product from phlogopite (10%), magnesite (15%), 

clinopyroxene (50%), garnet (10%) phases and HjO, +C02(15%). This result of calculation 

agrees with the high-pressure experiments that kimberlitic magmas may be produced by 

eutectic-like melting of phlogopite magnesite garnet Iherzolite and implies that the source 

of magmas must include clinopyroxenes to provide CaO to magma. 

MINERALOGICAL CONSTRAINTS 

Garnets were found at least 5 types in which three types are considered as mantle—de¬ 

rived. Moderate-Ca chrome pyrope (G9) are more abundamt than low-Ca 

chrome—pyrope (GIO) and the concentration of CrjOj and CaO contents in the formers 

range from 4.39%-12.77% and 4.55%-8.49% respectively. These garnets increase Ca be¬ 

ing correlated with increasing Cr indicating solid solution toward uvirovitc. Green 

uvarovite—pyropes were also found in No. 50 pipe which are characterized by Ca—rich 

(14.85%) and Cr-rich (7.67%). All information from mantle-derived garnets show that 

most of them crystallized in a moderate-high calcium and chrome medium. Orange 

titanian pyropes are considered megacrystal occurence. These garnets are typical poor in 

Cr203(<l%). Yellow-green andradites are secondary phases and replaced the globular 

segregation or as the aggregations set in matrix. 

Nature Fe, wustites, FeSi2 and Ti-FeSi2 have been found in heavy minerals. This 

mineral assamblege defines low fo2 environment and close to iron-wustite (IW) buffer. In 

contrast, according to Sack (1980) and Mo (1982) method. No. 50 pipe kimberlitic magmas 

are relatively oxidized and approximate to fo2's defined between WM and EMOG buffers. 

It may be better fo explain that the fo2 of source region of diamond was more reduced than 

that of magmas. Mantle—derived garnet, orthopyroxene and clinopyroxene from No. 50 

pipe give pressure and temperature of 51 kb and 1206U . Obviously the depth at which the 

upper mantle melt to form kimberlitic magmas should be deeper than 160km. 

XENOLITH 

Three kinds of xenoliths were found in No. 50 pipe kimberlite. They are peridotite se¬ 

ries, phlogopitite series and lower crust as well as country rocks materials. Most of 

peridotite xenloiths are dunite and garnet Iherzolite and Cr-rich garnet harzburgite 

xenoliths are rare. Phlogopitite scries including garnet phlogopitite and olivine phlogopitite 

are relatively coarse-grained and considered to represent autoliths or cumulates of 

early—generation kimberlite. The REE pattern of garnet Iherzolite xenoliths are similar to 

that of kimberlites, La/Yb = 195.2, and La is enriched 13 times chondritic abundances. 

Although a garnet peridotite lithosphere is depleted in basaltic constituents by igneous 

events, it is subequently enriched in elements such as REE by a component derived from 

greater depth. 

CONCLUTION 

1. There was a cool, thick and low fo2 lithosphere beneath Fuxian area at Palaeozoic. 

2. It consisted of at least four components, dunites, garnet harzburgites, garnet 

Iherzolites and phlogopitites. No ocean lithosphere material such as eclogite so far has been 

found and Iherzolite plaied an important role during that time. 
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3. No: 50 pipe kimberlites are derived from an enriched source with respect to 

bulk-earth Rb / Sr ratio and slighted enriched than that in Shandong kimberlites. 

4. Lithologic and chemical variations observed in mantle xenoliths from other parts of 

the world have been explained by multiple depletion and enrichment events. But how to ex¬ 

plain a relative high calcium enviroment appeared in the upper mantle beneath this area? 

First possibility is that lithosphere may consist of Cr—garnet Iherzolites with low—Ca 

Cr—pyrope ha zburgite harzburgite and the dunites lenses. Second possibility is that these 

Iherzolite might represent mixtures of depleted harzburgite ordunite and basalic melt or 

Ca-rich fluid. 
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MINERALOGY AND GEOCHEMISTRY OF PEROVSKITE-RICH PYROXENITES. 

Mariano, Anthony N. and Mitchell, ^^^RoherH. 

(1) 48 Page Brook Road, Carlisle, MA 01741; (2) Department of Geology, Lakehead University, Thunder Bay, 

Ontario, P7B 5E1. 

PEROVSKITE PYROXENITES 

Four carbonatite-pyroxenite complexes, in t Za. .ern 

Periphery of the Parana Basin/ Brazil include units with ore 
grade accumulations of titanium in the form of anatise. The 

anatas© is derived from the weathering of perovskitv ^oxonltee. 

The circular structures of Catalao Serra Negra and 

Tapir a contain perovskite pyroxenites as annuli located between 

central carbonatite cores and surrounding domed Precambrlan 

sediments which are locally fenitized and silicified. Salitre I 

and II are satellites of the Serra Negra complex. Salitre I is 

oval-shaped and consists of pyroxenlte and a small apatite 

carbonatite. Salitre II is a circular plug consisting 

predominantly of pyroxenite transected by thin carbonatite veins 

and lamprophyre (olivine phlogopitite) dikes. 

In some areas of these complexes pyroxenite grades into 

glimmerlte/ and the presence of inclusions of apatite, calcite, 

magnetite and salite in phlogopite indicates the primary nature 

of the glimmerite. Magnetite and perovskite occur as cumulus 

aggregates, disseminations and bands that alternate with apatite, 

calcite and pyroxene layers. Apatite and magmatic calcite are 

always present. 

The object of this study is to demonstrate that 

perovskite pyroxenites are early-formed members of this type of 

alkaline complex and to document the transformation of these 

rocks into supergene anatase ores. 

PYROXENES 

Pyroxene compositional variation is of use in assessing 

the realtive degree of evolution of individual rock units within 

alkaline complexes. The typical evolutionary trend is one of 

iron enrichment. In all cases the most primitive compositions 

Similar pyroxene compositional trends are found in undersaturated 

and oversaturated complexes, which trend is followed depends 

more on the peralkalinity and oxygen fugacity than the degree of 

silica saturation. Pyroxenes from the Brazilian perovskite 

py oxenite complexes have diopside-salitic compositions with low 

acmlte and hedenbergite contents. Many of the pyroxenes are 

pleochroic in shades of brown-green. Grain margins and areas 
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adjacent to fractures and cleavages exhibit a stronger green 
pleochroism and are slightly richer in hedenbergite. Many 
pyroxenes contain sagenitic^textured magnetite inclusions* 
Pyroxenes fr'^m Salitre I are less evolved than those of Salitre 
II* PyroxeHv from Tapira and Iron Hill are the most evolved of 
those examined. All pyroxenes are however relatively nevolved 
compared to the overall pyroxene compositional trends Thi*' 
observation demonstrates that perovskite pyroxenites must 06 
early-formed members of this type of alkaline complex. Tex*^';-:al 
studies suggest that they represent cumulates and are ’ allkely to 

be metasomites. 

PEROVSKITES 

Perovskite compositions reflect the degree of evolution 

of their host magma and the type of magma from which they 
crystallized. Early-formed perovskites are close to calcium 
titanate (perovskite end member) in composition* With evolution 
calcium may be replaced by Na, Gr and REE while Ti is replaced by 
Nb. compositional evolution is thus typically from perovskite 
towards lueshite or loparite. Perovskites in the Brazilian and 
Afrikander perovskite pyroxenites follow the trend towards 
loparite. Early-formed perovskites are perovskite with low REE 
contents. These show textural evidence of reaction with late 
stage fluids leading to the development of REE enriched rims. In 
some cases mantles of loparite are developed upon cores of the 
less-evolved perovskite. Rare earth enrichment is related to the 
circulation of late-stage hydrothermal fluids. The perovskites 
in terms of their overall compositions are unevolved, confirming 
the conclusions derived from the pyroxene compositional trends 

perovskite pyroxenites are unevolved members of these 
complexes. Significant Sr and Na enrichment does not occur in 
these perovskites and they thus differ from perovskites in 
carbonatltes. 

ANATASE AND RHABDOPHANE 

Perovskite pyroxenites are an important source o“ Ti 
where intense lateritic weathering has led to decalcification of 
perovskite. In the Brazilian complexes anatase is concentrated 
in the zone of weathering. At deeper levels residual cores of 
perovskite are found within anatase grains. Below the zone of 
weathering only fresh perovskite is found. Electron microscopy 
shows that the anatase displays a platy habit. Aggregations of 
plates commonly form rosettes. The altered rocks are very porous 
act all of the components of the pyroxene? and micas originally 

i’nt re removed during the later^ ation process. ol’',ions 
P*- ^ *^9 through the anatase maf ii/i typically preci^ it te 
mit>. ^talline aggregates of rhe‘ lophane cerlanite/ monaz Its 
and dndalite-group minerals. The rare aarths are der"* ^d 
primarily from the decomposed perovskite, and the phosphate from 
apatite, 
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MICAS 

The compositions of micas parallel those of pyroxenes 

in showing the relative degree of evolution of the pyroxenites. 

Rocks from Taplra are the most-evolved and those from Salltre I 
the least-evolved. Micas within each complex are zoned ar.a 

exhibit a trend of decreasing alumina from core to ma: - n. This 

trand represents evolution from phlogopite towards 

tetraferriphlogoplte. 

OLIVINES 

Olivines in associated perovskite olivlnitej are 

magnesian and unevolved. At Salitre I they contain from Ih-i2 

wt.% Feo and have negligible cao (< 0.3 wt.%) and MnO contents 
(< 0.5 wt.%). salitre II olivines range in FeO content from 8-15 
wt.%. 
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THE DIAMONDIFEROUS GRAVELS OF THE SOUTHWESTERN TRANSVAAL, 

SOUTH AFRICA 

Marshall, T.R. 

Goldfields of South Africa Ltd., Luipaardsvlei Geological Centre. P.O. Box 53, Krugersdorp, RSA 1740. 

A detailed analysis of the alluvial diamond gravel deposits of the southwestern Transvaal has 
indicated that these deposits are far more complex than was previously thought. It is apparent that the 
gravels consist of a basal alluvial deposit overlain by a calcretized eluvial gravel, a lateritized colluvial 
deposit and a younger fluvial sequence (Fig. 1). The basal, Primary Older Gravels have recently been 
discovered to occur below hardpan calcrete in palaeodrainage channels. Where exposed, the sequence 
consists of up to 2m of clast-supported gravels with angular to sub-rounded clasts of quartzite, vein- 
quartz, amygdales, lava, banded-ironstone and shale of 1-lOcm in size. The -5mm matrix fraction 
consists of essentially the same components, but with the addition of kimberlitic garnets and ilmenites. 
The gravels are variously calcretized, with hardpan calcrete usually developed at the surface. Late- 
stage decomposition of the hardpan calcrete has resulted in the formation of makondos, in which the 

eluvial gravel component has accumulated. The clasts in the eluvial deposits are composed almost 
exclusively of chemically resistant, siliceous lithologies. 

The colluvial gravels are thin (usually less than Im thick), aerially extensive deposits that are the 
result of deflation of the southwestern Transvaal landsurface. They are best developed on deeply- 
weathered Ventersdorp lava in which pseudokarst solution features have been etched by laterization 
processes. 

Figure 1(a): 

Spatial relationships between the 
Eluvial and Primary Alluvial Gravels 
and the Terrace Gravels. 

Figure 1(b): 

Spatial relationships between the 
Colluvial and Terrace Gravels. 
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The younger Terrace Gravels are found everywhere along Plio-Pleistocene drainage lines at depths 
of 3 to 8m. The deposits consist of an approximately 5m, upward-fining, alluvial, sedimentary 
sequence deposited on an uneven floor of Ventersdorp lavas. The entire sequence is variably 
calcretized and the lower portions of the package are either oxidized or reduced, depending on the 

proximity of the water-table. 

It is argued that there is a direct correlation between the gravel stratigraphy of the southwestern 
Transvaal and that which is developed along the lower Vaal River in the Darkly West district. The 
(Al) Primary Alluvial Gravels appear to be time correlatives of the Older Gravels (Primary Alluvial 
Gravels) of Darkly West; the derived older gravels find their equivalent in the colluvial and eluvial 
components of the southwestern Transvaal; the (A2) Terrace Gravels are most likely equivalent to the 
Rietput Formation; and the (A3) River Gravels equivalent to the Riverton Formation. 

An investigation of the gravels indicates that the clasts have a local origin. Dy far the majority of 
the clasts consist of Ventersdorp lithologies. Other clasts can be traced to the Karoo Sequence (both 

Dwyka and Ecca lithologies), the Amalia, Kraaipan and Zoetlief sequences, and local dyke and vein 

networks. 

In the colluvial and eluvial deposits, many chemically unstable clasts have been totally decomposed 
by post depositional processes of laterization and calcretization. As a result, these deposits consist 
almost entirely of siliceous clasts, such as quartz, quartzite, amygdales and agates. This assemblage 
is non representative of the original gravel and, therefore, cannot be used to infer a source terrane. 

Diamonds are found in the alluvial, as well as the colluvial and eluvial gravels. In the latter 
deposits there does not appear to be any sorting of the diamonds within the gravels. In the alluvial 

deposits, however, the diamond acts as a heavy mineral and is, therefore, concentrated by sedimentary 
processes. Economic deposits of diamonds are, thus, to be found in point-bars, downstream 

confluences, adjacent to dykes, and wherever the hydraulic conditions were optimum for gravel 
deposition. 

Contrary to the findings of previous studies, kimberlitic indicator minerals, such as pyrope garnets, 
picro-ilmentites, and chrome spinels were recovered from gravels in the southwestern Transvaal. Such 
indicator minerals were primarily found in the matrix of the alluvial gravels that were extensively 
calcretized. The eluvial gravels as well as the colluvial gravels contain few, if any, garnets. The bulk 
of the garnets were likely decomposed by the climatic conditions that promoted the lateritizing 
conditions prevalent during the African landscape cycle. Analysis of the mineral chemistry of these 

indicator minerals indicate that many have been derived from a diamondiferous, kimberlite source (Fig. 

2). 

ILMENITES (n-182) 

western Transvaal Ilmenites. 
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Figure 2(b): 
Cr203 vs CaO plot of the 
southwestern Transvaal garnets. 

garnets (n-147) 

Evolution of the southwestern Transvaal landscape can be explained within the framework of the 
accepted geomorphological model for southern Africa. It is envisaged that kimberlites were emplaced 

in the southwestern Transvaal during the late Cretaceous. Following the rifting of Gondwana, an early 
Tertiary drainage system developed on the ensuing African surface. As a result of the extremely long 
period of laterization that followed, the erosion surface was substantially lowered and a residual soil 
accumulated over the surface. Post African I uplift in the Miocene not only caused piracy and reversal 
of certain stream segments, but also resulted in the leaching of the African surface and the 
redistribution and concentration of the colluvial diamondiferous deposits. Subsequent Post African II 
uplift in the Pliocene resulted in the incision of the A2 drainage-system which reworked portions of 
the older colluvial gravels. Minor climatic and sea-level oscillations have, further, resulted in the 
cutting of the present Vaal River terraces. 
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LAMPROmC(?) DIATREMES IN THE GOLDEN AREA OF THE ROCKY MOUNTAIN 

FOLD AND THRUST BELT, BRITISH COLUMBIA, CANADA. 

McCallum, M.E. 

Department of Earth Resources, Colorado State University, Fort Collins, CO 80523, USA. 

During the last 15 year^ approximately two dozen diatremes have been 
recognized north of Golden, British Columbia in a northwest trending belt 
that roughly parallels the B.C.-Alberta province boundary and extends 
about 551an between the Cairpbell and Columbia Icefields (Pell, 1987) (Fig. 
1). The diatremes are situated within the Rocky Mountain Fold and Thrust 
Belt and their emplacement relationship to Columbian and Laramide 
deformation is uncertain. Thirteen discrete "pipes" have been mapped at 
the Larry, Jack, Mike and Mark localities (McCallum, 1990) and all 
penetrate a folded and locally faulted sequence of Cambro-Ordovician 
sedimentary units (Fig. 2). The pipes typically are lensatic, parallel or 
subparallel locally prominent axial plane cleavage in host rocks, and 
generally are penetrated by a coincident set of cleavage or foliation 
planes. One pipe is situated in the core of an anticlinal fold (Fig. 3) 
and another appears to have been emplaced along a thrust fault, although 
the latter may be a lensatic, fault emplaced block of diatreme breccia. 
Tectonic setting suggests that most of these diatremes post-dated folding 
associated with the Columbian orogeny (younger than 95 ma), and may have 
been as late as the climax of the Laramide orogeny (60 ma). The well 
developed cleavage, foliation and local shearing of diatreme breccia 
indicate at least moderate post intrusion deformation vMch may have been 
related to late stage orogenic activity (post folding) or possibly in part 
in response to post-orogenic relaxation processes. However, several 
workers (e.g. Pell, 1986, 1987; Ijewliw and Schulze, 1989) postulate a 
Late Silurian-Early Devonian age for these pipes and preliminary Rb/Sr 
ratios established from mica separates from the Larry dike cortplex (Pell, 
written commun., 1989, Smith, written coramun., 1990) support this 
contention. -?^parent inconsistencies between structural relationships and 
age dates are yet to be resolved. 

Diatreme facies tuffisitic breccias predominate and these range from 
clast to matrix supported, very coarse (block) to fine-grained (lapilli to 
lapilli-ash) varieties. A locally prominent "sandy" tuffisitic breccia 
phase is characterized by abundant rounded to subrounded qucirtz grains 
(most <0.5mm, commonly comprising >40% of rock) and is texturally similar 
to sandy tuff phases described at the Argyle and Prairie Creek lanproite 
pipes in Australia and Arkansas respectively. Breccia clasts are 
predominantly host rock sediments, but phyllite, schist, gneiss, 
granitoids, gabbro, diorite, pyroxenite, basalt and lamprophyre fragments 
are abundant locally. Leucite(?) and or sanidine bearing lamproite(?) 
clasts are present in some breccia phases at the Jack diatreme. Mineral 
clasts (other than quartz) and breccia groundimass material generally are 
difficult to identify due to extensive alteration. However, based on 
pseudomorphic form, alteration products, and rare unaltered to partially 
altered grains the presence (or former presence) of variable amounts of 
olivine, pyroxene, amphibole, sanidine, leucite(?), perovskite, spinel 
(chromite ?), and devitrified glass has been reasonably well established. 
Some phases contain abundant fresh phlogopite and/or sanidine. Locally 
present hypabyssal facies material occurs in irregular zones, narrow 
crosscutting dikes or xenolithic blocks, and although also generally 
intensely altered, appears to be mineralogically'similar to breccia matrix 
material. Four small diamonds have been reported; three from the Jack 
diatreme and one from the Mark 1 pipe. 
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Preliminary chemical data (Fipke, written commun., 1990) for breccia 
matrix samples from the Jack diatreme indicate a distinctly ultrapotassic 
nature (ca. 10wt% K2O), high K20/Na20 ratios (ca. 67) and moderately high 
Si02 (ca. 52 wt%). These data coupled with the presence of sanidine, high 

Ti phlogopite, Sr barite, Sr apatite, glass and pseudomorphs after 
leucite, olivine, pyroxene and amphibole provide strong evidence to 
classify the Jack tuffisitic breccia as lamproite although enrichment in 
inconpatible elements (e.g. ca. 200 ppm Zr and 900 ppm Ba) is lower than 
average for lamproites. Furthermore, vhole rock Mg/(Mg+Fe) ratios of two 
samples fall well within the lamproite field, low Na20 (0.28-1.05 wt%) and 
high MgO + FeOp (0.96-2.35 wt%) contents of sanidine are characteristic of 
lamproites as are AI2O3 levels in phlogopite (1-14 wt% Al20;^). Limited 
chemical data for breccia phases from the Lar^, Mark and Mike diatremes 
indicate highly variable compositions and considerably lower levels of 
alkali enrichment (ca. 2-7wt% K2O) than Jack diatreme material, and 
concentrations of incompatible elements (e.g., Zr, Mb and Ba) are well 
below those characteristic of lamproites. However, K^0/Na20 ratios are 
high (36 to 63), and, although extensively altered, mineral assemblages 
appear to be fairly similar to those at the Jack pipe. All appear to lack 
primary plagioclase, melilite, melanite and feldspathoids other than 
leucite. Allowing for the problems inherent to analyzing diatreme 
breccias and considering petrographic evidence that suggests a possible 
lamproitic affinity, the larry, Mark and Mike tuffisitic breccias are 
tentatively classified as lamproitic, although an alkaline lamprophyre 
(sannaite) designation might be appropriate. 

FIGURE 1. Location of the Golden 
and Elksford area dia¬ 
tremes, southeastern 
British Columbia. Modi¬ 
fied after Pell (1986). 
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MORPHOLOGICAL, RESORPTION AND ETCH FEATURE TRENDS OF DIAMONDS FROM 

KIMBERLITES WITHIN THE COLORADO-WYOMING STATeYiNE DISTRICT, USA. 

McCallum^^^’ M.E.; Huntley^^K P.M., Falk^^\ HW. and Otte/^\ MX. 

(1) Dept, of Earth Resources, Colorado State University, Fort Collins, CO 80523, USA; (2) Dept, of Geochemistry, 

University of Cape Town, Rondebosch 7700, South Africa. 

Nearly 1700 carats of diaitKDnds were recovered during conpany bulk 
testing of kimberlite occurrences in the State Line District of the 
Colorado-Wyoming Kimberlite Province. Representative splits of parcels 
from each locality are being evaluated both physically and chemically 
along with mineral inclusions, but physical properties are emphasized in 
this study. Morphological and surface texture characteristics are being 
described in detail to generate data that may provide insight into the 
genesis and resorption history of this unique North American diamond 
suite. Parcels from seven occurrences (Aultman, Maxwell, Schaffer, 
Chicken Park, George Creek, Sloan 1 & 2, Sloan 5 & 6) (Fig. 1) are 
included in the evaluation (includes all stones in small parcels and 
several thousand stones overall). The classification system established 
by D.N. Robinson (1979) was utilized with modifications. 

Degree of stone resorption was established by the method devised by 
D.N. Robinson to determine the relative percentage of resorption or 
preservation (Otter and Gurney, 1989). Stones are divided into six 
classes on the basis of transitional forms between non-resorbed octahedra 
or cubes (Class 6) and fully developed tetrahexahedra (Class 1) vhich 
reflect rniinimum mass loss of 45% (Robinson, pers. commun., 1984) (Fig. 2, 
Table 1). Transitional (Class 2-5, 55-99% preserved) and tetrahexahedroid 
(THH: Glass 1, < 55% preserved) forms predominate over octahedra (Class 
6, 99-100% preserved) and all occur as single crystals, macles, 
interpenetrants, and simple and multicrystalline aggregates. Some cubo- 
octahedra and very rare cubes also were recognized. Single crystal forms 
dominate all parcels but aggregates and macles are least abundant at the 
Maxwell and Chicken Park sites and most abundant at George Creek and 
Sloan. The majority of the diamonds originated as octahedra but 
differential resorption between kimberlite localities is reflected by the 
greater proportion of Class 1 and 2 stones (< 70% preservation) at the 
Maxwell, Aultman, Schaffer, Sloan and Chicken Park sites than at George 
Creek (> 37% versus ca. 10% in single crystals). Diamonds at all 
localities exhibit a decrease in degree of resorption with increase in 
stone size. 

A very small proportion of the diamonds district-wide are regularly 
shaped and more than half of all stones are diipped or broken. Both 
larger and brown crystals appear to have a greater tendency to breakage, 
but this property is not exclusive. Although brown crystal color commonly 
is considered a result of diamond deformation (Robinson, 1979; Robinson et 
al., 1989), vbich would favor breakage, many of the best developed 
deformation textures present in State Line stones occur in colorless 
crystals that corrprise a much smaller proportion of the population (brown 
> 50% at most localities, colorless < 10%). More than 50% of the Maxwell, 
Schaffer, Sloan and George Creek diamonds are brown; 70-80% of the Maxwell 
and Schaffer stones exhibit deformation features, vhereas only about 15% 
of the George Creek stones and 2% of Sloan stones show such features. 
Strain features in George Creek stones most typically occur as wide 
deformation lamellae in large colorless crystals. Furthermore, 
deformation features are present in 75% of the Aultman stones, only 27% of 
which are brown. Brown colors range from very pale to dark cognac and 
tend to be more prevalent in smaller stones. Other colors recorded 
include various shades of gray, amber, yellow and rare pink and green. 
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In addition to deformation features, more than 40 surface textures 
are described and these are principally products of resorption and 
secondary etching (corrosion) processes. Most are rather uniformly 
represented throughout the diamond parcels, but a few have very restricted 
distribution. Corrosion sculpture is significant only at the Sloan 2 and 
Chicken Park sites vhere it is present on 20% and > 50% of the stones 
rcci;3ectively. This apparently is a late phase etch feature that was 
Q^erated by shallow corrosive root zone activity in a dike and blind 
diatreme system respectively. However, no corrosion sculpture was 
observed in diamonds from the George Creek dikes that clearly reflect a 
root zone environment. The lower degree of resorption (mostly class 4 and 
5) thus more limited development of textrahexahedroid (THH) surfaces would 
have retarded development of coinrosion sculpture on the George Creek 
scones. Instead, most George Creek diamonds are characterized by well 
developed etch sculpture (mosaic of deep trigonal and hexagonal etch pits 
that generally range from 30 to > 100 microns and cover stone surfaces) 
vhich apparently also formed in the dike system. Formation of this 
feature is favored by larger octahedral surfaces (low resorption) and any 
minor corrosion sculpture that may have been present would have been 
obliterated. The etch sculpture probably was initiated in a high T (> 
950°C) steam-C02 rich melt vhich was progressively enriched in O2 with 
decreasing temperature. 

Correlation of mineral inclusion and diamond chemistry data, as they 
become available, with the physical properties of the respective stones 
will permit us to interpret the relationships between diamond source and 
genesis with morphology, resorption and etch features. This should 
provide information regarding processes that were active deep under North 
America prior to the late Devonian eruption of the State Line kimberlites. 
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FIGURE 1. Location map of kimberlite occurrences in the Colorado- 

Wyoming Kimberlite Province. Front and Laramie Range area under¬ 

lain by Precambrian crystalline rocks, Basin areas underlain by 

post-Devonian sedimentary rocks. On craton-off craton line marks 

boundary between Archean and Proterozoic crustal rocks. 
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FIGURE 2. Estimated preservation values of pro¬ 
gressively more resorbed octahedra (Modified from 
D.N. Robinson, pers. commun., 1984, and Otter and 
Gurney, 1989). 

TABLE 1. Resorption morphology classification 
(Modified from D.N. Robinson, pers. commun.,' 1984, 
and Otter and Gurney, 1989). Based on relative per¬ 
centage of preservation of stones converted by resorp¬ 
tion from octahedra (or cubes) to tetrahexahedra. 

Percent 
Class Preservation Form 

1 1-55 Tetrahexahedra* 
2 55-70 "Rounded-dodecahedra" 
3 70-80 "Octahedra-dodecahedra 
4 80-90 "Rounded-octahedra" 
5 90-99 Octahedra 
6 99-100 Planar octahedra 

*May include spheres 
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MACRO- AND MICRODIAMONDS FROM ARKANSAS LAMPROITES: MORPHOLOGY, 
INCLUSIONS AND ISOTOPE GEOCHEMISTRY. 

McCandless^^K T.E.; Waldman^^K M^. and Gumey^^K JJ. 

(1) Dept, of Geosciences, University of Arizona, Tucson, Arizona, 85721, USA; (2) Waldman Consulting, 6900 W. 

Quincy Ave #5E, Littleton, Colorado, 80123, USA; (3) Dept, of Geochemistry, University of Cape Town, Rondebosch, 

7700, South Africa. 

The lamproites of Arkansas were the first reported occurrences of diamond 
in igneous rocks in the United States. Diamonds were found at Prairie Creek 
in 1906, and mining operations commencing shortly thereafter represent the 
only commercial diamond mine ever operated in the United States (Waldman 
et al, 1987). In spite of their geological significance, detailed research on 
diamonds from these localities is lacking. This preliminary study 
characterizes the morphology, inclusions, and isotope geochemistry of 
diamonds from these lamproites. Macrodiamonds (>1 mm) for morphology, 
inclusion and isotopic analysis were obtained from placer operations located 
on the tailings of the Prairie Creek lamproite. Microdiamonds (<1 mm) were 
obtained through bulk fusion of ~25 kg samples from the Prairie Creek, Twin 
Knobs #2, Black Lick, and American lamproites. In total, 63 macrodiamonds 
and 282 microdiamonds have been examined. Additional color and size 
information for Prairie Creek diamonds has been tabulated from the Crater of 
Diamonds State Park records and early mining and historical records 
covering over 15,000 stones. 

For Prairie Creek macrodiamonds, white is the most common colour (62% 
of total) followed by brown (20%) and yellow (16%; Fig 1). This is in contrast to 
Australian lamproite diamonds where brown and yellow are predominant 
(Hall and Smith, 1984). Lamination lines present on both white and coloured 
stones indicate ductile deformation at mantle conditions (Robinson et al, 1986). 
The Prairie Creek macrodiamonds are very resorbed- none are octahedra. In 
the population of 63 stones, 86% are equiform or distorted tetrahexahedroida 
with irregulars (8%) and fragments (6%) exhibiting only broken or resorbed 
surfaces. Fine hillocks and low relief sufaces indicate conditions of prolonged 
and/or intense resorption, similar to diamonds from Ellendale 4 and 9 
lamproites in Western Australia (Hall and Smith, 1984). Microdiamond 
morphology differs dramatically from macrodiamonds. Octahedral twins, 
aggregates, and fragments are common and tetrahexahedroida are absent. 
Some tetragonal pitting and crescentric steps occur on otherwise imresorbed 
crystals. Two microdiamonds exhibit imeven resorption, indicative of a 
xenocryst origin (Robinson et al, 1989). 

Previous studies of inclusions in Arkansas diamonds report inclusions of 
peridotitic and eclogitic paragenesis, periclase, magnetite, diamond, and 
sulfides, which were usually retrieved by burning the diamond (Pantaleo et al, 
1979). For this study, inclusions were visually located and extracted by 
cracking the diamond. The translucent surfaces created by resorption made 
locating and identifying inclusions extremely difficult. Twenty-three 
inclusions from 10 ^amonds were extracted; most are graphite along planes 
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or in masses as described by Pantaleo and others (1979). Two opaque inclusions 
which exhibited crystal faces prior to breaking were identified as magnetite 
and pseudobrookiteC?). One olivine inclusion of peridotitic paragenesis was 
partially liberated from a gem quality white stone. 

Twenty-one macrodiamonds from Prairie Creek were analyzed for b^^CpDE- 
Eight stones had internal and external portions analyzed. Within-diamond 
variations are from 0.07-0.54 %o, with six diamonds slightly lighter inside. 
Two peaks occur at -3.00 to -6.17 %o (ave. -4.67 %o; 19 stones) and -10.26 to -10.60 
%o (ave. - 10.50 %o; 2 stones; Fig. 2). There is no correlation between isotopic 
character and colour or morphology. The diamonds containing the magnetite, 

pseudobrookite, and olivine inclusions have 513Cpdb= -5.13, -4.69, and -3.90 
%o, respectively. 

Ten microdiamonds were analyzed, five from Prairie Creek, one each from 
Twin Knobs #2 and American, and three from Black Lick. Four Prairie Creek 
microdiamonds are similar to the heavy Prairie Creek macrodiamonds (-0.46, 
-4.22, -4.45, -6.19 %o) implying a similar paragenesis (Fig. 2). The American 
and Twin Knobs #2 microdiamonds are also similar to Prairie Creek (-3.18, - 
2.20 %o), as are two of the Black Lick microdiamonds (-3.95,-7.81 %o). This 
suggests that the microdiamonds and macrodiamonds share a common 
carbon reservoir. Light values for one Prairie Creek (-26.06 %o) and Black Lick 
(-25.19%o) microdiamond preclude a phenocryst origin from a magma with 

primitive mantle carbon (S^^C ~ -5.0 %o). 

In summary, these features indicate that macrodiamonds from the Prairie 
Creek lamproite experienced intense and/or prolonged resorption similar to 
macrodiamonds from the Ellendale lamproites of Australia. Lamproite may 
therefore be a more corrosive agent than kimberlite with respect to diamond. 
Microdiamonds from the lamproites consist of imresorbed forms which may 
have been shielded from resorption in small xenolith fragments (McCandless, 

1989). Microdiamonds which share common S^^C ratios with macrodiamonds 
may also be xenocrysts, or could have formed from the same carbon reservoir 

at the time of pipe emplacement. Two microdiamonds have much lighter S^^C 
ratios than would be expected for carbon derived from primitive mantle (-5%o). 
Carbon isotopes for both macro- and microdiamonds suggest derivation from 
peridotitic and/or eclogitic regions in the mantle, which is similar to diamonds 
from lamproites and kimberlites worldwide. 
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SECONDARY PHASES IN MANTLE ECLOGITES. 

McCormick, T.C.; Smyth, J.R. and Caporuscio, FA. 

Dept. Geolo^cal Sciences, Univ. Colorado, Boulder, CO 80309-0250 USA. 

Mantle-derived eclogite xenoliths contain a ubiquitous 

secondary assemblage located along grain boundaries of the 

primary phases. Textural and compositional characteristics of 

these secondary phases have been examined in approximately 60 

eclogites from Bellsbank and Roberts Victor kimberlites. South 

Africa, ranging in composition from Fe- and Mg-rich bimineral- 

ic eclogites to grospydites. The major element chem.istry of 

the primary phases of these samples have been previously de¬ 

scribed (Smyth and Caporuscio, 1984) . The assemblage is much 

more abundant than, and significantly different from that ob¬ 

served in peridotites at these localities, whereas similar 

ec.logites from different localities show similar secondary as- 

0 0^:0* ] ?ges . 

M.'.noralogically, the secondary assemblage appears to be 

systematically related to the bulk composition of the eclo¬ 

gite. Kyanite eclogites have spinel and secondary clinopyrox- 

ene as the dominant secondary phases plus minor Ba-feldspar, 

barite, and sulfides. In contrast, bimineralic eclogites con¬ 

tain abundant secondary phlogopite and amphibcle, in addition 

to the above minerals, as the secondary assemblage. A few 

samples also contain rutile that may or may not be secondary. 

In both secondary phase assemblages, the major- and minor-ele¬ 

ment contents of these phases (Fe, Al, Mg, Ca, Mn, Ti, and Cr) 

correlate with the contents of these elements in the primary 

pyroxene. Analysis of secondary phases in a traverse across a 

single composite or banded eclogite nodule reveals a conti- 

nous, systematic variation in composition (Fig.l). Corre¬ 

sponding major- and minor-element correlations occur amongst 

the secondary phases, as illustrated by the complete sample 

suite in Fig. 2. Correlation between secondary phase composi¬ 

tion and primary garnet is largely lacking. In a few cases, 

the infiltration of kimberlite can be ruled out on the basis 

of trace element studies. However, minor secondary apatite and 

calcite are observed, particularly in the Cr--rich samples, . .nd 

may indeed be related to the kimberlite. 

Texturally, the assemblage appears to be locally con¬ 

trolled by chemical potential gradients surrounding the prim.a- 

ry phases. The assemblage along garnet-pyroxene boundaries in 

bimineralic eclogites shows a distinct spatial sequence: pri¬ 

mary garnet, amphibole + spinel, phlogopite, secondary clino- 

pyroxene, primary pyroxene, such that amphibole always lies 

between phlogopite and primary garnet. Phlogopite commonly oc¬ 

curs as a necklace of oriented grains along garnet-pyroxene 

boundaries. Amphibole rypically contains euhedral spinel in¬ 

clusions, and is more common on garnet-garnet boundaries and 

in cracks in garnet than in association with primary py>'0”.er^e 

Secondary clinopyroxene occurs along primary pyroxer:^-oyrc'-'o . 

and pyroxene-garnet boundaries and very seldom on gacnet-gar- 

net boundaries. It is typically epitai^ial on the pr:'iriaiy py¬ 

roxene. Spinels are generally small, euhedtal grains of green 

hercynite-spinel solid solutions and occur as inclusions in 

amphibole in the bimineralic eclogites and as inclusions or 

symplectic ir. tergrowths with secondary clinopyroxene in kya¬ 

nite eclogites. 
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Composition^lly, the phlogopites tend to be Al- and Fe- 

rich compared with micas reported from peridotites (e.g. Dela¬ 

ney et al., 1980; Erlank et al., 1988), although they cover a 

wide range of compositions. They contain variable amounts of 

minor elements such as Ba and Ti, with some phlogopites adja¬ 

cent to rutile containing up to 4 wt% BaO and ^9 wt% Ti02. The 

amphibole is pargasite-ferrohastingsite, in contrast to the 

more Mg- or K-rich amphiboles observed in peridotites (e.g. 

Erlank et al., 1988). The secondary clinopyroxene is diop- 

side- and Ca-Tschermaks-rich and strongly depleted in Na rela¬ 

tive to the primary pyroxene. The spinel is typically low in 

Cr (< 7 wt% oxide) except in extremely Cr-rich eclogites where 

it occurs with up to 50 wt% Cr203. 

The presence of phlogopite and spinel rather then feld¬ 

spars indicates that the secondary assemblage is high-pres¬ 

sure, although lower pressure than the 30-60 kbar of the pri¬ 

mary phase equilibrium. 

As an alternative to a metasomatic origin, it is possible 

that the entire secondary assemblage in many samples may be 

derived from the primary phases plus minor accessory rutile 

and sulfides. It has long been noted that the pyroxenes in 

these rock may contain up to 0.4 wt% K2O, and K2O contents up 

to 1.5 wt% have been observed in pyroxene inclusions in dia¬ 

monds. Having a slightly smaller radius than K, Ba is even 

more likely to substitute in clinopyroxene in these rocks. A 

few of the eclogites do contain exsolution lamellae of phlogo¬ 

pite or rutile in the primary pyroxene. Recently, we have ob¬ 

served up to 20'00 ppm OH in these pyroxenes and textural evi¬ 

dence suggests that OH contents may have been higher than 

5000ppm in the precursor pyroxenes (Smyth et al., 1991) . Con¬ 

sistent with a mantle igneous origin for these rocks, exclu¬ 

sion of incompatible elements K,- Ba and OH from the pyroxene 

would likely have occurred on cooling from the solidus temper¬ 

atures (>1450°C) to the temperature of equilibration of the 

primary phases (1050 - 1250°C) at pressures of 3 to 6 GPa. 

The incompatible element-rich assemblage may then have under¬ 

gone melting and recrystallization on incorporation into the 

kimberlite with variable amounts of infiltration of the kim¬ 

berlite fluid. 

We observe no conclusive evidence of alteration of the 

samples by a common metasomatic fluid than can be readily 

characterized. 
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Figure 1. Variation in composition of secondary pyroxene 

and amphibole in a 30-mm traverse across a composite eclo¬ 

gite, HRV-17 (wt% oxide plotted against distance), No am¬ 

phibole or phlogopite are observed in the kyanite-bearing 

region; secondary clinopyroxene and spinel occur throughout 

secondary pyroxene secondary pyroxene 

Figure 2. Composition correlation plots of selected major 

and minor elements amongst secondary phases in mantle eclo- 

gites. 
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CHEMICAL AND ISOTOPIC SYSTEMATICS OF CONTINENTAL MANTLE. 

W.F. McDonough 

Research School of Earth Sciences, Australian National Univ., Canberra, ASCT2601, Australia. 

Peridotite xenoliths show systematic geochemical trendsi-3. These systematics are 
illustrated in Figure 1, where the sequence of elements along the x-axis reflects decreasing 
incompatible behaviour (from left to right). Patterns displayed by garnet and spinel bearing 
peridotite xenoliths (Figure 1), are consistent with a two stage history involving the extraction 
and later reintroduction of melts. These processes control peridotite geochemistry. 

ITQOF—T I I I I I I I I I I I I I r^l I I I I I I I I I 1—1 I I I T 

Ba Nb Ce Nd Eu Pd Tb ErYbLu AI Ca Zn Fe Cr Mg Ir 

FIGURE 1. Mantle normalized diagram for typical peridotites from 
continents, including a garnet peridotite^ (filled symbol) and two spinel peridotites^. 7 
(open symbols). Element abundances normalized to primitive mantlef 19, 20^ order of 
elements is established by tiie enrichment factors observed in oceanic basalts. 

These element systematics are typical of peridotites from non-cratonic and cratonic parts of 
the continents!-^ and are schematically illustrated in Figure 2. Here elements are classif ed into 
Groups for the sake of further discussion. For most peridotites, the Group V elements (e.g., 
TREE, P, Sr, Ba, Nb, Ta, Mo, W, Tl, Cs, Rb, K, Th and U) and some of the Group IV 
elements (e.g.. heavy to middle REE, Y, Ti, Na, Zr, Hf, Li, Sb, Sn and Pd) are enriched 
relative to Primitive Mantle. Members of Group V and IV elements included the highly 
incompatible and moderately incompatible trace elements, respectively. The Group III elements 
(e.g., Cu, Zn, Ca, Sc, Al, V, Lu, Yb, Re, Au and Cd), which included the mildly incompatible 
elements, are generally depleted relative to Primitive Mantle. This behaviour is in contrast to 
that shown by the Group IV and V elements. The Group I elements (e.g., Co, Cr, Mg, Ni, 
Rh, Ru, Ir and Os) which include the compatible trace elements and are consistently enriched 
by about 5% to 50% relative to the Primitive Mantle. Finally, the Group II elements (e.g.. Si, 
Mn, Fe and Ge) show similar abundances in basalts and residual peridotites, indicating that 
these elements have distribution coefficients close to unity. 

Enrichment of Group I elements and depletion of Group III-V elements occurred during an 
early melt extraction event, probably during the initial stages of lithospheric mantle development 
and stabilization3.7.9. The seemingly contradictory enrichments of incompatible elements are 
due to a later metasomatic enrichment. This enrichment process may have occured repeatedly, 
over long time scales and in association with tectonomagmatic reactivation of the lithosphere. 

Peridotite xenoliths are samples of the continental mantle, albeit small. Based on a 
compilation of geochemical data for about a thousand peridotite xenoliths a compositional 
model for the continental mantle can be developed. The continental mantle in non-cratonic 
regions possesses a LREE-enriched pattern, with about 1.5 to 4 times the primitive mantle 
abundance for La, and a relatively flat HREE pattern, with Yb-Lu concentrations about a factor 
of 2 less than primitive mantle abundances^. This two fold 2 decrease in Yb and Lu 
abundances is consistent with their average major element compositions3. 10-12. Peridotite 
xenoliths (predominantly garnet-bearing) from cratons have on average more depleted major 
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element compositionsiO-12 and likewise have more depleted HREE abundances than the non- 
cratonic (predominantly spinel-bearing) peridotite xenoliths^. This feature is consistent with 
cratonic peridotites being generated by the extraction of greater degrees of partial meltib 

CHEMICAL SYSTRMATTCS IN PERIDOTITES 

10 r 

10 GROUP V 

Incompatible elements 

IVL 

Compatible 
elements 

7 
III 

0.] 

PRIMITIVE MANTLE 

Rb U La Sm Ti Lu Sc Re V Mn Si Co Ni 
I I I I I 1 I I I I I t »» I_L-_J_I_I_i_I_I_I_I_I_» » » t I » 

Ba Pb Sr Nd Hf HREE A1 Ca Zn Fe Cr Mg Os 

FIGURE 2. A schematic mantle normalized diagram illustrating the systematic 
geochemical behaviour of elements in garnet and spinel bearing peridotites. 

These chemical systematics have important implications for the parent/daughter ratios (i.e., 
Rb/Sr, Sm/Nd, U(Th)/Pb, Lu/Hf and Re/Os) of the radiogenic isotope systems. Parent and 
daughter isotopes for the Sr, Nd and Pb isotope systems are incompatible and are therefore 
more strongly influenced by the early depletion and later enrichment processes. Thus, the age 
of the melting event, the time difference between this and later enrichment(s) and the 
composition of the added component will all greatly influence the resultant isotopic 
characteristics. Consequently, the Sr-Nd-Pb isotope systems are fairly complicated, as is 
readily shown by the broad spectrum of Sr and Nd isotopic compositions in peridotite 
xenoliths. In contrast, the parent isotopes I76Lu and i87Re are classified with the Group III 
elements and their daughter isotopes (i76Hf and i870s) are Group IV and Group I elements, 
respectively. Re/Os data for peridotite xenoliths^^-is are limited, however, most have 
subchondritic values (Figure 3). Rhenium tends not to be enriched during metasomatic 
enrichment events. Likewise, peridotite xenoliths with long term incompatible element 
enrichments should have low, subchondritic Sm/Nd and Lu/Hf values. Thus, time integrated 
evolution of these isotope systems in most cratonic and non-cratonic peridotites should be 
retarded with respect to the bulk earth, leading to distinctive Hf-Os isotopic compositions for 
the continental mantle (Figure 4). The limited amount of Os and Hf isotope data for continental 
peridotite xenoliths support this interpretation. 

FIGURE 3. A histogram of Re/Os ratios for peridotite xenoliths from continents. 
Most peridotites have subchondritic (i.e., subprimitive mantle) Re/Os ratios. Samples 
contaminated by kimberlitic magmasi3 were not included in this histogram. Other 
garnet peridotites with high Re/Os (shown here) may also have been contaminated. 

These chemical and isotopic systematics for the continental mantle can constrain source 
models for different types of magmas. Sr, Nd, Pb and Os isotope data for southern Africa 
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kimberlites^^. 16 are consistent with incompatible element-enriched regions of the continental 
mantle as a source for Group II kimberlites, whereas Group I kimberlites may be derived from 
similar or deeper mantle sources. The abundant Sr, Nd and Pb isotdpe data for continental 
flood basalts are consistent with, but do not require, an incompatible element-enriched source 
region in the continental mantle. This isotope data in combination with the scant amount of Os 
and Hf isotope datai7.18, however, do not support the hypothesis that continental flood basalts 
are derived from incompatible element-enriched continental mantle sources. Assuming the bulk 
composition of the continental mantle possess an incompatible element-enriched composition, 
then the former should have low Sm/Nd Lu/Hf and Re/Os ratios. Over time this region evolves 
to negative end, ^Hf and yos compositions (Figure 4). The available Os isotope data for 
continental flood basalts are similar to the crust (+yos)^^ and are inconsistent with source 
models invoking the continental mantle. 

J_I_L 

+ enf - 
FIGURE 4. Idealized Hf-Os isotope systematics for oceanic basalts (MORB and OIB), 
flood basalts, continental crust (CRUST) and the continental mantle. This diagram has been 
constructed from the few available data for Hf and Os isotopes and from predictions on the 
continental mantle based on the chemical systematics of peridotite xenoliths. The continental 
mantle is not predicted to be a suitable source for continental flood basalts. eHf and yOs 
express differences in parts to the 10^ and 103, respectively, from a chondritic value. 
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(1982) 20. Sun, S.-s. & McDonough, W.F. in Magmatism in the ocean basins (eds. Saunders, A.D. & Norry, 
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ENHANCEMENT OF GEOPHYSICAL DATA FOR KIMBERLITE EXPLORATION AT 

IRON MOUNTAIN, WYOMING, USA. 

Memmi^^^’ J.M. and McCallum^^\ M.E. 

(1) Department of Earth Resources, Colorado State University, Fort Collins, CO 80523 USA; (2) Present address: 

Department of Geological Sciences, Ohio State University, Columbus, OH 43210 USA. 

Composite geophysical data from the Iron Mountain Kimberlite 
District indicate enhancement of geophysical data may aid in kimberlite 
exploration by accentuating or revealing subtle anomalies. Surface total 
magnetic field intensity and conductivity data were processed jointly to 
assess the utility of their combination for rapid and reliable kimberlite 
detection. Several anomalies, interpreted to reflect kimberlite, were 
identified in both geophysical and enhanced data from the Iron Mountain 
area (Figure 1). Most aberrations generally occur on trend with known 
kimberlite blows and likely mark the subsurface extension or feeder dikes 
of these intrusions, or separate bodies emplaced along a common 
structural trend. 

Magnetic and conductivity data were subjected to first through fifth 
degree complete multinomial regression analysis, with station location 
and elevation used as predictors. Observations, predictions and 
residuals from the "best" statistically significant regression equation, 
chosen on the basis of maximum adjusted r2 difference, were related to a 
mutual reference line by ranking and standardization. Subsequently, 
corresponding components of both the ranked and standardized conductivity 
and magnetic data were manipulated arithmetically. The best tools for 
detecting and isolating kimberlite occurrences are magnetic/conductivity 
ratios. 

Data enhancement by combining magnetic and conductivity values is 
useful where conventional geophysical techniques yield ambiguous and(or) 
only subtle results. For the Iron Mountain study area, striking 
composite data deviations conmonly correspond to subtle kimberlite- 
related anomalies in the original data, especially those attributed to 
kimberlite in the subsurface (compare profiles 1 and 2 with profiles 3 
and 4 in Figure 2). Such intrusions generally generate broad wavelength, 
low amplitude features in total magnetic field intensity and unclear 
conductivity responses. 

Evaluation of conventional and composite geophysical data suggests 
the subsurface occurrence of a series of east-west trending kimberlite 
dikes, some of which serve as feeders for both exposed and blind 
diatremes and(or) blows (Figure 1). Kimberlite emplacement apparently 
was controlled by abundant east-west faults and joints. 



274 Fifth International Kimberlite Conference 

-| Gtophysicol Survey Line 

Figure 1. Distribution of hypothesized subsurface kimberlite near 
kimber1ite blows IM13, IM14 and IM15, Iron Mountain Kimberlite District, 
Wyoming. Suggested subsurface kimberlite occurrences are not to scale. 
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STRTION X 20 (ft) 

Figure 2. Profiles of conventional and composite geophysical data along 
Line C, between IM13 and IM14 kimberlite blows, Iron Mountain Kimberlite 
District, Wyoming (see Figure 1 for location): (1) total magnetic field 
intensity (2) logarithmic conductivity, (3) residual rank quotient (MRl = 
first degree magnetic residual, CRl = first degree conductivity 
residual), (4) residual standardized value quotient. Strip beneath each 
profile indicates subsurface geology inferred from each set of 
geophysical data. 

Interpretive strip explanation: black = probable kimberlite anomaly, 
striped pattern = possible kimberlite anomaly, stippled pattern = coarse¬ 
grained Sherman Granite, blank = fine-grained Sherman Granite, heavy line 
= fault or major joint, dashed line = proposed kimberlite/granite contact. 
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FINITE ELEMENT MODELING OF RESISTIVITY DATA FROM KIMBERLITES 

IN COLORADO-WYOMING, USA. 

Memmi ;(1), (2) J.M. andUcCallum^^K M.E. 

(1) Department of Earth Resources, Colorado State University, Fort Collins, CO 80523 USA; (2) Present address: 

Department of Geological Sciences, Ohio State University, Columbus, Oti 43210 USA. 

The geoelectric character of three Colorado-Wyoming kimberlite 
occurrences has been defined via two dimensional finite element intrinsic 
resistivity inversion. Collinear dipole-dipole resistivity surveys were 
conducted across the.Maxwell 2 pipe, IM36 blow and Sheep Rock 1 
(Radichal) diatreme of the State Line, Iron Mountain and Sheep Rock 
districts respectively, of the Colorado-Wyoming Kimberlite Province. 
Each of the investigated kimberlite bodies is resp'onsible for a low- 
higli-low "inverted V" pattern in apparent resistivity (Figure 1-A). Such 
an anomaly typifies a vertical conductor. Colorado-Wyoming kimberlite is 
8 to 15 times less resistive than crystalline country rocks (100 - 225 
ohm-m for kimberlite versus 1000 - 2500 ohm-m for host rocks). 

Following detailed interpretation of the pseudosections of apparent 
resistivity from each of the three kimberlites, the apparent resistivity 
data were subjected to finite element modeling to test the efficacy of 
this technique in producing two dimensional intrinsic resistivity models 
of kimberlite bodies and country rocks (Figure 1-B). For each 
pseudosection, the modeling procedure involved (1) centering the 
kimberlite body as a vertical tabular conductor in the finite element 
mesh, along with delineating vertical and lateral inhomogeneities in 
intrinsic resistivity throughout the pseudosection; and, (2) computing 
models iteratively, varying widths, depths, depth extent, locations and 
intrinsic resistivities of geologic inhomogeneities and the vertical 
tabular conductor, until an acceptable fit (average error of 30%) was 
obtained between the observed pseudosection and the model pseudosection 
(compare Figure 1-A and Figure 1-C). 

The finite element models show that evaluated Colorado-Wyoming 
kimberlite occurrences are represented adequately by a two layered 
vertical tabular conductor, with the upper layer corresponding to 
weathered kimberlite and the lower layer equating to more massive 
kimberlite (Figure 1-B). Intrinsic resistivity of Colorado-Wyoming 
kimberlite ranges from 20 to 50 ohm-m compared to values of 1000 to 3000 
ohm-m for crystalline host rocks. 
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Figure 1 

(A) West to east pseudosection of logarithmic apparent resistivity (in 
ohm-meters) across the Maxwell 2 kimberlite diatreme. State Line 
Kimberlite District, Colorado. Numbers on vertical axis correspond to 
inter-dipole or "n" spacing. Strip above profile indicates geology 
inferred from data compared with mapped contacts. 

Interpretive strip explanation: triangle = apparent center of diatreme, 
black = kimberlite anomaly, stippled pattern = Sherman Granite, thick 
line = fault or major joint, thin white line = mapped kimberlite/granite 
contact. 

(B) West to east two dimensional finite element intrinsic resistivity 
model across the Maxwell 2 kimberlite diatreme. State Line Kimberlite 
District, Colorado. Numbers on vertical axis correspond to inter-dipole 
or "n" spacing. 

Media and intrinsic resistivities (in ohm-m) are: 3000 - 2000 = Sherman 
Granite, 700 = grus, 200 - 100 = grus and weathered kimberlite float, 
100 (shaded area) = kimberlite, 20 = weathered kimberlite. 

(C) West to east model logarithmic pseudosection of apparent resistivity 
(in ohm-meters) across the Maxwell 2 kimberlite diatreme. State Line 
Kimberlite District, Colorado. Numbers on vertical axis correspond to 
inter-dipole or "n" spacing. (See A above for explanation of 
interpretive strip). 
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INFRARED MICROSPECTROSCOPY OF DIAMOND IN RELATION TO 

MANTLE PROCESSES. 

Mendelssohn^^K MJ.; Milledge^^\ HJ.; Coope/^^> G.L andMeye/^\ H.O^. 

(1) Crystall. & Min. Phys. Unit, Dept. Geol. Sci., University College London, Gower Street, London WCIE 6BT, UK.; 

(2) Physics Department, University of York, Heslington, York YOl lUY, U.K; (3) Dept. Earth & Atmos. Sci., Pur/iue 

University, West Lafayette, IN 47907 USA. 

Infrared spectra of diamond reveal the presence of broad absorption bands in the one- 
phonon region (1332 cm-i to 900 cm ^ which vary substantially within and between 
specimens in both structure and magnitude, although diamond, being centrosymmetric, 
should not exhibit one-phonon absorption at all. These bands are therefore associated with 
defects of some kind, generally assumed to consist of nitrogen in various states of aggrega¬ 
tion ranging from single nitrogen atoms (Type Ib) present in synthetic diamonds through 2- 
nitrogen (Type laA) and 4-nitrogen (Type I^) aggregates to extend defects of variable size 
(platelets) associated with a relatively narrow absorption band near 1368 cm-i. Although this 
band is outside the 1-phonon region, its development appears to be well correlated with the 
development of the I^ spectrum in many diamonds, but HP/HT laboratory experiments 
have shown that it can be reduced or destroyed without affecting the laB spectrum. 

Laboratory experiments have also shown that whereas the activation energy for the Ib 
- laA defect aggregation is low enough for the process to be complete in most natural 
diamonds, the activation energy for the laA — [laB + Platelet] aggregation is high enough for 
the process to be incomplete in most natural diamonds. An experimental determination of 
this activation energy can therefore be used to estimate the residence times and temperatures 
associated with separate growth horizons in diamonds from different localities or within a 
particular locality. 

Our HP/HT experiments indicate an activation energy of 7 EV, and show 
conclusively that the aggregation is a'second-order process, i.e. it is concentration dependent. 
However, any given aggregation state is a product of temperature and time, and cannot 
define either independently, but if the temperature can be established by, for example, 
inclusion geothermometry, then the infrared spectrum can imply a residence time. 

If infrared spectroscopy can provide reliable time/temperature information for 
individual diamonds, the fact that it is a rapid and non-destructive tec^ique will permit 
studies of the relative homogeneity or otherwise of diamond populations to be made on 
statistically significant numbers of specimens more rapidly than is possible from studies of 
inclusion geochemistry, and importantly, for specimens which do not contain inclusions. 

Our results confirm earlier observations that the platelet peak can be destroyed in 
such HP/HT experiments, but the morphological changes produced by the HP/HT graphiti- 
zation differ from those reported previously. 
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Table 1. A comparison between the temperatures calculated using mineral inclusion 
geothermometers and those calculated using the ’A' 'B' aggregation state, found 
from the one phonon region of the diamond infrared spectrum. 

DIAMOND_TEMP ^_C(Mn TEMP ya.R.al TEMP ya.R.bl 

RSOV02 1292 1017^ 1043 1161->1192 
RSOV04 910->970 1079-> 1170 1233-> 1337 
TP9 1202-> 1295 1066->1110 1217-> 1269 

M.I. The temperature calculated using inclusion geothermometry. 
I.R. The temperature calculated using the infra-r^ spectrum. A storage time of between 

1 and 2 Gy was assumed for the Romaria (Brazil) diamonds (RSOW) and of between 1.5 
and 3 Gy for TP9. 

a) Using Activation Energy for diamond = 674.8 KJmol*^ (This work) 
b) Using Activation Energy for diamond = 733.0 KJmol** (Evans and Qi 1982) 
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Figure 1. A comparison between the temperatures calculated using mineral inclusion 
geothermometers and those calculated using the 'A' -> 'B' aggregation state found 
from the one-phonon region of the diamond infra-red spectrum. 

-results using Activation Energy for diamond = 674.8 IGmol** (chapter 4) 
— results using Activation Energy for diamond = 733.0 KJmol-* (Evans and Qi 1982) 
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ASTENOSPHEREr-LITHOSPHERE RELATIONSHIPS WITHIN OROGENIC MASSIFS. 

Martin Adrian Menzies^^^; Jean Louis Bodinie/^\- Matthew Thirlwall^^^ and Hilary Downes^^^. 

(1) Department of Geology, Royal Holloway and Bedford New College, University of London, Egham, 

Surrey TW20 OEX, England; (2) University of Montpellier, Montpellier, France; (3) Department of 

Geology, Birkbeck College, London, England. 

The existence of small volume melt fractions with MORB/OIB affinity in the 
asthenosphere has recently received much attention particularly with regard to continual 
interaction with the base of the overlying lithosphere (MacKenzie 1989). Whilst diamond 
inclusions, kimberlite-borne and basalt-borne xenoliths provide a vital record of the 
transformation of continental lower lithosphere of Archaean and Proterozoic age (Menzies and 
Hawkesworth 1987; Nixon 1987; Menzies 1990), orogenic massifs provide unparalleled 
"exposure" of upper mantle peridotites of Proterozoic to Phanerozoic age thus facilitating the 
study of more recent asthenosphere-lithosphere interaction (Bodinier et al 1991; Downes et al 
1991; Mukasa et al 1991). Orogenic massifs provide vital information about the temporal and 
spatial relationships between the peridotite protolith and different generations of melts. Two 
extreme cases are apparent from recently acquired geochemical data on orogenic massifs from 
the Mediterranean. At one extreme Phanerozoic asthenosphere-Proterozoic lithosphere is 
exposed in the Lanzo massif Italy (Bodinier et al 1991) and Proterozoic-Phanerozoic 
lithosphere in the Lherz massif, France (Downes et al 1991; Mukasa et al 1991). These massifs 
provide a field laboratory for the study of the formation and segregation of MORB (Lanzo) and 
transformation of a Proterozoic peridotite protolith by the injection and percolation of small 
volume melts (some of which are MORB) t^oughout the Phanerozoic (Lherz). 

LITHOSPHERE-ASTHENOSPHERE TRANSITION. 
Major, minor and trace element variations within the Lanzo massif, Italy can be used to define 
chemical provinciality within the massif on the scale of kilometres. While the northern pan of 
the massif is characterised by protogranular textures and fertile Iherzolite compositions the 
southern part of the massif is characterised by sheared textures and more refractory Iherzolitic 
compositions. In terms of partial melting histories, these data indicate that more extensive melt 
extraction occured in the south than in the north. In contrast to the major and minor elements, 
variations in the LREE within the massif are believed to refelect primary mantle heterogeneity 
in that in the north the Iherzolites are only moderately depleted in the LREE whereas in the 
south they are more markedly depleted in the LREE. When considered in conjunction with Sr, 
Nd and Pb isotopic geochemistry it is apparent that the northern part has very low 87Sr/86Sr 
ratios and very high 143Nd/144Nd ratios - the isotopic characteristics of aged depleted residua 
similar to (a) the Baldissero massif to the north, and (b) to mantle xenoliths entrained from 
beneath post-Archaean crust (e.g. Kilboume Hole, San Carlos). The southern part of the 
massif is identical to Atlantic MORB asthenosphere with a tightly defined range of Sr and Nd 
isotopes. Elemental and isotopic data for the southern massif allow us to constrain the 
composition of the MORB source in particular the Sm/Nd ratio which is found to be similar 
(0.27) to that calculated from the Nd isotopic evolution of Phanerozoic MORB's from the 
northern hemisphere. The southern part of the massif is believed to represent deep well mixed 
convecting upper mantle which rose through the garnet stability field and experienced polybaric 
melt extraction thus accounting for its more depleted chemistry. The northern part of the massif 
is considered to be a fragment of sub-continental lithosphere isolated from the convecting upper 
mantle since the Proterozoic. Between these two extremes there exists a transition zone or 
hybrid containing components from the lithosphere modified by the ingress of asthenospheric 
melts. If we consider the north to be part of the mechanical boundary layer which 
underplated Proterozoic crust and the south to be asthenosphere then this hybrid zone has all 
the features of a thermal boundary layer. It is apparent from the study of Lanzo that 
formation of MORB melts began with extraction of < 5% melt in the garnet stability field and 
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later upwelling into the spinel stability field triggered extraction of larger degrees of melt (5- 
12%). Moreover the Sm/Nd ratio of the least depleted Iherzolite at Lanzo (i.e. analogue of the 
MORE source) differs from that of MORE melts indicating that during these processes the 
LREE are fractionated. Indeed consideration of a wider database reveals that throughout the 
Phanerozoic the MORE source has become more depleted with time. 

HYDROFRACTURING OF PROTEROZOIC LITHOSPHERE. 
The possible scale of inhomogeneities in the continental lithosphere can be assessed by 
consideration of the Lherz massif. The peridotite protolith (mechanical boundary layer) is 
believed to be a protogranular spinel peridotite that has been deformed thus allowing melt 
ingress. Melt conduits developed by hydrofracture are now healed with the crystallisation of 
amphibole-pyroxene veins. A chronology of fluid ingress is apparent at Lherz as (a) LREE 
enrichment within the protogranular peridotite protolith, (b) hydrofracture systems in 
porphyroclastic peridotite that helped channel basaltic melt (now crystallised as amphibole 
pyroxenite); (c) metasomatic and enrichment aureoles in the wall rock adjacent to these veins, 
and (d) multiple episodes of carbon-dioxide bearing fluid inclusions. 

The metasomatic fronts and enrichment fronts that occur adjacent to the melt conduits 
are defined on the basis of the presence of hydrous minerals and elevated LREE/HREE ratios 
respectively. Extreme elemental and isotopic heterogeneity exists within the reaction aureole 
due to melt percolation and reaction with the wall rock (Eodinier et al 1990; Downes et al 
1991). The range in Sr and Nd over a 60 cm. section is similar to that of MORE and OIE and 
greatly exceeds the range for Lanzo. Whilst the Lanzo massif is dominated by depleted mantle 
domains (MORE source and residue) several chemically discrete enriched mantle domains (i.e. 
DMM, EM2 and EMI) occur within the tiny massif at Lherz (>200x smaller than Lanzo). This 
illustrates the isotopic homogeneity of the asthenosphere and the isotopic heterogeneity of the 
lithosphere - isotopic heterogeneity that could, in some cases, be caused by a time-integrated 
reponse to elemental fractionation brought about by the reaction of MORE melt with depleted 
wall rock. For example a time-integrated response to the elemental fractionation observed 
within the reacted wall rock sections at Lherz would result in localised development of EMI 
domains because of the very low Rb/Sr and Sm/Nd ratios generated in the reaction zone. 
Clearly concomitant metasomatic and enrichment processes involving MORE melts and 
depleted or enriched wall rock can be responsible for the development of enriched reservoirs 
(e.g. EMI) that may be consumed during genesis of small volume alkaline melts within the 
lithosphere. Where the main hydrous phase to crystallise in the wall rock is amphibole low 
Rb/Sr ratios and Sm/Nd ratios are observed due to the uptake of Sr and LREE by amphibole 
and the retention of Rb in the fugitive melt. A time-integrated response to this would produce 
localised EMI. In contrast where mica dominates in the reaction zone higher Rb/Sr ratios and 
Sm/Nd ratios are observed resulting in the time-integrated development of localised EM2 
domains. 

0-5135 

0-5130 

0-5125 

T3 
Z 

T- 

T3 0-5120 
Z 

CO 

r- 

0-5115 

0-5110 

05105 

0702 0-704 0-706 0-708 0-710 0-712 0 714 0-716 0-718 0 720 0-722 

LANZO MASSIF (ASTHENOSPHERE) 
1 

\ O* o ° o' 

\ ‘o 
I® 9° oO \ 
\ °° 1 
'o O ool 

\ 
\ o 

\ 

EM2 

LHERZ, RONDA, EENI EOUSERA MASSIFS 

"(LITHOSPHERE) 
EMI 

ULTRAMAHC XENOLITHS 

0836- 

J_1_I I 

10 

-10 

-20 

-30 



Extended Abstracts 283 

CONTRASTING 

Asthenosphere 

(a) porphyroclastic plagioclase and spinel 
peridotites (=DMM) 

(b) the existence of segregated melts that are 
compositionally identical to MORE, 
melts), 

(c) "hot" temperatures : oceanic to geotherm. 

(d) redox state close to or above QFM, 

(e) clinopyroxenes extremely depleted in the 
LREE (= abyssal/oceanic peridotites), 

(f) no LREE enrichment in the melt-residue system 

(g) isotopic homogeneity (=MORB) and elemental 
heterogeneity (Figure 1). 

(h) isotopic equilibrium between melt and peridotite 

CHARACTERISTICS 

Lithosphere 

(a) protogranular spinel [and garnet] 
peridotites(=DMM); development of 
porphyroclastic & mylonitised peridotites 
in association with shear zones and 
magma conduits. 

(b) healed hydroffacture networks (e.g 
poly baric derivatives of MORB/OIB) 

(c) "cold" temperatures : continental 
geotherm. 

(d) redox state well below QFM 
(protohth) or above QFM (metamorphic 
aureole around hydroffacture systems) 

(e) clinopyroxenes slightly depleted in the 
LREE (= basalt-borne xenoliths), 

(f) multiple enrichments in the peridotite 
protohth due to fluid ingress 

(g) isotopic and elemental heterogeneity 
(=MORB,OIB and crust) (Figure 1). 

(h) isotopic disequilibrium between 
hydrofractures and adjacent wall rock 

Examples : Examples : 
Orogenic (alpine) massifs. Orogenic (alpine) massifs. 
Lanzo spinel-plagioclase peridotite Italy, Lherz spinel peridotite France; 
Erro-Tobbio spinel-plagioclase peridotite Tinaquillo peridotite Venezuela; 
Italy; Trinity spinel-plagioclase peridotite Cahfomia; Baldissero-Balmuccia Italy and many 
Othris spinel-plagioclase peridotite Greece. 

Mantle xenoliths. 
No xenolith analogue. 

Oceanic peridotites. 
Segregated plagioclase peridotites; 
Zabargad Island, Red Sea. 

others. 

Mantle xenoliths. 
Abundant xenolith analogues: 
Type lA (LREE depleted) - protohth 
Type IB (LREE enriched) - protohth+ 
"fluid" 
Type II - "fluid" derivative. 
GP (garnet peridotite) - protohth 
GPP (" 4- mica) - protohth + "fluid" 
PKP (" -H K-richterite) - protohth 
"fluid" 
MARID (mica, amph., mtile, hmenite, 
cpx.) - "fluid" derivative. 

Oceanic peridotites. 
Abyssal peridotites; St. Paul's rocks 
Atlantic. 



284 Fifth International Kimberlite Conference 

REFERENCES. 
Bodinier, J.L., Vasseur, G., Vemieres, J., Dupuy, C. and Fabrics, J. (1990) Mechanisms of 

mantle metasomatism : geochemical evidence from the Lherz orogenic peridotite. J. 
Petrology, 31, 597-628. 

Bodinier, J.L., Menzies, M.A., and Thirl wall, M.F. (1991) Transition from sub-continental 
lithosphere to asthenosphere - REE and Sr-Nd isotopic geochemistry of the Lanzo massif 
Italy. Journal of Petrology, Orogenic Iherzolites and mantle processes volume (in press). 

Downes, H., Bodinier,, J.L., Thirlwall, M.F., Lorand, J.P., and Fabrics J., (1991) REE and 
Sr-Nd isotopic geochemistry of eastern Pyrenean peridotite massifs : sub-continental 
lithospheric mantle modified by continental magmatism. Journal of Petrology, Orogenic 
Iherzolites and mantle processes volume (in press). 

McKenzie, D. (1989) Some remarks on the movement of small melt fractions in the mantle. 
Earth and Planetray Science Letters, 95, 625-80. 

Menzies, M.A. (1990) Continental Mantle. 184p. Oxford University Press, Oxford, England. 
Menzies, M.A., and Hawkesworth, C.J. (1987) Mantle Metasomatism. 472 p. Academic 

Press, England. 
Mukasa, S.B., Wilshire, H.G., Nielson, J., and Shervais, J.W. (1991) Intrinsic Nd, Pb and 

Sr isotopic heterogeneities exhibited by the Lherz alpine peridotite massif, French 
Pyrenees. Journal of Petrology, Orogenic Iherzolites and mantle processes volume (in 
press). 

Nixon, P.N. (1987) Mantle Xenoliths. 844 p. J.Wiley, England. 



Extended Abstracts 285 

COMPRHENSIVE INVESTIGATIONS OF CHINESE DIAMONDS. 

Meye/^\ H.OA..; Andi^^K Z.; Milledge^^\ HJ.; Mendelssohn^^\ MJ. and Seal^'^K M. 

(1) Dept. Earth Atmos. ScL, Purdue University, West Lafayette, IN 47907 USA; (2) Inst. Geology, 

Chinese AScad. Geol. Sci., Beijing China; (3) Crystall. & Min. Phys. Unit, Dept. Geol. Sci., 

University College London, Gower Street, London WCIE 6BT, U.K.; (4) Sigillum B.V., Guido Gezellestraat 5, 1077 

WNAmsterdam, Holland. 

Diamonds from the Shengli kimberlite, near Mengyin, southeastern Shandong 
Province, and from the No.50 kimberlite, Fuxian group, Liaoning Province have been 
examined for inclusion type and chemistry, infrared spectra and cathodoluminescence 
characteristics. Work in progress also includes detemiination of and a^^N of selected 
specimens. 

Inclusions: .... , ^. 
In an earlier study (Zhang and Meyer, 1989) the miual results of inclusion chemistry 

were reported from a sample of approximately 10,000 diamonds (650 ct). Of the 325 
diamonds with inclusions eventually selected for further examination the majority of 
inclusions from both localities, and hence host diamonds, belonged to the ultramafic 
(peridotitic) suite. 

The current sampling was of a much larger population of diamonds (>20,000) and 
approximately 500 diamonds from Liaoning and 100 from Shandong, all with inclusions, 
were selected for more detailed examination. From careful visual inspection no eclogitic 
inclusions were identified, although it must be remembered that omphacitic pyroxene can be 
misidentified as olivine or enstatite. No orange (eclogitic) garnets were observed (Table 1). 
Analyses of some inclusions are presented in Table 2. 

Infra-red Microspectroscoy and cathodoluminescence: 
Shandong . , , , . u j i 

99 diamonds, usually, about 1mm in diameter, wluch were predominantly octahedral 
in habit, though ranging from sharp-edged specimens with smooth faces to stones with rough 
surfaces, broken corners, and/or rounded edges were selected which could generally be 
viewed through a pair of opposed octahedral faces. It was therefore possible to obtain good 
infrared spectra for most of them, and to take replicate spectra to see whether or not the 
stones were essentially homogeneous. 

Nitrogen concentration varied widely, from specimens containing little enough 
nitrogen to be classified as Type II diamonds, to concentrations of the order of 2000 ppm. 
OF tlie 73 specimens for which replicate spectra were obtain^, half (including the Type U 
specimens) were homogeneous, and half showed some variation in nitrogen concentration. 

Almost all those diamonds which contained appreciable amounts of nitrogen also 
showed the hydrogen peak at 3107 cm-1, the strength being roughly proportional to the 
nitrogen concentration in most cases. 

For those diamonds which showed appreciable variations of nitrogen concentration 
within the stone, the extent of defect aggregation increased with the concentration as would 
be expected if the whole specimen had experienced the same P/T egime after growth i.e. 
there was no evidence in these small diamonds for more than one stage of growth analogous 
to the coat and core of coated stones. However, the presence of specimens with high 
nitrogen content showing little aggregation, together vyith specimens having low nitrogen 
content but which show almost complete aggregation indicate that the population itself 
cannot be homogeneous. 

In order to facilitate comparison of inclusion and infrared geo^ermometry, polished 
plates are being prepared so that spectra can be obtained in the near vicinity of inclusions 
which are being microprobed, and inclusion geochemistry may suggest the same result when 
the polished plates have been studied. 
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The diamonds did, however, exhibit all degrees of diminution of the platelet peak 
from completely unaffected to completely destroyed, not only for specimens for which laB 
aggregation is virtually complete, but also for intermediate aggregation states. 

Cathodoluminescence photographs indicate the presence of light radiation damage on 
a few specimens, but the general appearance of the group as a whole has no characteristics 
which would distinguish it from specimens from other kimberlites worldwide. 

Liaoning 
Results for the first 84 specimens examined from Liaoning appear similar in every 

particular, including the range of nitrogen concentrations both within and between 
specimens, ubiquitous presence of hydrogen, variable degradation of the platelet peak, and 
the existence of highly-aggregated nitrogen-poor specimens as well as unaggregated 
nitrogen-rich specimens. The only difference seems to be that there is even less evidence of 
radiation damage in cathodoluminescence. 

Table 1. Visual Examination of Diamonds with Inclusions from Shandong and 
Liaoning Provinces, China 

♦Olivine/Enstatite 

Shandone 
# ^ 

65 76 

Liaoning 
I 

314 83 
Diopside 0 0 1 (0.3) 
-♦-Garnet 6 7 4 1 
Spinel 5 6 21 6 
Sulfide 1 1 3 1 
Olivine -♦- Garnet 1 1 6 2 
Olivine Spinel 6 7 16 4 
Olivine -♦- Sulfide n.a. n.a. 12 3 
Garnet -♦■ Spinel 1 L Q. a 

85 99% 377 100% 

* Colorless inclusions but majority probably olivine. 
+ All purple garnets, presumably Cr-pyrope. 

Table 2. Representative Analyses of Inclusions in Diamonds from Shandong and 
Liaoning Provinces, China. 

OU EN* DI* OMP^' ‘ G-Py2 Py-AR* CHRi 

SiOj 40.6 57.5 56.0 56.1 41.2 39.6 0.13 
TiOi 0.00 0.00 0.00 0.00 0.06 0.30 0.31 
AI2O3 0.05 0.56 0.57 16.3 14.3 22.0 3.73 
0*203 0.09 0.28 1.02 0.02 12.3 0.03 66.9 
FeO 8.33 4.43 1.86 2.12 6.41 19.8 13.8 
MgO 50.0 35.4 19.4 7.38 22.9 9.97 11.9 
CaO 0.06 0.78 21.2 11.0 3.00 8.63 0.00 

MnO 0.13 0.16 0.10 0.06 0.39 0.39 1.14 
NiO 0.31 0.13 0.06 0.00 0.00 0.00 0.11 

Na20 0.02 0.14 0.49 6.12 0.00 0.08 0.05 
K2O 0.00 0.00 0.22 0.00 0.00 0.00 0.00 

99.6 99.4 100.9 99.4 100.6 100.8 98.1 

1. Shandong, 2. Liaoning 
* Zhang and Meyer, 1989. All from Shandong. 
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MIDDLE JEQUITINHONHA ALLUVIAL DIAMONDS. 

Middleton, R.C. 

Geological Clinic Servigos de Mineragdo Ltda., Rua SdoJos^, 46, sala 1001, 20010, Rio de Janeiro, RJ., Brazil. 

The Middle Jequitinhonha Alluvial Diamond deposits are 

hosted by gravels within the Jequitinhonha Valley between 

the towns o-f Peixe C-ru and Itira in Northern Minas Gerais in 

Brazil. The gravels occur within the present river, it's 

■floodplains and in pal aeo-terr aces which are situated 40, 80 

and 280 meters above the average water level d+ the present 

river. Remnants o-f the pal aeo-terr aces, which are 

characterized by quasi—hor i z ontal topographic -features 

underlain by gravels o-ften, but not invariably, composed o-f 

reddened (soil-iron stained) pebbles and cobbles, supported 

by a sand matrix, which may or may not be overlain by grey 

-floodplain silt. The present Jequi ti nhonha River is situated 

at 320 meters above sea. level in the central part o^ the 

Middle Jequi t i nhonha Valley near Porto Mandacarii. The 

Jequi ti nhonha River has a gradient o-f 1:138 in the upper 

reaches o-f the Middle Jequi t i nhonha Valley near Peixe Cru 

and a gradient o-f 1:420 in the lower reaches around Itira. 

Diamonds are known to occur within the present river 

gravels, the silt-covered -floodplain gravels (generically 

named the "low terraces") and the 40 meter terrace gravels 

but no testing has been carried out to date on the 80 and 

280 meter terrace gravels. The present river gravels are 

char acter i zed by the presence o-f relatively well to poorly 

sorted coarse-sand matrix-supported highly-rounded quartz 

cobbles and boulders varying in size up to 20 centimeters 

across. Rare quartzite (Espinhaco) and carbonaceous 

quartzite cobbles and pebbles may be present. The heavy 

mineral content o-f the matrix sands are comprised o-f. kyanite 

(>90‘/.), sillimanite, garnet (pyrope and almandine), 

ilmenite, rutile, zircon, monazite and gold. The low 

terrace gravels are essentially similar to the present 

river gravels in composition and distribution. These 

terraces, which normally only -form small remnants adjacent 

to the present river in the steep-sided valley sections o-f 

the river, may be elevated up to 5 meters with respect to 

-he present river gravels or may lie at the same altitude. 

The low terraces -form extensive -flats adjacent to the rive.f^ 

in the low-energy stretches o-f the Middle Jequi ti nhonha 

Valley around Itira. The bedrock on which the present river 

and low terraces -flow is normally hard, -freshly exposed 

Macaubas and Salinas Formation garnet-kyanite-si11imanite 

schists. The bedrock is extremely irregular, -forming 

excellent traps -for heavy mineral and diamond accumulations. 

The 40 meter level terrace gravels tend to have the same 

cobble-pebble and matrix physical and mineralogical 

composition as the present river gravels but laterite 

cappings and intercalations rriay be present. The bedrock 

schist on which the 40 meter terrace gravels have been 

deposited is usually unweathered or only slightly 

weathered, but highly weathered saprolite bedrock sections 

have been encountered sporadical 1y. The 80 meter level 

terrace gravel is characterised by very large, highly- 

rounded quartz cobbles up to 40 centimeters in diameter 

supported by a matrix o-f sand and silt. Present indications 
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are that there is a grain-size gap in the 0.5-3 millimeter 

-fraction which may possibly have been removed during re- 

deposition o-f the gravel -from a pre-ex. i sting site. The heavy 

mineral -fraction is comprised mainly o-f staurolite, as 
opposed to kyanite in the lower terrace gravels. This -fact 

may be related to the grain-size gap. The 280 meter terrace 

has a high percentage o-f highly-rounded, small, quartz 

pebbles. Present indications are that there is no grain-size 

gap and the gravels appear to be largely in-situ. The heavy 

mineral -fraction is comprised mainly o-f kyanite, garnet, 

ilmenite and rutile. This terrace can be traced over a wide 

area in the Middle Jequ i t i nhonha. Valley where the 

Jequitinhonha River apparently meandered in wide, sinuous 

arcs about 1 million years ago. The widespread preservation 

o-f this terrace level is related to the extensive, 

resistant, quasi-horizontal Limoeiro Pegmatite sills which 

occur in the central parts o-f the Middle Jequi ti nhonha 

Valley between Buriti and Barra de Salinas. The sills (500 

meters above sea level) are more resistant than the 

enclosing schists and have slowed down hillslope retreat at 

the cl i-f-f--f ormi ng outcrops, thus resulting in the 

preser vat i on o-f the old river course. 

The spectacular preservation o-f the abovementi oned palaeo- 

terraces at distinct levels in the Middle Jequitinhonha 

Valley can be explained by sudden breaching o-f N-S trending 

resistant barriers that crossed the Jequitinhonha River, 

past and present. A present example is the resistant N-S 

striking pegmatite and quartzite barriers that cross the 

Jequitinhonha River at Barra de Salinas where the river 

suddenly changes course in a. northerly direction as it 

encounters the pegmatite dyke and then abruptly changes 

course again southwards, -flowing against the quartzite 

barrier until resuming it's ENE course 2 kilometers later 

where it breaches a -fractu^'e in the qua>^tzites. The ENE 

course o-f the present Jequi t i nhonha River in the upper parts 

o-f the Middle Jequi t i nhonha Valley is controlled by a joint 

set. Deep straight-sided gravel—f i 11 ed canals result -from 

the action o-f the river on the joints. On the other hand the 

ESE course o-f the river, downstream -from Coronel Murta, is 

controlled bv' a di-f-ferent joint set related to the granite 

intrusions in that area. 

The principle minerals o-f economic importance in the Middle 

Jequitinhonha Valley gravels are diamonds, gold, 

si 11 imamte, kyanite, ilmenite, rutile and monazite. The 

diamonds, which are mainly o-f gem quality, tend to occur 

mainly in the -form o-f rhombdodecahedra and tend to have a 

brown to green sur-face colouration, possibly owing to 

radiation, which disappears on polishing. The origin o-f the 

diamonds is widely considered to be the Sopa Conglomerates 
which occur in the Grao Mogol area. The gold in the gravels 
is derived -from widespread occurrences of this mineral in 
the ductile to dueti 1e—britt1e shear zones in the area that 

formed during thrusting (Brasiliano age) against the Sao 

Francisco Craton. The sillimanite and kyanite are derived 
from the schists formed during medium-low pressure 

metamorphism accompanying the Brasiliano tectono-thermalism 
in the area. The rutile and monazite are derived from 

Brasiliano anatectite granites and related hydrothermal 

action in the host-rocks o-f the Middle Jequi t i nhonha Vail ey, 
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MIDDLE JEQUITINHONHA UALLEV 

TVPICAL SECTION ACROSS THE 
KIDDLE JEQUITINHONHA UALLEV 

SCHEMATIC 
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INFRARED AND CATHODOLUMINESCENCE STUDIES OF INCLUSION¬ 

BEARING DIAMONDS FROM BRAZIL. 

Milledge^^K HJ.; Mendelssohn^^\ MJ. andMeyer^^\ H.OA. 

(1) Crystall. & Min. Phys. Unit, Dept. Geol. Sci., University College London, Gower Street, London WCIE 6BT, UK; 

(2) Dept. Earth & Atmos. Sci., Purdue Univ., West Lafayette, IN 47907 USA. 

Infrared spectra have been obtained for diamonds from five localities in the 
Precambrian Sopa conglomerate at Sampaio, Diamantina and Serro, Minas Gerais, and from 
the equivalent Lavras Formation, 675 km north at Adarai, Bahia as well as from the basal 
Taua conglomerate of the Cretaceous Baum Formation at the Agua Suja Mine, Romaria, 
western Minas Gerais. 

Although only small numbers of stones were tested, spectra from all localities 
showed a range of spectral types, and large variations in nitrogen concentration. Since the 
laA - laB ag^egation process is a second-order process (see ^M, HJM, GIC & HOAM, 
this volume) it is concentration-dependent, so that diamonds which have all experienced the 
same P/T histories may show different degrees of aggregation if their nitrogen concentrations 
differ substantially, but in that case the higher degree of aggregation must correspond to 
higher concentrations. Accurate assessment of such spectra depends on the absolute values 
of the laA and laB absorption coefficients at 1282 cm-i, but the effects can be demonstrated 
generally from the following pairs of spectra. 

DIAMANTINA 
HBDTl: Low degree of aggregation for quite a high N concentration, whereas HBAN7 from 

Andarai shows a similar aggregation state for a much lower nitrogen concentration. 
Platelet development is normal aggregation. 

SERRO (Minas Gerais) 
HBSE8: High N concentration, high degree of aggregation, platelet peak intact. 

HBSEl 1: Aggregation varying with concentration within one stone, platelet peak intact. 

SAMPAIO 
HBSAPl: More complete aggregation for lower N concentration than HBSP8 but platelet 

peak intact. 
HBSP4: Lower aggregation state for lower N concentration. Platelet peak intact. 

ANDARAI 
HBANl: Shows a very unusual effect, where the platelet peak is absent for an intermediate 

aggregation state, as in HBSP4. The platelebpeak is sometimes absent in specimens 
where the laA - laB aggregation is complete, but seldom at this stage. 

HBAN5: Shows a similar N concentration and aggregation state, but with the platelet peak 
intact. 

The existence of these well-aggregated defects in Precambrian diamonds is interest¬ 
ing, because all aggregation must have taken place before emplacement, so that the residence 
time in the mantle must have been much shorter than for diamonds emplaced in the 
Cretaceous, and the temperatures correspondingly higher. It is most important therefore to 
be able to correlate temperatures as implied by infrared spectra with temperatures estimated 
from inclusion geothermometry. 

This comparison will only be reliable if diamond plates are polished so as to expose 
inclusions for microprobe analysis and to make it possible for infrared microspectroscopy to 
be carried out in the immediate vicinity of the inclusion, because spatial information is 
frequently lost when the diamond has to be broken to expose the inclusion for probe work. 
The importance of this spatial correlation was demonstrated for one specimen from Romaria 
where the spectral and inclusion temperatures were not in agreement, but subsequent spectral 
measurements on other fragments of the diamond indicated that it was very inhomogeneous. 
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Rather than fracture these specimens, many of which are inhomogeneous like 
HBSEl 1, polished plates are being prepared where possible in order to facilitate comparison 
of the two methods of estimating temperatures in addition to obtaining the inclusion 
geochemistry. 

Cathodoluminescence studies of Brazilian diamonds have also revealed two interest¬ 
ing facts. As might have been anticipated, there is evidence of alpha-radiation damage of 
varying degrees of severity, but what is almost unique is the appearance of very well 
developed red haloes on the surface of a diamond from Romaria. Very slight traces of pink 
haloes have been detected on one of the Precambrian stones, but extensive and well-defined 
areas of red luminescence occurred on specimens from Serro and Andarai. In our experi¬ 
ence, red cathodoluminescence is comparatively rare, and such discrete patches even more 
so. 

The second observation of interest is that one specimen from Romaria showed very 
large platelets exposed on an external surface. Relatively large platelets (a few microns in 
diameter) have now been seen in several diamonds from the Finsch and Argyle mines, but 
they are usually only detected on polished sections exposing the interior of the stone, and do 
not extend to the exterior surface, for whatever reason. It is possible, therefore, that this 
specimen has been substantially resorbed at some stage. 

Acknowledgements: We gratefully thank Prof. Darcy P. Svisero for diamonds from 
Romaria, Western Minas Gerais and Nicdlau L.E. Haralyi for those from Eastern Minas 
Gerais and Bahia. 
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ACCESSORY RARE EARTH. STRONTIUM, BARIUM AND ZIRCONIUM MINERALS IN 

THE BENFONTEIN AND WESSELTON CALCITE KIMBERLITES. 

Roger H. Mitchell 

Department of Geology, Lakehead University, Thunder Bay, Ontario, Canhda P7B 5E1, 

Calcite kimberlites are rocks formed from highly 

differentiated kimberlite magma. As such they might be 

expected to possess an unusual mineralogy as a consequence 

of the concentration of incompatible elements in these 

residual magmas. To examine this possibility, calcite 

kimberlites from the Benfontein sills Dawson and Hawthorne 

1973) and the Wesselton Water Tunnels sills (Mitchell 1984) 

were investigated by SEM/EDS techniques. The study 

demonstrated the ubiquitous presence of REE-, Sr- and Ca- 

Ba-carbonates, Ba-titanates, kinoshitalite, primary Ca- 

zirconate, Nb-rutile and baddeleyite 

Carbonates 

Carbonate diapirs at Benfontein contain five distinct 

carbonates. The earliest carbonate to form was dolomite. 

This lines the margins of the diapir and forms euhedral 

crystals within the core of the structure. Dolomite is 

included in Mn-bearing ankerite and both minerals are set 

in a matrix of calcite. Compositional variational, with the 

exception of Mn in ankerite (2-6 wt.% MnO), is relatively 

limited (figure 1). Ancvlite occurs as euhedral crystals 

which appear to have crystallized contemporaneously with 

dolomite. They exhibit a wide range in composition (Table 

1, figure 2) with respect to their SrO (8-23 wt%) and REE 

contents (24-33 wt.% Ce203) . Ca-Ba carbonate (benstonite or 

barytocalcite ?) occurs as rounded-to-irregular exsolution 

patches in dolomite. Associated phases in the diapir 

include pyrite and strontiobarite. Sr-free REE-carbonates 

appear to be absent from the diapirs. A similar Ca-Ba 

carbonate,, also of exsolution origin occurs in calcite, in 

the Premier Mine calcite kimberlite. 

The groundmass of the kimberlite hosting the diapirs 

consists primarily of calcite with rare dolomite, apatite, 

spinels, rutile, ilmenite and serpentine. Ancvlite and Sr- 

poor REE-carbonates are common as replacements of rutile 

and spinel, and as randomly orientated acicular crystals 

commonly intergrown with ilmenite laths. The Sr-poor 

carbonates are of relatively constant composition (Table 1, 

Figure 2) and are considered on the basis of their low CaO 

(5-6 wt%) contents to be parisite-Ce. 

Hollandite 

Euhedral-to subhedral Ba-Fe-titanates are common in the 

calcite - apatite-rich groundmass of the Benfontein 

kimberlites and rare in the Wesselton sills. The titanates 

are K-free, Nb-bearing, Fe-Ba-titanates (Table 2) belonging 

to the hollandite group of minerals. The titanates 

represent compositions between the end members BaFe2Ti^0^^ 

and BaFe2Ti70^^. Their composition is not similar to 

priderites found in lamproites or Ba-titanates in group 2 

kimberlites. Similar titanates are known from the 

Arbarastakh carbonatite complex. 

Potassian Kinoshitalite. 

The groundmass of zirconolite-bearing Benfontein 

kimberlite contains poikilitic plates of potassian, 

kinoshitalite (K, Ba) Mg3Al2Si20^Q (OH) 2 (Table 2). This mineral 
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has not previously been reported from kimberlites, although 
it is a common late stage mineral in both sodic and 
potassic alkaline volcanic rocks e.g. New South Wales 
leucitites, Bathurst Island nephelinites. 

Zirconolite/Zirkelite. 
Zirconolite, accompanied by baddeleyite, has previously 

been reported from the Benfontein sills by Raber and 
Haggerty (1979), as a product of reactions between 
ilemnite, zircon and residual Ca-rich fluids. In contrast 
zirconolite/zirkelite found during the course of the 
current study occurs as isolated 5-30 micron euhedral-to- 
subhedral single crystals scattered throughout the 
kimberlite groundmass. The mineral was evidently an early 
crystallizing phase and many of the crystals now exhibit 
irregular embayed margins indicative of subsequent 
resorption. In the Benfontein sills their is an 
antipathetic relationship between the presence of 
baddeleyite and zirconolite/zirkelite. In the Wesselton 
sill, baddeleyite is absent and zirconolite/zirkelite is 
the principal Zr-bearing phase, together with rare 
kimzeyitic garnet. Table 2 shows that the Ca zirconate 
found in the present work is much richer in Zr than typical 
zirconolites (CaZrTi20^) , including the reaction variety 
described by Raber and Haggerty (1979). The composition is 
considered to be closer to that of zirkelite (CaTiZr)305 

than zirconolite. 

Nb-Rutile 
Niobian rutile is common as 10-50 micron euhedral 

groundmass crystals in the Benfontein sills. Commonly, the 
crystals are extensively replaced by magnetite, ankeritic 
carbonate, parisite and ancylite. Mantles of ilmenite are 
also commonly present. Rutile appears to have been a 
primary groundmass phase which crystallized 
contemporaneously with unevolved Cr-bearing spinels. The 
rutile contains 1.5-3 wt % Nb205 (Table 2). 

Fersmite 
Two euhedral grains of fersmite, CaNb20^, enclosed by 

calcite were encountered in one sample from Benfontein. The 
crystals are of uniform composition and contain 69.5 wt.% 
Nb205, 16.2 wt.% CaO, 6.8 wt.% 3.5 wt.% Fe203, and 1.6 
wt.% SrO. 

Rare earth and strontium rich carbonates have not 
previously been reported from group 1 kimberlites, although 
they are common in REE-rich group 2 kimberlites (e.g. 
bastnesite-Ce in the Frank Smith and Bellsbank occurrences, 
Mitchell unpub.data). Their presence in the Benfontein 
sills undoubtedly results from the concentration of REE and 
Sr in late stage carbonate-rich fluids. However, the 
absence of similar carbonates in the Wesselton and Premier 
calcite kimberlites suggests that the Benfontein magmas 
were of either of unusual composition or underwent extreme 
differentiation. The presence of REE carbonates does not 
imply any affinities with carbonatites, as these minerals 
are now known to form in a variety of late stage 
hydrocarbothermal parageneses in rocks ranging in 
composition from nepheline syenite to peralkaline granite. 

Dawson,J.B., Hawthorne,B.H. 1973. Magmatic sedimentation 
and carbonatitic differentiation in kimberlite sills at 
Benfontein, South Africa. J.Geol.Soc.London,129, 61-85. 
Mitchell,R.H. 1984. Mineralogy and origin of carbonate 
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segregations in a composite kimberlite sill. N.Jahrb. 
Mineral.Abh.150,185-197. 
Raber,E., Haggerty,S.E. 1979. Zircon-oxide reactions in 
diamond-bearing kimberlites. Proc. 2nd. Internet. 
Kimberlite Conf.1,229-240. 

Table 1. Ancvlite, parisite and Ca-Ba carbonate 
composition. 

wt.% 1 2 3 4 5 6 7 
BaO - - - - - 48.8 48.0 
CaO 4.0 2.5 4.0 5.1 4.0 19.2 20.0 

SrO 22.6 15.3 8.1 1.3 0.5 1.1 - 
FeO - - - 3.4 0.3 - 0.6 

La203 10.5 15.9 9.7 16.6 12.9 - - 
00^03 24.1 28.9 33.3 32.8 34.7 - - 
Pr203 2.2 1.4 4.3 3.4 4.4 - - 
Nd203 6.8 6.3 10.5 7.0 12.5 - - 
Sm203 - - - 1.1 1.1 — - 

70.2 70.3 70.9 70.7 70.4 69.1 68.6 

1-3 Ancylite-Ce; 4-5 parisite-Ce; 6-7 Ca-Ba carbonate 

Table 2. Kinoshitalite,hollandite and Ca zirconate 
composition 

Wt.% 1 2 3 4 5 6 

Si02 24.2 24.8 - - - 

Ti02 0.0 0.0 68.4 70.2 2.7 2.0 

Zr02 - - - - 85.2 84.1 
Nb205 - - 2.8 1.0 - 
AI2O3 21.0 19.2 - ' - - - 
FeO 1.5 2.7 13.7 15.0 0.0 1.6 

MgO •22.5 24.2 0.8 0.0 - - 
CaO - - - - 11.3 10.4 
BaO 23.8 23.5 14.1 13.2 - - 
K2O 2.2 2.5 0.0 0.0 - - 

95.2 96.9 99.8 99.4 99.2 98.1 
1-2 Kinoshitalite7 3-4 hollandite; 5-6 Ca zirconate 

5 Ce203 

Figure 1 
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WHAT’S IN A NAME? SUGGESTIONS FOR REVISIONS TO THE TERMINOLOGY OF 

KIMBERLITES AND LAMPROPHYRES FROM A GENETIC VIEWPOINT. 

Roger H. Mitchell 

Department of Geology, Lakehead University, Thunder Bay, Ontario, Canada P7B 5E1. 

methoas ot anaiysl. ta tB. a.t,mi„atioS'^oI S“heiiSl"'" 
and isotopic composition of rocks and minerals ^ 

advances have not been matched by 
changes in our approach to the terminology of alkaline 

rocks. Modal classifications have remained essential?v 

unchanged since the nineteenth century. This terminoloaical 

Why do we attempt to classify rocks?. One reason i c: 

association Cor„ct\la,SfioSi" S? S ££?" 

illliiiSsiiiF 
to angg.stlons oroo£an£;„.?£‘£“f 
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££SSS‘.°'“ *■"* ““ •“■Pl* »' PP?. Wo.£n‘to 

o„.o?iSsLr/o;“:ry‘rir.ir.T^^^^^^^^ «p* 

versus phlogopite sanidine lamproites or Lrbonatites 

£S£ic°o ££t?£t?"““- cp"-^p.ntiy sS£;o£;;i- 

■E”:;tr - ss.EEEio 
tha^p.r.SSi £5pa'’£l£''h."gS£ 3fr?f,£„ga£f 

c3:: 
p.t.3S"o.g™ ?gJ3.~2|p“taVir;nr£:.„Sa%Srjy“a° 
clan name e.g. kimberlite, lamproite, meimtitfetc ^ 

descrlLEE^^E consanguineous, members of a clan are 
Dhfoaonfi modal varietal compound names e.g. olivine 
phlogopite lamproite, leucite diopside lamproite. 

Application of this approach to rocks which contain 

diamond suggests that there are three geneticallv-distinct 
upper mantle-derived magmas which are capable of^ 

I kimberntP^'^^^^°'^'^ xenocrysts; kimberlite (formerly group 

LS; - 
apparently form a petrological clan that is genetiLlly- 
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unrelated to group I kimberlites. The rocks now known as 
group II kimberlites were originally termed (micaceous) 
kimberlites on the basis of the presence in them of 
diamond. It is unlikely that if this group of rocks were 
discovered today they would be termed kimberlites as they 
have few mineralogical similarities with archetypal group I 
kimberlites. 

The term lamprophyre was introduced as a field term in 
the nineteenth century to describe hypabyssal rocks that 
are rich in mica. Usage was confined to describing the 
macroscopic appearance of the rocks. Subsequently, the term 
was broadened to include any dike rocks containing mafic 
phenocrysts (mica,amphibole, pyroxene) set in a felsic 
groundmass. The term was, and still is, used 
indiscriminately in this descriptive manner without regard 
to the nature of the associated rocks and/or tectonic 
setting of the occurrence. Recently, diverse lamprophyric 
rocks, kimberlites and lamproites have all been considered 
to be members of a "lamprophyre clan". However, the P/T 
conditions of generation and/or source regions of the 
magmas which formed these rocks are very different and it 
follows that the rocks cannot be genetically related. 
Further, as the concept of a petrological clan requires 
that members of the clan be consanguineous it is evident 
that the concept of a "lamprophyre clan" is petrologically 
unsound as there is no universal lamprophyre magma type. 

Application of mineralogical-genetic terminology to 
diverse rocks described as lamprophyres confirms that many 
varieties are derived from genetically-unrelated magma 
types. Mica-rich rocks of lamprophyric aspect are commonly 
found as modal variants of rocks formed from several- 
distinct magma types. They represent rocks that have formed 
under water-rich or other special conditions relative to 
other members of the clan. It is proposed here that such 
rocks be assigned to a "lamprophyre facies". Thus, 
phlogopite diopside lamproite belongs to the lamprophyre 
facies of the lamproite clan, whereas sannaite, monchiquite 
and camptonite are lamprophyric facies of the alkali basalt 
clan. This concept preserves the original meaning of the 
term "lamprophyric* and has no genetic connotations. 

The lamprophyres facies concept is illustrated by the 
following examples: 

ALKALINE OLIVINE BASALT CLAN 
Facies Rock 
Extrusive(lava) Basalt 
Hypabyssal Diabase 
Plutonic Gabbro 
Lamprophyric hypabyssal Sannaite, Camptonite, 

Monchiquite. 
Petrographically different members of the lamprophyre 
facies result from formation under different volatile, P/T 
conditions and cooling rates, hence some are heteromorphs. 
In this clan different facies are easily related to the 
site and style of crystallization and the lamprophyric 
facies is entirely hypabyssal. In contrast.in other clans, 
lava flow or plutonic facies may be of lamprophyric 
character e.g. the minette lavas of the basanite clan and 
the phlogopite perovskite pyroxenites of the melilitite 
clan, respectively. 
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GROUP 1 KIMBERLITES 
Facies Rock 
Crater Epiclastic and pyroclastic kimberlite 

Diatreme Tuffisitic or volcaniclastic 
kimberlite 

Hypabyssal monticellite calcite kimberlite 
Lamprophyric hypabyssal - phlogopite apatite kimberlite 
In some group I kimberlites simple modal enrichment of 

phlogopite confers a "lamprophyric aspect" to the rocks. 
These cases are relatively uncommon and the majority of 
group I kimberlites have no macroscopic or microscopic 
lamprophyric character. Note that lamprophyric facies group 
I kimberlites do not grade in a petrogenetic sense or 
mineralogical/genetic classification into group II 
kimberlites or minettes, although the latter may have some 
gross modal similarities. 

LAMPROITE CLAN 
Facies 
Lamprophyric lava 
Hypabyssal 
Lamprophyric hypabyssal 

Plutonic 
lamproite. 

Further examples may be devised with respect to the 
group II kimberlite, basanite (minettes), melilitite 
(alnoites, aillikites), nephelinite and "andesitic" 
(minette, spessartite, kersantite) clans. 

Rock 
diopside phlogopite lamproite 
leucite diopside lamproite 
leucite diopside transitional 
madupitic lamproite. 
richterite sanidine 

Lamprophyres have typically been stigmatized as orphans 
of dubious and unfathomable antecedents; thus they are 
consigned by many to the petrological waste basket. 
Consideration of lamprophyres as a group without regard to 
their diverse parentage has hindered understanding of their 
genesis. By adopting the lamprophyre facies concept and 
using mineralogical/genetic classifications, it is now 
possible to show that lamprophyres are merely derivatives 
of common magma types. Using these principles petrologists 
are hopefully now in a position finally to put this 
neglected but ubiquitous group of rocks into their correct 
petrological context. 
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GARNET MEGACRYSTS FROM GROUP II KIMBERLITES IN SOUTHERN AFRICA 

Moore, *R.O. and Gurney, JJ. 

Department of Geochemistry, University of Cape Town, Private Bag, Rondebosch, 7700, South Africa; 

* Present address: P.O. Box 1372, Wangara, WA. 6065, Australia. 

In a study of the heavy mineral concentrate from the Group 
II Dokolwayo kimberlite in Swaziland, Daniels & Gurney (1989) 
identified a suite of garnets which they interpreted to be 
representative of the Cr-poor suite of megacrysts. This 
represented a significant find, since it was previously 
believed that the occurrence of Cr-poor megacrysts was confined 
to Group I kimberlites. Directed investigations have since 
recognised the presence of garnet megacrysts in a large number 
of Group II kimberlites in southern Africa, and this 
contribution aims at characterising these suites. 

Garnet megacrysts have been recovered from the following 
Group II kimberlites:- Loxton and Southern Fissures (NE of 
Kimberley); Excelsior and Newlands (N of Barkly West) and 
Driekoppen, Monteleo, and the Phoenix Blow (in the vicinity of 
the Star Mine, O.F.S.). They have also been recovered from the 
Lace kimberlite in the O.F.S., where olivine and cpx megacrysts 
are apparently also present (Pers.Comm. D.R. Bell & G. Read). 
Follow-up work on a suite of garnet megacrysts from Dokolwayo 
is reported by Moore et al. (1990). Apart from the presence of 
cpx megacrysts at some of the Barkly West localities (many of 
which may be from eclogites), none of the other common 
constituent phases of the Cr-poor megacryst suite have been 
found at these localities to date. 

A random sample of thirty garnets from each locality was 
selected for study from large collections of garnet megacrysts 
sampled from the coarse tailings dumps at the mines. Since 
this material had been processed through a primary crusher, all 
samples were less than 2 cm in longest dimension. The garnets 
are deep red in colour, highly fractured and usually have thin 
kelyphitic rinds developed on grain margins. Major element 
compositions were determined on a Cameca Camebax microprobe, 
using routine analytical procedures. Core-rim analyses on a 
number of test samples revealed no compositional zoning and 
consequently analyses were undertaken on grain mounts of chips 
taken from the megacrysts. Fifteen samples from each locality 
were selected for trace element analysis on the basis of Mg- 
number (M# = Mg/Mg+Fe atomic). Trace element analyses were 
undertaken on the proton microprobe at the CSIRO in Sydney, 
Australia. Details of this instrument and its application to 
the analysis of geological materials have been described by 
Griffin et al. (1988). 

In assessing the compositional characteristics of the 
garnets examined in this study, they are compared with a suite 
of Cr-poor garnet megacrysts from the Monastery kimberlite 
(Moore, unpublished data). This suite was chosen because it 
has been well documented and it is considered to be broadly 
representative of garnet megacrysts in Group I kimberlites. 

All seven suites show broadly similar compositional 
characteristics and a series of representative plots 
illustrating selected features is presented as Figure 1. 
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Figure 1; A selection of plots Illustrating typical compositional trends 

displayed by garnet megacrysts from Group II kimberlites. Compositional 

fields for Monastery garnets are Included for comparison. Monastery data 

from Gurney et al. (1979) and Moore (unpublished). 
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The "Group II" garnet megacrysts are on average more 
magnesian and chrome-rich compared to the Monastery suite. In 
general, M# ranges from 86 to 74 and chrome contents from 0.5 
to 3.5 wt% Cr203, but at Excelsior, Monteleo and the Phoenix 
Blow at Star Mine, chrome contents may be as high as 5 wt% 
Cr203. At all localities Cr203 shows an excellent positive 
correlation with M# (see Fig. la). Titatium contents are 
moderate to high (-0.5-1.2 wt% Ti02) and in all cases 
negatively correlated with M# (e.g. Fig. lb). The rapid 
depletion in Ti02 observed in the Monastery suite which 
correlates with the commencement of ilmenite precipitation 
(Fig. lb) is not evident in any of the suites examined. The 
garnets show a limited range in calcium (-3.5-5 wt% CaO) which 
is slightly larger than the even more restricted range commonly 
observed for garnet megacrysts in Group I kimberlites. They 
also show elevated trace levels of sodium (-0.03-0.13 wt% Na20) 
but typically, sodium contents are lower than at Monastery 
(Fig. Ic). Trace enrichments of Na20 in garnet have been 
correlated with high formation pressures (>45Kb) in eclogitic 
systems (e.g. McCandless & Gurney, 1989), and we believe this 
to be applicable here as well. 

In general, the trace element contents of the garnets show 
systematic variation patterns. This is well illustrated in 
Fig. 1(d) where the Ni content of the Monteleo garnets 
decreases from -150 to -30 ppm over the range of M# present. 
Similar trends were noted for the other localities and 
Monastery, although the Monastery trend is offset by lower 
values of M#. Zn contents typically range between 15 and 30 
ppm which is systematically lower than observed at Monastery 
(Fig. le). Zr (-50-100 ppm) and Y (-20-40 ppm) both show a 
good negative correlations with M# and as such mimic the 
behaviour of Ti02. This is illustrated by the good positive 
correlation observed between Zr and Ti02 in the Driekoppen 
garnets in Fig. 1(f). Ga contents show a general increase with 
Fe-enrichment, and are typically in the range 10 to 20 ppm. 

This preliminary study demonstrates that while the garnet 
megacrysts recovered from Group II kimberlites show similar 
basic compositional features to Cr-poor garnet megacrysts (such 
as restricted CaO & elevated Ti02), they differ in detail (Fig. 
1). The fact that most elements show systematic variations 
with M# (in particular Cr, Ti and Ni) appears to indicate that 
the garnets formed in an igneous fractionation process. 
Moreover, the behaviour of Ni (Fig. Id) almost certainly 
implies that olivine was part of the precipitating megacryst 
assemblage, while Ti trends indicate that ilmenite was absent. 
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DISTRIBUTION OF LAMPROITE PATHFINDERS IN SURFACE SOILS. 

Muggeridge, Maureen T. 

Moonstone Mines N.L., 251-257Hay Street, East Perth, Western Australia 6004. 

INTRODUCTION 

Using data from orientation surveys 

carried out in the monsoonal Kimberley 

Region of Western Australia at certain 

known lamproite localities (Fig.l), the 

limitations and potential of loam, anthill 

and geochemical sampling in diamond 

exploration are considered. Lamproites 

referred, to occur in flat geomorphic 

settings and are described in detail in 

Jaques et al. (1986). From this limited 

study, some general conclusions about 

sampling surface materials can be drawn, 

but expanded surveys are needed to obtain 

a thorough understanding of the 

distribution of diamond pathfinders in the 

surface environment and establish sound 

guidelines for exploration practice. FIGURE 1 Location of Lamproites 

ENVIRONMENTAL VARIABLES 

In order to assess the effectiveness of loam and geochemical sampling, various 

agents that control the environment containing primary host rocks of diamond 

must be considered. Some, of these factors may assist the survival and 

distribution of kimberlitic (i.e. any potentially diamond-bearing) material at 

the surface, whilst others have the opposite effect. In general, if degradation 

is occurring in the host terrain, a kimberlitic body is likely to be 

disintegrating and shedding debris into the overlying soil and local drainage. 

If aggradation is taking place, accumulation of alluvium may bury the body in 

such a fashion as to substantially reduce its surface expression. When burial 

is relatively rapid and/ or particularly deep the kimberlitic intrusive may be 

totally masked with scant mineralogical or geochemical expression in the upper 

soil horizon. Ant activity may, in certain cases, assist in maintaining 

detectable geological indicators at surface levels. 

METHODS 

Samples were collected from soil or anthills over lamproite bodies and at 

varying distances from their perimeters along traverse lines. 

LOAM SAMPLES 

The uppermost 1 cm of top-soil was collected for loam samples; where gravel 

debris was present samples were screened at 2 mm. The size of samples collected 

varied. Therefore, for comparative purposes, loam sample results in Table 1 

have been standardized to "number of indicators per kg of sample screened at 

minus 2 mm". Where practical, samples were taken at sites with the minimum of 

obvious disturbance from prior exploratory excavation which may have unnaturally 

increased the indicator content at surface. Loam samples were reduced to their 

heavy mineral component by Wilfley Table, heavy liquid and magnetic separation 

treatment and then examined for kimberlite/ lamproite indicator mineral content. 

ANTHILL SAMPLES 

The largest available anthill was selected, assuming a relationship between 

size and depth of ant excavation. The uppermost, latest built part of the 

anthill was sampled, as well as some anthill "scree" around its base. Anthill 

samples were processed in the same manner as for loam samples. 

GEOCHEMICAL SAMPLES 

Geochemical analysis was performed on material from many of the loam sample 

sites (Table 1). Samples were analysed for a range of elements associated with 

lamproites and kimberlites, including incompatible elements and those of 

ultramafic affinity. Two samples from the Ellendale area were collected to 

assess the geochemical background. 

RESULTS 

Heavy mineral and geo.chemical analysis results are given in Table 1. 

HEAVY MINERAL RESULTS 

The dominant indicator minerals are chromite and phlogopite, the former having 

the most frequent occurrence in samples, i.e. the best overall dispersion. 

Pyrope occurs in some samples from Ellendale No.18, Mount Abbott, Mount Noreen 

and Mount Cedric. Some samples from Mount Noreen contain potassic richterite, 

lamproitic diopside and chrome diopside, the latter also occurring in a sample 

from Mount Abbott. 



302 Fifth International Kimberlite Conference 

Where the 0.3-0.4inm size range was analysed in addition to the 0.4-2mm size, 

the recovery of indicator minerals is at least doubled in all cases where more 

than one indicator grain is present in the coarser fraction. 

Ellendale No.25, with a sandy overburden of 7m, yielded no indicators in 
either loam or anthill sample. Ellendale No.18, under 6m overburden, yielded 
some chromite in both samples, but pyrope only in the anthill sample. By 
comparison to the loam sample, a relatively small proportion of phlogopite is 
present in the anthill sample from Ellendale No.16, though the chromite content 

is similar. At Billys Bore West the ants' haul of phlogopite is similarly low 

by comparison to the loam sample. 

Mount Abbott, Mount Noreen and Mount Cedric yielded significant proportions of 

indicator minerals in central and peripheral zones over the bodies, with a 

rapid, steady tailing off of indicator content away from the margins. At Mount 

Noreen, however, there is a sudden increase in indicator levels 250m south of 

its margin, possibly due to a local concentrating effect or an underlying, 

undiscovered lamproite body. 

Samples from Machells Pyramid and Lissadell Road Dykes yielded only trace 

quantities of indicators. A further 3 chromites were obtained from one 
Lissadell sample by examining the 0.1-0.3mm size range. 
GEOCHEMISTRY RESULTS 

Most lamproites in this study show anomalous Mg, P, Ti, Ni, Sr, Zr, Ba and La 
in the overlying or nearby soils. Elements K, Ca, Cu, Zn, Rb, Nb, Ce and Nd are 

anomalous at or near some bodies. Values of several times background are 

obtained for some samples. Li, Co, Sc, V, Cr, Y, Mo and Th give rare or more 

subtle variance from background. The dispersion halo of anomalous elements 
around the lamproites sampled is in no case extensive, distances from the 

periphery not exceeding the breadth of the body, in agreement with findings of 

Haebig & Jackson (1986). At Mount Noreen, anomalous values for most elements 

occur around 250m south of the known intrusion, at a point where indicator 

levels are also exceptionally high. As the extent of dispersion appears 

abnormal, the case for a concealed lamproite here is considerably strengthened. 

DISCUSSION AND CONCLUSIONS 

Remote sensing and geophysical techniques have serious limitations in that 

anomalous responses are unqualified. Additionally, the most broadly applied of 

these methods, magnetics, is relatively insensitive to pyroclastic phases and, 

when the host environment is strongly magnetic, to kimberlitic rocks in general. 

Some conclusive indication at surface of the presence of a concealed kimberlitic 

body is extremely important when prospecting for diamonds. Sampling of surface 

soils is thus a valuable prospecting tool. For optimum results, however, it 

must be applied with discrimination and sound understanding of environmental 

influences. 

This limited survey has the following implications, which need substantiation 

by further investigations:- 

1. Indicator mineral yield is increased significantly by examining the grain 

size range below 0.4mm. 

2. Dispersion halos, even for large exposed bodies, and especially where 

overburden masks the intrusion, may extend only a few hundred metres beyond the 

margin. Therefore, when planning loam and geochemical sampling programme's, 

careful consideration should be given to choosing the appropriate sampling 

interval. 

3. Anthill samples, in this study, did not yield higher quantities of 

indicators than loam samples. Total reliance on anthill samples alone is 

therefore inadvisable. Ants appear to selectively excavate certain minerals. 

This may be useful in certain cases and requires investigation. 

4. Geochemical analysis of a broad selection of elements should increase the 

chance of detecting a concealed diamond host rock. 

Particular indicators known to survive well in the soil horizon may be 

relatively uncommon in the host rock. Possible variations in source mineralogy 

that will have a bearing on the types and concentrations of indicators in 

associated soils should be considered when planning exploration surveys and 

assessing loam and geochemical results. 

Correct selection of the type, size, spacing and treatment of surface samples 

for diamond exploration depends upon an understanding of the distribution of 

diamond pathfinders in regolith. Detailed, broad-based studies involving all 

known diamond lithologies and a variety of environmental settings are needed to 

determine reliable sampling methods for diamond exploration. 
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PRESSURE - TEMPERATURE - VOLUME PATH OF 
MICRO-INCLUSION-BEARING DIAMONDS. 

Oded Navon. 

Institute of Earth Sciences, The Hebrew University, Jerusalem 91904, Israel. 

Bulk composition, mineralogy, and internal morphology of 
micro-inclusions in cubic and coated diamonds, suggest that 
they represent an H^0-C02-Si02-K20-rich fluid, trapped by the 
diamonds during their growth. However, the depth and 
temperature of their formation have remained unclear. Some 
authors suggested that micro-inclusion-bearing (MIB) diamonds 
grew as phenocrysts from their host kimberlite, or from a 
fluid phase that separated from it. Others preferred a more 
complex evolution at depth. 

P-T conditions of diamond formation are commonly 
constrained using mineral equilibria between primary 
crystalline inclusions. Unfortunately, no such inclusions 
have been found in cubic diamonds, except for one report of a 
sanidine inclusion in the coat of a coated diamond (Novgorodov 
et al., 1990). The micro-inclusions themselves contain 
crystalline quartz, apatite, carbonates and phyllosilicates 
(Guthrie et al. 1989) , but these are probably secondary phases 
that grew from the trapped fluid at a later stage. 

Infrared spectroscopy of inclusion-rich zones in the 
diamonds did not reveal the characteristic quartz absorption 
bands at 779 and 798 cm'^ (Navon et al., 1988). Following the 
identification of quartz by TEM, the infrared spectra were re¬ 
examined and it is proposed here that the bands at ca. 784 and 
811 cm'^ (Figure 1) are quartz absorption bands that were 
shifted to higher energies as the result of high internal 
pressure currently existing in the inclusions. 

Using a diamond anvil cell, Velde and Gouty (1987) 
calibrated the shift of the 779 and 798 cm'\ and other bands 
of powdered quartz as a function of pressure. The MIB 
diamonds also contain small grains of quartz inside a diamond 
matrix and are a very close analog of the diamond cell 
experiment. The recorded positions of the quartz bands in 25 
diamonds was recorded using the Nicolet SX60 FTIR in Prof. 
G.R. Rossman*s laboratory at Caltech. Figure 1. presents the 
result together with the pressure calibration of Velde and 
Gouty. The energy shift of both bands correspond to pressures 
of 1.6-2.1 GPa (16-21 kbar). 

Such high internal pressures should effect other bands as 
well. The broader bands at ca. 475 and 525 cm'^ are consistent 
with about 2 GPa pressure shift of the 464 and 515 cm‘^ bands 
of quartz (Velde and Gouty, 1987). It must be noted, however, 
that many silicates absorb in this region and the bands may be 
related to the presence of other phases. Carbonates are also 
present in the micro-inclusions. EDS analyses by both TEM 
(Guthrie et al. 1989) and electron probe (Navon, this volume) 
show that they contain Ca, Mg, and Fe. Since no IR data exist 
for complex carbonates at high pressure, it is impossible to 
uniquely identify the carbonate phases, or to use them as a 
barometer. No high pressure IR data has been found for 
apatite. 
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The high pressure within the micro-inclusions is, to the 
best of my knowledge, the highest pressure ever recorded in 
any fluid inclusion. The preservation of this high internal 
pressure was probably enabled by the small sizes of the 
inclusions combined with the high strength of the diamond. 
Larger inclusions would probably lead to decrepitation of the 
diamond matrix (Taylor, 1985). Extrapolating Taylor's 
decrepitation model to sub-micrometer size inclusions, it 
seems likely that the stress applied by the micro-inclusions 
can be accommodated elastically by the diamond. 

Guthrie et al. (1989) found euhedral crystals within the 
inclusions. In no case the crystals filled the entire volume 
of the inclusions. These observations and the detection of 
water by IR strongly suggest that the pressure within the 
inclusions is hydrostatic exerted by water. If so, and if the 
inclusion volume is conserved, a pressure - temperature path 
may be calculated along a water isochore. The isochore 
assumption is reasonable as diamond compressibility is small 
and its high Young's modulus ensures small elastic response to 
removal of confining pressure during eruption. Both are 
almost fully compensated by thermal expansion. Rough 
calculations predict volume changes of less than a few 
permilles. A less founded assumption is that precipitation of 
the crystalline phases do not introduce significant volume 
changes. 

At 1.8 GPa, 23 C, water freezes to ice VI with specific 
volume of 0.71 cm^/gr. The shape of the IR water band does not 
resemble that of ice VI. It looks similar to that of liquid 
water. This is probably because the large surface/volume 
ratio of the micro-inclusions and their high solute content 
prevent freezing. In that case a specific volume of 0.77 
cm^/gr is estimated from the metastable extension of liquid 
water compression data (Liu, 1982). This volume may now be 
used with a suitable equation of state to predict pressures at 
high temperatures. 

The MRK equation of Holloway (1981) cannot be extrapolated 
to such small volumes. That of Kerrick and Jacobs (1981) 
yields unreasonably high pressures. Both were fitted only to 
low-P data (<8 kbar). Taylor (1985) suggested a new 
modification for use at high pressures. Saxena and Fei (1987) 
used shock wave and low-P data to fit a virial equation of 
state. The resullant P-T paths are presented in Figure 2. 
When heated to reasonable temperatures (1000-1200 C) the 
internal pressure in the inclusions falls very close to 
pressure estimates for South-African diamonds (Boyd and 
Gurney, 1986, Meyer, 1987). 

Based on the shift of the IR absorption of quartz, an 
internal pressure of 1.6-2.1 GPa is estimated for micro¬ 
inclusions in diamonds at room temperature. The inclusion 
volume is similar to their volume at high P and T. Neglecting 
volume changes due to precipitation of solid phases from the 
initial fluid, the water isochore intersects the geotherm at a 
pressure range that is typical of most diamonds. This is in 
agreement with additional observations that strongly suggest 
that MIB diamonds were formed within the diamond stability 
field in the upper mantle and not as a metastable phase. The 
high internal pressure is also a clear indication that most 
inclusions remained sealed, preserving the original, unaltered 
fluid from which the MIB diamonds grew. 
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Figure 1. Peak wavenumbers of two IR absorption bands of 
quartz in micro-inclusions in diamonds. The scaled line 
indicates the pressure shift of the two bands, determined 
experimentally by Velde and Gouty (1987). The quartz in the 
inclusions is under 15-21 kbar. 

Figure 2. P-T path of MIB diamonds. Solid lines - isochores 
for water with specific volume of 0.77 cm^/gr. S+F - Saxena 
and Fei, 1987; T - Taylor, 1985. Dotted line - Graphite- 
diamond transformation, dashed line - the 40 mW/m^ geotherm. 
Crosses - P-T condition of diamonds with crystaline silicate 
Inclusions (Meyer, 1987). 
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RADIAL VARIATION IN THE COMPOSITION OF MICRO-INCLUSIONS AND THE 

CHEMICAL EVOLUTION OF FLUIDS TRAPPED IN DIAMONDS. 

Oded Navon. 

Institute of Earth Sciences, The Hebrew University, Jerusalem 91904, Israel 

Many coated and cubic diamonds from Zaire, Botswana, and 

other localities carry multitudes of sub-micrometer inclusions 

that contain H20-C02-Si02-K20-rich fluids. The complex internal 

structure, and the high internal pressure within the 

inclusions (Navon, this volume) strongly suggest that the 

inclusions are primary and that the diamonds grew from the 

same fluid. If so, the chemical evolution of the trapped 

fluid may be followed by studying the chemical variation of 

the micro-inclusions along a radial profile. 

More than hundred individual inclusions were analyzed 

along an approximate radial direction in a diamond from 

Jwaneng, Botswana. ON-JWN-87 is a 5.6 carat (1121 mg), grey 

cubic diamond. A 1 mm thick wafer cut parallel to (100) 

reveals internal radial zonation. The center of the diamond 

is free of inclusions. It is surrounded by a 1.8 mm wide 

opaque zone where most inclusions are found. The next 0.16 mm 

wide zone is inclusion-free, and is followed by a 0.45 mm wide 

translucent band with lower density of inclusions. The outer 

0.5 mm is again free of micro-inclusions. 

Analyses were performed using a JEOL JXA 8600 electron- 

microprobe. A focused, 15 KV, 50 nA beam scanned a 0.5x0.5 /xm 

area (large enough to cover the whole inclusion). Data were 

collected for 100 seconds using an EDS and four WDS spectro¬ 

meters, and reduced using a full ZAF correction. Total oxide 

content varied between 1-33 wt% (average: 5%). Compositions 

were finally normalized to total oxide content of 100%. The 

X-Y coordination of each analysis spot was recorded and was 

later projected to calculate the radial position of the micro¬ 

inclusion. 

Most analyses yielded an average composition which is 

broadly similar to that obtained in previous ion-probe 

analyses (Navon et al.. 1989). Twelve inclusions deviate 

significantly from the average composition. Ten of them have 

very high oxide content (12-33%), and their composition seems 

to represent discrete mineral phases. Three are rich in CaO, 

MgO, and FeO (>85%) with Ca>Mg+Fe, and Mg>Fe. They are 

interpreted as ferroan dolomites. One is rich in FeO and MgO 

and is probably a magnesian siderite. Three Si-Fe-Mg-Ca-rich 

inclusions have an approximate formula of (Fe, Mg, Ca)Si205 and 

are probably a mixture of carbonate.and quartz^ phases that 

have been previously identified by TEM in the coat of a coated 

diamond (Guthrie et al.. 1989). The composition of two Si-Mg- 

Fe-K-Al-rich inclusions is close to that of phlogopite. One 

Si-Ti-rich inclusion was also found. 

The composition of all other micro-inclusions was plotted 

against their radial position (Figure 1). SiO^ and CaO 

exhibit clear, opposing trends. CaO content increases 

outward in the internal, inclusion-rich part of the diamond 

and decreases sharply in outer band. Si02 decreases in the 

inner zone, and then increases in the outer zone. FeO, MgO 

and to a lesser degree Na^O follow the CaO trend (with 

Mg/(Mg+Fe) almost constant at 0.52+0.05). Ti02, AI2O3, and to 

a lesser extent K2O follow the trend of Si02. The trends are 
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better defined in the outer band. The distinction between the 
two groups of elements was also recognized in a cursory 
profile done in another diamond. 

The chemical evolution of the fluid may be the result of 
melting, crystallization, or phase separation in a system that 
may include silicic, carbonatitic, and hydrous fluids. I 
believe that the complex growth history of micro-inclusion¬ 
bearing diamonds, the extreme enrichment in incompatible 
elements, the low Mg/Fe ratio of the fluid, and, as shown 
below, the chemical evolution of the trapped fluid can be best 
explained by fractional crystallization of melt at depth. If 
so, the nature of the crystallizing phases may be deduced from 
the compositional evolution of the trapped fluid, as recorded 
in the micro-inclusions. 

The increase in CaO and decrease in Si02 content in the 
inner zone suggest the crystallization of a Ca poor silicic 
phase. Extrapolation of the linear regression fits of Figure 
1 to CaO=0 yields the following approximate composition for 
the crystallizing phase(s) : Si02, 50%; Ti02, 10%; K2O, 10%; 
AI2O3, 10%; MgO, 9%; FeO, 6%; and no Na20. This composition is 
broadly similar to that of phlogopite, except for the low MgO 
content. It is suggested that removal of phlogopite, coupled 
with dissolution of a MgO-rich phase controlled the evolution 
of the fluid during the stage in which the inner, inclusion- 
rich zone grew. 

The chemistry of the outer zone calls for the 
crystallization of a CaO-rich, silica poor phase. Similar 
extrapolation to SiO2=0 suggests the removal of a phase(s) 
with the following composition: CaO, 38%; FeO, 21%; MgO, 15%; 
K20, 15%; and small quantities of TiO^, AI2O3, and Na20 (<3%) . 
Except for the high K2O, the composition is that of a ferroan 
dolomite, with Ca:Mg:Fe equals 100:56:44. At present, I can 
offer no explanation for the almost constant K2O concentration 
along the profile. 

It is suggested that the fluid trapped in the micro¬ 
inclusions during the growth of the diamond represents a 
water-carbonate-rich melt. This melt cooled and evolved under 
pressures and temperatures of the diamond stability field in 
the upper mantle. The primary melt was rich in incompatible 
elements and was probably similar to kimberlites and 
lamproites. In the final stages, the residual melt was 
extremely enriched in water, carbonate and incompatible 
elements, and acquired a very low Mg/Fe ratio. Diamond 
precipitation commenced during these late stages. It was then 
accompanied by phlogopite, and later by carbonates. In a few 
rare cases, these solid phases were also included in the 
growing diamond. As shown in Figure 2, there exists a good 
correlation between the chemical trends revealed by the fluid 
and the composition of the solid trapped phases. 

CaO, MgO and FeO make about 45% of the total weight of 
oxides in the inclusions. This, and the high concentration of 
carbonate detected by IR suggest that the residual fluid was 
carbonatitic in nature, and that at high pressure, 
carbonatitic fluids with high content of water and K2O may 
dissolve appreciable quantities of silica (cf. Baker and 
Wyllie, 1990). The coexistence of carbonate and diamond 
buffers the oxygen fugacity close to the QFM buffer (Blundy et 
al.. 1991) suggesting that micro-inclusion-bearing diamonds 
were formed under relatively oxidizing conditions. 



Extended Abstracts 309 

Acknowledgements. I thank J.W. Harris and DeBeers for the 
diamond, D. Szafranek for EPMA, and Summer for review. 

Baker, M.B., and Wyllie, P.J. (1990) Liquid immiscibility 
in a nepheline-carbonate system at 25 kbar. Nature, 
346, 168-170. 

Blundy, J.D., Brodholt, J.P., Wood, B.J. (1991) Carbon 
fluid equilibria and the oxidation state of the mantle. 
Nature, 349, 321-324. 

Guthrie, G.D., Navon, O., Veblen, D.R., (1989) Analytical 
and transmission electron microscopy of turbid coated 
diamonds (abst). EOS, 70, 510. 

Navon, O., Spettel, B., Hutcheon, I.H., Rossman, G.R., 
Wasserburg, G.J. (1989) Micro-inclusions in diamond 
from Zaire and Botswana. Extended Abstracts, Workshop 
on Diamonds, 28 International Geological Congress, July 
15-16, Washington, DC. 

Figure 1. Normalized oxide concentrations vs. radial distance 
(measured from the boundary between the central zone and the 
inclusion-bearing inner zone). Lines - Linear regressions of 
the data in each zone. 

Figure 2. a. Alp03-Si02-K20 of inclusions in the inner zone 
(horizontal scale expended) . Diagonal line - Al203-Si02-K20 

along the regression line of Fig. 1.; the direction of 
compositional evolution with time/radius is indicated by the 
arrow. Sub-horizontal line - the trend in the outer zone. 
Solid circles: phlogopitic micro-inclusions in the diamond. 
Rectangle: phlogopites in Western Australian lamproites 
(Jaques et al.. 1986). b. Ca-Mg-Fe molar proportions in outer 
zone inclusions (asterics and vertical line and arrow). The 
right arrow indicates the location and direction of the line 
representing the trend in the inner zone. Composition and 
direction of the outer zone inclusions may be produced by 
dolomite removal. Squares-dolomitic inclusions, open circle- 
sideritic inclusion, filled circles-phlogopitic inclusions. 
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Cr GARNET - DIAMOND RELATIONSHIPS IN VENEZUELA KIMBERLITES. 

Nixon^^l P.H.; Grifftn^^\ WL.; Davies^^\ G.R. and Condliffe^^\ E. 

(1) Department of Earth Sciences, University of Leeds, Leeds LS2 9JT; (2) CSIRO, Division of Exploration 

Geoscience. PO Box 136, North Ryde, Australia 2113; (3) Department of Geological Sciences, University of Michigan, 

Ann Arbor, MI48109-1063, USA. 

A swarm of NNW-trending kimberlite dykes and sills in the 
Guaniamo area of Bolivar Province occupy the NW portion of the 
Guyana Craton. They are the oldest kimberlites so far recorded 
(ca. 1.9 Ga) and have petrographic features and chemistry 
(taking into account tropical weathering) of Group 1 
macrocrystic olivine monticellite kimberlite. Overlying 
alluvials contain diamonds derived wholly or in part from these 
kimberlites and not from the Roraima sedimentary Group as 
previously believed. 

Heavy mineral concentrates contain high proportions of 
coarse octahedral spinel (up to 66.6% Cr203) and a few show 
alteration to yimengite, K(Cr, Ti, Fe, Mg, Al)2^205 (second 
recorded occurrence) attributed to metasomatism within 
harzburgitic rocks near the base of the lithosphere. No 
peridotite xenoliths were found other than small aggregates of 
Cr pyrope and serpentinised olivine. 

Chromium garnets (red, purple; green) are abundant and 
include harzburgitic, Iherzolitic and wehrlitic varieties (CaO 
“ < 2-24 wt %; Cr203 up to 14 wt %, Fig 1) i.e. an extremely 
wide range from only a few kimberlite specimens. Model Sm/Nd 
isotope ages determined on two single grains of subcalcic 
(harzburgitic) pyrope are ca. 2.6 Ga. These grains show 
chondrite normalised humped REE patterns with peaks at Nd (6 x 
chondrite) which are similar to those reported by Shimizu and 
Richardson (1987) for subcalcic garnet inclusions in South 
African diamonds. The subcalcic nature of the garnet implies 
formation in a harzburgite that had suffered a large degree of 
melt extraction. The REE enrichment and 2.6 Ga Nd model age 
record an ancient trace element enrichment event that preceded 
or accompanied diamond formation. In contrast, two calcic 
(Iherzolitic) garnets show smooth LREE depleted patterns 
signifying a different involvement in the evolutionary events 
of the craton notwithstanding a similar model Sm/Nd isotope age 
(2.6 Ga). 

A single diamond inclusion was notable in being a calcic 
pyrope (CaO = 5.17; Cr203 = 5.18 wt %). Two others (courtesy 
of H.O.A. Meyer) from unspecified Venezuela localities are 
normal subcalcic (GIO) varieties. Application of Ni 
thermometry to all three grains gave temperatures of c. 1300°C 
which are considerably above those of concentrate garnets 
(maximum 1050°, Fig 2). 
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The twin peaks shown in Figure 2 represent a group of low 
temperature (750-900°C) i.e., shallow, predominantly low Cr 
calcic Iherzolitic garnets and a group of higher temperature 
(900-1050°C) high Cr lower Ca Iherzolite-harzburgite garnets. 
Within the latter group there is some evidence that Iherzolites 
may be interspersed with more depleted harzbugites within the 
lithosphere (cf. Boyd and Nixon, 1988), a situation reflected 
by the limited diamond inclusion data above. Four subcalcic 
garnets close to GIO composition fall within the temperature 
range 900-1000“C compared with the normal South African range 
of 1000-1150“C. 

Assuming a Kaapvaal-type geotherm, the proportion of 
garnets derived from the basal lithosphere diamond zone (950- 
1250"C range) is low considering the observed high diamond 
grades. One possibility is that the ambient geothermal 
gradient in this part of the Guyana Craton was shallower 
(cooler) at the time of kimberlite eruption compared with that 
in the Kaapvaal Craton. 

The difference in temperatures indicated by the garnet 
inclusions in diamond (closed system) and those from the 
concentrates (open system harzburgites, Iherzolites etc) could 
represent the degree of cooling between the time of diamond 
formation (garnet encapsulation) at 2.6 Ga and eruption at ca. 
1.9 Ga. 

Ca0-Cr202 composition 
fields or chromium 
garnets in Guaniamo 
kimberlites, Venezuela. 
The medium to low Ca 
field is represented by 
123 garnet analyses. 
Traversing this field 
the sloping dotted 
lines embrace the field 
of Iherzolite garnets, 
with that of wehrlites 
above and dunite- 
harzburgites below 
(Sobolev et al. 1973). 
Non Venezuela data 

after Schulze, 1989 . 
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Figure 2 Composite histogram of for 48 Cr pyropes from 
Guaniamo kimberlites. Tne "twin peaks” represent 
Iherzolitic and Iherzolitic + harzburgitic type 
garnets (low and higher temperature ranges 
respectively); the three high temperature garnets 
are diamond inclusions. 
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THE COMPOSITION OF PARTIAL MELTS IN A VOLATILE BEARING, 

REDUCED MANTLE. 

OdIing^^\ N.WA.; Green^^\ D.H. andHarte^^l B. 

(1) Dept, of Geology and Geophysics, University of Edinburgh, West Mains Rd., Edinburg Scotland EH9 3JW, U.K.; 

(2) Dept, of Geology, University of Tasmania, G.P.O. Box 252C Hobart, Tasmania, Australia. 

The migration and reaction of partial melts (PM) and/or 
volatile dominated fluids have been commonly invoked to 
explain chemical enrichments apparent in many upper mantle 
xenoliths, and such processes are inferred to be important in 
generating different melt compositions and types of magmatism. 
In considering these processes it is crucial to understand the 
relationship between the intensive variables pressure (P), 
temperature(T) and fO^, and the character of the melts/fluids 
produced. The determination of the chemical character of PM 
by direct melting of peridotite in experiments is difficult 
because crystal growth during quenching severely modifies the 
composition of the interstitial melt. Thus, despite their 
perceived importance very little is known about the 
composition of PM as a function of P,T,f02 and percentage 
volatile present. 

Determination of partial melt compositions 

In partial melting experiments crystal growth during quenching 
renders the resultant glasses unrepresentative of partial 
melts present at high pressure and temperature (Green, 1976). 
In an attempt to circumvent this problem, and so achieve 
representative partial melt compositions, Stolper(1980) 
devised the 'sandwich technique' in which a layer of basalt is 
placed next to the peridotite to increase the modal proportion 
of partial melt (basalt) within the charge. During quenching 
the melt composition is modified only adjacent to crystals and 
so large areas of glass separated from crystal rich areas will 
preserve the equilibrium melt composition. This approach, 
however, suffers from two limitations: 

(1) the peridotite and the melt composition used in the 
basalt layer must be genetically related; 

(2) a particular basalt composition can only be used over a 
restricted temperature range before crystallization 
results in amounts of melt too small to preserve the 
equlibrium melt composition. 

Where such compositional pairs are available this technique 
has been employed to examine the position of 'dry' cotectics 
in P/T/compositional space (e.g. Falloon et al.,1988). In 
contrast, the compositions of melts generated by the melting 
of 'wet' peridotite (either fluid saturated or fluid 
undersaturated) are poorly constrained. The use of the 
sandwich technique to determine the character of partial melts 
of 'wet' peridotite requires knowledge of not only the oxide 
composition of a suitable partial melt but also both the 
nature and amount of volatile species held in solution. As 
these are poorly constrained the sandwich technique presents 
significant problems in its application to the study of 
partial melting of peridotite in the presence of volatiles. 

Determination of EPM by Melt inclusion Synthesis: A New 

Technique. 

In order to examine the compositions of equilibrium partial 
melts (EPM) of volatile bearing peridotite we have devised a 
technique in which EPM are isolated from the bulk of the 
charge as inclusions in olivine. Olivine plugs were cut from 
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San Carlos olivine(Fogg), fractured by thermal stressing and 

placed adjacent to peridotite mix within a carbon capsule. 

This was then sealed in an outer Pt capsule along with a 

buffer assemblage of WC, WO^, WS2 and C and a stearate fluid 

source. This arangement maintaines the f02 at approximately 

one log unit above the buffer reaction iron-wustite and the 

fS2 one log unit above the reaction of iron to troilite. The 

volatile fraction of the fluid consists of a H^O-CH^ mixture 

and under fluid saturated conditions is maintained at a 

constant species ratio by the buffer assemblage. Any melt 

and/or fluid generated migrates into the fractures in the 

olivine plug where become entrapped as inclusions up to 100|im 

in diameter generally of negative euhedral form. 

Run conditions and Results. 
Experiments were performed in a piston-cylinder aparatus at 

20kbar/1175“C. The charges consisted of Hawaiian pyrolite 

'fertile' peridotite minus 40% olivine component 

(Fe/(Fe+Mg)=0.87) combined with bulk volatile contents of 1, 5 

and 20 wt.% (runs ED63, ED58 and ED65 respectively). In each 

case the experiments resulted in charges consisting of melt 

plus crystals all including olivine as an equilibrium phase. 

The host olivine plug showed in each case a single population 

of inclusions containing melt only. Analysis of the inclusion 

glasses (open symbols offigure 1.) shows that they have been 

modified to varying extents by inward growth of the walls of 

the inclusion. Assuming that the the Fe/Mg partitioning 

relationship between volatile bearing melt and olivine is the 

same as that between dry melt and olivine (Roeder and 

Emslie,1970) it is possible to restore the inclusion melt 

compositions by the addition of olivine until equilibrium with 

the primary olivine of the charge is reached. The calculated 

compositions are given in Table 1. and are plotted in figure 

1. (closed symbols). Given here are the results of three 

experiments in which the melts co-exist with a residual 

mineralogies of amphibole Iherzolite (ED63,estimated 5% melt), 

Iherzolite (ED58,estimated 20% melt) and harzburgite 

(ED65,estimated 40% melt). The melt compositions calculated 

vary with percentage fluid added to the charge as follows: 

1% fluid - nepheline normative picrite (Fe/(Fe+Mg)=0.74); 

5% fluid - mildly hypersthene normative (Fe/(Fe+Mg)=0.75); 

20% fluid - mildly quartz normative (Fe/(Fe+Mg)=0.76). 

The variety in melt composition is clearly the result of the 

migration of the cotectic positions as the phase field of 

olivine expands with increasing volatile content. Both the 

nepheline and hypersthene normative melt compositions lie 

between the 20 and 25 kbar cotectics and their extensions 

defined for 'dry' hawaiian pyrolite by Falloon et 

al. (1988) (Figure 1.) . The small implied shift of the cotectic 

positions for these fluid contents towards higher normative 

olivine contents is probably due to pressure uncertainties as 

Taylor and Green(1987) have detailed a depolymerizing effect 

for CH^ similar but subordinate to H2O. The quartz normative 

composition obtained by melting with 20% added volatile is 

consistent with a large expansion of the olivine phase field 

as might be expected from the addition of a large ammount of 

depolymerizing mixed volatile. 

The results presented here are preliminary but clearly 

demonstrate that under constant temperature, pressure and f02 

the liquids generated by partial melting of peridotite can 

vary from substantially nepheline normative through 

hypersthene to quartz normative compositions. It follows that 

in addition to temperature, pressure and f02 it is important 
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to consider the amount of volatile present in determining the 
genesis of any magma for which there is evidence for a role 
for volatiles. 
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Table 1. Calculated partial melt compositions. 

Si02 Ti02 ^^2^3 ^^2^3 FeO MgO CaO Na20 K2O MnO Total 

ED63 46.45 5.92 17.93 0.10 6.00 9.06 8.11 4.06 1.94 0.19 99.76 

ED58 47.53 3.16 12.76 0.14 8.48 14.32 10,72 1.95 0.67 0.04 99.77 

ED65 50.98 1.77 13.35 0.36 7.46 12.60 12.38 0.50 0.34 0.18 99.92 

Figxire 1. 

CIPW Normative projection from diopside onto the plane Jd+CaTs-Qz-Ol. 

Dashed lines indicate the position of Olivine+orthopyroxene+clinpyroxene 

cotectics for 2-25 kbar (after Falloon et al., 1988) . 

Open symbols: melt inclusion analyses. 

Closed symbols: Calculated average liquid compositions of Table 1. 
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GEOCHEMICAL AND GEOPHYSICAL MANTLE DOMAINS. 

O’Reilly, Suzanne Y.; Griffin, and Chen, 

(1) School of Earth Sciences, Macquarie University, Sydney, NSW 2109, Australia; 

(2) CSIRODiv. of Exploration Geoscience, Box 136, N Ryde, NSW 2113, Australia. 

Geochemical Domains 
Geochemical Characteristics 

Four mantle domains within the spinel Iherzolite stability field have been 
characterized geochemically using a large sampling base of xenoliths entrained in basaltic 
rocks. Regions sampled are from eastern Australia and eastern China; xenoliths analysed 
range from spinel Iherzolite (metasomatized to varying degrees) to granulites and pyroxenites 
(frozen basaltic magmas and cumulates thereof). 

Three regions of eastern Australia define isotopically distinct domains in 

eNd/^^Sr/^Sr space. The most comprehensive data set, from western Victoria, shows a 

wide spread of values from around 8Nd=6.5,87Sr/86Sr= .703 extending in a mixing 

hyperbola to extremely ’’enriched’’ values (eNd= -8, 87Sr/86Sr= .716). The NSW and Qld 

domains trend off the mantle array towards high 87Sr/86Sr values but define separate fields. 
Additional constraints for models of geochemical evolution are provided by the isotopic 
characteristics of suites of granulites and pyroxenites. Many of these formed within the 
mantle by crystallization of melts with a crustal isotopic signature. These melts formed 
within a mantle volume already metasomatized and imprinted with ”subduction-type” 
isotopic signatures. This ties in with eastern Australia’s tectonic history which has involved 
multiple rifting and collision episodes during the Phanerozoic. 

Xenoliths from the Nushan (China) region show a high degree of modal 

metasomatism. However, these xenoliths shows no pronounced ^^Sr/®^Sr enrichment;this 
must reflect the addition of fluids with a primordial or, at least, mantle-array isotopic 
signature. 

Metasomatic processes 
To assess the significance of the geochemical characteristics of continental lithospheric 

mantle, we have carried out a detailed study on a suite of spinel Iherzolite xenoliths from the 
western Victoria domain, southeastern Australia (O’Reilly et al, 1991). These xenoliths are 
samples of the lithospheric mantle, showing varying degrees of metasomatism. Forty carefully 
selected whole rock spinel Iherzolites have been analyz^ (using a variety of techniques) for 
major and trace elements and over thirty for Nd and Sr isotopic composition. Twelve of these 
were chosen for proton-microprobe analysis to establish the distribution of trace elements in 
coexisting phases of cryptically and modally metasomatized Iherzolites. To assess mass 
balance, the modes of the spinel Iherzolites analyzed by proton-microprobe were calculated 
using the whole-rock composition and electron-microprobe analyses of constituent minerals. 
Mass balance was established within error limits for all rocks where interstitial glass was not 
present. This indicates that few of the LIL elements reside in "interstitial sites" or as grain¬ 
boundary coatings, but are contained in metasomatic phases. 

(i) This work demonstrates that the trace-element abundances and patterns of mantle 
rocks are controlled primarily by the crystal chemistry of metasomatic phases (cryptically- 
metasomatized clinopyroxene + amphibole, mica, apatite). The variable distribution of these 
volatile-bearing phases in space and time results in a decoupling of major, minor and trace 
elements during metasomatism, mainly reflecting crystal/fluid partitioning. For example, Nb is 
restricted to amphibole or mica-bearing rocks and Sr, REE, Pb, U and Th are most enriched in 
rocks containing modal apatite. 

(ii) Open-system crystallization has taken place, with the mode of the rock 
determining the bulk KD between rock and fluid. If no volatile-bearing phases are formed 
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(amphibole, mica or apatite), uptake of LIL and HFS elements is limited by the capacity of 
clinopyroxene to accept these elements. 

(iii) The trace element characteristics of some of the mantle rocks are similar to those 
typically ascribed to "crustal contamination" of melts. This applies to LREE, Zr and Ba 
abundances, and even isotopic signatures, for the western Victorian mantle. 

These results have important implications for contamination of small-volume, apparently 
primitive or primary magmas, including most continental alkali basaltic types. The LIL and 
HFSE trace elements in modally metasomatized mantle rocks are concentrated in phases which 
are less refractory and more easily broken down in heating events (e.g. along magma conduits). 
When these phases break down, the trace elements cannot be accepted into the residual 
Iherzolite phases and are therefore partitioned into melt, providing very easy contamination of 
ascending or infiltrating magmas. Therefore, the heterogeneity observed in the trace element 
patterns of sequences of continental basaltic rocks does not necessarily reflect source 
heterogeneity. It may merely be the cumulative imprint of varying degrees of contamination by 
different types of metasomatized lithospheric mantle. 

Geophysical Domains 
Data from xenoliths are also crucial in interpreting remotely-sensed (geophysical) 
information on the lithospheric mantle including thermal, magnetic, seismic, gravity, 
electromagnetic properties. Measurements of acoustic velocities of mantle xenoliths 
(O'Reilly et al., 1990) and characterization of thermal states have allowed realistic modelling 
of seismic profiles to define the fine structure of the crust-mantle boundary and lower 
crust/upper mantle stratigraphies in cratonic and non-cratonic lithosphere Sections. 

Results show that the thermal profiles of lithospheric sections must be known to model Vp 
profiles realistically. In addition, the conventional use (by seismologists) of dunite as a 
generalized mantle wall-rock results in overestimates of mantle Vp. The variable anisotropy 
(up to 10%) in acoustic velocities measured in moderately foliated mantle rocks may account 
for enigmatic seismic reflectors in mantle regions, especially at boundaries of large-scale 
tectonic blocks. 

Integration of petrologic, geochemical and geophysical data can provide a holistic models for 
the structure and evolution of different lithospheric domains ..Many significant mantle events 
appe^ to be coupled to tectonic episodes observed in crustal layers. This methodology can 
be used to identify large continental blocks with contrasting chemical and physical properties 
relevant to the formation and preservation of diamonds. 
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DIAMOND GROWTH HISTORIES REVEALED BY CATHODOLUMINESCENCE AND 
CARBON ISOTOPE STUDIES. 
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The internal macro-structures of large (>2 carats) 

diamond crystals from four southern African kimberlites have 

been characterized using cathodoluminescence (CL) techniques, 

and the variation of carbon isotope composition within some of 

the crystals has been determined using the Edinburgh 

University/NERC ion microprobe. 

Eclogitic and peridotitic inclusion suite diamonds from 

the Premier mine and peridotitic diamonds from Bultfontein, 

Finsch and Koffiefontein mines were investigated. The 

diamonds were halved along the cubic plane {lOO} and polished. 

The CL characteristics of the polished faces were 

investigated using both Technosyn and Nuclide optical 

cathodoluminescence systems as well as a Cambridge S180 SEM 

with a CL detector. Most of the diamonds are zoned with 

respect to CL. The zones presumably reflect variations in 

impurity content and distribution (e.g. nitrogen, see Davies, 

1979), but the nature of the variation is unknown in detail. 

The CL zoning indicates complicated histories of periodic 

growth with some phases of resorption. Alternations of cuboid 

and octahedral growth occur (Lang, 1974) in some crystals. In 

some cases, the cuboid growth orientation appears to result 

from simultaneous growth on two small octahedral faces. The 

three-dimensional manifestation of such growth would be an 

average growth surface roughly parallel to a rhombic- 

dodecahedral face. Well defined CL zones sometimes truncate 

one another. Some truncations suggest resorption as shown by 

rounding-off of the corners of inner CL growth zones by an 

unrounded, continuous CL zone formed outside them. Other 

truncations do not involve rounding, but show sharply angular 

cross-cutting CL zones and may involve a change from cuboid to 

octahedral growth. This second type of truncation is partly 

related to differences in growth rate in different 

crystallographic directions, but resorption may be involved in 

some cases. 
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Five diamonds, representing the peridotitic and/or 
eclogitic diamond groups at all four localities, were chosen 

for single-point carbon isotope analysis using the Cameca IMS 

4F Ion Microprobe at the University of Edinburgh. A primary 

Cs"*" ion beam, with a beam spot diameter of ~5 fim, allowed 

variations of the carbon isotope composition within and 

between CL zones to be determined. The analyses are believed 

to be precise to ± 1 °/oo (versus PDB) based on replicate 
analyses of a synthetic diamond standard. 

Significant (i.e. >1 °/oo) carbon isotope variation was 
found between the zones defined by CL in some of the crystals, 

but other crystals showing conspicuous CL zones appeared to be 

homogeneous throughout. Where carbon isotope variation 

occurred, as much as 4 ^/qq change was found between zones, 

but no systematic variation in 5^^C from centre to edge was 

observed. This is similar to the observations of Wilding et 

al. (1990) and suggests that the diamonds did not crystallize 

in a single isotope fractionation sequence from a closed 

system carbon reservoir. Thus, open system behavior with 

variations in oxygen fugacity and/or source 6^^C are 

indicated. 
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A PHYSICAL CHARACTERIZATION OF THE SLOAN DIAMONDS. 

Otter^^\ M.L.; Gumey^^\ JJ. and McCallum^^\ M.E. 

(1) Dept, of Geochemistry, University of Cape Town, Rondebosch, 7700, South Africa; 

(2) Dept, of Earth Resources, Colorado State University, Fort Collins, CO 80523, USA. 

The physical characteristics of diamonds from six 

kimberlite phases of the Sloan 1 & 2 kimberlite complex of the 

Colorado-Wyoming State Line kimberlite district have been 

investigated. Both primary and secondary features were 

described including crystal state (breakage), primary 

morphology, resorption morphology, primary and secondary 

mass/size, colour and surface features. 

Approximately 50% of the Sloan diamonds are broken 

crystals. Considering primary morphology, three-quarters of 

the Sloan diamonds are inferred to have crystallized as single 

crystal octahedra, whereas a quarter crystallized as made 

twins or simple aggregate crystals. Cubo-octahedral, cube and 

polycrystalline aggregate forms occur only in trace quantities. 

Resorption morphology is classified according to a method 

devised by D.N. Robinson (see Otter and 'Gurney, 1989) which 

allows a semi-quantitative calculation of the proportion of 

individual diamonds lost to resorption. According to the data, 

approximately 25% of the bulk Sloan diamond mass/volume was 

lost during resorption. The Sloan diamonds define a log-normal 

distribution with respect to secondary mass/size with 85 % of 

the stones weighing less than 0.03 carat. The largest diamond 

reported from Sloan weighs 1.24 carats (Shaver, 1988). A semi- 

quantitative calculation of primary mass for individual 

diamonds (whole crystals only) suggests that, before 

resorption, very few of the Sloan diamonds exceeded two carats 

in mass. With respect to colour, 70% of the Sloan diamonds are 

brown, 25% are grey and 5% are colourless. Pristine yellow, 

amber, pink and green diamonds occur only in trace quantities. 

A quarter of the Sloan diamonds display xenolithic surface 

features (e.g. knob-like asperities, surficial graphite, and 

non-uniform resorption) which suggests that a significant 

proportion (if not all) of the diamonds were derived by the 

disaggregation of xenolithic host rock materials. Only 2% of 

the diamonds exhibit lamination lines which are attributed to 

deformation. Resorption features (e.g. trigons, shield-shaped 

laminae, elongate hillocks) are common on the Sloan diamonds 

and late-stage features (resorbed breakage surfaces, frosting 

and corrosion scupture) are also documented. 

Relationships between physical characteristics are 

observed. For instance, diamonds exhibiting the brown 

coloration were apparently more susceptible to breakage 

relative to diamonds of other colours. Finally, variation in 
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diamond characteristics between kimberlite phases also is 

documented. For example, corrosion sculpture is extremely 

common on diamonds from the Sloan 2 kimberlite phase, but rare 

on diamonds from other kimberlite phases in the diatreme. 

The significance of these data will be discussed with 

respect to the diamond crystallization environment(s) sampled 
by the Sloan kimberlite magma as well as environments 

encountered by the diamonds subsequent to growth, especially in 

the kimberlite itself. 
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PRIMARY DIAMOND SUBPOPULATIONS AT INDIVIDUAL LOCALITIES. 

Otter, M.L. and Gurney, JJ. 

Dept, of Geochemistry, University of Cape Town, Rondebosch, 7700, South Afiica 

"Primary diamond subpopulations" occurring within 
individual kimberlite and lamproite localities are defined 
based on diamond and mineral inclusion data. It is suggested 
that each of the defined subpopulations represents a distinct 
diamond crystallization environment which was present in the 
upper mantle and available for sampling at the time of 
kimberlite or lamproite emplacement. 

Localities are considered separately. Individual 
diamonds from each locality are assigned to a particular 
subpopulation based on correlations between all available 
data, including mineral inclusion composition, host diamond 
carbon isotope composition and, when available, other diamond 
characteristics such as primary diamond morphology and size. 

This multivariate approach is possible because a large 
database for relatively large numbers of diamonds from a 
number of individual localities is now available. The 
subpopulations defined conform generally to previous 
paragenetic classifications, which are based solely on 
inclusion composition. However, at many localities, diamonds, 
previously classified into the same paragenetic group are 
subdivided and, in a few cases, paragenetic groups are 
combined. Another result of this approach is that many 
diamonds which, in previous studies, could not be classified 
with respect to paragenesis because they lacked the 
appropriate mineral phases, can now be assigned to a group 
based on other data. This allows a better assessment of the 
proportions of each diamond type at each locality and affords 
a better definition of the paragenetic environments 
represented by the various diamond subpopulations. 

Once each subpopulation has been defined, the potential 
source and petrogenesis are inferred. Thermobarometric data 
for the various subgroups at each locality allow inferences on 
their spatial relationships within the Earth's mantle and, in 
some cases, isotopic age information places constraints on 
their temporal relationships. Ultimately, comparisons of the 
subpopulations found at the various localities allows a 
stratigraphy of the upper mantle to be constructed which, when 
considered along with the tectonic setting of their kimberlite 
host, can provide new insights which are relevant to diamond 
genesis and to defining the structure and evolution of the 
lithosphere. 
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GRAPHITE-BEARING PERIDOTITES FROM THE KAAPVAAL CRATON: 

THEIR CARBON ISOTOPIC COMPOSITIONS AND IMPLICATIONS FOR 

PERIDOTITE THERMOBAROMETRY. 

D.G. Pearson^^\- F.R. BoydP'^; S.W. FieldP'^J.D. Pasteris^'^^; S.E. Haggerty^^^ and P.H. Nixon^^^. 

(1) Dept, of Terrestrial Magnetism, Carnegie Institution of Washington, Washington D.C. 20015, U.SA.; (2) Geophysical 

Laboratory, Carnegie Institution ofWashingon; (3) Dept, of Geology, Stockton State College, Pomona, NJ 08240, U.SA.; 

(4) Dept, of Earth & Planetary Sciences, Washingon University, St Louis, MO 63130; (5) Dept, of Geology <Sc Geography, 

University of Massachusets, Amherst, MA 01003, U.SA.; (6) Dept, of Earth Sciences, Univ. of Leeds, Leeds LS29JT, UK 

The graphite-bearing ultramafic xenoliths studied in this 
investigation are predominantly coarse, low-temperature peridotites 
derived from the Kaapvaal lithosphere. Two specimens, however, are 
exsolved megacrysts, probably derived from low-temperature pyroxenites. 
The peridotites include garnet harzburgites exhibiting variable 
depletion in Ca, garnet Iherzolites, a spinel-facies peridotite and 
pargasite (amphibole) peridotites. These xenoliths have come from 
kimberlites erupted along the southern margin of the Kaapvaal craton 
(Kimberley, Jagersfontein and northern Lesotho) as well as the Premier 
pipe in the central part of the craton. To our knowledge, no graphite¬ 
bearing peridotites have been found in xenolith suites from off-craton 
kimberlites in East-Griqualand and Namibia. 

Graphite most commonly occurs as dispersed, subhedral to euhedral 
flakes and multicrystalline stacks of flakes with a grain size ranging 
up to 3mm. In many specimens the graphite is interstitial, but in some 
the graphite flakes are enclosed in primary grains, particularly garnet 
and enstatite. Multiple flakes of graphite in a single xenolith are the 
rule, some xenoliths contain as many as several tens or more. Aggregates 
of graphite crystals have a vein-like planar distribution in two 
specimens from Jagersfontein. In pargasite-bearing garnet peridotite 
PHN5633, the flakes of graphite are concentrated on a flat face of the 
xenolith, suggestive of an origin on a .vein wall. In garnet Iherzolite 
JAG 500 the graphite is concentrated in two diffuse bands, one 
coincident with a zone of garnet and diopside. The second graphite band 
is parallel but transects coarse olivine and enstatite. An ortho- 
pyroxenite xenolith from Premier (FRB1399) contains polycrystalline 
blebs of graphite as well as graphite inclusions in enstatite, together 
forming 10-20% of the xenolith. 

The graphites from the peridotites give Raman spectra comparable to 
those from well ordered, highly crystalline graphite from granulite- 
facies terranes (Pasteris & Wopenka, 1991) with well defined first- and 
second-order peaks, at or close to the the normal peak positions. The 
spectra indicate that the graphite is of high-temperature origin and 
distinct from the fine-grained graphite found in serpetinised 
kimberlitic olivine(Pasteris, 1988) .However, numerous graphites from an 
exsolved megacryst, JX-23, show deviation from the above spectra, with 
downshifting of the first- and second-order peaks that is not presently 
understood. 

Estimates of equilibration temperature and pressure for the 
graphite peridotites range widely from those characteristic of the 
shallow mantle to those corresponding to the diamond-graphite 
transition. A graphite-bearing spinel-facies peridotite from Letseng 
(PHN4258) has equilibrated near the top of the mantle. Greater 
temperatures and depths calculated for the garnet-bearing peridotites, 
using a variety of thermbarometer combinations, are consistently less 
than those calculated for diamond-bearing peridotites (Fig. 1). This 
consistent relationship is evidence that the graphite and diamond in 
these rocks have crystallised within their respective stability fields. 
A point for a graphite peridotite overlaps a point for a diamond 
peridotite in only one plot (Fig. ID). This may be interpreted as either 
an exception to the consistency or a minor failure of the 
thermobarometer in application to natural samples. 

The transition in temperature and depth from graphite to diamond 
peridotites that is illustrated by the plots in Fig. 1 approximates the 
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graphite-diamond equilibrium boundary determined by experiment. This 
relationship represents a success for peridotite thermobarometry and 
it appears that the calculation used for Fig. lA is the most successful. 
A lesser number of points appear in plots for which temperature was 
calculated from the pyroxene solvus (Fig. lA & C) because many of the 
graphite peridotites lack diopside. 

Graphites from the peridotite xenoliths show a range in from 

-3.8°r. to -12.3V. (Table 1) with a mode between -5 and -7V. (Fig.2). The 
range encompasses the -10.0 V. value for graphite from a Kimberley garnet 
harzburgite found by Schulze and Valley (submitted). Graphite from the 
two exsolved megacrysts fall within this range (Table 1). Graphite has 
up to 1.6V. variation between individual flakes in the amphibole-bearing 
specimen PHN5633 and a 1.4V. variation in the the "vein" graphite from 
JAG500. This variation could be due to progressive carbon isotope 
fractionation in a gas phase that deposited the graphite. The occurrence 
of multiple flakes of graphite in vein-like form in several 
Jagersfontein peridotites suggests a metasomatic origin (Field and 
Haggerty, 1990).All the graphites from peridotites fall within the range 

of values of peridotite suite diamonds and are also within a few V. 

of the range of carbon extracted from MORE glasses. This indicates that 
the graphite in the lithospheric peridotites crystallised from a similar 
reservoir to peridotite suite diamonds. The isotopic similarity between 
this reservoir and carbon from the asthenospheric mantle, as 
characterised by MORE glasses, is consistent with the crystallisation of 
both diamonds and graphite in the lithospheric mantle from 
asthenosphere-derived fluids. 

Table 1. Carbon Isotope Composition of Graphite from Kaapvaal Peridotites 
Sample Locality Lithology 8l3c %c 

E-8 
PERIDOTITES 

Thaba Putsoa Gt harzburgite -9.8 
PHN 1555a Mothae Harzgurgite -12.3 
PHN 1569 Thaba Putsoa Gt Iherzolite 6.7 
PHN 2492 Kao No.2 Low-Ca -5.8 

PHN4258 Letseng-la-Terai 
Gt harzburgite 
Sp.harzburgite -7.1 

PHN 5633 (a) Jagersfontein Pargasite -6.9 
PHN 5633 (c) " bearing -6.3 
PHN 5633 (d) Gt harzburgite -7.9 

JAG 84-500 (a) Jagersfontein Graphite -5.4 
JAG 84-500 (b) If associated with -4.8 

JAG 84-500 (A) Jagersfontein 
Gt-Cpx veins 
in Gt -4.0 

JAG 84-500 (B) If harzburgite -5.2 

JAG 89-5 Jagersfontein Gt harzburgite -3.8 
FRB 888 Bulfontein Gt harzburgite -5.0 

JX-23 
EXSOLVED MEGACRYSTS 

Jagersfontein -6.8 
JAG 89-10 Jagersfontein Opx ex Cpx ,Gt -12 
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Fig.1:Temperature and pressure of equilibration for graphite-peridotites (solid 
circles) and diamond-bearing peridotites (solid circles) estimated with a 
variety of thermobarometers. Specimens include Iherzolites, harzburgites and 
amphibole-bearing peridotites.[A]: T by the Finnerty & Boyd, 1987, pyroxene 
solvus thermometer (FB86), P by the MacGregor, 1974, (MC74) barometer.[B]: T by 
Fe/Mg olivine-garnet, O'Neill & Wood, 1979, P by MC74 as in A.[C]: T (2-pyroxene 
solvus) & P (BKN) Brey et al, 1990.[D]: T by olivine-garnet as in B, P by Al in 
OPX, Nickel & Green,1985 (NG85). For references see Pearson et al(1990). 

Fig. 2: Histogram of carbon isotope 
data from graphite peridotites (this 
report & Kropotova & Fedorenko,1970) 
compared to P-Type diamonds (Sobelov 
et al,1979; Deines et al,1987) 
and carbon in MORE glasses (Taylor, 
1986). Thick bars represent 90% of 
analyses. 
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DIAMOND FACIES PYROXENITES FROM THE BENI BOUSERA PERIDOTITE MASSIF 

AND IMPLICATIONS FOR THE ORIGIN OF ECLOGITE XENOLITHS. 

D.G. Pearson^^\ G.R. Davies^^^ andP.H. Nixon^\ 

(1) Department of Terrestrial Maffiestism, Carnegie Institution of Washingfon, Washington D.C. 20015, U.S^.; (2) 

Dept, of Geological Sciences, University of Michigan, Ann Arbor, Michigan, USA.; (3) Dept, of Earth Sciences, 

University of Leeds, Leeds LS29JT, UK. 

The Beni Bousera peridotite massif contains mineralogically 
diverse pyroxenite layers, many of which are lithologically 
analogous to xenoliths erupted by deeply-derived kimberlite/alkali 
basalt magmatism. Two garnet clinopyroxenites have been found to 
contain graphite as octahedral aggregates and other forms of cubic 
symmetry which are interpreted as graphitized diamonds (Pearson et 
ai., 1989). This interpretation is supported by the occurrence of 
cubo-octahedral faceted CPX and GT inclusions within the octahedra. 
The pyroxenite suite shows major and compatible trace element 
fractionation trends indicating crystallisation from magmatic 
liquids fractionating OPX, CPX, GT. Combined with the mineralogical 
zonation observed in many of the layers the chemical variation 
indicates pyroxenite crystallisation as wall-rock cumulates from 
magma flowing through the peridotites. However, incompatible 
elements vary widely in abundance and show no correlation with major 
element fractionation indices. The majority of pyroxenites are more 
LREE-depleted than the peridotites, the former having (Ce/Sm)n 
ranging from 0.016 to 0.91. These data preclude derivation of the 
pyroxenites from -either the host peridotites or a single mantle- 
derived magma and require a chemically heterogeneous source. 
Positive and negative Eu anomalies in the pyroxenites (Eu/Eu* = 0.7 
to 2.4 ) indicate the parent liquids were derived from low pressure 
precursors which had experienced plagioclase fractionation. 

Oxygen isotope analyses of CPX from the pyroxenite suite show a 

wide variation in values (+4.9 to +9.3V.), in contrast with the 

restricted range shown by the host peridotites (S^^Ocpx"^ +5.3 to 
+ 6.OV0). Coexisting CPX-GT and CPX-OPX mineral pairs from the 
pyroxenites are in high temperature isotopic equilibrium suggesting 
that the 0-isotope variation is not the result of recent 
disequilibrium/metasomatic processes. There is no correlation 

between 5^^0 and fractionation indices such as mg no. implying that 

the oxygen isotope variation is not due to high temperature igneous 
processes and that the pyroxenites are not derived from normal 
mantle peridotite sources. The oxygen isotope data indicates 
derivation of the pyroxenites from precursors that have experienced 
crustal, low temperature hydrothermal alteration at high water rock 
ratios (Pearson et ai. ,1991). 

Acid-washed CPX separates from the pyroxenites show extreme Nd 
and Sr isotopic diversity (^^^^Nd/^^^Nd = 0.5139-0.5122, S75j^/86sr = 
0.7023-0.7110, Fig. 1) but many show decoupled parent/daughter 
ratios implying they have suffered a recent partial melting event 
(<200Ma). Mixing of the pyroxenites with late stage, crustal 
fluids/melts during the emplacement of the massif cannot explain the 
diverse scatter of the pyroxenite CPX on an Sr-Nd isotope diagram 
(Figure 1). The data may be explained by crystallisation of the 
pyroxenites from melts of subducted oceanic crustal precursors which 
experienced variable degrees hydrothermal alteration (which acted to 
increase ^"^Sr/^^Sr) and incorporated variable amounts of sediment 
during subduction. Incorporation of the sediment produced 
unradiogenic ^^^Nd/^'^^Nd and more radiogenic ^'^Sr/^^Sr. Pyroxenite 

CPX show scattered trends of vs Q'^Sr/^^Sr (which ranges up to 

0.7110). Samples with the highest values also have high 

^'^Sr/^^Sr (0.7078-0.7085) . The relatively diffuse Sr-0 isotope 
correlation is to be expected if the pyroxenites are derived from 
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melts of different portions of subducted oceanic crust that 
experienced alteration at different water/rock ratios. 

The high 207p]3/206p)3 of some of the pyroxenite CPX are 
consistent with subducted sediment incorporation in some of the 
parental magmas. Furthermore, the Pb data constrain some of the 
pyroxenites to be relatively young (<200 Ma) which is consistent 
with the relatively unradiogenic ^^^Nd/^'^^Nd of the graphite-bearing 
pyroxenites despite their very high l^'^Sm/l^^Nd (up to 1.7). Some 
pyroxenites with unradiogenic initial^'^Sr/^^Sr (0.7025) and very 
radiogenic ^^^Nd/^^^Nd (0.5139) may be up to 1 Ga old; this age is 
consistent with Os isotope data for the Beni Bousera pyroxenites 
(Luck and All^gre, 1990). 

Derivation of the pyroxenites from hydrothermally altered, 
subducted oceanic crust over a period of possibly 1 Ga is capable 
explaining their diverse radiogenic and stable isotope systematics 
and their incompatible element heterogeneity. Recent, small degree 
melting of some of the more "evolved" pyroxenites due to diapiric 
upwelling during emplacement of the peridotite massif from, the 
diamond stability field enhanced their LREE depletion and disrupted 
isotope-trace element relationships. 

Graphite from the garnet clinopyroxenites has low values 
(-16 to -27.6V»). CO2 released by high temperature step-heating of a 

CPX separate also yielded significant amounts of isotopically light 

carbon (S^^C = -22Vo) indicating, along with field relationships, 
that the isotopically light carbon in the graphitic pyroxenites is 
inherited from the precursor diamonds and may have originated from 
subduction of either kerogenous carbon or isotopically light 
hydrothermal carbonate veins in altered oceanic crust. 

The Beni Bousera garnet pyroxenites are mineralogically and 
chemically comparable to eclogite xenoliths from kimberlites, some 
showing evidence of having contained the high diamond contents found 
in several diamondiferous eclogites (eg. Robinson et ai., 1984) . The 
current dispute whether some eclogites from kimberlites represent 
subducted metamorphosed oceanic crust or high pressure, mantle 
derived cumulates may be resolved if some eclogites crystallised 
from melts (producing igneous textures) derived from subducted 
oceanic lithosphere (giving crustal isotopic signatures). The 
subducted crustal signature of the Beni Bousera pyroxenites and the 

isotopically light values of the diamond pseudomorphs they 
contain is further support for a subducted origin for some E-type 
diamonds. 
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87Sr/86Sr 

Figure 1: Sr-Nd isotope plot of CPX from Beni Bousera 
pyroxenites and peridotites compared to MORB, OIB and Ronda 
peridotites. GGP =graphite garnet clinopyroxenites, GP = garnet 
clinopyroxenites, WEB = websterites, LHRZ = spinel Iherzolites. 
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RHENIUM-OSMIUM ISOTOPE SYSTEMATICS IN SOUTHERN AFRICAN AND SIBERIAN 

PERIDOTITE XENOLITHS AND THE EVOLUTION OF SUBCONTINENTAL 

LITHOSPHERIC MANTLE. 

D.G. Pearson^^\' S.B. Shirey^^\' R.W. Carlson^^\- F.R. BoycP\‘ P.H. Nixon^^\- N.P. Pokhilenko^^^ andL. Brown^^^. 

(1) Department of Terrestrial Magnetism, Carnegie Institution of Washing;ton, 5241 Broad Branch Rd N.W., 

Washington, D.C. 20015; 2) Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd N.W. 

Washington, DC 20015; (3) Dept. Earth Sciences, Leeds University, U.K.; (4) Institute of Geology & Geophysics, 

Siberian Branch, USSR Academy of Sciences, Novosibirsk, USSR. 

The Re/Os isotope system provides a powerful tool for 
constraining models for the formation of cratonic mantle "roots" 
by relating Re/Os model depletion ages in peridotitic mantle 
residues to chemical changes resulting from basaltic/komatiitic 
melt extraction and temperature/pressure estimates from mineral 
thermobarometry. High Os concentrations in the xenoliths 
relative to the host kimberlite magma means that the Re-Os 
system is much less susceptible to the effects of xenolith 
infiltration by the kimberlite (Walker et al., 1989). The 
Siberian and Kaapvaal cratons both have roots extending into the 
diamond stability field and contain crustal rocks over 3.5 Ga 
old. The abundant kimberlites erupted through these cratons 
frequently entrain xenoliths from varying depth allowing 
analysis of rocks from the whole lithospheric section. Osmium 
isotope ratios in whole rock peridotite xenoliths of various 
lithologies have been determined by the N-TIMS (negative thermal 
ionization mass spectrometry) technique. 

Peridotite xenoliths from the lithosphere beneath the 
Archean Kaapvaal craton analysed in this study and data from the 

study by Walker et al. (1989) show a range of IQ’^Os/^^^Os from 
0.880 to 1.070. Many of these xenoliths have extremely 

unradiogenic compared to xenoliths from alkaline 
magmas intruding Proterozoic lithosphere, 1.002 to 1.095 (R. 
Walker, unpublished data), and dredged oceanic abyssal 
peridotites, 1.003 to 1.099 (Martin in press; Fig. 1). The 
distinct Os isotope characteristics of peridotite xenoliths from 
Archean cratons indicate the peridotites have resided in the 
ancient lithospheric "root" to the craton for very long time 
periods (> 2 Ga), where they have been chemically and physically 
isolated from the convecting asthenosphere. 

Os concentrations in the Kaapvaal xenoliths range from 1.47 

to 9.60 ppb and is negatively correlated with degree 
of major element depletion (eg. mg# of olivine). A low-Ca garnet 
harzburgite, PHN2825 (mg# 0.96), from Liqhobong, S.E.Kaapvaal 

margin, gives a ^^’^Os/^^^Os of 0.880 ±0.002 and a minimum Re-Os 
model depletion age (Trd) of 3.3 Ga (Fig.l) assuming the rock 
lost all its Re at this time. Incomplete removal of Re during 
melting would lead to a higher model age. The 3.3 Ga Re 
depletion age for PHN2825 is significant in that low Ca-garnet 
harzburgites are thought to be one of the dominant source 
lithologies for P-Type diamonds (eg. Nixon et al,, 1987) and the 
Re depletion age is within error of the Sm/Nd model ages 
determined by Richardson et al (1984) on garnet inclusions in 
diamond. A coarse garnet harzburgite, also from Liqhobong, has a 

lS^Os/l®^Os of 0.915 ±0.001 and a minimum Re-Os model age of 2.8 
Ga. These ages are comparable to a 2.8 Ga Re-Os model age 
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obtained by Walker et al. (1989) from a Letseng peridotite, also 
near the S.E. margin of the craton, and indicate ancient 
stabilization of the margins of the sub-continental Kaapvaal 
lithosphere. 

The lowest Os abundance in the suite occurs in the ultra- 
depleted low Ca-garnet harzburgite. Although Os is a compatible 
element in mantle residues at moderate amounts of melting, high 
degrees of melting (>30%), perhaps associated with komatiite 
extraction, may result in the break down of Os hosting phases in 
the residue, eg. sulphides or native metals and hence cause low 
Os abundances in ultra-depleted residues such as low Ca-garnet 
harzburgites 

Two spinel facies peridotites of shallow origin, from the 

Premier pipe, have l^’^Os/^^^Os of 0.940 ±0.003 and 0.962 ±0.005, 
yielding Proterozoic minimum Re-Os model ages (Fig. 1). 
Proterozoic Re-Os model ages were also obtained from high 
temperature garnet peridotites from Premier by Walker et al. 
(1989). This result is surprising in that the Premier kimberlite 
intrudes a more central area of the craton compared to the N. 
Lesotho pipes and therefore may be expected to be older. The 
present data set shows no geographical correlation with Re 
depletion age of the lithosphere and no apparent correlation 
between depletion age and depth of equilibration in the 
lithospheric mantle as determined by mineral thermobarometry. 
These findings may indicate significant age heterogeneity in the 
nuclei that accrete to form cratonic lithosphere but further 
detailed investigation is required of depth/age relationships of 
xenoliths from individual pipes. 
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Figure 1. Osmium isotope evolution diagram for Kaapvaal 
peridotite xenoliths. Present day isotopic compositions are 
projected back to the Chondritic Mantle Evolution Curve 
(187Re/186os = 3.3) given by Walker et al. (1989) assuming a 

of zero to yield minimum Re model depletion ages 
(Trd); age indicated in Ga. Additional data are Kaapvaal 

peridotite xenoliths analysed by Walker et al (1989), open 
squares, and the range for oceanic abyssal peridotites from 
Martin (in press), shaded region. 
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THE THERMAL EVOLUTION OF CRATONIC LOWER CRUST/UPPER MANTLE: 

EXAMPLES FROM EASTERN AUSTRALIA AND SOUTHERN AFRICA. 

NJ. Pearson^^\ S.Y. O’Reilfy^^^ and W.L. Gnffin^^ 

(1) School of Earth Sciences, Macquarie University, Sydney NSW 2109, Australia; (2) Div. Expl. Geosciences, 

CSIRO, North Ryde NSW2113, Australia. 

Xenolith suites of inferred lower crustal origin occur in kimberlites and basaltic rocks near the 
eastern margin of the Australian craton (EMAC) and in kimberlites marginal to or off the 
southern margin of the Kaapvaal craton, southern Africa (SAF). Mafic rock types are 
dominant and include garnet websterites (gamet+clinopyroxene+orthopyroxene±spinel), mafic 
granulites (gamet-i-clinopyroxene+plagioclase±orthopyroxene±amphibole±quartz±scapolite 
±rutile), kyanite-bearing mafic granulites (gamet+clinopyroxene+kyanite+plagioclase 
±orthopyroxene±quartiscapolite±rutile) and eclogites (gamet+clinopyroxene+rutile±quartz 
fkyanite). Both xenolith suites preserve reaction microstructures and mineral chemistry 
evidence for the transformation of igneous assemblages and microstructures to granoblastic 
granulite and eclogite: these features are interpreted as reflecting progressive cooling (Griffin et 
al, 1990; Pearson et al., 1991; Pearson & O'Reilly, 1991). 

Geothermobarometry on these xenoliths yields the ambient temperature at each depth at the time 
of entrainment in the magma and can be used to construct a paleogeotherm. P-T data obtained 
from the EMAC mafic xenoliths define a curve stretching from 8C)0 °C at 10 kbar to 1020 °C at 
22 kbar (Fig. 1). This curve is displaced c. 150 °C below the xenolith-derived geotherm for the 
lower crust/upper mantle beneath the Phanerozoic Tasman Fold Belt, eastern Australia 
(O'Reilly & Griffin, 1985) and indicates a distinct thermal variation away from the craton 
boundary. Despite preserving evidence of cooling toward a conductive steady state geotherm, 
the shape of the EMAC geotherm retains an advective heat flow signature. 

The geotherm constructed from the southern Africa mafic xenoliths is less tighdy constrained 
with a greater scatter in P-T data (Fig. 1). The data are distributed in a band from 650 to 750 
°C at 10 kbar to c. 1000 °C at 20 kbar, with a range in temperature of up to 150 °C at a given 
pressure. The lower limits of the P-T band overlap with the P-T field derived from the Lesotho 
xenolith suite (Griffin etal., 1990), but are still well above the cratonic geotherm defined by 
garnet peridotites (e.g. Finnerty & Boyd, 1987). 

These large lateral variations in temperature at the base of the crust and the definition of distinct 
thermal regimes related to tectonic environment are significant to the relative stability of eclogite 
and granulite mineral assemblages. The restriction of lower-crustal eclogite suites to craton or 
craton-margins, and their apparent absence from younger terranes with elevated geotherms 
(e.g., south-east Australia) is a consequence of this temperature difference. 

A stratigraphy based on the P-T data from the EMAC and SAF mafic xenoliths indicates the 
interlayering or coexistence of eclogite and granulite over a depth range of 30 - 70 km in both 
cratons. Thermal relaxation toward a steady-state conductive geotherm should result in the 
progressive re-equilibration of mafic igneous intmsions around the crust/mantle boundary, 
under granulite facies conditions. As cooling proceeds, an increasing proportion of mafic 
compositions will react to produce eclogite facies assemblages. Reactions progress is 
dependent not only on P-T conditions but on bulk compositional constraints and reaction 
kinetics. The wide range in bulk compositions from both the EMAC and SAF xenolith suites is 
a major factor in controlling the proportions of granulite to eclogite. The role of kinetic factors 
in the granulite to eclogite transition is emphasized by the preservation of reaction 
microstructures, chemical zoning and the greater scatter of P-T data points with decreasing 
temperature, due to increasingly sluggish reaction rates. 
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Fig.l; Pressure (P) - 
temperature (T) - depth 
profile for xenoliths from 
the eastern margin of the 
Australian craton (EMAC) 
and southern Africa (SAF). 
Also shown are the 
xenolith-derived geotherm 
for south eastern Australia 
(SEA; O'Reilly & Griffin, 
1985) and the Lesotho 
Geotherm Field (Griffin et 
ai, 1990). The continental 

geotherm (40mWm’2) is 
taken from Pollack & 
Chapman (1977). Details 
of the thermobarometric 
methods used are presented 
in Pearson et al., (1991). 
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CHARACTERIZATION OF LAMPROITES FROM PARAGUAY (SOUTH AMERICA). 

Preser, LB. 

Dep. Geologia, Facultadde Ciencias Exactasy Naturales, U.N.A.C.C, 1039, Assuncidn-Paraguay. 

Lamproites were found in the ultrapotassic Guaira-Paraguari Province, 80 km SE 
from the capital city of Asuncion (south Central Paraguay). This region constitutes the western 
portion of the intracratonic Parana Basin and was affected by potassic to ultrapotassic mag- 
matism of mesozoic age (~ 133 My), occuring mainly within the so-called Asuncion rift. 

The recognized lamproite bodies are plugs, dikes and pipe-like, and associated with 
other volcanic rocks such as basanites (leucite-bearing alkalibasalts), damkjernites, ouachit- 
ites, sannaites, peridotites microxenolith-bearing monchiquites and cocites, as well as intrusive 
rocks as ijolites, peridotites microxenolith-bearing shonkinites and carbonatites. 

The "Nande Yara gracia" (NYgr) plug is about 200 m diameter lamproitic in character 
pipe-like and intruded into leucite-bearing basaltic rocks. Its exposure is masked by soil, 
vegetation and blocks of neighbouring volcanic alkaline rocks. 

The NYgr rocks in hand specimen, is dark gray in colour and porphyritic due the 
presence of abundant leucite crystals with a glomeroporphyritic structure (up to 10 mm in 
diameter), some diopside prisms, serpentine (after olivine) crystals (up to 1 mm in diameter); 
occasional minute vesicle are filled with zeolites. 

LEUCITE is present as octogonal or rounded twinned phenocrysts with pleochroic 
inclusions (purple to lemon canario), zoned and elongated K,Ti-richterite (with margins 
altered to a light green-yellow secondary phase, similar to that described by Mitchell and 
Lewis, 1983 in the Prairie Creek olivine-lamproite) and also diopside, serpentine (after 
olivine), rectangular opaques, prismatic lance-like opaque (jeppeite) associated with priderite, 
and devitrified glass. Other phenocrysts are pale yellow-green zoned an twinned DIOPSIDE 
laths; idiomorphic serpentine (after OLIVINE); and rectangular to allotriomorphic 
OPAQUES (up to 1 mm) the groundmass consists of colourless diopside prisms, rectangular 
opaques idiomorphic shchervakovite, some K,Ti-richterite, phlogopite, apatite, priderite, 
wadeite and lucasite; plus intersticial sanidine and devitrified glass. 

The rock can be classified as a OLIVINE-BEARING LEUCITE LAMPROITE 
(according to Scott-Smith and Skinner, 1984) or as a LEUCITE DIOPSIDE LAMPROITE 
= CEDRICITE (following Wade and Prider, 1940; Mitchell, 1984). This lamproite is similar 
to the "West Kimberley" lamproites and also Kapamba lamproites (cf. Scott-Smith and others, 
1988). 

Orange to deep red and red-wine to lilac garnets, Cr-diopside, ilmenite, Cr-spinels 
and diamonds (dodecahedrons to rounded, irregular, macles and aggregates) were obtained 
from the NYgr pipe and overlying soil. 

The NYgr rock chemistry shows high Ti02, MgO and high ratios of K20/Na20, 
K2O/AI2O3. The CaO, AI2O3 and Na20 are low, LREE/HREE and LILE/HFSE enrichment 
is similar to the "West Kimberley" ultrapotassic rock type. 
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Thus, the Guaira-Paraguan Ultrapotassic Province is another potential diamondifer- 
ous province. 
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MINERAL INCLUSIONS IN DIAMONDS FROM JAGERSFONTEIN MINE. 

Rickard, R.sS^\' Gurney, and Harris, J.wP\ 

(1) Dept, of Geochemistry, University of Cape Town, S.A.; 

(2) Dept, of Applied Geology, University of Strathclyde, Glasgow, U.K 

A total of 33 inclusions have been recovered from 28 diamonds 

from the now defunct Jagersfontein mine. Despite the small 

suite of minerals studied, the results are noteworthy because 

of the high proportion of unusual features exhibited within 

the standard world-wide framework that both eclogitic and 

peridotitic diamond inclusions have been found. 

The peridotitic suite is represented by chromites, garnets and 

olivines. The eclogitic suite minerals found were garnets, 

clinopyroxenes and coesite, whilst orthopyroxene was also 

recorded in a websteritic association geochemically linked to 

the eclogitic parageneses as previously described at Monastery 

and Orapa. 

In the peridotitic suite, 4 chromites have Cr203 contents 

ranging from 61 to 64.2 wt%, 3 sub-calcic garnets fit in the 

GIO field. One of these (J6a) is unusual in having only 2.51 

wt% Cr203. Completing the suite are 3 olivines with Fo 

contents in the range 91-92. They are unusual in having high 

Cr and Ca contents. A fourth olivine (J15a) has a Fo content 

of 78.8, outside the peridotitic range and is only matched in 

mantle rocks by olivines in garnet websterites, such as those 

reported from Matsoku, Lesotho. J15a also has Fp equivalents 

in megacryst suite olivines. A websterite association is also 

proved by two orthopyroxene inclusions (J14a,J22a) which occur 

in two three phase polymineralic inclusions together with 

garnet and clinopyroxene. Both orthopyroxenes are enriched in 

FeO and CaO and have low Mg/Mg+Fe. The Clinopyroxenes are low 

in AI2O3 and Na20 compared to those from the eclogitic suite. 

A third clinoproxene inclusion (JlOa) has a similar 

composition and is also included in the websteritic 

association. The garnets have Ti02 levels of .6 wt%, Cr203 of 

1.4 wt% and 1.08 wt%, and Na20 levels of .08 wt% and .14 wt%, 

making them more enriched in these elements than similar 

inclusions from Monastery and Orapa. 

The pyroxene solid solution in garnet first noted at Monastery 

Mine (Moore 1986) and interpreted to reflect a particularly 

high crystallisation pressure, has been found to be common in 

Jagersfontein diamonds, certainly occurring in garnets in 

seven diamonds in the suite studied. One of these diamonds, 

(J22) contains a websteritic assemblage gar-cpx-opx in 

addition to (gar-px)ss^ The websteritic assemblage gives 

calculated equilibration conditions of 1272°C at 49.5kb. 

(using Lindsley and Dixon 1976 and Nickel and Green 1985), 

whilst the (gar-px)ss, indicates pressures > 145kb. The other 

six garnet/clinopyroxene solid solutions give a pressure range 

of 100 to 145kb which suggests that at least some of the 

diamonds from Jagersfontein have formed in the depth interval 

from 150km to in excess of 450km. The same range was implied 

at Monastery (Moore 1986) and Brazil (Wilding and Harte, 

1989) . A second websteritic assemblage in (J14) gives similar 

calculated equilibration conditions, whilst an eclogitic gar- 

cpx pair in diamond (J37) equilibrated at 1295°C at an assumed 

pressure of 50kb according to the method of Ellis and Green 

(1979). These are within the diamond stability field. 
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The remaining minerals coesite (J13a) which co-existed with a 
garnet (J13b), and a garnet clinopyroxene co-existing pair 
(J37) are clearly eclogitic. The calculated equilibration 
temperature for J37 is 1295°C using the method of Ellis and 
Green (1979), and assuming all iron is present as Fe^"^, and a 
pressure of 50kb. Again this is within the diamond stability 
field and in reasonable agreement with the calculated 
temperatures of the websteritic association, which suggest 
that they were formed under similar temperature/pressure 
conditions. 

It is inferred from this small suite of mineral inclusions 
from Jagersfontein diamonds that a probably incomplete 
inventory of diamond source rocks includes garnet and or 
chromite harzburgite, iron-rich eclogite, garnet websterite, 
majorite and rare coesite eclogite. Eclogite xenoliths with 
diamond have been reported from Jagersfontein previously. 
Majorite could be the protolith for rare mantle assemblages 
recently described by Haggerty and Sautter (1990). Sub-calcic 
peridotitic (GIO) garnets and high Cr203 chromites, presumably 
derived from disaggregated diamond harzburgite are present as 
macrocrysts in the Jagersfontein kimberlite. The websterites 
and coesite eclogite have not been reported as xenoliths. 

The overwhelming majority of peridotitic xenoliths described 
by others from the Jagersfontein kimberlite are not suitable 
diamond source rocks and have distinctly different mineral 
compositions compared to the inclusions in the diamonds. This 
situation pertains to all other similarly studied localities 
in southern Africa. 

The low proportion of peridotitic inclusions in Jagersfontein 
diamonds contrasts with their abundance at Koffiefontein, 55km 
to the NNW. 
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TABLE 1: Inclusions in Jagersfontein Mine Diamonds. 

SiOj 

TiO, 

AI3O3 

CrjOs 

FeO 

MnO 

MgO 
CaO 

NajO 

K3O 

NiO 

Jla 

Chr 

n.d. 

n.d. 

7.08 

63.27 

13.78 

.79 

14.36 

J2a 

Chr 

n.d. 

.14 

7.40 

62.35 

14.61 

.82 

13.70 

J3a 

Chr 

n.d. 

.07 

9.50 

60.96 

13.46 

.79 

14.93 

J4a 

Chr 

n.d. 

.02 

4.20 

64.18 

17.90 

.90 

11.93 

Total 99.29 99.02 99.13 99.13 

J13a J13b J14a J14a 

Coes Gar Gar Cpx 

SiOa 98.78 42.14 41.47 54.41 

TiOj .05 .16 .60 .14 

AljOs .09 20.90 21.10 1.36 

CrjOs .26 1.40 .24 

FeO .20 13.37 13.03 6.82 

MnO .39 .41 .20 

MgO 16.07 17.15 18.84 

CaO .11 6.07 5.04 17.14 

NajO .25 .07 .90 

KjO 

NiO 

Total 99.23 99.61 100.26 100.03 

J22a J22a J22b J23a 

Cpx Opx (Gar-px)„ (Gar-px)„ 

SiOi 54.16 55.95 47.94 46.17 

TiOj .12 .08 .67 .23 

AI3O3 1.65 .71 8.82 15.95 

Cr303 .27 .06 .55 .28 

FeO 7.08 10.29 13.75 11.05 

MnO .15 .17 .30 .27 

MgO 18.35 31.28 22.08 19.25 

CaO 16.37 1.17 5.52 5.91 

NajO 1.43 .29 .33 .69 

K3O n.d. n.d. 

NiO 

Total 99.58 99.99 99.96 99.80 

J29a J31a J32a 

(Gar-px)„ (Gar-px)„ (Gar-px)„ 

SiOa 45.89 42.84 47.29 

TiOa .22 .10 .19 

AI3O3 17.27 21.46 14.09 

Cr303 .41 .11 .21 

FeO 10.26 13.49 11.00 

MnO .25 .33 .29 

MgO 19.60 15.90 19.35 

CaO 5.24 6.10 7.03 

NajO .44 .12 .54 

KjO 

NiO 

Total 

n.d. = not detected 
99.58 100.45 99.99 

J6a J7a J8a JlOa Jlla J12a 

Gar Gar Gar Cpx Gar Olv 

42.43 41.83 41.56 55.16 41.32 40.78 

n.d. .02 .03 .11 .13 n.d 

22.37 15.36 18.07 1.15 22.76 .02 

2.51 11.98 8.03 .15 .17 .06 

5.57 4.59 6.11 5.53 12.80 7.14 

.24 .36 .34 .04 .41 .11 

23.23 24.85 22.72 19.37 15.78 51.08 

3.08 .98 2.31 16.74 6.36 .06 

1.06 .10 

.03 

.43 

99.43 99.97 99.17 99.34 99.83 99.68 

J14a J15a J17a J19a J21a J22a 

Opx ON Cpx Olv Olv Gar 

56.32 38.52 55.45 40.39 41.07 40.92 

.11 .02 n.d. n.d. n.d. .57 

.76 .02 .66 n.d. .03 20.40 

.10 .02 .08 .06 .08 1.08 

10.88 19.48 3.62 8.25 8.03 13.75 

.17 .19 .08 .10 .09 .39 

30.77 40.68 18.32 49.64 50.05 17.37 

1.31 .11 20.85 .07 .09 4.71 

.15 1.04 .14 

n.d. 

.35 .38 

100.56 99.04 100.10 98.86 99.82 99.33 

J24a J25a J26a J26b J27a J28a 

Gar •(Gar-px)„ Gar Gar (Gar-px)„ Gar 

41.15 42.96 40.49 40.19 44.79 41.52 

.90 .19 .42 .44 .23 .56 

19.83 19.34 22.47 21.99 16.69 21.84 

2.23 .20 .08 .08 .22 .53 

13.22 13.00 15.25 15.45 12.82 11.91 

.42 .43 .30 .31 .35 .26 

16.94 15.91 12.41 13.09 18.86 18.95 

5.43 7.94 8.28 8.48 6.05 3.79 

.04 .26 .14 .14 .29 .08 

100.16 100.23 99.84 100.17 100.30 99.44 

J34a J35a J37a J37b 

Cpx Cpx Cpx Gar 

54.06 54.27 54.81 40.99 

.61 .55 .60 .70 

6.52 8.67 6.84 22.94 

n.d. .02 .18 .18 

13.47 9.16 5.52 13.03 

.12 .09 .11 .31 

8.09 8.62 13.82 16.62 

13.77 13.91 13.94 4.71 

3.77 4.54 4.00 .24 

.05 .04 .24 

100.46 99.87 100.06 99.72 

Mineral compositions obtained on a Cameca Camebax Microbeam electron microprobe, using 

close standards and a ZAF correction proceedure. 

J14a & J22a are single inclusions of Gar-Cpx-Opx minerals touching each other. 
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ILMENITE-BEARING PERIDOTITES AND MEGACRYSTS FROM 

DALNAYA KIMBERLITE PIPE, YAKUTIA. 

Rodionov^^\ A.S.; Sobolev^^\ N.V.; Pokhilenko^^\ N.P.; Suddaby^^\ P. andAmshinsky^^\ AM 

(1) Institute of Geology and Geophysics, Novosibirsrk, URSS; 

(2) Imperial College of Science and Technology, London. UK. 

Dalnaya kimberlite pipe is outstanding among Yakutian kimberlites in terms of 
abundance of ilmenite peridotite xenoliths and megacrysts. 

Our collection consists of about 200 megacrysts of Ilm, Cpx, Gar, Opx, and 01 and 
their intergrowths and inclusions in different combinations. Ilmenite-pyrope peridotite com¬ 
pose about about 10% of all ultramafic xenoliths population and exceed 100 samples. 

Ilmenite-pyrope Iherzolite (IL) 

All samples are altered to different extent. Therefore, in many cases we could not 
analyse Opx, but its presence in most samples is proved by typical bastitic pseudomorphs and 
(or) by Gar composition. 

The majority of ilmenite peridotites xenoliths belong to a Iherzolite paragenesis type 
(01 -1- Cpx -t- Opx + Gar -I- Ilm -1- Phi). 

Several points should be underlined summarising this group petrography. 

1) some xenoliths have a sheared structure, many - a mosaic one and most part - transitional 
from mosaic to granular structure. Just small part of these xenoliths reveals typical granular 
structure. 

2) Gar grains are zoned in many samples, what one can see either under binocular or from 
profile analysis (Rodionov, 1988). For sample D-60/79 difference in concetrations reaches for 
Cr203 (core-rim, wt%): 6.77-1.05; CaO: 6.27-4.78; AI2O3:16.8-21.4; MgO: 17.9-19.5; for FeO, 
MnO and Ti02 no significant variations were fixed. In some samples with zoned garnets 
(normally about 6-10 mm in size) small grains (0.2-1 mm) of second generation Gar are 
present. Composition of Garll grains corresponds to outer zones of Garl. Core of Garl 
normally is free of ilmenite inclusions, that appear in the rim. Ilmenite inclusions from the 
inner part of the rim sometimes differ in composition from grains in matrix (in D-60/79: Ti02 
- 54.3-52.7, AI2O3 - 1.55-0.73, MgO - 15.9-12.5 wt%). For Cpx, Opx or 01 no signs of zoning 
were fixed. 

3) Practically all samples contain "pools" of greenish-black highly altered aggregates, that 
develop along grain boundaries or form rounded "bays" along fractures in all minerals. 
Serpophite, mica, ore minerals and ochre material composed these pools. We considere these 
aggregates as products of alteration of partial (residual?) melt. 

P-T parameters of equilibria are lower than ones for South Africa analogs (900- 
1120°Cat30-35 kb). 
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Megacryst suite (M) 

Abundance of megacrysts permits to compare Dalnaya pipe with Monastery pipe 
(South Africa). General features of their appearance are simmilar to megacryst suites de¬ 
scribed in other localities. So we will concentrate here on peculiarities of Dalnaya pipe 
megacrysts. 

1) They are a bit less in average size than African ones. Accepting after P.H.Nixon and 
F.R.Boyd (1973) the lowest dimension of 1 cm it is 2.5 cm with maximum (cm): Gar - 4.0, Ilm 
- 5.9, Cpx - 6, Opx - 3, Ilm-Cpx intergrowths - 9.5. 

No one typical graphic intergrowth of Ilm and silicate was found. On the other hand 
several megacrysts of high chromium type were recorded similar to Sloan pipe (USA, Eggler, 
MacCallum, 1976). 

The majority of Ilm megacrysts are recrystallized either totally or more common 
partly. Gar megacrysts often bear traces of partial melting. 

Compositions of megacrysts do not reveal "crystallization" trends like South African 
suites. There is only general tendency appearing in enrichment of all minerals in Fe, A1 and 
Ca contents in association with Ilm. Like and for (IL) equilibria parameters are lower in 
comparison to South Africa (900-1050^C and P < 30 kb). For several discrete Cpx nodules T 
reaches 1200-1250^C. 

Ilmenite-pyrope wehrlites (IW) 

The most interesting Ilm-bearing assemblage is a first time established in Dalnaya 
paragenetically proved xenoliths and megacrysts of ilmenite-pyrope wehrlite (Rodionov et. 
al., 1977; Rodionov, Pokhilenko, Amshinsky, 1989). 

All reported earlier xenoliths of this type were either not accompanied with mineral 
analysis or Gar analysis corresponded to two-pyroxene types of paragenesis and therefore such 
samples were called according to composing minerals proportions. 

Xenoliths have unusual structure and are composed of big (up to 2.5 cm) crystals of 
Gar -H Cpx + Ilm -f 01 + Phi (the two last fases can be not presented). 01 is practically totally 
serpentinized. There is a small grained (0.2 mm) aggregate of the same minerals + Amph + 
Spnl in interstices and along fractures in the big crystals. We consider this material as product 
of quenching of partial melt what is confirmed by very strong zoning of small euhedral spinels 
in sample D-100/81 and euhedral form of Cpx. 

Megacrysts of the same paragenesis look very much alike "normal" Iherzolitic type and 
can be distinguished only on the basis of their chemistry (Gar first of all). 

As we have only four xenoliths and their both structure and composition of big crystals 
strongly corresponds to megacrysts of the same type their compositions were combined in 
following discussion. 

Temperature range of equilibria is estimated as 800-880^C (assuming pressure 25 kb). 

Discussion and summary 

It is reasonable to compare compositional variations of minerals from all considered 
groups as they are presented in the same kimberlite body. Another point is that in xenoliths 
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of Ilm Iherzolites occasionally mineral grains reaching 1 cm occur. And disintegration of such 
xenoliths can be one of the sources of megacrysts in kimberlite matrix. 

Comparison of all corresponding minerals between groups show: 

1. Inside no one group crystallization trend can be reconstructed on the basis of major elements 
chemistry. 

2. As could be suggested range of composition of discrete nodules overlaps variations for each 
individual group. 

3. If to compare average composition for each group (for association with Ilm) a certain 
tendency appears quite evident. In the range IL-M-IW of all minerals regularly increases while 
Cr-contents is decreasing; for Cpx ratio Ca/Ca + Mg increases also that reflects decreasing of 
equilibria temperature. 

The fact that IW - end member of this trend is established both as megacrysts and 
consolidated rock xenoliths can be a basis for conclusion that more refractory megacrysts of 
ilmenite-pyrope Iherzolite paragenesis also passed a stage of consolidation. In our opinion it 
excludes a possibility of M crystallization from kimberlite melt. Abundant traces of cataclasis 
in these megacrysts confirm this conclusion. 

Our results permit to interpret established range as a product of deep-seated meta- 
somatic processing of normal mantle peridotite (first of all sheared) by fluids enriched in Ti, 
Fe, Ca, K and other non-coherent elements. Process took place in uplifting mantle diapir, that 
is reflected in Gar zone. Partial melting in the upper part of the diapir in combination with 
collecting re-crystallization led to forming of coarse-mega-crystalline rocks. Disintegration of 
these rocks (due to presence of residual melt) during kimberlite emplacement produce 
megacrysts. 

Absence of crystallization trend in comparison to South Africa is due to general 
comparatively "cool" mantle conditions producing less scale of melting. In other words Dalnaya 
ilmenite assemblages were derived from several isolated chambers. At the same time our data 
approve general tendencies in evolution of titanium branch associations. 

References 

NIXON, P.H.& BOYD, F.R. 1973. The discrete nodule association in kimberlites from northen Lesotho. In 

NIXON,P.H. (ed.) Lesotho kimberlites, Lesotho Nat. Dev. Corp., 67-75. 

EGGLER, D.H. & MacCALLUM, M.E. 1976. A geotherm from megacrysts in the Sloan kimberlite pipes, 

Colorado. Cam. Inst. Wash. Yearbook 75, p. 538-541. 

RODIONOV, A.S. 1988. Ilmenite peridotite xenoliths with zoned garnet from Dalnaya kimberlite pipe 

(Yakutia). In Ultramafic paragenesis minerals from kimberlites and conditions of their genesis, Novosibirski, 
86-94 (in Russian). 

RODIONOV, A.S.; AMSHINSKY, A.N.; POKHILENKO, N.P.; SOBOLEV, N.V. 1984. Xenoliths of ilmenite- 
pyrope wehrlites and the problem of kimberlite megacrysts suite genesis. In 10^*^ Seminar "Geochemistry of 

magmatic rocks", (abst.), Moscow, GEOCHI, 153-154 (in Russian). 

RODIONOV, A.S.; POKHILENKO, N.P.; AMSHINSKY, A.N. 1989. Megacryst suite in Yakutian kimberlites: 

new data. In Problems of kimberlite magmatism, Novosibirski, Nauka, Siberian Div., 120-126 (in Russian). 



342 Fifth International Kimberlite Conference 

STATISTICAL DISTRIBUTIONS FOR DIAMONDS. 

Rombouts, L. 

Terraconsult bvba, Jan Van Rijswijcklaan 84, B-2018 Antwerpen, Belgium. 

Models for the sizes and spatial distribution of diamonds 
are necessary to sample and evaluate diamond deposits in 
a rational and economic way. The distribution models can 
be interpreted as the result of physical processes acting 
on discrete particles. For instance, size distributions 
could be diagnostic for constraints during 
crystallisation of the diamonds. 

If the growth of diamonds in the mantle was subject to 
the proportional effect, diamond sizes will be well 
approximated by two-parameter lognormal distributions. 
If we assume, on the other hand, a size-invariant growth, 
fractal models will be applicable, with the size 
distribution obeying a power law. Lognormal distributions 
fit very well the size distributions of macrodiamonds in 
kimberlites, lamproites and sediments. The size 
distributions of microdiamonds (e.g. in the Argyle 
lamproite), however, seem to follow a power law. The 
difference between the lognormal and fractal distribution 
can be illustrated with the theory of fragmentation. If 
fragmentation is explosive - or sudden and pervasive -, 
the resulting fragments will follow a fractal size 
distribution. This has for instance been studied in coal 
mines, where the sizes of coal fragments from the broken 
mine face follow a power law. On the other hand, if 
breakage is slow, say in a mill, at every stage in the 
process the fragments created are a random fraction of a 
previous larger fragment. This proportional effect will 
result in a lognormal size distribution for the 
fragments. The model of stable growth proportional to 
size seems plausible for macrodiamonds in the mantle. 
Kimberlites tap these macrodiamonds as xenocrysts. The 
power law of the microdiamonds seem to point to a sudden 
random growth, possibly at the time o.f kimberlite 
explosion. 

Deviations or variants on these ideal cases will often 
create distributions intermediate between Pearson III and 
Pearson V type curves. Within this family are gamma 
distributions, inverse gaussian distributions, three- and 
four-parameter lognormal distributions and log-hyperbolic 
distributions. The latter two are especially useful in an 
alluvial environment, where due to alluvial sorting a 
linear relationship could exist between the average stone 
size and the standard deviation. 

During diamond crystallisation in the mantle, carbon 
molecules will diffuse by random walk to the nearest 
nucleation seed. If the nucleation seeds appear at random 
but at a constant rate in time and per unit volume, the 
distribution of the volumes of influence of each seed 
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will have a coefficient of variation of 1.066. The latter 
is very similar to the coefficient of variation of 
diamond sizes in the Banankoro kimberlite pipes in 
Guinea, where diamonds are large, clear and well- 
crystallised . 

Diamonds are brought to the earth's surface during 
kimberlite volcanism and are spread in secondary deposits 
by rivers, wind and sea. Sichel's compound Poisson 
distribution is a very useful model to describe the 
distribution of diamonds as particles in space. The 
compound Poisson distribution is obtained by mixing a 
simple Poisson distribution with a distribution 
intermediate between the Pearson III and V curve. The 
model can be visualized as a random distribution of 
clusters. The compound Poisson distribution is flexible 
with parameter theta (between 0 and 1) indicating the 
degree of clustering. If theta is zero, the distribution 
becomes a simple Poisson distribution, with particles 
distributed at random without clustering. If theta 
approaches one, the clustering effect becomes stronger. 
This allows the clustering of diamonds in favourable 
trapsites to be modelled. 

If samples of diamond deposits are large enough to 
contain several tens of stones, the resulting grade 
distribution will loose its discrete character and tends 
to be lognormal. In kimberlites or lamproites, the grade 
contains a spatial structure, wich can be modelled in a 
spherical variogram. A random distribution of points will 
create a spherical variogram if the number of points are 
counted in successively overlapping spheres' The range of 
the variogram is then equal to the degree of overlapping 
of two successive spheres. 

The value distribution of diamonds is well approximated 
by lognormal distributions. The value distribution will 
show a high logarithmic variance in deposits with a high 
gem content. The t-estimator is in such a case more 
efficient than the arithmetic mean for estimating the 
average carat price of the diamonds. 
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CRATONIC AND OCEANIC LITHOSPHERIC MANTLE 

BENEATH NORTHERN TANZANIA. 

Roberta L. RudnickP^; William F. McDonough^^^ and Bruce W. ChappelPl 

(1) Research School of Earth Sciences, Australian Nat. Univ., Canberra, A.C.T. 2601 Australia; 

(2) Dept, of Geology, Australian Nat. Univ., Canberra, A.C.T. 2601 Australia. 

Cratonic peridotite xenoliths from kimberlites in southern Africa have compositions 
distinct from those carried in alkali basalts which erupt through post-Archean crust. Off-craton, 
or "oceanic” peridotite xenoliths show increasingly forsteritic olivines with increasing modal 
olivine content, similar to trends observed in oceanic peridotites and consistent with progressive 
extraction of basaltic magma. In contrast, cratonic peridotites have high Fo contents over a 
wide range of modal olivine contents and generally contain high modal enstatite (Boyd, 1989). 
These mineralogical differences are reflected in higher Si02 and lower FeO contents 
(Hawkesworth et al., 1990, McDonough, 1990) in cratonic xenoliths. Cratonic xenoliths also 
possess lower concentrations of HREE, Sc, Mn, V (McDonough, 1990), suggesting severe 
depletion by partial melting. The differences between cratonic and non-cratonic peridotites have 
been attributed to fundamentally different growth processes of the lithospheric mantle in 
Archean and post-Archean times (Boyd, 1989, Hawkesworth et al., 1990). In particular, 
generation of komatiitic magmas in the Archean may have produced a highly depleted, Si02- 
enriched residue that was buoyant in comparison to the surrounding (fertile) mantle. An 
alternative explanation is that the melt-depleted character and Si02-enriched nature of Kaapvaal 
peridotites may reflect addition of Si02 to highly depleted (komatiitic) residues by slab-derived 
fluids (Kesson and Ringwood, 1989). In this abstract we examine new and published data for 
garnet and spinel peridotite xenoliths from the Lashaine and Olmani ankaramite volcanoes in 
northern Tanzania that place constraints on the mode of growth of lithospheric mantle. 

The Quaternary Lashaine and Olmani volcanoes lie approximately 30 km from one 
another near Arusha in northern Tanzania. They lie within the southern extension of the East 
African Rift and occur in a Proterozoic (ca. 2 Ga) mobile belt in an area of extensive pan- 
African crustal reworking (Nixon, 1987). The age of crust formation is unknown. The Archean 
Tanzanian craton lies -150 km to the west but Archean rocks are unknown in the Arusha area. 
The Lashaine xenolith suite was extensively described by Dawson and co-workers in the early 
1970's (Dawson et al., 1970, Dawson and Smith, 1973, Reid and Dawson, 1972, Reid et al., 
1975, Rhodes and Dawson, 1975, Ridley and Dawson, 1975). Their studies document the 
remarkable freshness of both garnet and spinel peridotite xenoliths from Lashaine in 
comparison to kimberlite-hosted xenoliths from the Kaapvaal craton. Relatively little published 
data exist for Olmani xenoliths (Jones et al., 1983), which are typically ultra-refractory (F093. 
94) clinopyroxene-bearing dunites or wehrlites. 

Main Features 

Both garnet- and spinel-bearing peridotites occur at Lashaine. The garnet peridotites are 
strikingly similar to low temperature garnet peridotites from the Kaapvaal craton, whereas the 
spinel peridotites are generally more refractory than typical spinel peridotites from non-cratonic 
regions. Estimated equilibration pressures and temperatures for the Lashaine garnet-bearing 
xenoliths are similar to those from Kaapvaal, falling on the -44 mW/m^ geotherm. Moreover, 
the enstatite-rich and refractory character of low temperature Kaapvaal peridotites is also found 
in the Lashaine garnet peridotites, which have Fo = 90-93, modal olivine = 65-89% (Fig. la) 
and Si02 contents higher than spinel peridotites from Lashaine or elsewhere. REE patterns of 
the Lashaine garnet peridotites mimic those of the coarse granular Kaapvaal peridotites: they are 
LREE enriched ((La/Yb)n = 4-67) with harzburgites having lower HREE contents than 
Iherzolites (e.g., McDonough and Frey (1989)). 

Spinel peridotites from Lashaine have equilibration temperatures overlapping those of 
garnet peridotites, but are chemically different from both Kaapvaal and Lashaine garnet 
peridotites. These spinel peridotites have higher modal olivine contents for the same range of 
Fo contents and lie at the terminus of Boyd's "oceanic trend" (Fig. lb); they also have lower 
Si02 and higher MgO contents than the garnet peridotites but exhibit similar overall REE 
contents and patterns. Compared with spinel peridotite xenoliths world-wide they have lower 
Si02 and higher MgO and Ni contents, suggesting that they are more refractory. In this respect 
they are most similar to spinel peridotites xenoliths from Olmani. 
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assemblages. Texturally, at least some of the clinopyroxenes are seconda^: they rim spinels 
and are observed as veins cross-cutting the olivine matrix (see next section and Jones et al 
(1983)). The peridotites exhibit a range of modal olivine contents, although most contain >80% 
modal olivine, similar to but at higher Fo-contents than Lashaine spinel peridotites (Fig. lb). 
None of these samples contain garnet, but the spinels have extremely Cr-rich compositions 
(Cr/(Cr-f-Al) up to 89). This feature, coupled with equilibration temperatures similar to the 
Lashaine peridotites and "fingerprint" intergrowths of pyroxene and chromite, suggests that 
some of the Olmani samples may have contained garnet that broke down due to rising 
temperature or falling pressure. The Olmani peridotites are more refractory than any hitherto 
reported in the literature, however despite their high MgO and Ni contents, Cr contents are 
highly variable (500-2500 ppm). These unusually refractory compositions may be the result of 
partial melting and cumulate processes; partial melting proceeded to where garnet was 
consumed (> 50% melting), leaving behind an olivine (±pyroxene +minor chromite) residue, 
while ascending magmas may have precipitated forsteritic olivine cumulates at or near their 
source. These samples may thus be prime candidates for residues and cumulates that have 
equilibrated with komatiitic magma. 

Fig. 1 Modal olivine versus Mg# of olivine (Fo content), after Boyd (1989). A. Garnet peridotites: open 
squares are low temperature Kaapvaal peridotites, filled circles are garnet peridotites from Lashaine. B. Spinel 
peridotites: crosses are Lashaine spinel peridotites and small closed squares are Olmani spinel peridotites. 
Kaapvaal data are from Boyd and Mertzman (1988), Lashaine and Olmani data are from Rhodes and Dawson 

(1975), Jones et al. (1983) and our unpublished results. 

Secondary enrichments 

Both Lashaine and Olmani xenoliths exhibit evidence for elemental enrichments 
following partial melt depletion. At Lashaine this enrichment is manifested by the presence of 
phlogopite whereas at Olmani the enrichment is associated with growth of secondary 
clinopyroxene. Anhydrous Lashaine xenoliths exhibit incompatible trace element enrichments 
comparable to those of some Kaapvaal low temperature garnet peridotites, whereas all 
phlogopite-bearing xenoliths from Lashaine are enriched in the high field strength elements 
(HFSE: Nb, Zr, Hf, Ti) relative to REE of similar compatibility, i.e. they have high Nb/La, 
Hf/Sm, Zr/Sm and Ti/Eu. These fractionations are uncommon in anhydrous peridotites and the 
converse of that observed in hydrous spinel peridotites from non-cratonic regions 
(McDonough, 1990). In addition to HFSE enrichments, the phlogopite-forming event also 
enriched the peridotite in FeO, CaO, and AI2O3. These features suggest introduction of 
phlogopite into depleted mantle peridotite in an open system, probably by interaction with a 
basaltic melt. 

The secondary clinopyroxenes in the Olmani peridotites grew after partial melt depletion, 
possibly by interaction of the residual orthopyroxene with a carbonatite melt. Such interaction 
has the potential of adding CaO without AI2O3 and FeO (Green and Wallace, 1988, Meen, 
1987) and can explain the very high Ca0/Al203 ratios (1.3-8.0) observed in these samples. All 
Olmani samples are LREE enriched, and two samples exhibit unusual enrichments of LREE. 
These LREE enrichments occur without comparable enrichments in HFSE, giving the whole 
rock a strongly HFSE depleted pattern and (La/Yb)n up to 600. Although HFSE depletions are 
characteristic of island arc basalts (lAB), such magmas generally do not show fractionated 
Hf/Sm and Zr/Sm ratios (White and Patchett, 1984), which is in stark contrast to the Olmani 
samples. The cause of these fractionations are as of yet unknown, however similar 



346 Fifth International Kimberlite Conference 

Discussion 

The cratonic geochemical characteristics of the Lashaine garnet peridotites suggest that 
this portion of the mantle is Archean in age, consistent with the very low ejsfd (-24) found in at 
least one of the garnet peridotites (Cohen et al., 1984) (this is the lowest eNd recorded in any 
peridotite xenolith, including those from southern Africa). We infer that both ancient cratonic 
and "oceanic" type mantle exist beneath northern Tanzania. In addition, these data imply that 
the two mantle lithologies bear a close spatial relationship: the lower portion of the lithosphere 
is refractory garnet peridotite similar to that of the root of the Kaapvaal craton, whereas the 
shallower levels are also refractory, but contain a large proportion of modal olivine and may 
represent refractory residues formed in an oceanic environment. This mantle stratigraphy may 
have formed in one of the following scenarios: (1) the earliest crust may have developed on 
pre-existing, depleted oceanic lithosphere which was subsequently thickened by underplating 
buoyant peridotite, refractory after komatiite extraction, (2) an extremely deplet^ (i.e. dunitic) 
lithosphere may have been enriched in Si02 by addition from below (possibly from fluids off a 
subducting slab), however these fluids did not interact at shallow levels, or (3) Archean and 
post-Archean lithospheric mantle may have been juxtaposed through coUisional tectonics, with 
the Archean portion thrust below the post-Archean portion. 
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ULTRA-DEEP (> 300km), ULTRAMAHC XENOLITHS; 

DIRECT PETROLOGICAL EVIDENCE FOR THE TRANSITION ZONE, 

Sautter^^\ V.; Haggerty^^\ S.E. 

(1) Lab. Geophysique, Bat. 510, Universite Paris XI, 91405 Orsay, France; 

(2) Dept. Geology, University of Massachusets, 01003Amherst, USA. 

The vseismologically delineated transition zone from 

400 to 670 km depth is a fundamental discontinuity in the 

bulk Earth between the upper and the lower mantle. The 

mineralogy and chemistry of this inaccessible zone is of 

enormous interest but its petrology is highly controversial, 

mainly because of two competing models (pyrolite versus 

piclogite), but compounded by the uncertainty of whether the 

transition zone is the lower limit of ocean slab subduction 

(Anderson, 1989 ; Ringwood, 1975)/ or whether slabs continue 

to the core-mantle boundary. High pressure experiments 

predict that both pyroxene to garnet and olivine to (3- 

spinel transformation occur at the 400 km seismic 

discontinuity. Natural analogs of pyroxene-garnet solid 

solution have recently been recognized in diamond inclusions 

from South Africa (Moore and Gurney 1985) and Brazil 

(V/ilding et al.l989) .and represent the first mineralogical 

evidence from the transition zone. We present here the first 

petrological evidence from the 400 km discontinuity 

(Haggerty and Sautter, 1990 ; Sautter et al, 1991). 

The xenoliths (24 samples) are from the 

Jagersfontein kimberlite pipe in South Africa. The biggest 

xenolith (9x5 cms) is a four phase garnet Iherzolite 

(garnet, olivine, clinopyroxene, orthopyroxene). The rock is 

heterogeneous because garnet (15 to 10 % by volume) forms a 

1 to 1.5 cm thick band throughout a matrix dominated by 

olivine (40 to 50 %) and orthopyroxene (.30-40 %) and 5 to 10 

% clinopyroxene. Other samples range from garnet- 

clinopyroxene-orthopyroxene associations to discrete garnet 

; these specimens and are less than 3 cm in diameter. A 

common feature of the entire set of samples is pyroxene 

exsolution rods within single garnet crystals that are 

parallel to apparent<lU)’dlrections of the cubic host.Based 

on the crystal chemistry of pyroxene exsolution, the 

xenoliths are divided into two groups. The first group is 
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composed of purple gsrnet (1 to 2 % wt Cr203/ Pyr69 73Alnil5“ 

20Gros3ll-12) with clinopyroxene exsolution (Jcil3-20Wo36-* 

43Hyp43) and attached single crystals of apple green 

clinopyroxene of siinilar composition ; the garnet Iherzolite 

sample falls into this group. The second group is defined by 

discrete pink garnet crystals (up to 80 % mole of pyrope) 

with orthopyroxene exsolution (Mg/Mg + Fe = 0.95). In both 

groups, the garnet is of ultramafic affinity. Modal 

proportions, however, are higher for Cpx exsolution (between 

85Gt:15Cpx and 70Gt:30Cpx) than for Opx exsolution (90Gt : 

lOOpx) . 

Primary garnet compositions are calculated by 

recombining the estimated quantity of pyroxene rods within 

the garnet host. This calculation rests on the 

interpretation of the present textures as conclusive 

evidence that the pyroxene exsolved from a homogeneous Ca-Na 

majorite. Exsolution induced by a disproportionation of a 

solid solution implies rigorous orientation of the. 

crystalline precipitate within the host. Preliminary T£M 

observations indicate that the<P01^direction in the pyroxene 

rods is parallel to the<<iXl^dlrection in garnet. Such a 

relationship would minimize Si and A1 diffusion paths as it 

matchs the tetrahedral chains of Si in pyroxenes with the 

octahedral sites of garnet that contain both Si and Al under 

very high pressures (> 80 kbar). The relative orientation of 

the two phases is further described by (110) garnet 

parallel to (010) clinopyroxene. 

Reconstitution of pyroxene in garnet in the mas, 

CMAS, NCMAS systems and natural analogs require P of at 

least 100 kb (Fig.l), A conservative estimate is 130 kb, 

placing the xenollths at or close to the 400 km seismic 

discontinuity. The seismic discontinuity thus appears to be 

due to the olivine to (J-spinel transition as well as 

pyroxene dissolution in garnet. From these xenoliths and the 

high Si garnet inclusions in diamonds we infer that there is 

a mixture of eclogite and Iherzolite at the discontinuity. 

Such data (on centimeter scale samples) do not permit, 

however, evaluation of the degree of chemical heterogeneity 

at those depths. Consequently a homogeneous pyrolitic mantle 

with centimeter wide eclogitic layers due to stretching of 
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oceanic slabs by convection^ or a heterogeneous mantle with 

a chemical change from Iherzolite to piclogite at the 400 km 

discontinuity due to piling up of oceanic slabs in the 

transition zone, are both valid petrological models. As 

presently constituted, the xenoliths have reequilibrated at 

900-1000®C and 45 kb in the lithosphere prior to crustal 

emplacement. Upward transport at the head of a plume is 

proposed (Haggerty and Sautter, this volume), 

Figure 1 Geobarometer from Irifune (-1987) and Akaogi and 

Akimoto (1979) : exces Si in garnet as a function of 

pressure. Solid triangles are the reconstructed garnet from 

Jagersfontein. The diamond symbols corresponds to garnet 

inclusions in diamonds. 
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LOW-Ca GARNET HARZBURGITE XENOLITHS FROM SOUTHERN AFRICA: 

ABUNDANCE, COMPOSITION, AND BEARING ON THE STRUCTURE AND EVOLUTION 

OF THE SUBCRATONIC LITHOSPHERE. 

Daniel J. Schulze. 

Department of Geology, University of Toronto, Erindale College, Mississauga, Ontario, Canada L5L 1C6. 

Most natural diamonds probably exist in the upper mantle as members of a low-Ca 
garnet harzburgite assemblage. Xenoliths of low-Ca garnet harzburgites (with or without 
diamonds) are purported to be rare, although xenocrysts of low-Ca Cr-pyrope derived 
from such rocks have been shown to exist in virtually all kimberlites on the Kaapvaal 
Craton in southern Africa (e.g., Boyd and Gurney, 1982; Gurney, 1985). This has led to 
suggestions that, relative to other types of mantle xenoliths, low-Ca garnet harzburgites 
disaggregate more readily upon eruption, yielding xenocrysts of diamond and low-Ca 
garnet, with few intact low-Ca garnet harzburgite xenoliths surviving (e.g., Boyd and 
Gurney, 1982; Gurney, 1985). In the present study, xenoliths of low-Ca garnet 
harzburgite were sought in the Kimberley dumps, and their abundance compared with 
estimates from garnet xenocryst populations of the Kimberley mines. Investigation of 
garnet xenocrysts was extended to include 11 additional kimberlites across the Kaapvaal 
Craton. Note that in similar, earlier studies only Cr-rich purple garnets were analyzed, 
and thus the data cannot be used to estimate the abundance of low-Ca garnet 
harzburgites in the upper mantle. 

Garnet harzburgites constitute approximately 9% of the mantle xenolith population at 
Kimberley, (945 nodules studied by Schulze, 1986). As 11 of 45 garnet harzburgites 
analyzed contain Cr-pyropes with CaO contents lower than those from the Kimberley 
Iherzolite field, approximately 2% of the Kimberley xenolith population is low-Ca garnet 
harzburgite. If only garnet-bearing xenoliths are considered (41% of the nodule suite), 
low-Ca garnet harzburgites constitute approximately 5% of the suite. Analysis of 469 
garnets from the Wesselton, Du Toit’s Pan, and Bultfontein mines yielded an average 
value of about 5% for low-Ca garnets among the entire garnet population (Table 1). If 
41% of Kimberley ultramafic xenoliths are garnet-bearing, the garnet xenocryst data yield 
a value of 2% low-Ca garnet harzburgite for the mantle sampled by the Kimberley 
kimberlites. 

At the Finsch Mine, low-Ca garnets constitute approximately 6% of the garnet 
xenocryst population (Table 1). Three low-Ca garnet harzburgites (one diamond-bearing) 
have been identified in a suite of 104 garnet peridotites at Finsch, approximately 3% of 
the peridotite population (Gurney, 1985; Skinner, 1986; Viljoen et al., ms in preparation). 
At both Kimberley and Finsch, therefore, low-Ca garnet harzburgites are present in the 
xenolith suites in abundances that approximately agree with estimates from the garnet 
xenocryst population. There is no need to invoke the presence of interstitial magnesite or 
liquid to cause preferential disaggregation of this type of nodule (e.g., Boyd and Gurney, 
1982). 

Elsewhere on the Kaapvaal Craton, garnet xenocryst populations yield similarly low 
values for low-Ca garnet harzburgites, with locally significant exceptions (Table 1). High 
values for volume abundance of low-Ca garnet harzburgite (as calculated for 
peridot!te-eclogite ratios by Schulze, 1989) exist in the Boshof kimberlite cluster (13% at 
Blaauwbosch, 21% at Roberts Victor, 34% at New Elands) and at Eendrag (23%) and 
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Star (27%). At Bobbejaan, Kaalvallei, Lace and Premier values are 3-8%, with an 
apparently smaller, but uncertain, quantity at Balmoral. In contrast to the present 
estimate for low-Ca garnet harzburgite abundance at Premier (6%), 19% of the garnet 
peridotite nodules studied by Danchin (1979) are low-Ca garnet harzburgites. The reason 
for this difference is unknown. A similarly high abundance (25%) was reported for the 
xenolith suite at the Zero kimberlite (Shee et al., 1989). 

Many of the Kimberley low-Ca garnet harzburgites have zoned garnets, with rims 
typically enriched in Ca and either enriched or depleted in Cr, relative to cores. 
Changes are in the direction of garnets in the Iherzolite field. All other minerals are 
homogeneous and magnesian (e.g., Mg/(Mg-i-Fe) = 0.929 - 0.949 in olivine). 

Both Kimberley and Finsch low-Ca garnet harzburgite equilibrated on a steady-state 
subcontinental geothermal gradient. At Kimberley they are within the range of 
equilibration of the majority of garnet Iherzolites (1000°C, 42 kb to 1150°C, 56 kb), 
whereas the Finsch low-Ca garnet harzburgites overlap with, but are mostly shallower 
than, Finsch garnet Iherzolites (Skinner, 1986; Viljoen et al., ms in preparation). 
Similarly, low-Ca garnet harzburgites studied by Boyd and Nixon (1988) apparently 
equilibrated throughout the subcratonic lithosphere, and not at any specific depth, and all 
of the examples from the Zero pipe equilibrated in the graphite stability field (Shee et 
al., 1989). There is thus no evidence for low-Ca garnet harzburgites being concentrated 
in a "root" to the lithosphere. 

Late Ca-metasomatism, similar to that inferred to be the cause of zoning in the 
Kimberley low-Ca garnet harzburgites, can also be inferred for other localities. Though 
zoning has not been recognized in the Finsch low-Ca garnet harzburgites, they, and many 
Finsch garnet xenocrysts (e.g.. Group B of Gurney, 1985), are intermediate in 
composition between garnet Iherzolites (>4% CaO) and most garnets in diamonds at 
Finsch (<2% CaO). Furthermore, at Liqhobong, Dawson et al. (1978) documented a 
low-Ca garnet harzburgite in which garnet rims are Ca-enriched relative to cores. 

In conclusion, low-Ca garnet harzburgites are thought to exist beneath the Kaapvaal 
craton as small, isolated bodies scattered vertically and horizontally throughout a 
Iherzolite-dominated lithosphere, generally in low volume (3-6%), though locally abundant 
(to 35%). Subsequent to acquiring their low-Ca signature (and diamonds), Ca was 
reintroduced into the low-Ca garnet harzburgites on a wide scale, perhaps through 
diffusive exchange with surrounding garnet Iherzolite. Uniformly low-Ti argues against 
involvement of a silicate melt. 
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Table 1. Relative abundances of rock types sampled by kimberlites on the Kaapvaal 
Craton, in volume percent, as determined from garnet xenocryst populations. 

Kimberlite Rock Type* 
L H W E 

Finsch 94 6 0^ tr^ 
Bultfontein 93 6 1 tr 
Du Toit’s Pan 94 6 0 tr 
Wesselton 96 3 0 1 
Balmoral 99 ?# 0 tr 
Eendrag 72 23 4 1 
Bobbejaan 95 3 0 3 
Blaauwbosch 81 13 3 3 
New Elands 62 34 0 4 
Roberts Victor 61 21 3 16 
Star 71 27 0 2 
Kaalvallei 89 3 0 8 
Lace 83 8 0 10 
Premier 91 6 3 0 

* Rock type abbreviations: L = Iherzolite, H = harzburgite, W = wehrlite, E = eclogite. 
A value of 0 indicates that garnets from this rock type were not found in the garnet 

population, tr indicates garnets from this rock type are present in the garnet population, 
but represent less than one percent by volume. 
^ Balmoral garnets include some that are marginally, but not clearly, lower in CaO than 
most of those in the Iherzolite field, which is not well defined at this pipe. 
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CARBON ISOTOPE COMPOSITION OF GRAPHITE IN MANTLE ECLOGITES. 
Schulze^^l DJ.; Valley^^\ J.W.; Viljoen^^\ KS. andSpicuzza^'^l M. 

(1) Department of Geology, University of Toronto, Erindale College, Mississauga, Ontario, Canada; (2) Department of 

Geology and Geophysics, University of Wisconsin, Madison, Wisconsin, USA; (3) Anglo American Research 

Laboratories, Johannesburg, South Africa. 

The carbon isotopic composition of diamond is reasonably well-known from 
measurements on hundreds of diamonds of known paragenesis. With very few 
exceptions, 5'^C values of peridotite-suite diamonds are in the restricted range -2 to 
-9%<?pdb, whereas 5*^C for eclogitic diamonds ranges from approximately +2 to -34%opdb 
(e.g., Sobolev et al., 1979; Deines, 1980; Harris, 1987). In contrast to this large data 
set, few isotopic data have been published for either eclogitic or peridotitic 
mantle-derived graphite. Values of 5^^C for primary graphites from peridotite xenoliths 
(-4.8 to -10.04%o; Kropotova and Fedorenko, 1970; Pearson et al., 1990; Schulze and 
Valley, in press) are similar to those from peridotitic diamonds. Existing carbon isotope 
data for graphite in mantle eclogites from Mir (Kropotova and Fedorenko, 1970), Roberts 
Victor (Deines et al., 1987), and Orapa (Deines et al., 1991) are, with one exception, in 
the "typical mantle range" (-3.98 to -8.7%opdb)- Graphite from a Schaffer, Wyoming 
kyanite eclogite (Schulze and Valley, in press) is unusually light, with 5*^C = -14.31%o. 
An additional anomalous graphite analysis (5^^C of -20.3%o) was reported by Deines et 
al. (1991) for a corundum-garnet-spinel assemblage of uncertain affinity, also from 
Orapa. To enlarge the data base for mantle-derived graphites, we present carbon isotope 
data for graphites from 23 eclogite xenoliths, from the Bellsbank and Jagersfontein 
kimberlites in South Africa and the Orapa and Letlhakane kimberlites in Botswana. 

Most of our new data (Table 1) are normally distributed about a 5‘^C value near -5 
to -6%o. Interesting features in this new data set include a very light value of -12.50%o 
for an eclogite from Letlhakane, and the fact that 3 of the 8 Bellsbank samples have a 
5'^C value near -2.9%o. These latter values are unusually heavy, relative to the strong 
peaks for both eclogitic and peridotitic diamonds at approximately -6%o, but are similar 
to many of the values for loose diamonds of unknown affinity from Bellsbank. 
One third of the diamonds from the Dan Carl Mine at Bellsbank reported by Deines 
(1980) have 5‘^C values in the range -2 to -3%o. 

Graphites from mantle eclogites thus appear to have an overall distribution 
similar to eclogite-suite diamonds. In both suites there is a strong peak near -6%o, with 
a significant number of samples at lower and higher values, although the relatively few 
graphites do not define as wide a range of 5‘^C values as does the larger eclogitic 
diamond population. 

The origin of the isotopically light and heavy eclogitic diamonds is controversial. 
Considered in isolation, the range of 6^^C values for both eclogitic diamonds and 
graphites could be explained by several different processes. These include precipitation 
of native carbon from CO2 and CH4 vapours through Rayleigh fractionation, isotopic 
inhomogeneity in the mantle remaining since the accretion of the Earth, and subduction 
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of oceanic basalt containing crustal biogenic and carbonate carbon (e.g., Deines, 1980; 
Kirkley and Gurney, 1989). Only the subduction hypothesis, however, adequately 
accounts for many of the other characteristics of mantle eclogites, characteristics such as 
positive Eu anomalies and anomalously high and low 5^*0 and 5^S values, that defy 
explanation in terms of mantle igneous processes. 

We suggest that the anomalous 5'^C values for graphite in mantle eclogites support 
the subduction hypothesis. Furthermore, the model of Helmstaedt and Schulze (1989) of 
the formation of the subcratonic lithosphere by tectonic emplacement of ocean-floor 
material beneath the cratons can be extended to include even the shallow portion of the 
lithosphere represented by rocks from the graphite stability field. 

Table 1. Carbon isotope composition of graphite from mantle eclogites, analyzed at the 
University of Wisconsin. 

Location Sample '-'PDB 

Letlhakane JSL-200 -5.54 
JSL-201 -5.69 
JSL-202 -5.37 
JSL-204 -7.68 
JSL-206 -12.50 
JSL-207 -5.68, -5.75 
JSL-208 -5.98 

Jagersfontein K7/555 -5.90 

Bellsbank K64/124 -2.94 
K64/128 -5.69 
K64/129 -7.04 
K64/133 -2.95 
K64/134 -2.84 
K64/147 -5.38 
K64/149 -4.96 
K64/169 -5.47 

Orapa K1/399 -6.55 
K1/400 -6.19 
K1/401 -6.23 
K1/402 -4.64, -4.71 
K1/403 -5.67 
K1/404 -6.29 
K1/406 -6.00 
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ON THE SCALE OF HETEROGENEITIES IN CLINOPYROXENES OF SPINEL LHERZOLITE 

XENOLITHS FROM OAHU, HAWAII: IMPLICATIONS FOR NON-MODAL 

ADVECnON-DIFFUSION CONTROLLED TRACE ELEMENT ENRICHMENT. 

G. Sen 

Department of Geology, Florida International University, Miami, Florida 33199. 

Ion and electron microprobe investigation of clinopyroxenes of Hawaiian spinel Iherzolite xenoliths was 
undertaken to examine the scale of major, minor, and trace element variabilities in the Hawaiian upper mantle. 
A total of about 50 xenoliths were examined, and these come from Kaau, Pali, Kalihi and Salt L^e vents of the 
post-erosional Honolulu Volcanics (Fig. 1). Kalihi, Kaau and Pali vents occur close to the caldera area of the 
Koolau shield volcano, and Salt Lake is situated on the apron of the volcano. Thus, the premise of this study 
was also to document 3-D variations in the spinel Iherzolitic lithosphere on a km-scale beneath an extinct hot 
spot generated volcano that had also suffered post-erosional magmatism. Whereas opxs are LREE-depleted in all 
xenoliths, cpxs show a large range: [Ce/Sm]c.n. = 0.2-2.7 (Fig. 2). Salt'Lake cpxs mostly exhibit LREE- 
enriched to convex upward REE patterns and only one xenolith shows slightly depleted pattern (Fig. 2). Kaau 
and Pali xenoliths vary from depleted to enriched types. Transitional "Spoon"-shaped (concave upwards between 
La and Eu) patterns also occur in all the xenoliths close to the Koolau caldera, but are notably absent in the Salt 
Lake suite. In individual xenoliths strong intergrain and intragrain REE variation exists. A cpx grain with a 
spoon-shaped pattern and lower absolute REE contents occurs in the same rock containing another grain with 
strongly LREE-enriched pattern. Cores are commonly LREE-depleted or spoon-shaped whereas the rims are 
strongly LREE-enriched or spoon-shaped with higher REE abundance. In composite xenoliths from Salt Lake, 
cpxs in the pyroxenite (vein) and Iherzolite (wall) both have convex-upward REE pattern, and the absolute 
abundances increase in the wall rock cpx as the vein is approached. It is clear that the starting (protolith) cpx 
was strongly depleted in LREE (as would be expected of a N-MORB depleted residue. Later non-modal 
enrichment was caused by fluids related to two periods of magmatic activity - Koolau (tholeiitic) and Honolulu 
(post-erosional alkalic). The nature of the variations (collectively & individual cpxs) suggests that selective and 
differential enrichment of LREEs (but no enrichment Eu-to-Yb) occurred, and it is proposed that the process 
was an advection-diffusion controlled mechanism. Overall, origin of these heterogeneities is attributed to a 
combination the following processes: First, fusion and heterogeneous extraction of northern Pacific MORBs 
depleted the lithosphere. Second, internal deformation (matrix deformation during melt extraction) and 
metamorphic segregation.processes resulted in the development of porphyroclastic texture and mineral foliation. 
Third, migrating fluid leaving the asthenosphere cracked and reacted with the lithosphere. Fourth, heating of the 
lithosphere largely by transient Hawaiian magmas while moving over the hot spot caused the lithosphere to 
thin, resulting in the conversion of the lower garnet Iherzolite layer into a spinel+pyroxene cluster bearing 
Iherzolite (LREE-depleted) of the type found in Pali. Passing Koolau magmas may have further depleted the 
spinel Iherzolite lithosphere in incompatible elements while enriching it in Fe. Finally, significant coarsening 
of grain size, veining, stoping, Fe, LREE, and Na-enrichment and hydrous mineral precipitation along cracks 
within the lithosphere occurred during interaction of the lithosphere with parental magmas of the post-shield 
Honolulu magmas derived from the asthenosphere. 
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PETROGRAPHY AND GENERAL CHEMICAL FEATURES OF POTASSIC MAFIC TO 

ULTRAMAHC ALKALINE VOLCANIC ROCKS OF MATA DA CORDA FORMATION, 

MINAS GERAIS STATE, BRAZIL. 

SgarbP^, P.BA. and Valenca^^\ J.G. 

(1) Institute de Geociencias, Universidade Federal de Minas Gerais. Av. Antonio Carlos, 6627 - 31270 Belo 

Horizonte - MG; (2) Instituto de Geociencias, Universidade Federal do Rio de Janeiro. Cidade Universitdria - Ilha 

doFunddo - CEP 21910. Rio de Janeiro - RJ, Brazil. 

INTRODUCTION 

This abstract focuses on relevant petrographic and chemical 

features of kamafugitic lavas of the Mata da Corda formation, 

cropping out near the town of Carmo do Paranaiba (v^estern Minas 

Gerais state). The studied area (approximately, 450 km^) 

constitutes part of the- Cretaceous Sanfranciscan basin. 

GEOLOGY 

The rock succession in the Sanfranciscan basin represented by 

the Areado (hereafter called AR) and Mata da Corda (hereafter 
called MT) formations, is 500 m thick and unconformably overlies 
folded metapelites of the Upper Proterozoic Barnbui group. The AR 
formation (Lower Cretaceous) consists of fluvial polymictic 
conglomerates (Abaete member), lacustrine shales, sandstones, 
limestones and marls (Quirico member), and aeolian and fluvio- 

deltaic sandstones (Tres Barras member). The MT formation (Upper 
Cretaceous) overlies the latter formation, from which is separated 
by local erosive unconformities. It comprises a 40 to 60 rn thick 

pile of K-rich mafic to ultramafic alkaline lavas (Patos facies), 

volcanic conglomerates and sandstones (Capacete facies) and clayey 

sandstones with little volcanic contribution (Urucuia facies). The 
lavas and non-volcanoclastic rocks have a larger spatial 

distribution and are volumetrically more significant than the 
volcanoclastic rocks. The lavas form small exposures (frequently, 

very weathered) of massive, thin horizontal and subhorizontal, 

poorly-vesiculated flows (in places, individually, not exceeding 

0.5 m thick). In some outcrops, the extrapolated thickness of a 

sequence of flows may reach 10 m. 

PETRCDGRAPHY 

Under the lUGS scheme (Streckeisen, 1980) the MT lavas are 
ultramafitites, mafitites, leucitites and kalsilitites (hereafter, 

called, respectively ULT, MAF, LEU and KAL). These ULT and MAF 

have unidentified felsic phase(s) and estimated values (vol. %) of 

mafic index from 80 to 70 and 60 to 70, respectively; whereas the 
LEU and KAL contain leucite (pseudornorphs) and kaisilite 

(pseudomorphs and fresh and clear grains), and get their names 

from that felsic phase present in larger amount. In addition, the 
lavas are all feldspar-free, with abundant clinopyroxene (mostly, 

diopside), perowskite and Ti- magnetite, and very fin© to medium¬ 
grained porphyritic to seriated textures. An interstitial material 

is always present and often intensely altered to zeolites and clay 

minerals. In some rocks it has been deteririined as kaisilite based 

on electron rnicroprobe analysis; but in other rocks this material 

could not be accurately identified and it has been modally 
considered as an unidentified felsic phase. 

The ULT and MAF are porphyritic to seriated rocks. The 
porphyritic types show phenocrysts (up to 20 \rol.%, and 0.2 to 2.0 
mm in size) of olivine (Fog3^_g5), clinopyroxene (diopside), 

perowskite, Ti-magnetite, melilite (euhedral and subhedral 
pseudomorphs), apatite and phlogopite (rarely, as 3.0 mm large 
plates). The very fin© to fine-grained groundrnass has 

clinopyroxene (diopside,up to 50%), Ti-magnetit©, perowskite 
unidentified interstitial material, and may also contain minor 

amounts of phlogopite and apatite. The seriated types have coarser 
grains but are modally and mineralogicaIly akin to the previous 
types. 
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The LEU and KAL are very similar fine to medium-grained rocks, 
very frequently, with a typical seriated texture. Some of them, 
however, may develop textures which resemble those ot the ULT and 
MAF Mineralogically, The LEU and KAL are similar to the latter 
groups of rock, with the exception that they contain leucite 
(subhedral pseudomorphs) and kalsilite (euhedral pseudomorphs 
and/'or anhedral fresh grains). Both feldspathoids occur as 
essential phases in the seriated LEU and KAL or in the very fine¬ 
grained intergranular groundmass of the porphyritic LEU. In these 
porphyritic rocks, the feldspathoids, in spite of being found in 
the groundmass, are absent from the phenocrysts and 
microphenocrysts, which consist of clinopyroxene (diopside to 
salite), Ti- magnetite, apatite and perowskite. 

The above mentioned rocks (usually, the fine-grained types) 
may contain scarce and small (mostly, < 20 mm across) cognate 
inclusions of fine to medium-grained cumulate rocks, consisting of 
diopside, perowskite, Ti-magnetite, phlogopite and kalsilite. Most 
commonly, the inclusions are of kalsilite pyroxenites, but more 
rarely, perowskite modally dominates and they become kalsilite 
" p&rohr£;k2 ti . In both cases, kalsilite is an interstitial 
phase. 

CHEMISTRY 

Twenty-three samples of the MT lavas have been chemically 
analised (results not fully given). These data indicate that; (1) 
the lavas are ail ultrabasic and the majority falls into two 
distinct groups (GI and GII), according to the K20/Na20 and K2O 

values. GI is potass.ic and has (WT%) Si02 = 38-42, Ti02 = 5-7, 

Al203=5-8, Fe203>4<5, FeO=3-9, MgO=8-14, CaO=ll-17, K20=l-3, and 

Na2O>0-2 .; whereas GII is ul trapotassic, with (WT%) Si02 = 43-45, 

Ti02=5-6, Al203=7-9, Fe203>3<4, FeO=7-9, MgO=6-9, CaO=8-12, K20= 

4-7 and Na2O>0-2. (2) In the Na20-*-K20 versus Si02 plot, the 

compositions delineate a broad trend from moderately (GI) to 
strongly (GII) alkaline. (3) The compositional spectrum of the 
lavas shows mainly non-linear variation trends of increasing Si02 

AI2Q3- ^-2^' Na20, Nb, Zr and Y, and decreasing FeO, CaO, Cr and 

Co, with decreasing MgO. (4) Discrimination diagrams using Si02, 

CaO, MgO, and FeO (total iron) exhibit most lava compositions in 
fields of kamafugitic affinity. 

SUMMARY AND CONCLUSIONS 

The evidence on the Mata da Corda (MT) lavas in this work 
suggests that: (1) Because of the uncertainties in the mineralogy 
and modal analysis it is difficult to establish a clear 
correspondance between petrographic and chemical (potassic and 
ultrapotassic) groups for these lavas. (2) The observed chemical 
compositional variations of the lavas are consistent with an 
evolutionary general trend from potassic, Mg-richer and moderately 
alkaline to ultrapotassic, Mg-poorer and strongly alkaline 
members. Low-pressure crystal fractionation of clinopyroxene, 
olivine, perowskite and magnetite, probably controlled this trend. 
(3) Cretaceous "lamproites" (Leonardos ePt £il., 1990) and 
kimberlites and lamprophyres (Svisero &t al.. 1979 ) have been 
reported in the general region, but the available petrography, 
mineralogy and chemistry of the Cretaceous K-rich MT lavas, in the 
area, are more compatible with a kamafugitic affinity. 
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THE PETROLOGY OF THE WESSELTON KIMBERLITE SILLS, 

KIMBERLEY, CAPE PROVINCE, SOUTH AFRICA. 

Shee^^l S.R. and ClemenP\ C.R. 

(1) Stockdale Prospecting Limited, South Yarra, Australia; 

(2) Geology Dept. (Diamond Division), AAC, Johannesburg, RSA. 

A major complex of kimberlite sills and associated dykes are exposed in 
water drainage galleries developed in country rocks at the 40 metre level 
surrounding the Wesselton Mine. They were discovered in 1976 by C.R. 
Clement, E.M.W. Skinner and L. Kleinjan of the Geology Department, DBCM 
Ltd. 

The sills intrude the contact zone between the upper Dwyka shales (upper 
Carboniferous, 310 - 280 my) and a Karoo dolerite sill (195 - 135 my). It 
is apparant that the competent nature of the dolerite sills prevented the 
breakthrough of the kimberlite magma and promoted the formation of 
kimberlite sills (Hawthorne, 1968). The sill and dyke complex predates the 
pipe (88.6 + 0.8 my; Smith, 1983a) and is cut by it. The sills are 
extensive and Clement (1982) has estimated that prior to the emplacement of 
the pipe they extended over an area of 70 hectares. The sills have a 
maximum thickness of 5 metres but are generally <1 metre thick (Hill, 
1977). Individual sills range between a few centimetres and 0.5 metres in 
thickness and extend over horizontal distances of several hundred metres. 
Such features indicate the original presence of a highly mobile magma and 
baking of the adjacent shales testify to relatively high intrusion 
temperatures (Clement, 1982). The Wesselton sills display many of the 
structures recorded from the Benfontein complex by Dawson and Hawthorne 
(1973). These include prominent layering and magmatic sedimentation 
features. 

Hill (1977) mapped two different types of hypabyssal facies kimberlites in 
the sill complex. The first variety is an altered aphanitic kimberlite 
containing rare macrocrysts. Sepentinised olivine phenocrysts are set in a 
fine grained matrix of calcite, phlogopite, spinel, ilmenite, perovskite, 
sepentine and apatite. Carbonate-rich segregations or diapirs in this 
kimberlite sill type have been described by Mitchell (1984). The second 
variety of kimberlite occurring in the sills is an unaltered macrocrystic 
kimberlite which contains small, scattered mantle derived harzburgite 
xenoliths, anhedral olivine macrocrysts and smaller, euhedral olivine 
phenocrysts set in a fine grained base. The matrix contains variable 
amounts of calcite, monticellite, phlogopite, spinel, ilmenite, perovskite, 
apatite and serpentine (Shee, 1985) . The sills are Group 1 kimberlites 
(Smith, 1983 a and b). Most of the dykes associated with the sill complex 
are altered, aphanitic varieties and can be correlated with the first type 
of sill kimberlite. Only a few of the dykes are fresh, macrocrystic 
kimberlites and correspond to the second type of sill kimberlite. The 
latter kimberlite type forms the subject of this study. 

whole rock geochemical analyses reveal that the macrocrystic sill 
kimberlites are less MgO-rich (18.9 - 20.3 wt %) than the macrocrystic main 
pipe kimberlites (27.1 - 33.4 wt %) at Wesselton. This is mainly a function 
of the relative paucity of anhedral olivine macrocryts in the sills (8 - 11 
vol %) compared to the main pipe intrusions (26 - 33 vol %). The relatively 
high CaO contents of the sill kimberlites (13.8 - 15 wt %) compared to the 
main pipe kimberlites (6.40 - 9.50 wt % ) is reflected in the high modal 
abundance of groundmass monticellite (22 - 32 vol %) in the former compared 
to the latter (4-9 vol %) (Shee, 1985). Olivine phenocryst cores in the 
sills have bimodal compositions but the rims have a common composition. 
Average compositions of the two core populations and rims are : 
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1 : Fo 92.9, 0.38 wt % NiO, 0.10 wt % MnO, CaO not detected. 
2 : Fo 86.5, 0.25 wt % NiO, 0.17 wt % MnO, 0.11 wt % CaO. 
Rims : Fo 86.9, 0.17 wt % NiO, 0.21 wt % MnO, 0.17 wt % CaO. 

Groundmass phlogopites in the sill kimberlites have higher mean Ti02 and 
lower mean MgO (2.29 wt % and 23.7 wt % respectively) than groundmass 
phlogopites from the main pipe intrusions (means 1.27 wt % Ti02 and 24.8 wt 
% MgO). The sill phlogopites have higher BaO contents (0.05 - 5.55, mean 
1.37 wt %) than the main pipe groundmass phlogopites (nd - 1.97, mean 0.30 
wt %). These features indicate that the sill phlogopites have crystallised 
from a relatively more evolved magma. The sill phlogopites have bimodal 
compositions with respect to A1203 contents (9 - 10 and 14 - 18 wt % ) 
indicating two periods of phlogopite growth. 

Orange, anhedral aluminous chromites with low Ti02 contents have similar 
compositions to orange fingerprint chromites in harzburgite xenoliths in 
the sill kimberlites and are thought to be xenocrysts derived from the 
disaggregation of such xenoliths. These xenocrysts are not in equilibrium 
with the kimberlite magma and have been mantled by opaque titanomagnetites 
which have similar compositions to those occurring as discrete euhedral 
crystals in the groundmass. Euhedral chromites and titanomagnetites occur 
as inclusions within olivine phenocrysts in the sill kimberlite, a feature 
which is not seen in the main pipe intrusions. The sill groundmass spinels 
show a normal kimberlite magmatic trend with a decrease in chromium and a 
progressive increase in Ti02, MgO, total FeO and Fe^^ /Fe^^ as 
crystallisation proceeds. The Fe^^ /Fe^"^ ratios and A1203 contents remain 
nearly constant. The sill groundmass spinels evolve to more FeO, Fe203 and 
Ti02-rich compositions than those in the main pipe bodies. Heavy mineral 
concentrates of the sill kimberlite are mainly magnetites with minor 
titanomagnetites and a single chromite (Shee, 1985). 

Ilmenite inclusions in olivine phenocrysts and groundmass ilmenites are 
less abundant in the sill kimberlites than in the main pipe intrusions. The 
sill ilmenites have high MgO (10.94 - 12.55, mean 11.87 wt %) and Cr203 
(3.25 - 5.65, mean 4.58 wt %) contents. Ilmenites from heavy mineral 
concentrates of the sill kimberlites have similar compositions suggesting 
that the concentrate ilmenites are derived from the groundmass. The 
relatively MgO-poor compositions of the sill groundmass ilmenites compared 
to those in the main pipe intrusions can be attributed to crystallisation 
from a more fractionated magma. 

The CaO contents of olivines is controlled by pressure (Simkin and Smith, 
1970; Stormer, 1973), temperature (Finnerty and Boyd, 1978) and the CaO 
content of the magma (Watson, 1979). It is postulated that the first 
olivine phenocrysts crystallised under high pressure (within the upper 
mantle) and are magnesian (Fo 93) and do not contain detectable CaO in 
their cores. The kimberlite magma moved diapirically upwards and a second 
generation of olivine phenocrysts began to crystallise under relatively low 
pressures - perhaps during near surface intrusion. These phenocrysts are 
less magnesian (Fo 86) compared to the early phenocrysts and contain 
detectable CaO in their cores. The relatively FeO-rich compositions of 
these phenocrysts is attributed to crystallisation from a relatively 
fractionated kimberlite magma and/or to contemporaneous crystallisation of 
olivine and monticellite under low pressure. The CaO enrichment trend shown 
by the phenocryst rims is thought to be caused by reaction with residual 
magma that is progressively becoming more CaO-rich and/or by pressure 
release during magma emplacement. The whole rock compositions and the 
chemistry of olivine phenocrysts and groundmass phlogopite, ilmenite and 
spinel are all consistent' with derivation from a fractionated kimberlite 
magma. 

Clement (1982) suggested that precursor kimberlite dykes and sills play an 
important role in the subsequent development of kimberlite pipes. The early 
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dykes and sills are intruded alonq near surface joints and fractures and 
upon crystallisation effectively "seal" the area. This "sealing" process is 
thought to be responsible for subsurface pressure build-up, for providing 
time for the development of precursor vapour phases to accumulate and, 
conseguently, for the initiation of subsurface embryonic pipe-forming 
processes. 
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BARIUM-RICH, OLIVINE-MICA LAMPROPHYRES WITH AFFINITIES TO 

LAMPROITES, FROM THE MT BUNDEY AREA, NORTHERN TERRITORY, AUSTRALIA. 

Sheppard, S.; Taylor, W.R. and Rock, N.M.S. 

Key Centre for Strate^c Mineral Deposits, University of Western Australia, Nedlands, WA.. 6009, Australia, 

Potassic igneous rocks, transitional between lamproites of continental 

intra-plate settings and shoshonitic volcanic and lamprophyric rocks (e.g. 

minettes) of active continental margins, are known from several localities 

world-wide but their petrogenesis, tectonic setting and relationship to 

Ti-rich lamproites are poorly understood. Lack of detailed mineralogical 

and geochemical documentation of such 'transitional lamproites' has 

contributed to difficulties in distinguishing them from true lamproites. In 

this abstract we describe an occurrence of unusual olivine-mica lamprophyre 

dykes which intrude Early Proterozoic, low-grade metasediments and 

granitoids of the Mt Bundey area. Pine Creek Inlier, northern Australia. 

Their mineral assemblages and mineral chemistry are typical of shoshonitic 

(calc-alkaline) lamprophyres, but their whole-rock chemistry more closely 

resembles lamproites. 

The Mt Bundey lamprophyres are spatially and probably genetically 

associated with a post-tectonic, composite syenite-granite pluton. Numerous 

dykes of 0.5-3.0 m thickness intrude the ,granite and syenite; contacts with 

the pluton are sharp and margins of the dykes may be chilled. Rb-Sr 

isotopic data shows that the lamprophyres, syenite and granite fall on the 

same isochron defining an age of 1810±32Ma with an initial ®'^Sr/®^Sr ratio 

of 0.7038. A U/Pb age on zircons from the -granite define a more precise age 

for the pluton, and thus for the lamprophyres, of 1832±6Ma (R.W. Page, 

written communication, 1990) . The lamprophyres are composed of l-5mm 

phenocrysts of altered, euhedral olivine (5-30%) and minor clinopyroxene, 

and up to 10% mica phenocrysts set in a groundmass of <0.5mm orthoclase, 

mica, amphibole, clinopyroxene, minor magnetite, apatite and sphene, with 

accessory zircon and (?)monazite. Felsic globular structures composed of 

plagioclase, calcite and mica are a minor (<3%) but widespread component of 

the dykes. 

Olivine phenocrysts are completely replaced by chlorite, quartz and 

magnetite, and are surrounded by green-brown mica. Phenocryst and 

groundmass mica compositions mainly fall in the biotite field (mg# = 

54-72). The most common type of biotite is dark green with abundant 

acicular inclusions of (?)Ti-oxide usually zoned to pale rims free of 

inclusions. The other type of biotite is pale orange-brown, with dark rims 

reflecting a slight decrease in Mg/Fe ratios. The two types have similar 

compositions and appear to be distinguishable from each other only on the 

basis of the higher Fe^''’/Fe^’*’ ratio of the green biotite. Biotite 

compositions (2-8wt% Ti02 and 12.0-13.5wt% AI2O2) fall within the 

calc-alkaline lamprophyre field on Al203-Ti02 and Al202/Ti02-Mg0/Fe0 

diagrams but are generally displaced toward the lamproite field. 

Feldspar is orthoclase (Or-yQ_gQ) and its low iron content (<0.5wt% 

^®2*^3^ clearly distinguishes it from lamproitic feldspars (l-5wt% Fe202)• 

Clinopyroxenes are diopsides (MgQQ_gg, 0.7wt% Ti02f l-2-3.3wt% AI2O2) 

which fall within the calc-alkaline lamprophyre field, but toward 

lamproitic compositions on Si02/Ti02“Mg0/Fe0 and Ti02-Al202 diagrams. 

Crystals commonly display oscillatory zoning superimposed on gradational 

zoning toward more Ti02-rich, MgO-poor rims. Amphiboles are tremolites 

(52-57wt% Si02, <0.8wt% Ti02 and Zalkalis <2 wt%, commonly <1 wt%) with 



Extended Abstracts 365 

minor edenite substitution. They plot within the field of "mainly secondary 

amphiboles" on a Ti02-Si02 diagram (Fig. 4.4/ Rock, 1990), an origin 

supported by rare cores of diopside to the tremolite. The only oxide phase 

present in most dykes is a Ti02- and Cr202-poor (<0.2 wt% Ti02 and <0.1 wt% 

Cr202) magnetite, although chromian magnetite (13-15 wt% Cr202) is a rare 

mineral in some samples. The above mineral compositions together with the 

absence of richterite, leucite, groundmass tetraferriphlogopite and the 

minor titanate minerals that characterize lamproites, demonstrate that the 

Mt Bundey dykes have closest mineralogical affinity with shoshonitic mica 

lamprophyres (minettes). 

No mantle or crustal xenoliths have been found in the dykes, but some 

contain xenocrysts of partly resorbed perthite and quartz derived from the 

granite-syenite pluton. Many of the dykes contain (?) cognate xenoliths, 

0.5-1.0 mm in diameter, composed of amphibole and minor biotite and 

magnetite. These observations are consistent with Pb isotope data which 

indicate negligible upper crustal contamination of the lamprophyres. 

The Mt Bundey lamprophyres have ~46-49 wt% 3102^ ~1.5-2 wt% Ti02r 

~8-12 wt% MgO, ~2 wt% NaQO and ~5-7.5 wt% K^O. Magnesium numbers (mg#) lie 
Z -1-^ 9 -I- 

in the range 65 to 75 (assuming atomic Fe /Fe = 0.3). Those lamprophyres 

with the highest mg#s contain >350 ppm Ni and >600 ppm Cr and are therefore 

candidates for primary melts of mantle peridotite. Minor olivine ± 

clinopyroxene fractionation may be important in generating the less 

magnesian lamprophyres. Relative to typical minettes the Mt Bundey 

lamprophyres are more strongly enriched in Ta, Nb, Th, U, Ba, P, Zr and REE 

but have comparable Sr, F, Sc, V and Cr contents. The dykes contain similar 

levels of Zr (650-930 ppm), Sr (1600-3700 ppm). La (165-260 ppm), F 

(3500-4900 ppm) and Ba (4600-10000 ppm) to lamproites (see Rock, 1990) but 

they are not peralkaline (molar [K20+Na20]/AI2O2 0.8-1.0) . The closest 

analogues to the Mt Bundey lamprophyres are jumillites from SE Spain and 

cocites from northern Vietnam. 

On mantle-normalized abundance diagrams (Fig.l), the Mt Bundey dykes 

show negative Ta-Nb and Ti anomalies - a feature characteristic of 

subduction-related magmas. The magnitude of the Ta-Nb anomaly is, however, 

intermediate between typical subduction-related minettes, which have much 

larger negative anomalies, and Ti-rich lamproites, which either lack such 

anomalies or have slight Ta-Nb anomalies (see Fig.l and also Foley and 

Wheller, 1990). The intermediate nature of the Mt Bundey dykes is further 

illustrated on a Zr-Nb plot (Fig. 2). Both the Mt Bundey lamprophyres and 

the jumillites plot in a field intermediate between minettes associated 

with subduction or post-collisional settings and West Kimberley 

leucite-lamproites of continental intra-plate origin. 

Current petrogenetic models for the transitional lamproites suggest 

they may be either (1) generated by partial melting above a 'fossil' 

subduction zone (e.g. Venturelli et al., 1984) or (2) generated in 

enriched sub-continental mantle in which the enrichment event has no 

relationship to subduction processes but carries a subduction-type 

signature due to the stability of residual titanate minerals (e.g. Foley 

and Wheller, 1990). For the Mt Bundey lamprophyres, modelling of the Sr 

isotope data is consistent with enrichment of the source area -150-350 Ma 

before partial melting, suggesting that model (1) may be appropriate if 

evidence can be found for a -1.9-2.0 Ga calc-alkaline magmatic event in the 

Pine Creek Inlier. However, the detailed magmatic history of this region is 

not well known. 

The presence of subduction-related (model 1) or residual- 

titanate-related (model 2) Ta-Nb-Ti anomalies in transitional lamproite 

magmas implies an oxidized mantle source region at depth (f02 >FMQ) (Foley 

and Wheller, 1990) . Irrespective of the depth of generation, diamond or 
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graphite will not be stable under these conditions and unless oxidation of 

the subcontinental mantle is only of very local extent, a transitional 

lamproite province is unlikely to be highly prospective for diamond. 
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FIG. 1. Mantle normalised plot showing the intermediate nature of the Mt Bundey dykes relative to 

subduction-related minettes and a lamproite from the West Kimberley Province, Western Australia. 
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FIG. 2. Nb versus Zr plot (ppm) showing the intermediate nature of the Mt Bundey rocks and Spanish 

jumillites relative to minettes and West Kimberley Province (Western Australia) lamproites. 
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THE ARKHANGELSK DIAMOND-KIMBERLITE PROVINCE - A RECENT DISCOVERY 

IN THE NORTH OF THE EAST-EUROPEAN PLATFORM. 

Sinitsyn^^^, A.V.;Ermolaeva^^^, LA. and Gnb^^\ V.P. 

(1) Research Institute **Horizon”, Leningrad.State Univ. Petrodvorets. 198904, U.S.S.R.; (2) Geological Enterprise 

‘*Arkhangelskgeologia” Arkhangelsk, 163001, U.S.S.R. 

The discovery, in 1970-1980, of kimberlites in the north 

part of the East-European platform might have happened earlier 

had prospecting followed promptly upon correct data interpre¬ 

tation. In 1936, in the vicinity of Nenoksa, on the Onezhsky 

Peninsula on the White Sea coast, instead of the expected- Pale¬ 

ozoic sediments, a random hydrogeological borehole intersected 

exotic breccia. It was interpreted by different geologists as 

variously greywacke, basic tuff,agglomeratic breccia,etc. The 

nature of this breccia remained doubtful until 1968 when a 

routine ground magnetic survey around Nenoksa revealed local 

magnetic anomalies of 400-2000 gammas intensity,one of which 

coincided with the old Nenoksa borehole. Boreholes drilled to 

check the anomalies disclosed a group of explosive pipes filled 

by eruptive breccia. Petrographic investigations of the pipe 

rocks determined pierite-porphyrites and, nondiamondiferous kim¬ 

berlites (Sinitsyn et al.,1973) and, later on melilitic picri- 

tes. The red colour of the pipe rocks, due to country rock con¬ 

tamination, was unusual, and served as a psychological barrier 

to their recognition at first. It was discoverd later, that 

the pipes usually become dark green at depth. The discovery of 

the Nenoksa pipes led to the recognition of a significant new 

magmatic complex in the region and the initiation of prospect¬ 

ing for diamond-bearing kimberlites (Sinitsyn eat al,1973; 

Stankovsky et al.,1973). 

The 'Nenoksa pipes comprise a field on the northeastern 

border of the Onezhsky Riphean (ca.l8oo Ma) buried rift and 

are situated in the zone of the diagonal Verkhovsky fracture. 

They are represented by vertical vents oval to subround in 

plan, up to 425 m in diameter. At the time of writing,about 30 

pipes have been discovered, but the total number may be much 

higher. They intrude argillites of the Upper Proterozoic Red- 

kinsky formation and are covered byQ^aternery moraine. Xeno- 

liths of fossil wood indicate a maximum age of Devonian-Middle 

Carboniferous. 

Investigators noted the world-wide trend of kimberlitic 

magmatism to localise in the border zones of interplatform 

syneclises or broad crustal downwarpSr therefore included tec¬ 

tonic analyses of the northern part of the East-European plat¬ 

form in the next stage of investigation. The 1000 km-long 

Arkhangelsk trend of Late Proterozoic-Early Paleozoic tectonic 

activity was readily detected on satellite images (Sinitsyn et 

al.,1982) from Onega Lake northeastwar-d to Kanin Nos Peninsula. 

The entire zone was regarded as prospective for kimberlite 

occurence (Sinitsyn et al.,1982). The first step included high 

precision airborne magnetic survey followed by geological map¬ 

ping inside the zone adjacent to the Nenoksa area of the Winter 

coast of the White Sea. Simulteneously radar airborn mapping 

was initiated for the entire Arkhangelsk tectonic activation 

trend of about 204 000 km^ aiming for photoanomalies of the 

pipe type. Geological mapping resulted in 1976 in the discovery 

of small kimberlite sills, cropping out along the bank of the 
Mela River. 
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Checking of the pipe- 

type magnetic anomalies 

started in 1980, and the 

first borehole drilled on 

the Winter Coast intersec¬ 

ted the Pomorskaya kimber¬ 

lite pipe. The debates 

whether pink-reddish brecc¬ 

ias are kimberlites or not 

ceased after economic dia¬ 

monds were assayed in them. 

The subsequent prospecting 

search resulted in the dis¬ 

covery of about 50 pipes 

on the Winter Coast, 15 of 

which were proven to be dia- 

mondiferous. Several neigh¬ 

bouring fields or clusters 

are distinguished - Zoloti- 

tsa,Verkhotinskaya,Kepino, 

Mela, Izhmozero and Poltoze- 

ro. 

The general geological 

setting of the Winter Coast 

pipes is much the same as 

that of the Nenoksa field - 

the pipes intrude the Upper 

Proterozoic (Vendian) strata 

and are transgressively 

covered by Carboniferous, 

Permian and Quaternary rocks 

"T^hey contain xenoliths of 

carbonized wood and Ordovi¬ 

cian rocks,suggesting Devo¬ 

nian age.SHRIMP analyses 

of perovskite from Pionerskaya pipe performed by Anglo-American 

Research Laboratories yielded 462 ml-n.y.,which is Ordovician. 

Porphiritic and autolithic kimberlites (TKB) are predominant, 

with monophase and polyphase pipes being equally abundant.Some 

of the pipes retained the crater facies - the so called "sedi¬ 

mentary kimberlites" up to 250 m thick. The area of individual 

pipes ranges from 6000 m^ - 2.5 km^. 

The Winter Coast pipes are classified according to their 

composition into four groups: (1) high magnesium kimberlites 

(Zolotitsa group and two pipes of Kepino group), (2) high iron 

kimberlites (Verkhotinskaya group, several pipes of the Kepino 

group and Mela sill), (3) alkaline picrites, including alnoite- 

type melilite picrites (most pipes of the Kepino group and adjoi 

ning Izhmozero field), and (4) fresh basaltic pipes of tholei- 

itic affinity (Poltozero group). Only kimberlite pipes have pro¬ 

ven to be diamondiferous. 

The boundaries of the buried Kuloi craton, Karelean and 

Kola Archaean cratons, and the surrounding Proterozoic mobile 

belts are shown on the Fig. It is obvious that all diamondife- 

rous kimberlite pipes are confined to the Kuloi cratonic area. 

Several kimberlite fields form a vast zone about 1000 km 

long within Arkhangelsk tectonic trend, predicted from radar 

mapping data. A problem of selecting promising target areas re¬ 

sulted. Under these circumstaces, the South African prospecting 

experience as presented by T. Clifford's rule {Clifford,1966) 

assumed special importance, i.e. all economic diamond-bearing 

kimberlite pipes are found inside Archaean cratonic areas. 

ipe fields: 1 - Nenoksa, 2 - 
zhmozero, 3 - Zolotitsa clusters 
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Structural analyses of the Arkhangelsk province from Clifford’s 

point of view was feasible only by interpreting the tectonic 

framework of the East-European platform according to the South 

African model of Archaean cratons and Proterozoic mobile belts. 

At first, the model appeared discordant with Soviet geology,but, 

cosidering the possible prospecting return, tempting enough to 

try. 

The main conclusions resulting from this exercise follow; 

1. The Arkhangelsk activation trend is a border tectonic zone 

along the western rim of the Vendian-Paleozoic basin of the 

Russian plate. It obliquely transects the heterogenous Precam- 

brian basement. 

2. The known kimberlite fields of the Arkhangelsk province 

reveal two different structural settings: a) the Zolotitsa 

(productive) group of fields has an intercratonic setting,and 

b) the Nenoksa and Izhmozero (nonproductive) fields are with¬ 

in the Belomorian mobile belt. 

Hence, Clifford's rule specifying intercratonic setting 

for diamondiferous pipes has been proven to be valid. 

In summary, it must be conceded that the tectonic controls 

proposed for the Arkhangelsk province, including structural 

directions and trends of tectonic activation can be validly 

applied only to the northern part of the platform.Furthermore, 

reported recently occurences in the Ukraine, Belorussia, 

Novgorod district, Estonia, Sweden and Kola Peninsula reveal 

a different structural pattern and were subjected to different 

tectonic controls. Each occurence requires individual study. 

The Arkhangelsk discovery puts the East European platform 

in a row with the South African and the East Siberian provinces 

'eventually might be of comparable diamond potentials. 
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KIMBERLinC OLIVINE. 

Skinner^^\ E.M.W.; Hatton^^\ CJ.; Stock^^\ C.F. andShee^'^\ S.R. 

(1) Anglo American Research Laboratories, P.O. Box 106, Crown Mines 2025, RSA; 

(2) Stockdale Prospecting Ltd., 60 Wilson Str., South Yarra, Victoria 3141, Australia. 

1. INTRODUCTION 

This study is based on analyses from more than 1000 
occurrences. In fresh hypabyssal-facies, macrocrystic 
Group I and Group II kimberlites (sensu stricto) olivine 
commonly represents 50 volume per cent of the rock. In 

cases, e.g. parts of sill and dyke complexes olivine 
accounts for up to 80 volume per cent. Several varieties 
of olivine occur (Skinner. 1989). 

(1) Anhedral xenocrysts with a modal size of 2mm (size 
range <0.5mm to >20mm) derived from various sources, 
including disaggregated mantle peridotite, failed 
proto-kimberlites, LIHN megacryst suites and HILN 
megacryst suites; making up about 25 vol %. 

(2) Subhedral to euhedral phenocrysts with a modal size of 
0»3mm (size range <0.1mm to >5mm) representing early 
forming (within mantle) discrete crystals, crystal 
overgrowths (only in some kimberlites) and late 
forming (surficial) discrete crystals; making up about 
25 vol %. 

(3) Olivine as a constituent mineral of peridotite 
xenoliths. 

(4) Olivine inclusions within peridotitic diamonds. 

Distinction between anhedral xenocrysts and subhedral / 
euhedral phenocrysts is facilitated by several factors, 
such as; differences in morphology, grain size, internal 
textures (e.g. undulose extinction, kink-banding, etc.) 
inclusions of other minerals (large and very small) as 
well as differences in major and trace element 
compositions. 

2. KIMBERLITE GENESIS 

Since olivine crystallises throughout the history of the 
kimberlite magma, both in the upper mantle and at surface, 
the differences in the olivine populations provide 
valuable clues to interpretation of processes operating 
during the genesis at kimberlite in the upper mantle, 
during ascent and during emplacement of the kimberlite 
magma at surface. 

2*1* Hotspot Magmas. It is assumed that kimberlites are 
initiated by hotspot activity and that hotspot magma 
originates by reheating of basalt which has 
accumulated at the core-mantle boundary (Hofmann and 
White, 1982). The basalt becomes bouyant, rises, and 
is trapped at the base of the lithosphere. Olivine 



Extended Abstracts 371 

of the HILN variety crystallises from this magma. 

In the next stage of kimberlite genesis mantle 
peridotite is assimilated as a result of heat 
released by crystallisation of the basalt. Two sites 
of assimilation are distinguished; in the reduced, 
diamond-bearing lithosphere (RL) and in the 
underlying, oxidised, volatile-enriched lithosphere 
(VEL). 

2.2. Assimilation of reduced mantle peridotite. 
Assimilation of reduced peridotite results in a 
simultaneous increase in the magnesium and nickel 
contents of the melt. Olivines that crystallise from 
this melt are thus relatively Mg and Ni-rich (LIHN) 
and are related to the Cr-poor megacryst suite. More 
extensive assimilation produces magmas which 
crystallise the Cr-rich megacryst suite. As yet 
olivines associated with this suite are unknown. 

2.3. Proto Kimberlite Melts. True kimberlite melts form 
when the hotspot basalt assimilates VEL formed as a 
consequence of earlier subduction processes. 
Assimilation of volatiles produces a low viscosity 
proto kimberlite magma (PKM) which easily penetrates 
the lithosphere. Volatile-poor megacryst magmas are 
trapped in the lithosphere but may be incorporated by 
the ascending proto kimberlite. 

2.4. Early Ascent. Rising batches of PKM cool and 
crystallise early phenocrysts of olivine. Some of 
these may fail and be sampled by later PKM's 
incorporating earlier olivine crystals of differing 
Mg-numbers. 

2.5. Peridotite Disaggregation. After heat loss during 
early, ascent, kimberlite can no longer entirely 
digest peridotite and partial assimilation (of opx, 
cpx and garnet) takes place leaving xenocrysts of 
olivine. These constitute the majority of the 
anhedral olivine xenocryst population. 

2.6. Magma Coalescence. Ascending kimberlite magmas may 
pond at resistive interfaces within the lithosphere 
(e.g. at the base of the assumed Roberts Victor 
eclogite complex). At this level the final, 
successful kimberlite gathers together earlier failed 
kimberlite and/or megacryst magmas, disrupts and 
samples (as xenoliths) the resistive layer and 
ascends rapidly to surface. 

The successful kimberlite will always be more 
oxidised and volatile-rich than failed kimberlite or 
megacryst magmas, since ascent requires a high 
volatile content; and the more volatile rich, the 
more oxidised a magma will be that interacts with 
VEL. Kimberlites sampling earlier PKM's will thus 
oxidise that magma. Olivine overgrowths with zoned 
Ni (Skinner, 1989) may grow in response to the change 
in oxygen fugacity. 

2.7. Mantle Ascent. As the successful kimberlite ascends 
rapidly little olivine crystallisation takes place. 

2.8. Ascent through the Crust. As the magma ascends 



372 Fifth International Kimberlite Conference 

through the upper crust (at 1.5 kbar = ± Skm) there 
is a dramatic change in the position of the CCO 
buffer relative to other oxygen fugacity buffers. 
This change may cause substantial degassing and 
result in rapid slowing of the rate of ascent of the 
magma and renewed crystallisation of olivine. 
Crystal growth will vary substantially depending 
essentially on the magma temperature. In some 
kimberlites (e.g. Bellsbank, Bobbejaan Fissure) very 
little early (mantle) olivine phenocrysts occur and 
the late (near-surface) phenocrysts are all fine 
grained (<0.1mm) due to rapid cooling. 

2.9. Post Emplacement Effects. After emplacement and 
final crystallisation of olivine the residual magma 
cools and fractionates further. The residue becomes 
reactive towards olivine resulting in zoned reaction 
mantles on all grains. 

3. GROUP 1 AND GROUP 2 KIMBERLITES 

The different character of Group 1 and Group 2 kimberlites 
may be explained by differences in the proportions of 
reduced and oxidised lithosphere assimilated by their 
antecedent hotspot basalts. 

Group 1 hotspot basalt is considered to be voluminous 
relative to Group 2 hotspot basalt, with the former 
penetrating the RL and producing many failed megacryst 
magmas while the latter assimilate proportionately more of 
the VEL. The lower proportion of megacryst magma in 
Group 2 kimberlites ensures that their magnesium number is 
higher than Group 1 kimberlites. 

4. CONCLUSION 

Even though olivine is the most abundant ^constituent of 
kimberlite (s.s.), it is possibly the least researched and 
understood mineral relative to other mantle - derived 
constituents. This is due to several factors, such as; 
its commonly altered state, difficulty in classification 
and limited use as an indicator mineral in diamond 
prospecting. Because of this the debate as to whether 
olivine macrocrysts are xenocrysts, phenocrysts or 
megacrysts continues. This study assists in resolving 
this dispute and also contributes to the understanding of 
the processes involved in kimberlite genesis. 
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THE PETROGRAPHY, TECTONIC SETTING AND EMPLACEMENT AGES OF 

KIMBERLITES IN THE SOUTH WESTERN BORDER REGION OF THE KAAPVAAL 

CRATON, PRIESKA AREA, RSA. 

Skinner^^l E.M.W.; Viljoen^^\ US.; Clark^^\ T.C mdSmith^^\ C.B. 

(1) Anglo American Research Labs., PO Box 106, Crown Mines, 2025, South Africa. (2) Bernard Price Institute of 

Geophysical Research, University of the Witwatersrand, Johannesburg 2050. 

1) Introduction 

Approximately 130 kimberlite bodies are known to occur in 

the south western border region of the Kaapvaal craton 

(Figure 1). Based on tectonic/geologic settings as well as 

petrological groupings five separate domains are 

recognised. 

2) Setting and Petrographic variation 

Domain I - The region north of the Doornberg Fault, 

underlain by unambiguous Archaean, Kaapvaal Basement. The 

kimberlites are predominantly Group 2 varieties (8). Three 

Group 1 varieties also occur. 

Domain II - The region to the east of the southward 

extension of the Doornberg Fault, also underlain by 

Archaean, Kaapvaal Basement. The kimberlites (20) are 

predominantly Group 1 varieties (eg Britstown pipe). One 

of the Group 2 varieties namely Sweetput-Soutput is 

transitional with respect to both petrography and 

radiometric isotope ratios (re. Clark et al., this 

volume). 

Domain III - The region more or less wedged 

between the Doornberg and Brakbos faults, and underlain by 

Marydale Group basement rocks considered to be largely 

Marydale of Archaean age (Cornell et al. 1986). All the 

kimberlites (45) are Group 2 varieties, but most display 

petrographic tendencies towards Group 1 varieties (e.g. 

the presence of significant numbers of ilmenite 

xenocrysts). All fall well within or close to the 

isotopically enriched field of Group 2 kimberlites on the 

Nd/Sr diagram (Clark et al., this volume) but some have 

significantly lower initial Nd ratios. 

Domain IV - The 

region south of Domains II and III but north of Domain V, 

underlain by mid-Proterozoic rocks forming part of the 

Namaqua Mobile Belt. Most of the kimberlites are Group 1 

varieties (26) but two Group 2 kimberlites also occur. 

Mixed radiometric ages have been recorded and one 

kimberlite (Pampoenpoort) has a slightly enriched Nd-Sr 

signature. 

Domain V - The region south of latitude 31°30'S 

underlain by Basement of uncertain nature. All the 

kimberlites (7) are barren Group 2 varieties exhibiting 

transitional characteristics both with respect to 



374 Fifth International Kimberlite Conference 

petrography and isotope geochemistry (Skinner, 1989). 
Petrographically they are closer to Group 1 varieties than 
the kimberlites occurring in Domain II. The types, size 
and abundance of specific matrix minerals vary widely even 
on a thin section scale. 

Examination of heavy mineral concentrates from the 
kimberlites reveal that many of the Group 2 kimberlites in 
this region contain ilmenite as well as chrome-poor garnet 
and clinopyroxene megacrysts. 

3) Emplacement Ages 

Seventeen kimberlites have been dated by a variety of 
techniques and by different analysts (re. Table 1 and 
Figure 1). The wide diversity of ages (ranging between 67 
and 167 Ma) in this comparatively restricted area, is 
somewhat unusual and contrasts sharply with many other 
areas of kimberlite emplacement. One exception is the 
field of kimberlitic rocks in East Griqualand, also 
located close to the Kaapvaal craton boundary (SE border 
region). Here emplacement ages, ranging between 63 and 194 
Ma have been recorded (e.g. Nixon et al., 1983). 

tJcnain Kimberlite 
TABLE 1 

Grcuo Aae f^Pi-hrH 
I Witberg Pipe 1 114 1 
I Sanddrift 2 126±2 2 
II Sweetput-Soutput 2/1 114±1 & 90±14 2 & 4 

to 117±13 
II BritstCTm 1 74±1 2 
III Welgevonden 2 122±3 2 
III Kalkput 2 114.1, 116.4 & 3 & 5 

117±0.4 
HI Markt 2 127±3 2 
III Jcnkerwater 2 119±2 2 
III Middelwater 2 118±3 2 
rv Pairpoenpoort 1/2 103±1 2 
IV Hartebeesfontein 1 74±1 2 
IV Lushof 1 67.7 & 78.3 3 
IV Uintjiesberg 1 101+1 2 
IV Beyersfontein 1 81.5±1.5 5 
V Droogfontein 2/1 100±25 to 143±24 4 
V sacietJcop 2/1 136±9 to 167±8 4 
V Melton Wold 2/1 138114 to 145113 4 

Methods - l.Rb-Sr model mica ages 2.Rb-Sr isochron 
mica and whole rock ages 3.Zircon U-Pb ages (Davis, 
1977 & 1978) 4.Perovskite icav-probe ages (Barton 
unpubl. data) S.Zirccn U-Pb ages (Pidgecxi unpubl. 
data) 

Fig 1. Distribution of kimberlites in tbe vicinity of Prieska - 

south western marginal zone of the Kaapvaal Craton 

24^ 



Extended Abstracts 375 

Although the ages and age distribution patterns might 
appear to be complex and may represent random events, some 
order can be applied to this data by relating ages to 
petrographic type, location within specific domains and 
relative position of these bodies within the overall 
distribution patterns of all Jurassic/Cretaceous 
kimberlites in South Africa. In terms of the latter. Group 
2 kimberlites in this region could be expected to be 
around 115 Ma, assuming generation from a simple hotspot 
system active below a NE moving plate. On a similar basis 
the expected age of Group 1 kimberlites in this area would 
be around 75 Ma. 

Most of the Group 2 kimberlites (7/10) range between 114 
and 127 Ma, whereas most of the Group 1 bodies (4/7) range 
between 73 and 82 Ma. In both Groups, average ages (120 
and 75 Ma respectively) are close to the expected hotspot 
age. Group 2 kimberlites with anomalous older ages are 
all transitional types and all occur within Domain V. Of 
the anomalous older Group 1 kimberlites, 2 bodies (both in 
Domain IV) are around 102 Ma and one (in Domain I) has a 
model age of 114 Ma. The latter is similar to the lower 
age of the Group 2 kimberlites and is in fact located in 
close proximity to Group 2 bodies. The two 102 Ma old 
Group 1 kimberlites have intermediate ages (between the 
common Group 1 and Group 2 ages) and can easily be 
explained in terms of simple hot spot generative mechanisms. 

4) Conclusion 
The kimberlites in this comparatively restricted region 
exhibit variations in petrographic character, tectonic 
setting, emplacement age as well as isotopic and 
geochemical signatures. Study of this unique geological 
setting has led to a better understanding of kimberlite 
genesis and upper mantle processes. 
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PATTERNS OF DIAMOND AND KIMBERLITE INDICATOR MINERAL DISPERSAL 

IN THE KIMBERLEY REGION, WESTERN AUSTRALIA. 

Smith, Chris. B.; Haebig, A.E. and Hall, A.E. 

CRA Exploration Pty. Ltd., 21 Wynyard St., Belmont, Western Australia 6104. 

Heavy mineral sampling of stream sediments and soils (loam) 
for diamonds and for kimberlite indicator minerals has been the 
most successful method for diamond pipe discovery in the 
twentieth century, being responsible for the discovery of the 
major pipe mines in Siberia, Botswana, and Australia. Yet few 
case histories have been documented of how the method works, or 
have described how its effectiveness changes with varying 
terrain conditions. This paper integrates a number of such 
cases to view them in the context of variations in the climate, 
geomorphology and geology of the Kimberley Region. 

Kimberlites and lamproites within this Region (Jaques et 
al., 1986) have been emplaced at 1200 Ma, 800 Ma, and 20 Ma, 
providing opportunity for liberation and widespread dispersion 
of diamonds and kimberlitic indicator minerals in the geological 
past as well as the present day. The Kimberley Region covers an 
area of some 300,000 km^ of tropical woodland savannah in 
northern Australia between latitudes 14° and 18° S. It consists 
of a high peneplain, the Kimberley Plateau, mostly of 300-800 m 
elevation, carved out of Proterozoic sediments and volcanics and 
sloping gently north eastwards towards the sea. The peneplain 
surface dates from the Cretaceous, perhaps even from the 
Proterozoic, and carries a good stream drainage network but one 
of only moderate energy. The Plateau is bounded by deeply 
dissected ranges (King Leopold Ranges in the south west, Durack 
Ranges and dissected ground of the Halls Creek Mobile Zone to 
the east), rising to over 900 metres elevation and characterised 
by rivers with high energy and erosive power. In the south west 
the ranges give way southwards to the arid lowland plains of the 
Great Sandy Desert, underlain by Phanerozoic sediments of the 
Canning Basin, with elevations typically less than 200 metres. 
The drainage regime here is poorly developed and of low energy. 

The climate during the Cretaceous and early Tertiary was 
hotter and wetter than today. Most of Australia was covered by 
rain forest in which southern beeches (Notofagus sp.) were , 
prominent. Drainage on the peneplains would have been dominated 
by sluggish streams of low energy, moving a sandy bed load 
(Wyrwohl, pers. comm.). A deep weathering profile was developed 
with formation of laterite, bauxite and silcrete where local 
geological bedrock conditions were appropriate; the 
silicification of the Pteropus kimberlite^ and lateritisation of 
the Skerring pipe may date from this time. As much of the 
Kimberley Region is underlain by quartz-rich sandstone, 
ferruginous laterites are not as well developed as in other 
parts of Australia and the weathering profile is dominated by 
thin sand. By the late-Miocene to early-Pliocene, conditions 
became more arid and the Kimberley rain forest gave way to the 
more open woodland savannah of today. With less dense 
vegetation erosion rates increased, and the removal of the top 
30-100 m of the lamproite crater volcanic sequence (and former 
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tuff ring?) at Ellendale would date from this time. Likewise, 

the oldest ferruginous "A Terrace” diamondiferous gravels at 

Smoke Creek, downstream from the Argyle lamproite, are late- 

Miocene and testify to high-energy poorly-sorted conditions in 

this mountainous region (Deakin et al., 1989). Desertification 

took place during arid phases in the later Tertiary, with 

extensive dune development in the Great Sandy Desert, now 

vegetated over in the southern Kimberley. On the Kimberley 

Plateau fine red aeolian sand infilled the valleys and remnants 

are still preserved today. During the Quaternary, arid phases 

have oscillated with more pluvial inter-glacial times such as at 

the present day. Annual rainfall today varies from 1500 to 500 

mm, decreasing southwards towards the Great Sandy Desert. The 

rainfall is seasonal, most of it falling within the 4 month 

period from November to February. Furthermore most of that rain 

falls in short, sharp, heavy thunder storms. Consequently 

stream flow is subject to sudden flash floods, but for much of 

the year the smaller streams are dry. Sediment transport is 

therefore governed by the high energy flood events, and probably 

has been since the late-Miocene (e.g. Argyle alluvials). 

Low grade regional metamorphism has affected the 1200 Ma 

lamproites of Argyle and Lissadell Road. Extensive alteration 

has taken place during ascent and emplacement of lamproite and 

subsequently, with secondary replacement of virtually all 

primary minerals except diamond and chrome spinel. Argyle today 

is being actively eroded and any former weathering profile has 

been removed. In this arid but high energy environment, 

diamonds and indicators in colluvium and proximal drainage have 

not been concentrated to grades above the primary content of the 

pipe. Chromite is about 6 times as common as diamond; pyrope, 

picroilmenite and chrome diopside are exceedingly rare. Numbers 

of chromite +0.4 mm rapidly decrease downstream from a few 

hundred grains per 40 kg sample to a few tens by 5 km to 

sporadic occasional grains thereafter. Commercial-sized diamond 

extends downstream from Argyle for 150 km (Jaques et al, 1986), 

but economic quantities appear restricted to the first 30 km 

above the confluence of Smoke and Limestone Creeks with the very 

large Ord River (Lake Argyle). Coarse diamond decreases from 40 

stones per tonne near source to some 2 stones per tonne by 15 km 

downstream. The occurrence and retention of Smoke and Limestone 

Creek alluvial diamond deposits proximal to the pipe is due to 

good trapping by boulder gravel in the stream load, combined 

with favourable geomorphological trap sites. 

Argyle-style diamonds (as identified by characteristic 

morphology, C isotopic content and mineral inclusion 

composition, Sobolev et al, 1989) are widely dispersed over 

70,000 km^ of the Kimberley Plateau as a result of extensive 

earlier postulated Precambrian palaeo-dispersion. Erosion of 

the Argyle Pipe has been variously estimated from a few tens to 

less than 200 m and took place during the middle Proterozoic and 

Tertiary. However, several thousand metres of erosion of the 

nearby diamondiferous Lissadell Road Dyke and conceivably of 

other dykes and former pipes intruding the crystalline basement 

in this Field could have contributed to palaeo-dispersion of 

Argyle-style diamonds. Similar broad alluvial dispersion of 

other diamond styles across the central-north Kimberley Plateau 

has resulted in confusing trails for explorationists (Sobolev et 

al., 1989). The local 800 Ma Pteropus and Aries Pipes have 

contributed some of these stones, but most are not directly 

sourced from any known pipe and the secondary distribution is 
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thought to result from paleo-dispersion and reworking. Although 
humid tropical weathering caused extensive Mesozoic to early 
Tertiary lateritisation and silicification of kimberlites in the 
Kimberley Plateau, resulting in selective destruction of many 
indicator mineral species, clear trails of the more resistate 
minerals lead back to those kimberlites being eroded today. 
The most resistate mineral species have been diamond, followed 
by zircon and chromite. Ilmenite survives better than garnet 
and dominates the concentrates (Atkinson, 1989) but still 
suffers extensive oxidation in the laterite profile. Chrome 
diopside, orthopyroxene and olivine are rarely found even in 
soil overlying these kimberlites. Dispersal of indicators in 
loam is caused by soil creep, sheet wash, and wind action and 
generally does not exceed 400 m from a kimberlite, but trains of 
the more resistate chromite and zircon in the moderate energy 
stream drainage, of up to 36 km are recorded by Atkinson (1989) . 

The Miocene lamproites of the West Kimberley are little 
eroded (less than 100 m). Due to the low relief and aridity, 
characteristic of this area for most of post-emplacement time, 
the dispersion of indicators and diamonds has been dominately 
aeolian and is restricted typically to within 200 m of pipes. 
Some lateritisation has taken place but has not been 
sufficiently extensive for widespread destruction of indicator 
minerals at surface. A loam sample on an olivine lamproite may 
contain a few thousand chromite, but only some 10 garnets and 
perhaps 2 or 3 diamonds. Minerals characteristic of lamproite, 
e.g. potassic richterite and priderite, can be used as 
indicators close to source. However, the amphibole is not 
resistate to weathering, and its presence in this tropical 
environment, like chrome diopside, is restricted to loams 
virtually on top of pipes. Priderite, a groundmass mineral 
usually <0.4 mm size, is generally too fine grained to be sought 
in dispersal trains. Poorly developed, low energy drainage, 
shows a 10-fold enrichment in indicator mineral concentrations 
close to a pipe, but downstream results fall off exponentially, 
diamond and garnet persisting for some 2 km and chromite for 10 
km in 50 kg samples. Only very limited diamondiferous palaeo- 
gravel channels have been located to date, and,none have 
appreciable grade or proven economic significance. Any major 
eluvial/alluvial diamond concentrations formed in the Miocene 
have been eroded and transported away; local country rock sheds 
little gravel and bedrock trapping mechanisms are poor. 

In summary, variations within the Kimberley Region show how 
chemical destruction of the least durable indicator minerals 
occurred under early Tertiary humid tropical weathering, with 
concentration of the resistates diamond, chromite and zircon, 
whereas arid environments gave lesser weathering effects. 
Concentration is promoted by low energy drainage, not by high 
energy erosive regimes, and aided by trapping features such as 
gravel and favourable physiography. Dispersal in loam by soil 
creep, sheet wash and wind generally does not exceed a few 
hundred metres. Dispersal trains are longest in streams with 
moderate to high energy and can extend for a few tens of km. 
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DIAMOND PROSPECTIVITY FROM INDICATOR MINERALOGY: 

A WESTERN AUSTRALIAN PERSPECTIVE. 

Smith^^\ Chris. B.; Lucas^^^, H.; HalP^, A.E. and Ramsey^^\ R.R. 

(1) CRA Exploration Pty. Ltd., 21 Wynyard St., Belmont, Western Australia 6104; 

(2) University of Western Australia, Hackett Drive, Crawley, Western Australia. 

Since the first discovery of kimberlite in South Africa, 
over 100 years ago, it has been the desire of explorationists to 
devise a rapid scheme for establishing whether a particular find 
was diamond bearing or not, without recourse to costly bulk 
sampling. 

The recognition of distinctive compositions of resistate 
minerals associated with diamond such as sub-calcic (GIO) 
garnets by Gurney and Switzer (1973) and Sobolev (1974) was one 
of the first steps in establishing such an appraisal system. 
Various workers have correlated the presence and abundance of 
diamond with the chemistry of ilmenite (Fesq et al, 1976) and 
chromite (Sobolev, 1974), and the methods were further developed 
by Gurney (1984) and by Moore and Gurney (1989) whose outline 
represents the sophisticated state of diamond grade prediction 
today. The latter authors use the soda content of eclogitic 
garnets as a predictor of eclogitic diamond grade and the 
chemistry of sub-calcic chrome pyropes along with high chrome 
chromite to emphasise the importance of the harzburgitic 
paragenesis for peridotitic diamond'formation. High-chrome 
magnesian ilmenites are empirically correlated with high diamond 
grade, a relationship speculated by the authors as reflecting 
low oxygen fugacities within the kimberlite magma during upward 
transportation from the mantle source. Low oxygen fugacity 
should favour retention of unresorbed diamond, and therefore the 
ilmenite composition can be used as a diamond preservation 
predictor for both styles of diamond paragenesis. 

Concentrates from kimberlites of the North and East 
Kimberley of Western Australia (Jaques et al., 1986; Lucas et 
al., 1989) are characterized by an abundance of megacrystal 
ilmenite and subordinate garnet, which ranges in composition 
from titanium pyrope of megacrystal or sheared Iherzolite 
paragenesis to peridotitic chrome pyrope. Sub-calcic garnets 
are present in small quantities, indicating a depleted component 
in the mantle and hence a potential for peridotitic diamond 
paragenesis. Eclogitic garnet is present but in such low 
numbers as to limit its usefulness in predicting grade. As only 
a few of the kimberlites carry magnesio-chromites with Cr203 
values typical of diamond inclusions, the diamond contribution 
from the spinel harzburgite paragenesis in these kimberlites is 
thought to be insignificant. 

Many North Kimberley kimberlites, e.g. Hadfields and 
Pteropus, carry ilmenites with high Cr203 and MgO which indicate 
good potential for diamond preservation, but the general lack of 
associated GIO garnets or high chrome chromites implies an 
insignificant diamond contribution from the harzburgitic 
parageneses so the overall predicted grade is poor. In general 
there is good agreement between actual and predicted grade. 
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Most lamproites from the West Kimberley and Argyle contain 
little mantle derived garnet and are practically devoid of 
megacrystal magnesian ilmenite (Jaques et al., 1986; Lucas et 
al., 1989; Moore and Gurney, 1989). Most concentrate ilmenites 
recovered are Mg-poor Mn-bearing groundmass types which cannot 
be used in diamond grade predictions. The poor representation 
of eclogitic minerals in concentrates restricts their use in 
predicting grade and belies the importance of the eclogitic 
diamond paragenesis at Ellendale and especially at Argyle. 
Carbon isotope and diamond inclusion work by Jaques et al. 
(1989) show chat roughly 96% of the Argyle stones and nearly 
half of those from Ellendale come from eclogites. 

The Iherzolitic mineral suite is prominent within the 
peridotite diamond paragenesis in Australian lamproites, unlike 
the African and Siberian situation where the harzburgitic suite 
is pre-eminent. This is shown by frequent chrome diopside 
inclusions within diamond (Jaques et al., 1989) and indirectly 
confirmed by concentrate mineralogy which, while containing 
Iherzolitic garnets, commonly lacks the sub-calcic varieties. 
Interestingly, amongst the Ellendale pipes, the most 
diamondiferous does not contain the most sub-calcic garnets. As 
yet, no sub-calcic garnets have been found in Argyle concentrate 
(Lucas et al., 1989), the richest diamond bearing lamproite of 
all. High-chrome chromites with Cr2O3>60% and Mg0>12% are 
present in both the diamondiferous and weakly diamondiferous 
pipes and may represent a chromite harzburgite diamond 
paragenesis as suggested by Moore and Gurney (1989). 

In conclusion, Moore and Gurney's rules so successfully 
used in Africa and north America are effective for the Western 
Australian kimberlites where the dominant source of diamond 
paragenesis appears to be depleted harzburgite from the diamond 
stability field. As these authors themselves warn, the 
appraisal scheme meets with less success in estimating the 
diamond bearing potential of lamproites. One problem with 
lamproites is the paucity of eclogitic minerals in the 
concentrates which prevents proper assessment of the 
contribution from the dominant eclogitic paragenesis of the 
Australian lamproite diamonds. 

Three other short comings of the scheme have become 
apparent on applying it to the Australian situation. Firstly 
the assumption that the dominant peridotitic diamond paragenesis 
is harzburgitic is not necessarily true. It is not the case at 
Argyle or at Ellendale where the Iherzolitic paragenesis is as 
important, if not more so. Secondly GIO garnets, indicative of 
depleted harzburgitic upper mantle, need not necessarily come 
from the diamond stability field (Boyd and Nixon, 1989; Shee et 
al., 1989) and hence may be unreliable diamond predictors. This 
is shown by the presence of GIO garnets at the barren North 
Kimberley occurrence of Skerring. The development and use by 
Griffin (1990) of a garnet-Ni thermometer, which suggests 
Skerring peridotitic garnets (GlOs included - Griffin, pers. 
comm.) are either too cold or too hot to be associated with a 
lithospheric source of diamond, may be the next refinement to 
the scheme for predicting diamond grade from-indicator mineral 
chemistry. Thirdly, the role of ilmenite chemistry in 
predicting diamond preservation is not clear. This certainly 
seems to be the case at Skerring where ilmenite chemistry is 
invoked to remove "non existent" diamonds. Also at Argyle the 
diamonds are highly resorbed yet the high chrome-bearing 
magnesian ilmenite chemistry predicts little resorption. 
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ECLOGITE XENOLITH WITH EXSOLVED SANIDINE FROM THE PROTEROZOIC 

KURUMAN KIMBERLITE PROVINCE, NORTHERN CAPE, R.S.A. 

SmithP^, C.B.; Ramos^^\ Z.N.; Hatton^^\ CJ.; HorschP'^, H. and DamarupurshacP'\ A. 

(1) Bernard Price Institute for Geophysica Research, U. Witwatersrand, Johannesburg 2050, R.SA.; (2) Anglo 

American Research Laboratories, Box 106, Crown Mines 2025, R.SA.; (3) Schonland Research Centre for Nuclear 

Sciences, U. Witwatersrand, Johannesburg 2050, R.SA. and Geological Survey of South Africa, Silverton 0001, R.SA. 

The zero kimberlite is one of twelve known occurences of kimberlites and related 
rocks of the Kuruman Province, northwest Cape, South Africa. Radiometric dating has 
demonstrated that these bodies are 1600 to 1700 Ma in age (Shee et al., 1989), and are thus 
amongst the oldest known kimberlites. They occur as small eroded pipes or dykes located on 
the western edge of the Kaapvaal Craton (greater than 2500 Ma) adjacent to the younger Kheis 
belt (about 1800 Ma) of the northern Cape Province. Zero is an oval-shaped pipe, 300m by 
200m, intrusive into the early Proterozoic Campbell Rand dolomite of the Transvaal Super¬ 
group. Texturally the kimberlite is a macrocrystic hypabyssal type, and is mineralogically 
classified as an opaque mineral-rich phlogopite calcite group I kimberlite. 

The kimberlite is notable for the high mantle-derived xenolith content, but the pipe 
is capped by extensive calcrete, and preserved material is available only from drill core. The 
xenolith suite comprises equal proportions of eclogite and peridotite, the latter rocks having 
been studied by Shee et al. (1989) who documented evidence for a hot, perturbed geotherm. 
The eclogite nodules have not been studied previously in any detail. For this study a single 
eclogite xenolith was extracted from the Zero drill core for petrologic study, the sample being 
one of two initially chosen for their uncommonly large size, unusual degree of freshness, and 
unusual textural relations between garnet and clinopyroxene. Careful petrographic study of 
the speciman indicates that it is essentially a large clinopyroxene megacryst that has exsolved 
garnet and sanidine. Sanidine has only rarely been described as occuring in mantle eclogite 
(Smyth and Hatton, 1977; Smith, 1977; Ater et al., 1984), and this is the first known case where 
sanidine is a clear exsolution product, occuring both as discrete grains at clinopyroxene and 
garnet grain boundaries and as crystallographically controlled exsolutions blebs within 
clinopyroxene. Prior to exsolution the megacryst must have contained substantial potassium 
in solid solution, implying a very high pressure origin. 

Average major elements analysis and standard deviations of the mineral phases (Table 
1) demonstrate that they are relatively homogeneous. Garnet is relatively magnesian and 
calcium-poor, and in this regard is distinctive compared to previously documented sanidine- 
bearing samples from kimberlite. The example described by Smyth and Hatton (1977) and 
Wohletz and Smyth (1984) is a grospydite with considerably greater Ca. Of twelve samples 
noted by Ater et al. (1984) from the Colorado-Wyoming kimberlites, nine are kyanite- and/or 
corundum-bearing and the other three are significantly more Fe- and Ca-rich than the 
Kuruman example. Clinopyroxene in the Kuruman sample has low to moderate Na20 of 1.7%. 
NazO in garnet (0.05%) and K2O in clinopyroxene (0.03%) are low compared to type 1 
diamond-bearing assemblages (McCandless and Gurney, 1989), and Cr203 is relatively high 
in both minerals. All of these chemical features indicate a type 2 association for the sample, 
as is the case for most other documented sanidine-bearing eclogites. The Kb value is 3.24, and 



384 Fifth International Kimberlite Conference 

for an assumed pressure of 50 Kb the equilibration temperature is lOOO^C. This falls slightly 
below the peridotitic geotherm calculated by Shee et al. (1989). 

Clinopyroxene and garnet are both enriched in Ce (20.2 and 9.5 ppm, respectively), 
and relative to La and Nd the clinopyroxene has a distinct negative Ce anomaly with overall 
LREE emichment (La/Eu = 4.54). High Ce in garnet also gives a LREE enriched pattern, 
with HREE enrichment from Gd to Lu. Further isotopic and trace elements analysis are in 
progress. 

Given the setting and age of the Kuruman kimberlites, data from this xenoliths and 
as yet unstudied additional members of the eclogite assemblage could have important bearing 
on the understanding of the origins and evolution of lithospheric mantle beneath the Kheis 
belt and marginal to the craton for which various subduction-type models have been postu¬ 
lated. 
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Table 1. Electron Microprobe Analysis of Garnet, Clinopyroxene and standard deviations for N analysis. 

GAR CPX SAN 

N 6 10 3 

Si02 40.9 +1- .3 54.8 -I-/-.03 62.2 3 

TiOz 0.06 +/- .02 0.10 -I-/-.02 - 

AI2O3 22.8 -I-/-.2 2.94 -I-/-.09 18.4 -t-/-.3 

Cn03 0.25 -I-/-.03 0.15 -I-/-.02 - 

FeO 16.2 4.88 +/- .12 0.77 -I-/-.05 

MnO 0.45 +/-.02 0.07 4-/-.02 - 

MgO 14.9 +I-.2 14.5 +I-.2 - 

CaO 4.59 -t-/-.12 20.3 +/-.1 - 

NazO 0.05 4-/-.02 1.71 -f-/-.06 0.37 4-/-.10 

K2O 0.03 +/-.01 15.6 3 
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PYROXENE CRYSTAL CHEMISTRY AND THE EVOLUTION 

OF ECLOGITES IN THE MANTLE. 

Smyth, J.R.; McCormick, T.C. and Caporuscio, FA. 

Department of Geological Sciences. University of Colorado, Boulder, CO 80309-0250 USA. 

Mantle eclogites as represented in inclusions in South 

African kimberlites show a wide variation in major element 

composition from coesite- or corundum-bearing grospydites to 

kyanite eclogites to Fe- and Mg-rich bimineralic eclogites. In 

major element composition, the bimineralic samples resemble 

MORE; the coesite grospydites resemble anorthosite; and the 

corundum grospydites do not resemble any crustal rock type. 

In rare earth elements, the bimineralic samples also resemble 

MORE, having concentrations of 2 to 20 times chondritic values 

with flat to slightly LREE-depleted patterns. The grospydites 

(both coesite and corundum-bearing) show characteristic deple¬ 

tions in both light and heavy REE and slight enrichments in 

the middle REE with maxima at Eu (Caporuscio and Smyth, 1990). 

Oxygen isotope values range from about +2 to H-lOVo, a much 

greater range than exhibited by other mantle samples, but do 

not appear to vary systematically with major-element composi¬ 

tions . I 

In many samples, particularly the grospydites, there is 

abundant evidence of garnet and garnet-plus-kyanite exsolution 

from the clinopyroxene. We have also observed epitaxial rutile 

and phlogopite that have apparently exsolved from clinopyrox¬ 

ene, Re-assembling the clinopyroxene from exsolved phases we 

see an unexpectedly complex crystal chemistry. Textures in 

two corundum grospydites suggest that most of the garnet and 

clinopyroxene in the rock had exsolved from a single precursor 

pyroxene that could not have existed at pressures less than 

about 3 GPa. These observations strongly support the hypothe¬ 

sis of Lappin (1978) that the grospydites may be the result of 

an accumulation of hyperaluminous pyroxene at pressures great¬ 

er than 3 GPa (Smyth et al., 1984, 1989). 

Alternatively, other recent studies have favored an ori¬ 

gin for the grospydites as subducted feldspathic cumulates 

(MacGregor and Manton, 1986; Shervais et al., 1988, Taylor and 

Neal, 1989, Neal et al., 1990). This hypothesis accounts for 

the large variation in oxygen isotopic values in these rocks, 

although not in any consistent or systematic way. However, it 

fails to account for corundum-normative grospydites; and it 

fails to account for the extreme values of radiogenic isotope 

ratios observed in these rocks (Shervais et al., 1988; Capo¬ 

ruscio, 1988; Neal et al., 1990). 

The key to understanding these rocks, however, appears to 

lie in understanding the crystal chemistry of the pyroxenes. 

Smyth (1980) reported microprobe data indicating up to 9 mole 

percent vacancy in the M cation sites. McCormick (1986) lo¬ 

cated the cation vacancy in the M2 site by means of electron 

channeling and X-ray single crystal diffraction. The recon¬ 

structed exsolved pyroxene reported by Smyth et al. (1984) 

would have had about 17% M2 vacancy. Smyth et al. (1991) re¬ 

port IR spectra indicating up to 1800 ppm by weight OH in one 
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sample and a linear correlation of cation defficiency (vacan¬ 

cy) with H content. Extrapolating this relationship, we would 

infer that the most vacancy-rich pyroxene analyzed would have 

about 2600 ppm by weight OH and the reconstructed precursor 

pyroxene about 0.5 wt% OH. We are currently pursuing X-ray and 

neutron single crystal diffraction studies of this pyroxene to 

structurally locate the hydrogen. 

This is much more H than any other nominally anhydrous 

phase common in the eclogite or peridotite suite of rocks, 

with the possible exception of rutile (Rossman and Smyth, 

1990). It is two to three orders of magnitude more than co¬ 

existing garnet. In the eclogite-rich mantle suggested by An¬ 

derson (1984), clinopyroxene could be the dominant hydrous 

phase. Further, the H released from the pyroxene on cooling 

from solidus temperatures provides a source of H for auto-me¬ 

tasomatism of the eclogites. This would account for at least 

part of the ubiquitous secondary assemblage observed on nearly 

every grain boundary in the eclogites. 

The REE composition of the grospydites is also consistent 

with an origin by high pressure igneous accumulation of clino¬ 

pyroxene. In particular, the MREE enrichments and much lower 

total REE contents of the grospydites are typical of clinopy- 

roxene-liquid fractionations, and inconsistent with plagiocla- 

se-liquid fractionations. 

The great range of oxygen isotope values observed for 

these rocks suggests a low-temperature process. However, we 

have observed mineral-mineral fractionations up to 3.OVo for a 

garnet-coesite pair indicating that significant fractionation 

can indeed occur at mantle temperatures. Further, we observe a 

correlation of garnet-clinopyroxene fractionation of oxygen 

isotopes with vacancy (and presumably OH) content. This sug¬ 

gests that oxygen isotopes might be disturbed or affected by 

the H-content or evolution of hydrous fluid from the pyroxene. 

However, these observations do not preclude the involvement of 

a low temperature process in that the silicate liquids may be 

the result of partial melting of subducted material. 

In summary, it appears that clinopyroxene crystal chemis¬ 

try may control much of the chemical evolution of eclogites in 

the mantle. The major and trace element whole-rock composi¬ 

tions seem to be the result of igneous accumulation of a li- 

quidus pyroxene at pressures above 3 GPa, and exsolution tex¬ 

tures seem to require that some of these rocks were almost 

single-phase pyroxenes. Hydrogeh contents of eclogitic clino¬ 

pyroxene are the largest of any pyroxene and correlate with M2 

cation vacancies. The large amounts of structurally-bound OH 

may allow clinopyroxene to be the dominant hydrous phase in 

some possible mantle compositions. Further, evolution of H 

and other incompatible elements from clinopyroxene may account 

for some of the ubiquitous secondary phases observed on grain 

boundaries in mantle eclogites. 
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THE IMPURITY CENTERS AND SOME PROBLEMS OF DIAMOND GENESIS. 

Sobolev, E.V. 

Institute of Inorganic Chemistry S.D^c.Sc. USSR, Novosibirsk, USSR. 

The initiation of discussions dealing with the impurity centers in diamonds originates 
to the classical contributions of 1934 (Robertson, Fox & Martin), who have subdivided the 
natural crystals into two types (I and II) with postulating the problem of the nature of 
differences available. The later great interest to this problem had arisen in 1959 in the classical 
experiments by Kaiser & Bond, also by Smith, Sorokin, Galles & Lasher, who had identified 
two structural states of impurity nitrogen - single substituting atoms (by ESR) and the 
non-paramagnetic associations of the substituting atoms, so-called A-centers (mass-spectro- 
metric analysis, lattice parameter, density as compared with IR & UV-absorption spectra). 
But starting with 1960 this discussion has followed a wrong trend, the idea of impurity 
polymorphism being refused with the wrong identification of the associative A nitrogen form 
as the platelets parallel to the cubic planes. 

In our experiments carried out as early as 1962, also in our publications (the first 
published in 1964) we have chosen the trend of impurity polymorphism by proving the 
existence of single substituting atoms in all crystals of natural diamond (N-centers, 1964), also 
of A-centers being the pairs of substituting atoms (1967), nitrogen platelets - B2 centers (1965), 
as well as some others then unidentified nitrogen forms (1968). As late as 1971 this concept 
of ours was formulated by the author in a structural form which does exist at present time with 
some small corrections (see our review 1989). Methods applied by the author in a search of 
correlation between various properties of the same crystal (ESR, optical. X-ray, el. mycr., 
etching analysis, etc) with the quantitative basis, such as several band systems in the IR 
absorption spectra with the decomposition of A & B1 bands. The principal condition of the 
proposed structural model of each of the centers is the lack of contradictions with none of the 
properties of each of the centers. Coverage of a great number of crystals (hundreds & 
thounsands), among them selected carefully of much greater number has ensured high 
reliability of the experimental results. At present, we are familiar with over 10 nitrogen centers 
of various structure, five of wich are thought to be the principal for natural crystals both by 
their occurence and by the average and maximum nitrogen content in the specimen under 
study. One of the principal ones is the A-form, with nitrogen content in some cases reaching 
10^^ at/cm^, but the minimum recorded A nitrogen content of our specimen was 2.10^^. The 
structure of this form as a pair of substituting nitrogen atoms in the neighbouring carbon 
positions follows from the over-all set of properties as well as from the nature of arbitrary 
paramagnetic centers formed of A-centers during particle irradiation followed by annealing 
or dislocational processes with a hyperfine splitting on the two nitrogen nuclei. The results 
obtained by Davis (1976) dealing with the symmetry fixing of A-centers using uniaxial com¬ 
pression ifiethods proposed by A.A. Kaplyansky do not contradict to these data. 

We have studied abundant crystals of natural diamonds from various regions (apart 
from the fields of USSR, we have studied those from South Africa, Australia, India, Brazil, 
etc) in which we have fixed N-form, but as of secondary importance compared with the 
A-form. Nevertheless the correlation between them may be constant for some of the fields. 
By the correlation value we have separatedtwo types of fields: Yakutian & Uralian with crystals 
from North Yakutia belonging to Uralian type whose mean content of N-centers is twice as 
high. Some of octahedra from African fields do belong to this type. Meanwhile, among the 
crystals of Archangelskaya Province one has fixed the mucture of two types. It is to be stressed 
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that the concept that is very popular in special literature saying that the N-centers are lacking 
in most of the colourless crystal of natural diamonds of highest quality is wrong; it is a 
consequence of the peculiarites of the apparatus applied in the experiments. 

Of more complex associations of the nitrogen atoms we have separated to main group 
N3V paramagnetic assemblage that are active both for absorption & luminescence 415 nm. 
The optical analogue of paramagnetic centers was identified by the author in 1969, while the 
modern model was published first in 1972. For a majority of natural diamond crystals the higher 
content of 415 nm centers results in increase of N-centers versus to that of A-centers. The 
nitrogen contents in this form is not very high. It is much higher for B1 form (N9), that may 
belong according to our assumption to nitrogen segregations in octahedra planes with the 
three-valent substituting nitrogen atom of amino-type as a main structural element, quite like 
to hypothetical N4V assemblage, a popular structural model for B1 but not N9 centers. The 
B1 (N9) centers are also active at X-rays exited blue & cathode-luminescence with indications 
of concentrational saturation. This type of luminescence as well as other ones may be quenched 
by the A-centers, so when combined with saturation effects the X-ray ex. & cathode lumines¬ 
cence of most of the natural crystals reflect at the cross-sections the quantitative distribution 
of A-centers. We note that the trend fixed in vast literature to assign the IR-system of BI & 
UV system N9 to different centers is absolutely wrong. 

Finally, the last of the principal nitrogen centers are those well known ones as early 
as in 60-ties, nitrogen platelats in cubic planes. Their IR-system B2 (not A) has some 
peculiarities connected with platelets dimension for example the maximum position of the 
main band etc. This experimental fact was checked many times and by many methods (for 
example by etching, etc.) and we must realize that Lang model of platelets but with some real 
structure elements such as benching from the center to periphery with the individuality of the 
marginal domain as a band of 1432 cm’^ etc, is quite convenient for the understanding the large 
family of facts. 

The impurity hydrogen can be also fixed by IR-spectra of natural diamond crystals; 
we hold here also the concept of impurity polymorphism as early as 1966. The model of the 
main C2H2-center was proposed by the author in 1971; at present it has been confirmed by the 
recent results for the Raman spectra with indications of SERS effects etc. (see review 1989), 
justifying in favour of surficial localization of centers. As based on the date obtained by the 
authors & those reffered in literature, these centers are most probably located at the inner 
surfaces of octahedral submicrocavities (viodites). 

The problems of nitrogen center genesis in diamond crystals have been discussed by 
the author in initial contributions. We think that the viewpoint popular in special literature 
dealing with the origin of A-centers in the process of high-T long-time annealing from 
N-centers is not correct, as it contradicts the well known of type Ib and la combination with 
type Ib included in type la. So the N2 centers has the growth nature, their structure is caused 
by the form of supply of nitrogen from the mineral-forming environment. We also regard the 
hydrogen C2H2 centers to be growth nature as they also are due to the main form of hydrogen 
supply. The nitrogen pairs may, in principal, be formed by only of molecular N2, but also of 
chemically bonded nitrogen, for exemple, to CN2, though when combined with a acetylene 
C2H2 the molecular nitrogen becomes to be the preferencial form. As for some others 
(principal) nitrogen & hydrogen centers, they may be, in principal, both growth (such as C2H) 
& secondary (Bl, B2) but the date obtained for natural crystals indicate that the possibility of 
their generation was laid probabily as a nucleus in the process of growth of each of the zones 
with an abrupt reduction of activation barrier for diffusion, perhaps, by the mechanism of 
deformational stimulation. 
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Thus analysis of the structure of impurity centers in diamonds permit one to identify 
the two components of the mineral forming environments, such as nitrogen & acetylene. The 
source of nitrogen seemed to be degassing of the Earth’s Mantle, while acetylene would rather 
be formed by the reaction CaC2 + H2O; CaC2 could be the product of the reaction of CaCOs 
with metal sulphides (for diamonds these inclusions belong to the most commom ones) or oth. 
It is quite likely that C2H2 was the source of diamond carbon, though this version may be 
obstacled by Ila type crystals. Presence of acetylene in the natural diamond crystals permits 
one to understand numerous traces of dynamic processes of explosion type with crushing of 
crystals fixed repeatedly in the inner zoning. Fluid diffusion whose components were N2 and 
C2H2 through the enviroment may be highly inhomogeneous which may be responsible for 
the exceptionally inhomogeneous distribution of crystals in the source rocks. 

The essential role of inhomogenethy in the processes of nitrogen diffusion was 
postulated by the author in 1966 in a joint paper with V.S. Sobolev. 

We also believe the role of acetylene & its products to be most probable in formation 
of explosion pipes at SOO^C followed by a subduction of the cooled (400-500®C) kimberlite 
magma into the formed emptiness. Such concepts aid in understanding numerous experimen¬ 
tal evidence dealing with the pipes and diamonds of the principal fields, such as high preserv- 
ance of crystals, often preservance of their green radiotional coat, essential diamond 
differentiation over the pipe cross-section, but high reproducibility both quantitatively and 
qualitatively by the depth and many others very commom and hardly explainable at present 
versions of hot kimberlite magmatism. As for the time interval between the termination of 
crystal growth in the upper mantle & subduction of the quite cool kimberlite magma into the 
explosion pipe, the period that may be very long is to be fixed not by the impurity centers of 
the diamonds and included minerals but proceeding from some different experimental evi¬ 
dence. 
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ECLOGITE PAREGENESIS OF DIAMONDS FROM UDACHNAYA AND MIR PIPES, 

YAKUTIA, 

N.V. Sobolev^^\’ V.M. Zuev^^\’ S.M. Bezborodov^^\’A.I. Ponomarenko^^\' Z.V. Spetsius^^\- S. EMligin^^\'E.S. 

Yefimova^^\' V.P. Afanasiev^^^; VI. KoptiP^ andA.I. Botkunov^^\ 

(1) Institute of Mineralogy and Petroff-aphy, 630090, Novosibirsk, USSR; (2) Yakutalmaz, 678170, Mirny, USSR; 

(3) Yakutskgeologiya, 677892, Yakutsk, USSR. 

An unique collection of xenoliths of diamondiferous eclogites from 
Udachnaya pipe, collected by the authors over a long period of time and consisting 
of more then 120 samples of different sizes (principally 2-5 cm in longest 
dimension) is compared with data (Sobolev et al., 1983) on more than 40 
diamondiferous eclogite xenoliths collected for years from the Mir pipe. Most 
eclogites have been collected at processing plants where samples of kimberlite 
with diamonds exposed at the surface are checked. 

In most samples euhedral garnets are embedded in the pyroxene matrix 
but in a number of cases garnet-pyroxene occur in banded structures. Modal 
proportion of garnet varies from almost pure garnetite down to samples with 
about 35-40 % of modal garnet. Kyanite eclogites containing up to 10 % of kyanite 
are typical mostly for Udachnaya pipe. Only one sample of this type was collected 
in Mir pipe. A few corundum eclogites have been found in both pipes. 

Diamonds in the studied samples vary widely both in size and number in 
each specimen. The largest diamonds exposed at the surface have a size up to 
8-9 mm across, smallest diamonds extracted from some dissolved specimens have a 
size up to 40-50 microns. Diamonds usually have a variable morphology but 
octahedral crystals predominate. Within single samples in most cases the diamond 
morphology is similar. In several samples of eclogite, diamonds contain inclusions 
of garnet, omphacite and sulfides. 

Comparison of major and minor elements abundances in garnets from 
diamondiferous eclogites and inclusions in diamonds from the same pipe shows 
that both types of garnets contain similar CaO and Na20 within each pipe, but with 

higher CaO for both inclusions and eclogites from Udachnaya pipe. Ti02 content is 

almost double for included garnets compared to eclogitic ones. All Mir pipe 
garnets are richer in iron in comparison to Udachnaya eclogite and inclusion 
garnets. 

Omphacites from eclogites are more sodic than omphacites from diamonds 
both for Udachnaya and Mir pipes, but in general Mir pipe omphacites contain 
more Na20. Very systematic differences are noted in K2O contents between 

omphacites from diamonds and diamondiferous eclogites. In spite of detectable K2O 

content for all studied omphacites, pyroxenes included in diamonds for both pipes 
contain up to 2-2,5 times more K2O on average than pyroxenes from 

diamondiferous eclogites. As was previously shown for Mir pipe (V.S. Sobolev et 
al., 1972) this might be related to the loss of a major part of K2O by pyroxenes 

during reequilibration at subsolidus temperatures. 
The temperature estimates, using Ellis and Green (1979) approach, show 

that the inclusions have been equilibrated at temperatures up to 1220-1230°C on 
average for both pipes compared with average equilibration temperatures of 
1100-1150°C for diamondiferous eclogites. 
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VOLCANOLOGY AND GEOCHEMISTRY OF THE ELLENDALE LAMPROITE FIELD 

(WESTERN AUSTRALIA). 

StacheP\ T.;Lorenz^^\ V; Smith^^\ C.B. and Jaques^^\ A.L. 

(1) Inst, fur Geologie, Pleicherwall 1, 8700 Wiirzburg, Germany; (2) CRA - Exploration Pty. Ltd., P.O. Box 175, 

Belmont, WA. 6104, Australia; (3) Bureau of Mineral Resources, GPO Box 378, Canberra, ACT, Australia. 

INTRODUCTION 

The Miocene (20-22 Ma) Ellendale Volcanic Field (Western 
Australia) is located on the Phanerozoic Lennard Shelf, 
adjacent to the SW margin of the Precambrian Kimberley Block. 
The field consists of about 50 ultrapotassic volcanic bodies, 
subdivided into two main groups: ultrabasic olivine lamproites 
and more silica-rich leucite lamproites (JAQUES et al. 1986). 
Most of the Ellendale Field lamproites carry diamond: two 
olivine lamproite pipes contain subeconomic diamond grades and 
3 other olivine lamproite pipes have average grades of 1 
carat/100 tonnes or more whereas the leucite lamproites are 
either barren or contain only traces of diamond. This paper 
reports results of detailed geological, petrological and 
geochemical investigations of two olivine lamproites (Ellen¬ 
dale 4 and 9) for which extensive drill core material is 
available and two well exposed leucite lamproites bodies (Mt 
North and 81-Mile Vent). Detailed field mapping of the two 
leucite lamproites was carried out, with recording of flow 
banding attitutes in magmatic phases and cross and planar 
bedding dips in volcanogenetic sedimentary units. 

VOLCANOLOGY 

The detailed mapping and geological investigations support the 
general outline of SMITH & LORENZ (1989) who described the 
formation of. maars at Ellendale in response to phreatomagmatic 
activity which probably started when lamproite magma, rising 
in a zone of structural weakness (feeder dike), reached the 
interface between relatively impermeable shales and siltstones 
of the Fairfield Group and the overlying sandstones of the 
Permian Grant Group which formed a high yielding aquifer. On 
eruption large amounts of detrital quartz grains from the then 
poorly consolidated Grant Group sandstones were ejected in 
addition to juvenile lamproite clasts. This induced repeated 
collapse of the wallrocks and the overlaying pyroclastic 
deposits. A small diatreme formed above which the maar crater 
rapidly grew laterally because of the low slope stability of 
the Grant Group sandstones. Whilst the diatreme continued to 
grow in depth, the maar crater increased in size due to 
further landslides and simultaneously sand-rich tuffs were 
deposited inside and outside of the crater. Massflow and 
landslide units with intercalated surge and fall, originally 
deposited on the crater floor, became part of the diatreme due 
to its subsidence. 

In all four pipes investigated the stratigraphically higher 
tuff deposits have lower contents of accidental quartz grains 
than underlying units. This is attributed to the progressive 
drawing downward of the groundwater table within the Grant 
Group sandstones towards the more impermeable shales and 
siltstones of the Fairfield Group eventually resulting in the 
eruption of almost quartz-free tuffs when the diatreme root 
zone lay within the Fairfield Group. Deposits formed within 
the maar crater at this point are similar to earlier deposits 
- mainly mass-flow deposits with intercalated surge and fall 
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deposits - apart from a lower quartz content and a marked 
decrease in the number of landslide deposits of Grant Group 
sandstone which are rare or even absent (as in Mt North and 
81-Mile Vent) in the upper tuff horizons. Thin intercalated 
scoria horizons observed in drill core imply that even during 
the main phreatomagmatic phase of maar formation groundwater 
access to the root zone was restricted several times. Even¬ 
tually the root zone penetrated deeply into the Fairfield 
Group shales, supply of groundwater ceased, and explosive 
activity finally terminated. 
Following a period of lava fountain activity magma rose within 
the diatreme and eventually filled the maar crater as either a 
lava lake (olivine lamproites) or lava dome (leucite 1am- 
proites), depending on the viscosity of the melt. At the pipes 
investigated in outcrop, the transition from phreatomagmatic 
to extrusive magmatic activity is marked by a phase of intense 
redeposition i.e. mass flow deposits. Simultaneous with, or 
immediately following emplacement of the magmatic core, the 
tuffs, especially those adjacent to the magmatic phase, were 
intruded by numerous small sills and dikes. Late-stage dikes 
and sills are most common in the leucite lamproite pipes where 
the intrusive rocks commonly are a composite of medium-grained 
lamproite and schlieren of fine-grained lamproite. Sills and 
dikes in the olivine lamproite pipes appear to be compara¬ 
tively rare perhaps because of their different viscosity; 
alternatively, they may not have been recognized in the poorly 
preserved drill core material. 

PETROGENESIS OF OLIVINE LAMPROITES 

Petrographic differences within the investigated olivine lamp¬ 
roite pipes (Ellendale 4 and 9) are mainly restricted to 
in-situ cooling phenomena (e.g. crystallization of poikilitic 
phlogopite and K-richterite). However, small phlogopite 
phenocrysts, which are present in the tuffs of both pipes, 
became completely resorbed in the magma batches which sub¬ 
sequently formed the lava lakes, thus indicating low pressure 
reequilibration. Geothermometry and oxygen fugacity calcu¬ 
lations based on olivine-spinel equilibria indicate crystal¬ 
lization of the tuffs and fine grained magmatic lamproites at 
temperatures (at 1 atmosphere) of 1050-1250°C under relatively 
reducing conditions (fO at or slightly below the FMQ buffer). 
Inverse zoned olivines^(forsterite rich rims) indicate an 
increase in oxygen fugacity during ascent, as predicted by 
FOLEY et al.(1986) as a consequence of dissociation of small 
amounts of HO, driven by H loss. Spinel zoning, however, 
indicates oxidation only for the slowly cooled lava lake 
centers, where fO- became increased by 2-3 log units relative 
to the FMQ buffer. Much of the geochemical variation in 
Ellendale 4 appears to be due to significant (up to 25%) 
olivine fractionation (xenocrysts and phenocrysts) in the 
later magmatic phases. In contrast, Ellendale 9 shows much 
less variation in major element chemistry but significant 
variations in incompatible trace element abundances. The trace 
element abundances are not consistent with olivine fractio¬ 
nation but suggest an origin either by derivation of Ellendale 
9 magmas by differing degrees of partial melting and/or small 
scale heterogeneities in their mantel source regions. Diamond 
distribution within Ellendale 4 and 9 pipes is not controlled 
by combustion or dissolution. The observed variation in 
diamond grade with specific units within each pipe is inferred 
to result primarily from fractionation (Ellendale 4) and a 
decreasing efficiency in sampling of the mantle source region 
by successive magma batches (Ellendale 9). 
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PETROGENESIS OF THE LEUCITE LAMPROITES 

Petrographic differences within the lava domes of the in¬ 
vestigated leucite lamproites are mainly attributed to in¬ 
tratellur ic crystallization, since lithological boundaries 
(differences in phenocryst content and size) were found to be 
razor sharp (81-Mile Vent) or connected by a thin (about Im) 
transition zone (Mt North). However, within the medium-grained 
part of the lava dome of Mt North in-situ crystallization 
produced small petrographic differences which are crossed by 
the magmatic flow banding. 

The various petrographic units of Mt North and 81-Mile Vent 
are characterized by significant differences in their chemical 
composition, with the early formed units being richer in Si, 
Al, and K and poorer in Ti, Mg and Fe, relative to later 
units. Volcanological and petrographic evidence suggest 
production from a layered magma reservoir, where crystal 
fractionation, mainly of olivine, diopside, and an iron- 
titanium oxide phase but including small amounts of phlogopite 
and apatite, took place. However, in the case of Mt North the 
observed trace element pattern does not fit the model derived 
from the major elements. A decoupling of major and trace 
elements (including MgO and Ni) suggests operation of additio¬ 
nal processes including entrainment of phlogopite and mixing 
of magmas with different trace element abundance and abundance 
ratios and possibly derived by different degrees of melting 
over different depth intervals. 

The magma reservoirs for Mt North and 81-Mile Vent are in¬ 
ferred to have been located within the crust because the 
mineral compositions reflect formation at low pressures and 
the low pressure mineral assemblage is dominated by olivine 
with only minor phlogopite. Experiments on leucite lamproites 
(FOLEY 1939) show that olivine is a liquidus phase below 10 
kbar above which it is replaced by phlogopite. Leucite, 
hercynite-pleonaste and corundum-bearing xenoliths are inter¬ 
preted as partially molten crustal xenoliths incorporated in 
the melt within the magma reservoir. Olivine compositions and 
zoning together with olivine/melt equilibria, suggest that the 
magma chamber, at least for Mt North, was characterized by 
oxidizing conditions. This oxidizing environment in the magma 
chamber might explain the complete absence of diamonds at Mt 
North which is uncommon in the Ellendale Field. 

Atkinson, W.J., Hughes, F.E., and Smith, C.B. (1984): A review 
of the kimberlitic rocks of Western Australia. In J. 
Kornprobst, Ed., Kimberlites 1: kimberlites and related 
rocks, p. 195-223, Elsevier, Amsterdam 
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reduced fluorine-rich mantle. GSA S.P. No 14, 616-631 

-, Taylor, W.R., and Green, D.H. (1986): The role of 
fluorine and the oxygen fugacity in the genesis of the 
ultrapotassic rocks. Contrib. Mineral. Petrol., 94, 183-192 

Jaques, A.L., Lewis, J.D., and Smith, C.B (1986): The kimber¬ 
litic and lamproitic rocks of Western Australia. Geol. Surv. 
W.A. Bull., 132, 268 p. 

Smith, C.B. and Lorenz, V. (1989): Volcanology of the Ellen¬ 
dale lamproite pipes. GSA S.P. No 14, 505-519 

Stachel, T. (1990): The Ellendale Volcanic Field - Volcano¬ 
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MANTLE XENOLITHS FROM THE QUATERNARY PALI-AIKE VOLCANIC FIELD OF 

SOUTHERNMOST SOUTH AMERICA: IMPLICATIONS FOR THE ACCRETION OF 

PHANEROZOIC CONTINENTAL LITHOSPHERE. 

Stem, Charles R. 

Department of Geological Sciences, University of Colorado, Boulder, Colorado 80309, USA. 

The Quaternary alkali basalts of the Pali-Aike volcanic 
field occur within the region of southernmost Patagonia that 
has been interpreted as Phanerozoic accretionary continental 
lithosphere (de Wit, 1977; Ramos, 1988; Stern et al., 1989 
and 1990). The ultramafic xenoliths they contain are thus 
samples of mantle significantly younger, and perhaps formed 
by different processes, than the cratonic Archean and early 
Proterozoic mantle sampled by kimberlites. The presence of 
garnet-bearing peridotites amoung the Pali-Aike ultramafic 
xenoliths provides a rare window to the deeper portions of 
this accretionary subcontinental mantle lithosphere. 

Important petrochemical features of the Pali-Aike 
xenoliths include: 

(1) A significant proportion (>15%) of the Pali-Aike 
xenoliths are fertile, Fe-rich, coarse-grained garnet- 
Iherzolites (modal garnet + clinopyroxene >20%), although 
infertile Mg-rich harzburgites are the dominant type amoung 
the Pali-Aike xenoliths as iri many other alkali basalt and 
kimberlite xenolith suites. Mineral geothermometry and 
geobarometry suggest that while the upper part (30-60 km 
depth) of the subcontinental mantle lithosphere below Pali- 
Aike is composed almost exclusively of infertile Mg-rich 
harzburgite (Figure 1), the deeper portion (>60 km depth) 
consists dominantly of fertile garnet-lherzolite. This 
implies a significant chemical and density gradient within 
the mantle section represented by the xenoliths. 

(2) Mineral geothermometry and geobarometry indicate that 
temperatures of the lithosphere approach the basalt solidus 
(>1150°C) at 80 km depth (Figure 1). This suggests a 
relatively thin lithosphere below Pali-Aike, perhaps thinned 
and heated by the back-arc processes that produced the Pali- 
Aike basalts (Douglas et al., 1987; Stern et al., 1990). 

(3) Fertile garnet-lherzolites have isotopic composition 
that fall within the mantle array defined by oceanic 
basalts, with the isotopic composition of some xenoliths 
approaching that of mid-ocean ridge basalts (e^d >“^’7 and 
^Sr <"30). No radiogeneic phases (e^d ^Sr >0)/ formed 
by ancient enrichment events such as are well documented 
within many kimberlite xenolith suites, have been observed 
within the Pali-Aike xenoliths. 

(4) Some xenoliths have light-rare-earth-element 
depletion, with high Sm/Nd ratios (normalized Sm/Nd >>1). 
However, in general Sm/Nd ratios do not correlate with 
suggesting non-modal metasomatism has affected many of the 
Pali-Aike xenoliths as has been demonstrated for many other 
xenoliths suites. Modal metasomatism, consisting of 
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phlogopite ± amphibole viens, is also a prominant feature 
within some of the Pali-Aike garnet-lherzolites. The Nd- 
isotopic composition of these viens are similar to those of 

Figure 1. Schematic cross section through the portion of the 
continental lithosphere of southernmost South America 
represented by the xenoliths in the Pali-Aike basalts. 

the Pali-Aike basalts, and given the high Rb/Sr of the 
veins, the small difference in their Sr-isotopic composition 
with the host basalts can be accounted for by an age 
correction of less than 1 m.y. Thus these modal metasomatic 
features are interpreted as being caused by intrusion into 
the lithosphere of melts and/or fluids genetically related 
to the host Pali-Aike alkali basalts. 

The Phanerozoic accretionary subcontinental mantle 
lithosphere below southernmost South America, as represented 
by the Pali-Aike xenoliths, is distinct in many obvious ways 
compared to the Archean and early Proterozoic subcontinental 
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lithosphere represented by xenolith suites within 
kimberlites: it is thinner, its geothermal gradient is 
higher, it lacks signifant quantities of eclogite as well as 
diamonds or other phases formed by ancient lithospheric 
enrichment events, and most significantly it is chemically 
and density stratified over a relatively short vertical 
distance of a few tens of kilometers such that the deeper 
portion consists of fertile Fe-rich Iherzolites which occur, 
but are uncommon, within the kimberlite suite of coarse 
grained, undeformed peridotite xenoliths. 

The inferred vertical chemical zonation of the 
subcontinental mantle lithosphere represented by the Pali- 
Aike xenoliths, with infertile Mg-rich harzburgites grading 
downward into fertile Fe-rich Iherzolites, is similar to the 
vertical chemical zonation expected for oceanic lithosphere 
formed by melt extraction below a mid-oceanic spreading 
center. Also, the isotopic and trace-element composition of 
some xenoliths approach what would be expected for MORB- 
source mantle. Accordingly the subcontinental mantle 
lithosphere below Pali-Aike is interpreted to have formed by 
tectonic capture, during the early Paleozoic, of a segment 
of what previously had been oceanic lithosphere formed at a 
late-Proterozoic mid-ocean spreading center. Lithospheric 
underplating and non-modal metasomatism within this 
subcontinental lithosphere may have occurred in association 
with subsequent tectonic events such as the opening of the 
South Atlantic during the Mesozoic or the subduction of the 
Chile Rise in the Cenozoic, but the most recent phase of 
modal metasomatism is associated with the generation of the 
Pali-Aike host basalts which has caused heating and thinning 
of the subcontinental mantle. 

De Wit, M.J. (1977) The evolution of the Scotia Arc as a key 
to the reconstruction of Gondwanaland. Tectonophysics, 37, 
53-81. 
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of the upper mantle beneath southernmost South America 
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Ramos, V.A. (1988) Late Proterozoic-Early Paleozoic of South 
America - a collisional history. Episodes, 11, 168-174. 

Stern, C.R., Futa, K., Saul, S., and Skewes, M.A. (1989) 
Garnet peridotite xenoliths from the Pali-Aike basalts of 
southernmost South America. In Kimberlites and Related Rocks 
2, Geological Society of Australia Special Publication 14, 
735-744. 

Stern, C.R., Frey, F.A., Futa, K., Zartman, R.E., Peng, Z., 
and Kyser, T.K. (1990) Trace element and Sr, Nd, Pb, and O 
isotopic composition of Pliocene and Quaternary alklai 
basalts of the Patagonian Plateau lavas of southernmost 
South America. Contributions to Mineralogy and Petrology, 
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ANOMALOUS HOSTS, UNUSUAL CHARACTERS AND THE ROLE OF HOT AND COOL 

GEOTHERMS FOR EAST AUSTRALIAN DIAMOND SOURCES. 

Sutherlan(f^\ F.L.; Temby^^\ P.;Hollis^^\ J.D. and Raynor^^\ L.R 

(1) Australian Museum 6-8 College Street, Sydney, NSW, 2000; (2) Clutha Ltd., 40 Pacific Highway, St. Leonards, 

NSW2065; (3) Deceased. 

Eastern Australia is an enigmatic diamondiferous region. 

Unlike the southern and weste?rn Australian cratonic provinces, 

it lacks obvious kimberlitic or lamproitic sources. Mining has 

largely recovered diamonds from alluvial deposits, usually 

from leads under basalts. There are separate diamond provinces 

in which stones show different morphological, inclusion, 

carbon isotope and nitrogen aggregation characteristics. Some 

alluvial diamonds show so little abrasion that nearbv sources 

are indicated. Known volcanic hosts are basaltic rocks not 

normally associated with diamonds. The abundant diamond type 

(Copeton, NSW) is distinct from most other diamond suites. 

The concentration in northern NSW (Copeton, Bingara, 

Walcha) mostly shows rounded, resorbed multiply twinned 

crystals. Inc1usions are notably coesite and an unusual calc- 

silicate suite. The^^^C values are dominantly heavv (-3.3 to 

+ 2.4'^/oo) and N contents (up to i200ppm) commonly aggregate to 

show relatively high */. of A defects. The data points to a 

parent of sedimentary or sea water modified character, which 

entered diamond facies conditions in the lithosphere probably 

before the early Palaeozoic. Six diamonds came from 

tholeiitic dolerite forming dykes in late Carboniferous 

granite and are probably a contaminant, being accompanied by 

accessories typical of c^ranite contact suites. They could 

come from older deep leads or late Carboniterous basal beds 

below the granite contact. Late Cretaceous (c.70Ma) thoieiites 

and laterites occur in New England and diamonds under 

lateritised basalt (Inverell) suggest pre-Cainozoic sources. 

Diamonds related to a 36Ma alkaline dyke in Silurian (?) 

metamorphics at Walcha suggest underlying sources, within the 

fold belt. 

Diamonds in Airly Mt. deep leads (pre--4IMa) are octahedra 

and rounded forms. They contain coesite and have ^C values 

(-3.8 to -9.8'^/oo; N.V. Sobolev, comm.) typical of the range 

for both peridotitic and eclogitic paragenesis. Diamonds from 

Rocky River, between Walcha and Copeton, are octahedra. 

Pale zircons found with diamonds at Airly Lit., Bingara 

and nearby breccia pipes range Lg uranium contents (50-600 ppm 

U) and yield Jurassic to Triassic ages (130-240Ma). Elsewhere 

(Tolmie, Gundagai, New England, Brigooda, central Queensland 

gemfields, Cooktown) large zircons with low U contents typical 

of kimberlitic zircons (<30ppm) are found with breccia pipes 

or in gem alluvial deposits (some diamondiferous). These 

zircons range from late Tertiary to Cretaceous ages (3-107Ma). 

Studies of mantle xenoliths from Mesozoic-Tertiary 

volcanics using new thermobarometry (Brey & Kohler) show 'hot' 

geotherms, some as hot as any recorded, existed in eastern 

Australia at various times. However variations in the thermal 

gradients suggest that lower gradients were linked to limited 

deep melts in the Mesozoic. The high Cainozoic gradients may 

represent restricted perturbations caused by magma ponding and 

need not affect the diamond graphite transition at depth. 
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Analysis of the Nesozoic-Cainozoic intraplate volcanism 

suggests episodic surges related to rifting and subsepuent hot 

spot activity. A new concept of 'boomerang volcanism proposes 

mipratory flare ups from incipient deep undersaturated melting 

develops into major silicic crustal magmatism then dwindles 

back to minor amounts of deep melting. 1 he boomerang' tips 

and beyond have potential for leucititic and nephelinitic 

melts, appjroaching lamproitic and k imber'1 11 ic activity, to tap 

any existing diamond zone. Even during thermal rifting, flood 

basalt or hot spot activiLv (1asman Cretaceous margin, 

Tasmanian Jurassic dolerites, Cainozoic central volcano 

migration) the thermal effects were probably laterally 

localised or intermittent so that cooler geotherms could co¬ 

exist elsewhere. An e':ample from southern Australia is 

Jurassic tholeiite on hsangaroo Island contemporaneous witrs 

d1amond-bearincj kimberlites 3b0km away at Terowie. 

Cooler geotherms were probably most widespread.in 

interior east Australia in the Cretaceous interval between the 

major hot spot episodes, linking into ages of some low-U 

zircons and apparent initial exposures of sources of alluvial 

diamonds. Diamonds appearing at basaltic centres which only 

carry mantle xenoliths from PT regions lying well above the 

normal diamond stability zone can be explained by: 

(1) blasts of degassing frofo the diamond zone; or 

(2) intersection of diamond sources alread^y emplaced at 

•higher- levels (older kimberlites cgr peridotite bodies). 

Diamonds can survive greenschist nrietamorphism and the 

unusual Copeton diamonds are located in a tectonically complex 

fold belt, which includes ophiolitic bodies. An older 

lithospheric source for these diamonds may be related to 

widespread subduction events of Cambrian* or earlier age 

suggested by various lines of isotopic evidence on Tasmanian, 

Victorian and New South Wales igneous and xenolitii suites. 

The east Australian aiamond pr'ovince is unusual and its 

detailed study provides scope for some interesting solutions 

for locating its diamond sources. The mantle isotopic- 

characteristics, and high geotherms recorded from Tasmania 

suggests that this area is tht? least prospective for diamonds 

within eastern Australia in post Triassic igneous provinces. 
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FIGURE CAPTIONS: (a) Distribution of reported alluvial 

diamonds and diamond-bearing pipes and dykes, eastern 

Australia, shown in relation to the main topographic divide. 

The distribution of the unusual Copeton diamond type (Sobolev, 

1984) is shown in relation to the more usual Airly Mt. 

diamonds. Low U zircon finds are also indicated. 

(b) Pressure-temperature section, east 

Austra1ia-Antarct1Ca showing PT fields derived from lower 

crust-upper mantle xenolith suites in Mesozoic-Cainozoic 

basaltic rocks, based on Brey & Kohler (1990) geothermometer- 

barometer estimates on garnet - 2 pyroxene analyses in the^ 

literature and authors unpublished data. The position of the 

spine 1/gamet Iherzolite transition (Spl/Gnt) is shown. The 

Southeast Australian (SEA) and Eastern Margin Australian 

Craton (EMAC) geotherm curves (after O'Reilly 8< Griffin 1990) 

are steepened downwards to give minimum depths of intersection 

of the graphite/diamond transition (G/D). 

• Diamond site 

— Divide 

Z Zircon site 

C Copeton type 

A Airly Mt type 
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MANTLE XENOLITHS FROM ALKALI BASALTS IN THE NOGRAD-GOMOR 

REGION OF HUNGARY AND CZECHOSLOVAKIA. 

Szabd, ^^^Csaba and Taylor, Lawrence A. 

(1) Dept, of Geological Sci., Univ. of Tennessee, Knoxville, TN 37996 USA; (2) Dept, of Petrol. & Geochem., Eotvos 

Lorand University, Budapest, Hungary. 

INTRODUCTION: Neogene to Quaternary alkali basalts are widely distributed 
within the Carpathian-Pannonian region of eastern Europe. These basalts con¬ 
tain abundant ultramafic and mafic nodules, as well as a large variety of 
mafic and salic megacrysts. The present study focuses on the great variety 
of ultramafic xenoliths from the Nograd-Gomor Region (NGR). We have collec¬ 
ted more than 100 ultramafic xenoliths from 4 of the most important locali¬ 
ties in the NGR (Fig. 1), and 43 samples were selected for detailed study. 
These have been studied in thin section, and numerous electron microprobe 
analyses have been performed on the various phases. These petrographic and 
chemical data form the basis for characterization of these xenoliths and 
provide insight into their petrogenetic evolution and metasomatic histories. 
Trace element and isotopic studies are in progress. 

GEOLOGIC SETTING: In the NGR, numerous volcanic vents have produced exten¬ 
sive flows and dikes and thereby formed a wide plateau. Volcanic activity 
started at 2.8 Ma and continued to 1.0 Ma (Balogh et al., 1986). The early 
stage of development of the Pannonian Basin involved upwelling of a mantle 
diapir (Stegena et al, 1975; Adam, 1976). This is thought to have initiated 
the thermal regime from which the volcanic rocks were later derived. 

Host Rocks - The NGR basalts range in texture from aphanitic to porphyritic. 
Mainly olivine, but also clinopyroxene, and plagioclase, occur as pheno- 
crysts within a g^oundmass of ^linopyroxene, plagioclase, apatite, oxide 
phases, - glass, - nepheline, - trace amounts of K-feldspar and phlogopite. 
The basalts possess low silica contents (46.6-49.7%), high alumina (16.3- 
18.6%), high total alkalis (5.9-7.2%), and low Mg# (53.3-65.7). When compar¬ 
ed to typical xenolith-bearing alkali basalts from other world-wide locales, 
they are notably lower in Mg# basalts (67-74). This factor, in addition to 
their high differentiation indices (39-51) and high normative nepheline con¬ 
tents (up to 10.7%), may indicate that the original magma was modified by 
fractional crystallization and assimilation at depth. 

Xenoliths - The xenoliths from NGR can be divided into three texturally and 
genetically distinct groups: 1) Cr-Dionside Suite (cf, Wilshire and Shervais 
1975); 2) Clinopvroxenite and Gabboic Series, which may be representative 
of cumulates of the Al-augite suite of Wilshire and Shervais (1975); and 3) 
accidental upper crustal xenoliths. 



402 Fifth International Kimberlite Conference 

XENOLITH PETROGRAPHY AND CHEMISTRY: 

The xenoliths which are the object of 

this present study are from the Cr- 

Diopside Suite. These xenoliths have 

been grouped on the basis of mineralogy 

and texture into three types: 

1) Spinel Lherzolites and Harzburg- 

ites - These are modally dominated by 

olivine with small amounts of amphibole 

locally present. Most of the Iherzo- 

lites, which now appear to be "dry", 

possess sites where a hydrous phase was 

present but is now occupied by a secon¬ 

dary assemblage consisting of clinopyr- 

oxene, spinel, feldspar, phlogopite, 

amphibole, olivine, and glass. The 

over''all texture of this type of xeno- 

lith is classified (after Mercier & 

Nicolas, 1975) as porphvroclastic and 

equigranular. with some transitional. 

2) Dunite and Wehrlite - Olivine 

makes up 85 to 90 modal % of these 

xenoliths. Phlogopite with distinct 

line^tion is characteristic. 

The textures show signatures of 

secondary recrvstallization. 

Based upon the lineation of the 

mica within these xenoliths, it 

would appear that the phlogopite 

predates the deformation event. 

3) Olivine Hornblendite - The 

original olivine is largely re¬ 

placed by amphibole which now 

constitutes more than 70% of the 

xenolith. Triple junctions, 

slight deformation, and twinning 

of the remaining olivine suggest 

an equigranular texture for the 

pre-alteration xenolith. 

Cr-diopside-rich veinlets (2-7 mm) within the lherzolites and wehrlite 

have undergone the same overall deformation as the host xenoliths. It is ob¬ 

vious that the emplacement of this veinlet preceded the deformational event. 

Na 

Mineral Chemistry - We have attempted to correlate mineral compositions with 

texture since it appears that the textures are representative of particular 

petrogenetic conditions. The ranges of mineral compositions of the spinel 

lherzolites and harzburgites are similar to many other occurrences (e.g.. 

Basaltic Volcanism Vol., 1981; Nixon, 1987). Olivine and orthopyroxene have 

Mg# in the range of 0.87-0.91 and 0.88-0.91, respectively. The compositions 

of these phases are independent of textural type except for a small increase 

in Al^O^ in the orthopyroxene from porphyroclastic xenoliths. Clinopyroxene 

and spinel compositions vary with texture. In porphyroclastic and transi¬ 

tional xenoliths, clinopyroxenes are enriched in A1 and Na compared to equi¬ 

granular xenoliths (Fig. 2). The variation in Mg# of the clinopyroxene is 

directly correlated with those of olivine and orthopyroxene. The spinej| in 

porphyroclastic xenoliths are high in Al-O^ and have low Fe# values [Fe / 
(Fe +Mg)] (Fig. 3). ^ 
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Recrystallized xenoliths have distinctive compositions of clinopyroxene 

and spinel. Compared to compositions in other textures and as shown in Fig. 

2, clinopyroxenes are low in Al-O^, Na^O, and FeO and high in Si02 and Mg# 

(0.91-0.93). As shown in Fig. 3, spinels have the highest Cr# [Cr/(Cr+Al)], 

Fe#. These compositions seem to indicate the possibility of a depletion 

process having acted upon these mantle samples. The olivine of the highly 

metasomatized olivine hornblendite is characterized by enriched compositions 

of Fe and Mn; the orthopyroxene is enriched in Fe, Mn, and Ca. The spinel 

is depleted in Mg and A1 (Fig. 3), which may be related to the formation of 

hornblende. The amphibole which occurs in all these xenoliths is Ti- and 

Cr-rich pargasitic, with higher than similar xenoliths from other 

world-wide localities. It is typically associated with remobilized spinel. 

Indeed, the interstitial setting of amphibole as a replacement phase and 

unstrained habit indicate formation after the deformation of the xenoliths. 

In the recrystallized xenoliths, phlogopites occur with high contents 

of TiO^ (1.2-2.6 %), Cr20^ (1.3-2.3 %), and Na20 (0.7-1.1 %). This chemistry 

is typical for secondary phlogopites of the upper mantle (Delaney et al., 

1980). The high M^# (0.91) is in 
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accordance with those of the other 

silicates, implying equilibration 

within the xenoliths. However, ex¬ 

tremely high fluorine contents, up 

to 3.5 %, are uncommon in phlog¬ 

opites in ultramafic xenoliths 

from the alkali basaltic series. 

DISCUSSION: The textures of the 

xenoliths and mineral chemistry 

can be integrated into an overall 

scenario of mantle events within 

"a?the NCR portion of the Carpathian- 

Pannonian area of eastern Europe. 

These stages are depicted schema¬ 

tically in Figure 4 and are discussed below in chronologic order: 1) 1st 

Metasomatism; 2) Diapirism and Deformation; 3) 2nd Metasomatism; and 4) 

Entrainment and Volcanic Activity. 

0.1 

• • Fig. 3 

A 

V 
J-i_I_i_ 
0.3 0.4 

Cr/(Cr+AI) 

Stage 1. 1st Metasomatism Within the xenoliths, it would appear that there 

was an ancient metasomatism which resulted in the local fortnation of phlogo- 

pite. The upward migrating, metasomatizing fluids was rich in water, but 

also contained appreciable fluorine and potassium, as evidenced by the high 

Fluorine contents of the phlogopite. Although no garnet was found in these 

xenoliths, we cannot exclude that garnet was not completely replaced by this 

hydrous alteration. The phlogopite is distinctly lineated, indicating its 

formation before the deformation event. 

Stage 2, Diapirism & Defor¬ 

mation All of the xenoliths 

display evidence for strong 

deformational event. The 

most intense deformation, as 

revealed from the xenolith 

textures, was in the South¬ 

east region of the NGR. The 

textures are mostly porphyr- 

oclastic to the Northeast & 

progress to equigranular, to 

transitional and to secon¬ 

dary recrystallized as the 

region of most intense def¬ 

ormation is approached. We 

postulate that this deforma¬ 

tion was associated with 

deep-seated diapiric move¬ 

ment, which began after the 
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termination of subduction in the Carpathian belt at about 
24 M.a. (Stegena et al., 1975). This diapiric upwelling continued until 

about 12 M.a. when it reached its highest position at about 30 km depth. 

This is based upon heat-flow calculations and estima'^tion of the amount of 

crustal thinning (Dovenyi & Horvath, 1988). 

Stage 3. 2nd Metasomatism Possibly associated with or as,a direct 

consequence of the asthenospheric upwelling, another period of metasomatism 

affected the xenoliths. This is evidenced by the pervasive presence of 

undeformed amphibole superimposed upon the deformed texture of the mantle 

xenoliths. The presence of this pargasitic hornblende limits the depth of 

this metasomatism to less than about 70 km. 

Stage 4. Entrainment and Volcanic Activity Alkaline basaltic volcanism 

occurred within the last few million years. This entrained the mantle 

xenoliths and brought them to the surface. Geothermobarometric estimates of 

the xenoliths show last equilibration at 950-110 C and 8-18 kbars. These 

conditions correspond to the depth of entrainment at 27-60 km. Interaction 

with the basaltic melt resulted in breakdown of some of the amphibole, as 

well as small amounts of spinel and clinopyroxene. A new selvage of phases 

is present in place of these decomposed minerals and consists of secondary 

clinopyroxene, spinel, feldspar, phlogopite, amphibole, olivine, and glass. 

The presence of enriched contents of K and Ti in some of the product 

crystals indicate that their formation was the result of metasomatic fluid 

from the basaltic melt. 

REFERENCES: Adam (1982) Geosci. Mining Bull. Hungarian Acad. Sci. 15, 

221-236; Balogh et al. (1986) Acta Miner.-Petro. Szeged 28, 75-93; Basaltic 

Volcanism Study Project (1981) p. 282-310. Pergamon; Delaney et al. (1986) 

Geochim. Cosmochim. Acta 44, 857-872; Dovenyi & Horvath (1988) AAGP Mem. 45. 

195-235; Mercier & Nicolas (1975) Jour. Petrol. 16, 454-487; Nixon (1987) 

Wiley & Sons, 844 p; Stegena et al. (1975) Tectonophysics 26, 71-90; 

Wilshire & Shervais (1975) Phys. Chem. Earth 9, 257-272. 
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THEGROUP-2-KIMBERLITE - IJVMPROITE CONNEOTON: SOME CONSTRAINTS 

FROM THE BARKLY-WEST DISTRICT, NORTHERN CAPE PROVINCE, SOUTH AFRICA. 

Kenneth M. Tainton and Paul Browning. 

Dept, of Earth Sciences, University of Cambridge, Downing Street, Cambridge, CB23EQ, UK 

Group-2 (micaceous) kimberlites and lamproites are derived from enriched 
source regions within the sub-continental hthosphere. Comparison of the 
petrogenesis of these rock types has, however, been comphcated by the fact that 
they have not previously been described from the same cratonic block. The 
Sover-Doomkloof and Sover-North intrusions lie within the Barkly-West Group- 
2 kimberlite cluster in the northern Cape Province, South Africa. The bodies 
intrude andesites of the Ventersdorp Supergroup. Sover-Doomkloof and Sover- 
North would be described on petrographic grounds as having kimberlitic and 
lamproitic affinities respectively. These bodies therefore allow comparison of the 
petrogenesis of kimberhte and lamproitic intrusions from a common cratonic 
setting. 

Sover-Doomkloof is a 6.5km long bifurcating, en echelon dyke set striking 
NNE-SSW. The dyke consists of diamondiferous, macrocrystic phlogopite 
kimberlite (Group-2), and shows evidence for multiple intmsion. The individual 
magma pulses are indistinguishable in terms of mineral chemistry and whole-rock 
geochemistry. Flow differentiation has resulted in an inhomogeneous distribu¬ 
tion of olivine macrocrysts through the kimberlite. The whole-rock composition 
of the kimberlite is correlated with the modal proportion of ohvine macrocrysts. 
Mixing between entrained mande peridotite and the host kimberhte magma is the 
primary cause of whole-rock geochemical variation within the intmsion. 

The Sover-North intmsion, lying 1.5 km W of Sover-Doomkloof, is an 
elliptical plug having a surface area of approximately bOOm^. Sover-North is a 
composite intmsion, consisting of an early, xenolith-rich phase (SNl), and a 
later, auto-intmsive plug (SN2). The SNl intrusion contains rare macrocrysts 
and abundant phenocrysts of olivine, poikilitic phlogopite, diopside microhtes 
and pseudomorphs after leucite set in a base of altered sanidine and glass. 
Potassic-richterite is also present in the groundmass of the SN2 intmsion. Both 
the poikilitic (madupitic) phlogopite of SNl and the euhedral groundmass plates 
in SN2 are strongly zoned to Al203-poor, Ti02-rich rims. This zoning scheme 
has been described by Mitchell (1985) from numerous lamproite occurrences and 
is regarded as atypical of kimberhte micas. In addition, the groundmass of the 
SNl intrusion contains an accessory hoUandite mineral compositionally similar to 
priderite. On the basis of the classification schemes of Scott-Smith and Skinner 
(1984) and Mitchell (1985), SNl is described as an olivine-leucite-phlogopite 
lamproite, and SN2 as an olivine-potassic richterite-phlogopite lamproite. 
Despite marked differences in the petrography and groundmass mineral chemistry 
of the SNl and SN2 intmsions, they are geochemically identical. 
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In terms of major and compatible trace element compositions, the Sover-North 
intrusions are intermediate between those of the Kaapvaal Craton Group-2 
kimberlites and olivine lamproites from Western Australia and North America. 
However, mixing with entrained mande peridotite and surface alteration 
processes have disturbed these geochemical systems, obscuring the major 
element compositions of the initial magmas. 

Both the Sover-North lamproites and the Sover-Doomkloof kimberlite show 
extreme enrichment in the incompatible trace elements. However, the kimberlite 
shows a greater degree of enrichment in the highly incompatible elements (Th, 
Ta, Nb) dian the lamproite, allowing discrimination between the respective 
intrusions (Fig. 1). This relationship is also demonstrated by the rare-earth 
elements (Fig. 2). Although chondrite normalised rare-earth element profiles of 
Sover-North lamproite samples show complete overlap witii the compositional 
range of Sover-Doomkloof kimberlite samples, the fractionation of LREE relative 
to HREE is greater for the kimberlite (mean La/Yb = 179) than for the lamproite 
(mean LaAT) = 129). This relationship would argue against generation of the 
lamproites by fractional crystallisation from the (more primitive) kimberlite 
magma. 

The intrusions have radiogenic strontium (87Sr/8bSr = 0.7071-0.7076) and 
unradiogenic lead (206pb/204pb = 17.062-17.428, 207pb/204pb = 15.441- 
15.529, and 208pb/204pb = 37.440-37.716) isotopic compositions. The Sover- 
North lamproite has, on average, slighdy less radiogenic Sr and Pb than the 
Sover-Doomkloof kimberlite. This would not be consistent with generation of 
the compositional differences between these bodies by crustal contamination, as 
the observed contaminants of the Sover-North lamproitic magma have higher 
87Sr/86Si- than the kimberlite. 

The isotopic compositions of the intmsions indicates that the magmas were 
derived from source reservoirs that had been isolated from the convecting mantle 
for at least IGa. The similarity in isotopic ratios indicate that the enrichment 
histories and incompatible trace element compositions of the respective source 
regions were similar. The observed geochemical differences between the 
intmsions suggest that, for the Kaapvaal Craton at least, Group-2 kimberlite and 
lamproite magmas may be derived by variable degrees of partial melting of 
similar, enriched source reservoirs. 

References: 
Jaques, A.L., Sun, S.-S., and Chappell, B.W. (1989) Geochemistry of the 

Argyle (AKl) lamproite pipe. Western Australia. In Kimberlites and 
related rocks, Vol. 1, p. 170-188. Blackwell, Victoria. 

Mitchell, R.H. (1985) A review of the mineralogy of lamproites. Trans, geol. 
Soc. S. Afr., 88, 411-437. 

Scott-Smith, B.H., and Skinner, E.M.W. (1984) A new look at Prairie Creek, 
Arkansas. In Komprobst, J., Ed., Kimberlites 1: Kimberlites and 
related rocks, p. 255-283. Elsevier, Amsterdam. 
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Fig.1: Plot of Nb (ppm) versus Ti02 (wt. % oxide) for samples of the Bellsbank, Newlands 

and Sover-Doornkloof kimberlites, Sover-North and other lamproitic intrusions from 

South Africa, and the Argyle lamproite (Jaques et al, 1989). 

Fig. 2: Chondrite normalised rare-earth element spidergram for samples from the 

Sover-Doornkloof kimberlite and Sover-North lamproite. 
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THE MATA DO LENgO MICA-RICH KIMBERLITE, WESTERN MINAS GERAIS. 

Tallarico Souza J.C.F.; Leonardos and Mayer H.O^. 

(1) Instituto de Geociencias, Dept. GRM, Univ. Brasilia, CP. 153044. Brasilia, Brasil. (2) Dept. Earth Atmos. Sci., 

Purdue University, West Lafayette, IN 47907, USA. 

General 

Many Cretaceous kimberlite-like intrusions occur in the Monte Carmelo region in 
the vicinity of the Alto Paranaiba arch. The Mata do Lengo intrusion (MLI) intrusion is a new 
discovery of this type but is distinguishes from the others for by being extremely rich in mica. 
Fresh outcrops of the MLI can be observed in the roadside near the gate to the Mata do Lengo 
farm, 3 km northwest of Morro Vermelho, near the town of Abadia dos Dourados. 

The MLI is a small ellipsoidal intrusion, about 50 m in diameter and has intruded 
mica-schists and banded iron formations of the Araxa Group - a higlhy deformed Proterozoic 
meta-volcanic/sedimentary sequence of the Brasilia belt. The rock constituting the MLI is 
massive dark and porphyritic with a trachytic texture and local flow structures. It consist of a 
macrocrysts of olivine, phlogopite and enstatite set in a fine grained matrix of olivine , 
phlogopite, diopside, perowskite, richterite spinel and glass. Possible leucite need to be 
confirmed. 

Xenoliths recognized in the MLI are: 

a) Glimmerites, including apossible MARID rocks. 

b) Harzburgites and dunite . 

c) Local Araxa Group country rocks. 

Macrocrysts 

Macrocrysts of olivine, phlogopite and enstatite occur.The phlogopites reach a max¬ 
imum size of 5 mm and show wavy extinction, kink bands, opaque exsolution lamellae and 
reaction rims. Olivine xenocrysts and phenocrysts, reach maximum grain size of 2.0 mm. 
Xenocrysts usually show wavy extinction and xenomorphic habit. Phlogopite and serpentine 
are common alteration products of olivine. Enstatite macrocrysts up to 0.5 mm, are strongly 
fractured and show deformation lamellae and wavy extinction. 

Matrix 

The fine grained matrix displays an inequigranular texture with some areas showing 
poikilitic features as well as trachytic texture. It consists of thin laths of diopside, olivine 
microphenocrysts, phlogopite associated with minor richterite, poikilitic phlogopite, perovsk- 
ite, spinel, and possibly analcime replacing leucite and glass. 

Bulk Chemistry 

The MLI when compared to ultrabasic, ultramafic rocks,and kimberlites i^Table 1), 
has a high concentration of K2O, CaO, AI2O3, Fe203 , P2O5 and low Si02. Its has a high 
K20/Na02 (4.64) and Fe203/Fe0 (7.95) values and low MgO/(FeO + Fe203) (1.62) ratio. The 
overall chemistry matches well the average values for Group II Kimberlites, except for very 
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Ti02 in MLI. However, the presence of richterite, leucite and glass, if substantied, will 
preclude the MLI being a kimberlite. 
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Table 1. Comparative data of MLI and altrabasic, ultramafic,and kimberlites averages. 

0)0 0 0 0. 

Si02 40.60 43.20 37.31 35.20 31.10 

Ti02 0.50 0.13 5.86 2.32 2.03 

AI2O3 0.85 2.70 6.90 4.40 4.90 

Fe203 - - 10.26 - - 

(wt%) FeO 12.60* 8.34* 1.29 9.80 10.50 

MgO 42.90 41.10 18.73 27.90 23.90 

MnO 0.19 0.13 0.15 0.11 0.10 

CaO 1.00 3.80 8.51 7.60 10.60 

Na20 0.77 0.30 0.73 0.32 0.31 

K2O 0.04 0.03 3.39 0.98 2.10 

P2O5 0.04 0.05 0.59 0.70 0.70 

Ignition loss 0.04 - 5.49 10.70 13.00 

TOTAL 99.08 99.98 99.17 100.03 99.64 

Cu 78 52 30 

Ni 723 420 1400 

Cr 1821 580 1800 

Zn 89 84 60 

Y 13 27 16 

(ppm) Zr 456 922 290 

Pb 100 44 30 

Be 4 - - 

Ba 1252 5120 3000 

Sr 800 1530 1140 

Co 107 87 85 

V 170 123 85 

Bi - - - 

Sn 41 - - 

(*) FeO + Fe203. 

(1) Average for ultrabasic rocks (Vinagrodov, 1962 in Dawson, 1980). 

(2) Average for ultramafic rocks (Wedepohl, 1962, in Dawson, 1980). 

(3) MLI (analized for ICP). 

(4) Kimberlite average (Dawson,1980; Bergman, 1987). 

(5) Average for Group II Kimberlites (Dawson, 1980; Smith et al., 1985). 
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CRUSTAL SIGNATURES IN MANTLE ECLOGITES: REE PATTERNS OF CLINOPYROXENE 
AND GARNET BY SIMS AND INAA. 

Taylor, ^^^Lawrence A.; Eckert, James. O.; Neal, Clive R. and Crozaz, 

(1) Dept, of Geological Sciences, Univ. of Tennessee, Knoxville, TN 37996; (2) Dept, of Earth Science, Univ. of Notre 

Dame, Notre Dame, IN 46556; (3) McDonnell Center for Space Sci, Washington Univ., St. Louis, MO 63130. 

INTRODUCTION The origin of eclogite xenoliths in kimberlites and alkali 

basalts is at present the subject of much controversy. There are three 

contrasting petrogeneses proposed for these "mantle-derived" eclogites: _lj_ 

as high-pressure igneous cumulates (garnet pyroxenites) within the upper 

mantle [e.g., McGregor & Carter, 1970; Smyth et al., 1989; Caporuscio & 

Smyth, 1990]; 2)^ as relicts of the Earth^s primary differentiation shortly 

after accretion [e.g., Anderson, 1981; McCulloch, 1989], and 3^ as metamor- 

phic products of a subducted oceanic crustal protolith [e.g., Jagoutz et 

al., 1984; MacGregor & Manton, 1986; Shervais et al., 1988; Taylor & Neal, 

1989; Neal et al., 1990]. Basically, it is the last-named genesis which 

stands in direct opposition to the others. And it has been the premise of 

our studies that crustal progenitors of some of these eclogites will impart 

distinctive chemical characteristics upon these rocks and that these 

signatures remain even after metamorphism. metasomatism, and melting. 

CHARACTERISTICS OF BELLSBANK ECLOGITES sooth apkicah eclogites 
We have determined the 

mineral chemistry from 28 

eclogite samples from the 

Bellsbank kimberlite 

DeBryun and Martin Mine, 

So. Africa. All eclogites 

have experienced metaso¬ 

matism, witnessed by 

interstitial phlogopite, 

amphibole, K-feldspar, 

and celsian. Nine of the 

freshest samples were 

chosen for "ultrapure" 

mineral separation and 

whole rock (INAA and XRF) 

analysis. Isotope (Sr, 

Nd, O) and INA analyses 

were performed on these 

separates. These data 

have allowed a three-fold 

classification of eclo¬ 

gites to be constructed, i.e.. Groups A, B, and C. [The chemistry of these 

groups are based upon the classification of Coleman et al. (1965).] From 

these data, petrogeneses of these eclogites can be approximated [Taylor & 

Neal, 1989; Neal et al., 1990; Table 1]. 

GROUP A GROUP B GROUP C 

MANTLE CUMULATE SUBDUCTED OCEANIC CRUST 
MORB CUMULATE 

Cllnopyroxene 

Na20 0.6-2.8 3.7-S.7 7.6-8.7 
AI203 0.9-3.5 5.5-8.6 14.8-17.0 
Cr203 0.1-1.3 < 0.1 < 0.1 

Garnet 
Comps. Mg-rich Fe-rich Ca-rich 

Cr203 1.0-2.2 < 0.1 < 0.1 

Mineral MG#'s 
Garnet 78-93 57-59 67-73 
Cpx 90-96 86-89 90-93 
Opx 89-93 - - 

Whole-Rock MG# 82-89 61-67 72-78 

REE’s LREE-enriched LREE-depleted LREE-depleted 
HREE-depleted HREE-enriched HREE-depleted 

Eu Anomaly No No YES 

Isotopic Comps. 

6180 + 5.1 to +5.6 +2.9 to +4.0 +3.4 to +4.7 
eNd -19 to -16 +39 to +241 +46 to +112 

87Sr/86Sr 0.7042-0.7046 0.7086-0.7100 0.7083-0.7101 

Table 1 . Compiled from Taylor & Neal 
and Neal et al . (1990). 

(1989) 
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The mineral chemistry of the three eclogite groups suggests a petro- 

genesis by fractionation from an evolving magma. Smyth and Caporuscio (1984) 

have performed an extensive mineralogical investigation of the pyroxenes 

and garnets in eclogites from the Bobbejaan 

kimberlite (a different fissure of the Bells- 

bank kimberlite). Figure 1 shows the composi¬ 

tions of the Bobbejaan pyroxenes (after Smyth 

& Caporuscio, 1984), along with 28 from our 

DeBruyn and Martin eclogites. Although three 

groups are shown after Taylor and Neal (1989), 

Smyth et al. (1989) insist that the entire 

trend is attributed to simple fractionation. 

However, we have maintained that REE, in 

addition to whole-rock, mineral, and isotopic 

compositions are not consistent with such a 

petrogenesis [Taylor & Neal, 1989; Neal et 

al., 1990; Neal & Taylor, 1990]. 
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oceanic crustal origin for Group B and C 

eclogites (Shervais, 1988; Taylor & Neal, 

1989; Neal & Taylor, 1990; Neal et al., 

1990), but Group A eclogites are probably 

high-pressure mantle cumulates (e.g., high 

Yg#'s, high Cr contents of minerals, and<i^ 

0 - mantle values). 

DIFFERENCE OF INTERPRETATION Smyth et al. 

(1989) and Caporuscio and Smyth (1990) con¬ 

tended that these same eclogites are the 

products of accumulation of hyper-aluminous 

clinopyroxene — i.e., mantle origin. Herein 

lies a controversy! At the center of this 

dilemma lies the nature of the REE patterns. 

We claim to observe a positive Eu anomaly, 

whereas Caporuscio and Smyth (1990) stated 

that the REE pattern is simply a function of 

MREE enrichment. Such an enrichment implies 

both a LREE and HREE depletion, resulting in 

a convex upward profile to the garnet and 

SYNOPSIS OF GEOCHEMIC^ DATA Group B and C 

eclogites bave low 0 values of 2.9-4.7 

°/oo, high Sr/ Sr of 0.7083-0.7101, and 

extreme 6^^ values +39 to +241. Group C 

minerals and eclogites possess positive 

anomalies. Group A eclogites exhibited 0 

of 5.1-5.6 °/oo, near the mantle value of 

5.7, lower Sr of 0.7042 -0.7046, and 6 

values of -19 to -16. Major-element, whole- 

rock chemistries of Group B and C eclogites 

are similar to MORB a^^ high-alumina basalt 

or gabbro, and the cP 0 values are consis¬ 

tent with high-temperature hydrothermal 

alteration of an oceanic crustal component 

(e.g., basalt and anorthositic gabbro). 

Also, this sea-water interaction could have 

been the source of the high radiogenic Sr. 

The extreme € 'values could represent the 

effects of volatilization and metamorphism 

associated with the basalt/eclogite transi¬ 

tion of the down-going plate. Thus, our 

eclogite investigations tend to support an 

10 

o 
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clinopyroxene patterns. Which interpreta¬ 

tion of the patterns is correct?? 

SIMS ANALYSES In an attempt to establish 

the credibility of the INA analyses on 

ultrapure mineral separates, several clino- 

pyroxene and garnet grains were analyzed by 

SIMS at Washington University. Fig. 2 shows 

excellent agreement between previous INAA 

results and the SIMS analyses. Notice that 

the pattern for Group B garnet is smooth, 

whereas the Group C garnet displays a posi¬ 

tive Eg anomaly, albeit small. To us, this 

does not look like simple MREE enrichment. 

Fig. 3 shows interesting REE patterns 

from a "new" eclogite. The group designa¬ 

tion is placed upon the eclogites by the 

mineral compositions, after Taylor and Neal 

(1989). Figure 3 depicts the patterns for 

another Group C eclogite, wherein a posi¬ 

tive Eu anomaly is apparent for both the 

Cpx and garnet. Figure 4 shows some un¬ 

expected results, with REE patterns for ^ 

Group B eclogite containing Cpx and garnet 

with positive Eu anomalies. The positive 

Eu anomaly is present and distinct in each 

of these coexisting minerals from a Group B 

eclogite. This finding adds some 

additional complications to the 

petrogenesis in that there was apparent 

plagioclase involvement in a progenitor 
where the final eclogite is not extremely 

aluminous. In other words, does the 

presence of a positive Eu anomaly always 

signify involvement of plagioclase?? 

GARNET EXSOLUTION FROM CPX Several of the 

eclogites from Bellsbank contain Cpx which 

has evolved garnet - minor amounts of cor¬ 

undum and/or kyanite. Based upon our data 

and compositions for exsolved garnet/Cpx 

pairs reported by Smyth and Caporuscio 

(1984), it would seem that this exsolution 

occurs in all three eclogite groups (i.e., 

A, B, & C). The Na20 and Al20« contents of 

Cpx vary across the whole gamut of eclogite 

compositions. Garnet occurs in two distinct 
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textures: 1) as elongate, discontinuous 

blebs and lamellae; and 2) as xenomorphic 

crystals, both as inclusions in matrix Cpx 

and between Cpx grains. Locally, garnet 

lamellae tend to merge into larger, xeno¬ 

morphic inclusions. Garnet and Cpx exhibit 

inter- and intra-granular homogeneity, in¬ 

cluding exsolved lamellae & matrix grains, 

& imply thorough subsolidus reequilibration 

These relations contrast with the inhomo¬ 

geneity reported from exsolution inter¬ 

growths in Roberts-Victor grospydites 

(Harte & Gurney, 1975). 

SIMS analyses were performed on both 

the Cpx and the exsolved garnets from sev¬ 

eral samples. Figures 5 & 6 show the REE 

patterns for garnet and Cpx in a Group A 

and a Group C eclogite. In all samples, 

Cpx and garnet show relative enrichment of 

LREE and HREE, resp. This is identical to 

eclogites which, show no evidence of exsolu¬ 

tion. As shown by Figure 6, these SIMS 

analyses complicate the interpretations. 

REE patterns from Cpx/garnet exsolution in 

Group C eclogites show no Eu anomaly. 

These inconsistent Eu anomalies are puzzling and may be related to the 

exsolution process. But, this does not explain the Group B eclogite with the 

positive Eu anomaly (Fig. 4). As Group B eclogites are thought to derive from 

altered oceanic basalt (Taylor & Neal, 1989), perhaps some protoliths were 

high-Al basalts in which part of the plagioclase was of cumulate origin. 

CONCLUSIONS 

o The Eu anomaly in REE patterns of mantle eclogites and their minerals is 

real and is not simply a MREE enrichment; it is a crustal signature; 

o A positive Eu anomaly is indicative of a plag-bearing crustal progenitor; 

o Exsolution of garnet from Cpx occurs in all three eclogite Groups; 

o Group B eclogites can have positive Eu anomalies; some Group C eclogites 

do not - it appears that a continuum exists between Groups B and C. 

nB=ERENCES; Anderson (1981) Science 213, 82-89. Caporuscio & Snyth (1990) Contrib. Min. Pet. 
105, 550-561. CoLenan at al.(1965) GeoL. Soc..Amer. Bull. 76, 483-508. Jagdutz at al. (1984) 
Lunar Planet. Sci. XV, 395-396. MacGregor & Carter (1970) Phys. Earth Inter. 3, 391-397. 
MacGregor & Nanton (1986) J. Geophys. Res. 91, 14063-14079. McCuUoch (1989) jn. Kimberlites and 
Related Rocks II; Their Mantle/Crust Setting, Diamonds, and Diamond Exploration, 864-876. Neal 
& Taylor (1990) Earth Planet. Sci. Lett. 101, 112-119. Neal et al.(1990) Earth Planet. Sci. 
Lett. 99, 362-379. Shervals et al. (1988) Geol. Soc. Amer. Bull. 100, 411-^3. Snyth & 
CaportJscio(1984) iji Kimberlites II: The Mantle and Crust—Mantle Relationships, 121—132, Snyth 
et al. (1989) Earth Planet. Sci. Lett. 93, 133-141. Taylor & Neal(1989) J. Geol. 97, 551-567, 
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MAJOR ELEMENT SYSTEMATICS OF ALKALINE VOLCANIC AND LAMPROPHYRIC 

ROCKS - TOWARD A GEOCHEMICAL AND PETROGENETIC CLASSIFICATION 

SCHEME FOR THE POTENTIALLY DIAMONDIFEROUS ALKALINE ROCKS. 

Taylor, W.R. and Rock, N.M.S. 

Key Centre for Strategic Mineral Deposits, Department of Geology, University of Western Australia, 

Nedlands, WA., 6009, Australia. 

Understanding the petrogenesis of the alkaline volcanic and 

lamprophyric rocks has frequently been clouded by nomenclatural problems 

arising from their mineralogical and compositional diversity. Lamprophyric 

rocks of essentially identical bulk chemical composition, for example, may 

have very different phenocryst and groundmass mineralogies due to 

differences in their low pressure crystallization and degassing histories. 

These problems have tended to obscure petrogenetic relationships and have 

led to contentious type-locality or mineralogically-based classification 

schemes. Major and trace element whole-rock geochemistry provides 

information essential for correct rock classification and in practice, some 

combination of mineralogy and petrochemistry is required to classify 

lamprophyric rocks. While many useful discriminant diagrams are available 

for assessing mineral chemistry, rock geochemical classifications have 

received less attention. In this study our aim is to remedy this situation 

by extending the geochemically-oriented classification scheme of Foley et 

al. (1987) for ultrapotassic rocks to include the continuum of sodic to 

potassic alkaline rocks. Our approach differs from that of Foley et al. in 

that: (1) chemical analyses included in our database have been restricted 

to relatively primitive compositions to cover rocks most likely to be of 

direct mantle derivation i.e. to include the potentially diamondiferous 

rocks; and (2) more rigorous statistical procedures (multigroup 

discriminant analysis) have been applied to confirm the validity of 

assigned groups. 

The database, which contains more than 1800 major and trace element 

analyses of alkaline volcanic and lamprophyric rocks, was assembled by 

combining the relevant parts of the LAMPDA database of Rock (1990) and 

ultrapotassic rock database of Foley et al. (1987) with a significant 

number of new analyses from the literature. The database, which originally 

contained >3000 analyses, was screened to eliminate non-primitive and 

altered compositions. Analyses that met the following criteria were 

retained: (1) FeO*/MgO < 1.25/ (2) AI2O3 < 15wt%; (3) MgO > 5 wt%; (4) LOI 

(exclusive of CO2 for some rock types) < 12wt%. Using Ca0-Al203, 

Ti02-K20, and Si02-Mg0 bivariate diagrams, major element (10 oxide) 

compositions were assigned to one of six geochemical groupings. The first 

four groups correspond broadly to Groups I-IV of Foley et al. (1987): Group 

I (lamproites), Group II (kamafugites), Group III (shoshonites), Group IV 

(transitional lamproites). The new groups are: Group V (kimberlites) and 

Group VI (basanites, nephelinites and melilitites). Further within-group 

subdivisions were made on the basis of compositional similarity. As also 

shown by Foley et al.(1987) for the ultrapotassic rocks, the Ca0-Al203 plot 

effects maximum separation of the groups although considerable overlap 

exists. The Ca0-Al203 plot is additionally useful in a petrogenetic sense 

since the fields occupied by Groups I-VI can be correlated with differences 

in the chemical nature of their mantle source regions, depths of origin and 

activity of volatile species such as CO2• Based on experimental evidence, 

the low CaO contents of Group I and some Group V rocks imply depleted, CO2 

and clinopyroxene-poor, phlogopite-bearing peridotite sources whereas more 

fei^tile garnet Iherzolitic to pyroxenitic sources are implied for Groups II 

and VI. Experimental and xenolith studies show that rocks of highest 

pressure origin will be found in Groups I, II and V and rocks outside these 
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groups should probably be regarded as having low diamond-bearing potential. 

Group III (shoshonitic) rocks are typically found in convergent continental 

margin tectonic settings and their origin is most probably related to 

subduction zone processes - an environment not normally regarded as 

conducive to diamond stability at depth. 

Because no one simple oxide plot can fully separate the various 

groups and their subdivisions, multigroup discriminant analysis using the 

SYSTAT® package was applied to confirm the validity of the assignments. 

High percentages (>90% and mostly >95%) of inter-group correct 

classifications were achieved, confirming the statistical validity of our 

six-fold classification scheme. Within-group correct classifications were 

also high, and mostly exceeded 85%. Figures 1 and 2 show graphically the 

results of 10-oxide multigroup discriminant analysis for kimberlites and 

related rocks i.e. the rocks most likely to contain diamond (Group V, II 

and olivine lamproites from Group I) and for lamproites and related rocks 

(Groups I and IV). In both figures, factors (1) and (2) include a large 

component of CaO and AI2O3, respectively, so that they resemble bivariate 

Ca0-Al202 plots, however, only multidimensional treatment can achieve 

optimal separation into groups and sub-groups. 

For the Group I, II and V rocks (Fig. 1) it is clear that chemical 

variation on the basis of major oxides is gradational between groups and 

subgroups, e.g. gradation exists between micaceous kimberlites and olivine 

lamproites; and between calcic kimberlites, carbonatitic kimberlites and 

aillikites. Some Group II rocks have been shown to host traces of diamond 

and those Group II compositions taken to be of highest pressure origin, 

e.g. those plotting near the Group I boundary, are of particular interest 

as further rock-types that might be candidates for hosting economic 

quantities of diamond. The discriminant plot for lamproites and 

transitional lamproites (Fig. 2) shows that the different lamproite 

sub-groups tend to cluster, emphasizing distinct, largely regionally 

controlled, compositional differences. Minor overlap is evident between 

Mediterranean-type lamproites and the cocite sub-group, and between 

Holsteinsborg-type lamproites and New South Wales-type leucitites. An 

important feature of the diagram is the separation of lamproites and 

transitional lamproites into two types either side of the dashed line in 

Fig.2. The line divides high-Ti02 compositions, to the left, from Iow-Ti02 

composition to the right. This division has important petrogenetic 

significance, since rocks in the Iow-Ti02 group are largely associated with 

continental margin collisional belts where there has been some previous 

record of subduction, whereas rocks in the high Ti02 group are found in 

continental intra-plate settings. The diamond potential of a province 

containing high Ti02 lamproites (e.g. the West Kimberley region, N.W. 

Australia) appears to be significantly greater than a province containing 

Iow-Ti02 lamproites such as the southern Mediterranean region. It is worth 

noting that the Iow-Ti02 "olivine lamproites” of the Aldan Shield do not 

classify within Group I, and they are probably picritic variants of Group 

IV or Group III (shoshonitic) rocks. The very few calcic lamproite 

(madupite) compositions that meet the criteria for relatively primitive 

melts, plot in a separate field in Fig. 2. This field also includes the 

kalsilite-bearing lavas from San Venanzo and Cuppaello which have closest 

bulk compositional affinity with calcic lamproites, rather than with 

kamafugites with which they have previously been placed on mineralogical 

grounds. 
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Fig.1 Discriminant analysis factor plot for Group V rocks (kimberlites), 
olivine lamproites from Group I, and Group II rocks (kamafugites). 
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Fig. 2 Discriminant analysis factor plot for Group I rocks (lamproites, excluding 
olivine lamproites) and Group IV rocks (transitional lamproites). Dotted line 
separates high-Ti02 (left) from low-Ti02 (right) compositions. 
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MINERAL CHEMISTRY OF SILICATE AND OXIDE PHASES FROM FERTILE PERIDOTITE 

EQUILIBRATED WITH A C-O-H FLUID PHASE - A LOW fOa DATA SET FOR THE 

EVALUATION OF MINERAL BAROMETERS, THERMOMETERS AND OXYGEN SENSORS. 

Taylor, W.rP^ and Green, D.hP^ 

(1) Key Centre for Strategic Mineral Deposits, Department of Geology, University of Western Australia, 

Nedlands, WA. 6009, Australia. (2) Geology Department, University of Tasmania, G.P.O. Box 252C, 

Hobart, Tasmania 7001, Australia. 

To determine which particular mineral thermometer and barometer 

formulations provide the most accurate calibrations for natural spinel or 

garnet peridotite assemblages, one method is to test them against 

independent experimental data from multicomponent (natural-system) 

compositions (e.g. Carswell and Gibb, 1987a). Oxygen sensor formulations, 

involving ilmenite- or spinel-olivine-orthopyroxene equilibria, may be 

tested in a similar fashion (e.g. Ballhaus et al., 1990). This approach, 

however, is limited by the quality of the experimental data. In some older 

experimental studies, mineral chemical data is of questionable quality 

because of problems with Fe-loss to noble metal capsules, and unknown or 

variable Fe^"*” contents of phases due to uncontrolled fO2. Knowledge of Fe^"*" 

levels, in particular, is important in evaluating thermometers based on 

Mg-Fe exchange equilibria. 

In this paper we present new mineral compositional data from 

thirty-five f02“controlled experiments on fertile peridotite (mg# 87, 

Hawaiian pyrolite composition) that can be used to evaluate 

geothermometers, geobarometers and oxygen sensors. [Original references for 

all of the thermometers and barometers quoted below can be found in either 

Carswell and Gibb (1987a) or Finnerty and Boyd (1987)]. All experiments 

were C-O-H fluid saturated and were run under conditions of P = 0.9 to 3.5 

GPa, T = 1050 to 1260®C and f02 ~ IW+1 log units (see Taylor and Green, 

1988). Improvements to experimental techniques, such as the use of graphite 

inner capsules, have eliminated Fe-loss problems allowing longer runs times 

(-50 hours at 1050°C to ~10 hours at 1200®C) and hence better approach to 

equilibrium. Microprobe analyses of mineral phases were carefully screened 

on compositional criteria to exclude overlapped and non-stoichiometric 

analyses. Subsolidus phase assemblages are Ti02-saturated and consist of 

olivine, orthopyroxene, clinopyroxene, garnet or spinel, ilmenite, chromian 

rutile, amphibole and/or phlogopite. Amphibole and phlogopite persist to 

~20°Q above the solidus, but ilmenite and rutile are absent in above¬ 

solidus assemblages. Because f02S are controlled to very low levels, just 

above the IW buffer, silicate phases contain negligible Fe^'*’ contents, and 

spinel and ilmenite have Fe^^/ZFe ratios .that are similar to those of 

spinels and ilmenites associated with diamond. Pyroxenes have unusually 

high Ti02 levels compared with those of mantle origin: an average of 0.5 

wt% in orthopyroxenes (with positive temperature dependence in the 

subsolidus) and an average of 1.3 wt% in clinopyroxene. 

For the pressure range investigated (i.e. to 3.5 GPa), we found that 

the Wells (1977) orthopyroxene-clinopyroxene solvus thermometer gives the 

most accurate (to within ±50®C) and precise (i.e. least scatter) 

temperature estimates as shown in the plot in Fig. 1. The 

absence of a pressure correction term, however, is believed to reduce the 

accuracy of the Wells thermometer at pressures greater than ~3.5 GPa 

(Carswell and Gibb, 1987a). The Harley (1984) garnet-orthopyroxene 

thermometer also yields satisfactory temperature estimates but slightly 

more scatter is evident in the T^^2.c“'^expt compared with the Wells 

thermometer. Other orthopyroxene-clinopyroxene thermometers such as those 
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of Lindsley and Dixon (1974), Finnerty and Doyd (1987) or Bertrand and 

Mercier (1985) yield temperature underestimates for pyroxenes equilibrated 

at <2.0 GPa and overestimates for >2.0 GPa pyroxenes. The O’Neill and Wood 

(1979) garnet-olivine and Powell (1985) garnet-clinopyroxene thermometers 

yield consistent temperature overestimates of "lOO^C and ~50®C, 

respectively. Although these two thermometers were recommended by Carswell 

and Gibb (1987b), it is also evident from their xenolith data that these 

thermometers have a tendency to overestimate temperatures by some 50-100®C 

relative to the Harley (1984) thermometer, particularly at T>1100°C. We 

therefore cannot recommend the O'Neill arid Wood (1979) or Powell (1985) 

thermometers for garnet peridotites xenoliths equilibrated at T>1100°C. 

Of the garnet-orthopyroxene geobarometers, we recommend a modified 

version of the Nickel and Green (1985) formulation. Because our 

orthopyroxene compositions are rich in Ti02/ with up to 0.2 Ti atoms per A1 

atom, large pressure overestimates result when the proportion of A1 in the 

Ml site is calculated with the equation suggested by Nickel and Green 

(1985) i.e. X^j^(Ml) = (Al-Cr-2Ti+Na)/2. This equation implies Ti 

substitution in orthopyroxene via MgTiAl20g-type molecules. We instead 

recommend calculation of A1 in Ml by the equation X^2^(M1) = (Al-Cr+Ti+Na)/2 

which implies a different Ti substitution mechanism, possibly with Ti 

present in the tetrahedral site; there is no stoichiometric evidence for 

the presence of Ti^^ in these pyroxenes as is a possibility at low 

experimental /O2S, although existence of Ti^"^ cannot be ruled out. The 

modified Nickel and Green (1985) barometer yields P estimates all within 

±0.5 GPa. The Perkins and Newton (1980) and Wood (1974) modification'C' 

barometers also yield satisfactory pressure estimates (within ±0.6 GPa). 

The Harley(1982) barometer tends to consistently underestimate pressure by 

0.2-0.3 GPa while the MacGregor (1974) barometer consistently overestimates 

pressure by 0.5 GPa. The Bertrand (1986) barometer is.more erratic but 

there is a tendency to underestimate pressure by -0.4 GPa. 

Because our experiments were controlled within the f02 range IW+0.5 

to IW+1.5 log units by the WCWO buffer (Taylor and Foley, 1989), spinel and 

ilmenite compositions may be used to evaluate oxygen sensor formulations. 

Despite the low Fe^^ contents in our experimental spinels (which must be 

calculated from stoichiometry and are therefore subject to relatively large 

errors), we find that both the O'Neill and Wall (1987) and the Ballhaus et 

al. (1990) formulations of the spinel oxygen sensor yield f02S within 1 log 

unit of the experimentally predicted values. At high spinel Cr/Cr+Al ratios 

(>0.6), however, there is a tendency for the Ballhaus et al. sensor to 

overestimate f02 by -0.5-1.0 log units and for the O'Neill and Wall sensor 

to underestimate f02 by a similar amount. Since Cr-rich spinels are 

potentially important indicators of f02 in the diamond source region, 

recalibration of these sensor formulations for high Cr compositions may be 

necessary. The Ballhaus et al. (1990) spinel-olivine Mg-Fe thermometer 

yields very satisfactory temperature estimates except for very high 

Cr/Cr+Al spinels. The Mattioli and Wood (1988) oxygen sensor formulation 

yields erratic ±©2 over- and underestimates. The ilmenite oxygen sensor of 

Eggler(1983) overestimates experimental f02S by -1.5 log units and is not 
recommended. 
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OVERT AND CRYPTIC STRONGLY POTASSIC MAFIC LIQUIDS IN THE 

NEOGENE MAGMATISM OF THE NORTHERNMOST PART OF THE 

RIO GRANDE RIFT, U.S.A.: A LITHOSPHERIC DRIP-FEED INTO A 

ASTHENOSPHERIC-SOURCE MAGMAS? 

Thompson, Gihson^^^, SA. ondLeat, 

(1) Dept, of Geological Sciences, University of Durham, South Road, Durham, DHl 3LE, U.K; 

(2) British Antarctic Survey, High Cross, Madingley Road, Cambridge, CBS OET, U.K 

At present the Rio Grande rift extends as a physiographic feature for 

about 700Jan from near the Mexico/USA border to a northern terminus near 

Leadville, Colorado. From the time of its initiation, at about 25 Ma, 

until as recently as 5 Ma there was a northward prolongation of the rift 

between approximately Aspen, NW Colorado, and the Colorado/Wyoming border. 

The extension in this northernmost rift segment was distributed amongst 

several sub-parallel graben, as in the southernmost part of the rift. As 

elsewhere within both the rift and other parts of the Basin and Range 

structural province, the extension and related magmatism in NW Colorado was 

mostly concentrated into two phases: between about 25 and 20 Ma, and 

between about 13 and 5 Ma. Whilst the second tectonomagmatic phase 

continues to the present in the southern Rio Grande rift, the northernmost 

segment was uplifted substantially and ceased to extend at about 5 Ma. At 

that time the Yellowstone mantle plume is thought first to have approached 

this area, although still hundreds of km to the NW, and a component of this 

abrupt uplift may have been dynamic elevation above the plume head. 

Extension began only a few Ma after the initiation of the San Andreas fault 

system and it is generally supposed that NW Colorado was underlain by 

subducted fragments of the Farallon lithospheric plate until at least as 

recently as 10 Ma. Between about 25 and 10 Ma the predominant magmas 

extruded in this area were basalts with elemental characteristics 

resembling those of oceanic subduction-related melts; mostly calcalkaline, 

with subordinate absarokites and shoshonites. The first liquids to appear 

with the elemental and isotopic characteristics of ocean-island magmatism 

(OIB) were basanites at Yampa, at about 5.5 Ma. 

Very sparse strongly potassic lavas and hypabyssal plutons 

accompanied the basalts throughout this region. These are: (1) Minette 

(~24 Ma) at Middle Park; (2) Minette dykes and sills (~10 Ma) throughout 

the Elkhead Mts; (3) Minette dykes (~5.5 Ma) at Yampa; (4) Lamproite lavas 

(~1 Ma) at Leucite Hills, -150km NW of the Elkhead Mts. The Leucite Hills 

magmatism is logically regarded as part of the NW Colorado province; it is 

little further from the centre of that region than the Grand Mesa basalts 

to the south. Incompatible element abundances in examples from each of 

these four occurrences are summarised in Fig. 1. It is clear that, 

although they were all erupted or emplaced within a relatively small area, 

these strongly potassic magmas were very variable in composition. The 

Middle Park minette and Leucite Hills lavas have similar compositions but 

they are both different from the Elkhead Mts and Yampa minettes. 

Jj^otogjcally, these rocks all show the combination of relatively low 

Sr/ Sr and very low eNd that characterises magmas thought to originate 

from EMI lithospheric mantle, or at least to contain a large fraction from 

such a source. Nevertheless, judging from the surface geology, most of the 

NW Colorado igneous province is definitely not sited on the Archaean 

Wyoming craton. Its southern boundary, the Cheyenne belt, passes just 

north of the Elkhead Mts and the oldest radiometric ages throughout NW 

Colorado are -1.8 Ga. 



Extended Abstracts 421 

In addition to the overt strongly potassic magmatism listed above, 

there are other occurrences in NW Colorado where a good case can be made 

that a strongly potassic mafic liquid was a sporadic major additive to 

predominantly basaltic liquids. The best examples for showing this 

phenomenon are the dykes and volcanic necks at Yeimpa, and flow-by-flow 

chemical studies of lava successions at Yarmony Mt. and Flat Tops. The 

contrasting incompatible element abundances and ratios of the extreme 

compositions amongst the Yampa alkalic rocks, a minette and a basanite 

resembling those of ocean islands (with OlB-like radiogenic isotope 

ratios), are shown on Fig. 2. Once corrected for fractional 

crystallisation, the compositions of the other Yampa samples fall between 

these extremes. On Yarmony Mt. a succession of 11 basaltic lavas (~24 Ma) 

is preserved. Flow number 7 from the base has similar major elements to 

the others, apart from slightly higher Sio . But it is, dramatically 

relatively enriched in such incompatible elements as K, Ba, Th, La and Zr. 

Both the elemental and isotopic differences between this and the other 

flows fit a model in which this particular magma batch was contaminated by 

10-20% of strongly potassic mafic melt from an old lithospheric mantle 

source. The Flander section of the contemporaneous Flat Tops lavas 

provides two more exaunples of this phenomenon, showing subtle differences 

from the Yarmony Mt case. Thirty consecutive (24-20 Ma) flows at Flander 

can be divided into several groups with secular geochemical variations that 

are consistent with models of open-system fractional crystallisation, 

together with a small concomitant input from assimilated Proterozoic upper 

crust. In addition, two anomalous K-rich flows occur (one low and one high 

in the section) which have incompatible abundances and ratios that cannot 

be attributed to any plausible crustal contcuninant. A strong case can be 

made from elemental evidence that these two magma batches contain 

substantial fractions of strongly potassic mafic melt. The verygi^nus^^l 

feature of Fljj^er K-rich lavas is they have somewhat lower Sr/ Sr 

and higher Nd/ Nd than other flows in the section. Therefore, if the 

strongly potassic component was present in the form of local 

incompatible-element enrichment in the lithospheric mantle, before Lower 

Miocene stretching and heating, it can only have existed for a geologically 

short period of time. 

Taken as a whole, these studies give a consistent picture of the 

magmatic reponse of a region with relatively thick lithosphere to 

stretching and heating from below. Detailed geophysical data on the 

lithosphere thickness in NW Colorado are lacking but the nearby State Line 

area, along the Front Range in northern Colorado, yielded diamondiferous 

kimberlites in the Devonian. The very close associations of strongly 

potassic mafic melts with basalts throughout the area (except the Leucite 

Hills) suggest that heat advected into the sub-continental lithospheric 

mantle by basic magmas originating deeper may have caused local melting of 

the most-easily-fusible parts of the lithosphere. The elemental and 

isotopic compositions of the strongly potassic mafic liquids - both those * 

forming separate magma batches and those occurring as components of 

mixtures - show substantial variability in the composition of this fraction 

of the lithospheric upper mantle beneath NW Colorado and SW Wyoming, on a 

scale of tens of km. The age of the process that gave rise to the sources 

of the strongly potassic magmas also appears to have varied between the age 

of the lithosphere (-1.8 Ga) and as little as Mesozoic. Turning to the 

predominant basalts of the region, the only ones that can be ascribed to 

asthenospheric sources without reservations are the OIB-like Yampa 

basanites. The broadly calcalkaline •’subduction-related" geochemical 

features of the older basalta are most simply explained by postulating that 

they originated in asthenospheric mantle that was chemically modified by 

melts and/or fluids released from underlying slabs of subducted Farallon 

plate. Nevertheless, the distinctive chemical features of these basalts 

are far from unique and it is difficult to determine with complete 

certainty the relative amounts of components with lithospheric and 

asthenospheric sources in them. 
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Fig. 1. comparison of incompatible trace element abundances and ratios xn 

four Neogene occurrences of strongly potassic mafic magmatism in NW 

Colorado and southern Wyoming. Localities are: US102, Elkhead Mts; 6LT56, 

Middle Park; MADl, Leucite Hills; 5LT52, Yampa. See text for details. 

Fig. 2. Comparison of incompatible trace element abundances and ratios in 

the extreme mafic magma compositions of the Yampa igneous field, NW 

Colorado. 5LT52, minette; 5LT89, OIB-like basanite. 
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HOT, COLD, WET, AND DRY HUTAYMAH ULTRAMAHC INCLUSIONS: 

A RECORD OF MANTLE MAGMATISM BENEATH THE ARABIAN SHIELD 

AND FLANKING THE RED SEA RIFT. 

Thomber, C.R. 

U.S. Geological Survey, MS 903, DEC, Denver, CO 80225 USA. 

Harrat Hutaymah is the youngest, smallest and most isolated of the Cenozoic mafic alkaline 
volcanic fields (harrats) of Arabia. Situated farthest off the flank of the Red Sea rift at 
the northeastern margin of the uplifted and exposed Arabian Shield (lat27°N., long42°E.), 
Hutaymah is unique among Arabian harrats in that it is diatreme dominated and xenolith 
rich. Inclusions sample a variety of ultramafic rock types that occur deep within and 
beneath the ~40-km-thick Proterozoic crust. A comprehensive suite of 713 Hutaymah 
ultramafic xenoliths and megacrysts comprises 31% spinel peridotite; 57% pyroxenite and 
12% amphibolite, and includes 2% peridotite in contact with either pyroxenite or 
amphibolite. Petrographic study of 430 polished thin sections, 985 microprobe analyses of 
minerals in 193 samples, and 68 whole rock analyses allow subdivision of the traditional 
Cr-diopside (Type I) and Al-augite (Type II) groups of ultramafic xenoliths into three 
broad categories of anhydrous inclusions ("dry" rocks): (1) Al-Fe-Ti-rich to Mg-Cr-rich 
igneous pyroxenite; (2) Al-Fe-Ti-rich to Mg-Cr-rich metamorphic pyroxenite; and (3) 
Mg-Cr rich peridotite (± partial melt). Less abundant hydrous equivalents of these groups 
("wet" rocks) include kaersutite-bearing Al-Fe-Ti-rich igneous pyroxenite and amphibolite, 
and pargasite- and phlogopite-bearing Mg-Cr-rich peridotite and metamorphic pyroxenite. 
Among the main categories of anhydrous and hydrous inclusions, 26 ultramafic rock types 
were identified (Table 1). In general terms, the variety of ultramafic rocks reflects the 
heterogeneity within the approximate depth range of spinel Iherzolite stability and in the 
path of ascending Quaternary/Tertiary mafic alkaline magmas. 

As used herein, "hot" inclusions have relatively high pyroxene equilibration temperatures 
(1000-1150°C) (Wells, 1977) and textures, modal mineralogy, and mineral compostions that 
reflect primary igneous crystallization, high temperature deformation, or partial melting. 
These samples illustrate the effects of injection and dynamic crystallization of host-related 
mafic alkaline magma and the complementary effects of heating, fluid infiltration and 
partial melting of surrounding mantle Iherzolite. "Cold" inclusions have relatively low 
pyroxene equilibration temperatures (<950°C), and textures, modal mineralogy and mineral 
chemistry, that reflect metamorphic annealing, recrystallization and deformation during 
cooling. Similar bulk rock and mineral compositional trends and gradational textural and 
modal characteristics between "hot" rocks of igneous origin and their "cold" metamorphic 
counterparts reflect either Proterozoic or precursory Cenozoic episodes of deep alkaline 
magmatism. The ratio of Al+Na+Fe+Ti/Mg+Cr in pyroxenes (plotted vs Ca content of 
clinopyroxene in figure 1) is used here as an index of alkali basaltic components relative to 
the refractory (or residual) components of mantle peridotite. 

ANHYDROUS IGNEOUS PYROXENITES 
"Hot"and "dry" pyroxenites comprise 36% of the Hutaymah suite and exhibit a continuous 
compositional array from rare Fe-rich clinopyroxenite (khaki green), through common Al- 
Fe-Ti-rich varieties (black), to less abundant Mg-Cr-rich clinopyroxenite (dark green). 
This entire group is distinguished by clinopyroxene (cpx) having a low Ca content (Figure 
1). Where present, orthopyroxene (opx) has a complementary high-Ca content and yields 
high two-pyroxene equilibration temperatures (1000-1150°C). 

Al-Fe-Ti-rich cumulus clinopyroxenite (including cpx megacrysts), websterite and wehrlite 
are compositionally similar to the magmatic cpx, cpx-opx or cpx-olivine assemblages 
crystallized experimentally from alkali basaltic liquids over a pressure range equivalent to a 
depth interval of -70 —30 km, which also corresponds to that of spinel Iherzolite 
stability. Igneous crystallization over this entire depth range is indicated by composite 
clinopyroxenite and spinel Iherzolite xenoliths; however, because there is no primary 
(igneous) garnet (>70 km) and there are numerous samples containing only cpx (70-50 km), 
it is possible that the entire Al-Fe-Ti-rich magmatic suite was sampled from within ± 10 
km of the base of the 40-km-thick crust. 

Mg-Cr-rich igneous clinopyroxenites, except for rare megacrysts, are all composed of 
allotriomorphic- to hypidiomorphic granular cpx, which is frequently twinned and (in 
some samples) encloses olivine to produce heteradcumulus textures. A striking feature of 
coarse-grained samples is symplectitic to poikilitic cpx-opx intergrowth. This high- 
temperature recrystallization process reflects near-solidus (synmagmatic?) deformation in 
the presence of a fluid phase (Boland and Otten, 1985). The Al+Na+Fe+Ti/Mg+Cr and 
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low-Ca clinopyroxene signature of "hot” Mg-Cr-dch pyroxenites is transitional between 
that of partial-melt-bearing Mg-Cr-rich peridotite and Al-Fe-Ti-rich cumulates (Figure 
1), and suggests primary crystallization from mixtures of alkali basaltic magma and melted 
Iherzolitic wall-rock. This interpretation is supported by the association of these Uiree 
varieties of "hot" inclusions within sample suites from individual localities. 

ANHYDROUS METAMORPHIC PYROXENITES 
"Cold" and "dry" metamorphic pyroxenites comprise 21% of the Hutaymah suite and, 
similar to "hot" pyroxenites, exhibit a continuous compositional range from Al-Fe-Ti-rich 
pyroxenites (black) to Mg-Cr-rich pyroxenites (emerald green). Petrogenesis of this group 
is attributed to processes of in situ annealing, subsolidus recrystallization and deformation 
during cooling of igneous pyroxenite at variable depths. These metamorphic rocks all have 
Ca-rich cpx and Ca-poor opx and corresponding low temperatures of equilibration 
(<950®C) relative to their igneous counterparts (Figure 1, Table 1). The range in 
Al+Na+Fe+Ti/Mg+Cr of pyroxene is generally consistent with that of bulk-rock chemistry 
in this group and is comparable to the range observed in igneous pyroxenites (Figure 1). 

Among the Al-Fe-Ti-rich metamorphic samples there is complete textural gradation 
between equigranular to granular spinel-free orthopyroxenite and websterite, green-spinel 
websterite (± plagioclase, olivine, sapphirine, and garnet), and porphyroblastic-granular 
garnet pyroxenite. Less deformed variants within this group provide textural hints of an 
igneous origin including centimeter-scale igneous layering, annealed (relict) cumulus 
textures and intrusive veining of peridotite. Some websterites of the Al-Fe-Ti-rich group 
(± olivine and including some veins in peridotite) have higher Mg/Fe pyroxene 
compostions, relative to their igneous counterparts that indicate pre-metamorphic 
crystallization from either primitive alkaline basalt or a magma mixed with melted 
Iherzolite. Pyroxene Al+Ti concentrations in this group are all higher than in Mg-Cr-rich 
metamorphic pyroxenites and differ from igneous equivalents in a manner consistent with 
pyroxene subsolidus exsolution and intergranular garnet-forming reactions. 
Thermobarometry of garnet bearing samples (Wells, 1977; Wood, 1974), and available 
experimental evidence (e.g., Irving, 1974) indicate isobaric cooling and recrystallization of 
alkali-basalt fractionates over a depth range of 33-40 km, and provide evidence for pre¬ 
host-volcanic (and possibly Proterzoic) magmatic underplating of the crust. 

Mg-Cr-rich metamorphic pyroxenites include clinopyroxenite, websterite, olivine 
websterite and orthopyroxenite. Coarsely exsolved Cr-Mg-rich cpx megacrysts exhibit 
compositional and textural gradation with equigranular varieties of websterite and olivine 
websterite (one large websterite sample has a megacrystic core). Websterite (± olivine) also 
occurs as discrete samples, as concordant layers in foliated peridotite or as intrusive 
veinlets in porphyroclastic peridotite. Mg-Cr-rich metamorphic pyroxenites have higher 
Al+Na+Fe+Ti/Mg+Cr pyroxene than similar high-Ca cpx and low-Ca opx of "cold" 
porphyroclastic Iherzolite and overlapping those of "cold" foliated and equigranular 
Iherzolite (Figure 1). This signature of enrichment in alkali basaltic components is 
comparable to that of "hot" (partial-melt-bearing) peridotite and Mg-Cr-rich igneous 
pyroxenite. Mg-Cr-rich metamorphic pyroxenites are interpreted to have crystallized from 
either mixed melts, generated within Iherzolite adjacent to basaltic magma, or in situ 
melting of enriched (hydrous?) Iherzolite mantle. In either case, the relic igneous origin is 
masked by subsequent cooling and textural and chemical equilibration with surrounding 
peridotite. 

ANHYDROUS PERIDOTTTFS 
"Hot" and "cold" Mg-Cr-rich "dry" peridotites are characterized by the presence or absence 
of intra- and inter-granular partial melt. There are two categories of anhydrous non- 
melted Iherzolites, protogranular to porphyroclastic and foliated to equigranular (Table 1). 
Both have low-temperature pyroxene chemistry (800-900®C) and non-reacted grain 
boundary interfaces, and there is complete textural gradation within and between them. 
The latter category of deformed and recrystallized Iherzolite has a higher modal abundance 
of pyroxene having higher Al+Na+Fe+Ti/Mg+Cr, overlapping that of of Mg-Cr-rich 
metamorphic pyroxenite (Figure 1). Some relict porphyroclastic samples include neoblastic 
zones in gradational contact with concordant layers of Mg-Cr-rich metamorphic 
pyroxenite. These samples are the "frozen" record of a proc?ess involving melting, internal 
mobilization and recrystallization of preexisting Iherzolite. Partial-melt-bearing peridotites 
provide "hot" examples of this process in the "active" magma/mantle system. 

"Hot" peridotites are porphyroclastic to foliated, disruptive and fluoidal. This group ranges 
to relatively high temperature (<950-1 lOO^C), and low-Ca cpx, high Ca-opx and has 
Al+Na+Fe+Ti/Mg+Cr enriched pyroxene compositions that overlap those of Mg-Cr-rich 
igneous pyroxenites (collected at the same localities) (Figure 1). An interpretation of 
melting and component exchange between peridotitic wall-rock and adjacent alkaline 
magma is best exemplified by Mg-Cr-rich wehrlites, which are composed of Iherzolitic 
olivine porphyroclasts amidst igneous clinopyroxene. 
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HYDROUS INCLUSIONS 
By analogy with their ’’dry" equivalents, "wet" inclusions range from "hot" to "cold" 
varieties. Pyroxenes, where present, exhibit a similar range in chemistry (Figure 1). 
Pargasite- or phlogopite-bearing Mg-Cr rich pyroxenite and peridotite are found only at 
localities with abundant kaersutitic megacrysts or amphibolites (including kaersutite in 
contact with peridotite) and are thus correlated with primary hydrous alkaline magmatism. 
Discrete and composite association of hydrous inclusions and partial-melt-bearing 
peridotite suggests solidus depression within "cold" and "dry" spinel Iherzolite mantle 
affected by metasomatism involving H20-rich magmatic fluids. The extent to which such 
fluids may have been generated by magmatic interaction with preexisting amphibole- 
spinel-lherzolite remains enigmatic. 

Table 1: Mg-Cr-rich and Al-Fe-Ti-rich Hutaymah ultramafic rock types (symbols shown 
are used in Figure 1). 

ANHYDROUS IGNEOUS PYROXENITES 
Al-Ve-'I’i-rich 

Fe-rich clinopyroxenite (inch cpx megacryst) 
A Websterite (1000-1100®C)* 
/\ Wehrlite and olivine clinopyroxenite 

Clinopyroxenite 
Clinopyrdxene megacryst 

Mg-Cr-rlch VOrthopyroxene-clinopyroxenite (± olivine), 
(inch cpx megacryst)(1000-1150®C) 

HYPROUS INCLUSIONS 
AI-Ti-Fe-rich 

Kaersutite clinopyroxenite and websterite 
Kaersutite megacryst 

5l__K Kaersutite-amphitioUte 
"^^g-Cr-rlch 

Pargasite-spind-peridotite (± partial melt) 
Pargasite- or phlogopite-pyroxenite 

^^HY]pRg>US METAMORPHIC PYROXENITES 

Websterite (spinel free) (800-850®C) 
Orthopyroxenite (spinel tree) (800-850®Q ,_, Green-spinel websterite (± sapphirine) (750-850°C) 

I_I Green-spinel olivine websterite (840-940rC) 
Green-spinel plagioclase websterite (800°C) 
Green-spinel garnet pyroxenite (700-850‘’C) 
Garnet pyroxenite (spinel free)(700-850°C) 

Mg-Cr-rich 
Orthopyroxenite (inch opx megacryst) (770-950°C) OOlivine websterite (850-950°C) 
Websterite and clinopyroxenite (750-950°C) 
Clinopyroxene megacryst (exsolved-relict) (900®C) 

ANHYDROUS PERIDOTITE 
Mg-Cr-rich 
^ Protogranular-porphyroclastic Iherzolite (800-870oC) 

^^Foliated-equigranular Iherzolite (870-900oC) 

Partial-raelt-bearing peridotite: 
O Lherzolite ana har^rdte (950-1100°C) ^ WehrUte 

Figure 1: Average clinopyroxene core compositions from different samples; grouped as 
listed in Table 1 (p.f.u. = pyroxene formulae units). 
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KIMBERLITE STRUCTURAL ENVIRONMENTS AND DIAMONDS IN BRAZIL. 

Linda A. Tompkins. 

Key Centre for Strategic Mineral Deposits, University of Western Australia, Nedlands, 

Perth, 6009, Western Australia. 

Diamond-bearing source rocks worldwide are recognized as 

occurring within cratonic areas stabilized by 1,500 Ma 

(Clifford, 1966; Atkinson, 1989) . In most cases these areas 

coincide with ancient (>2.5 Ga) Archean nucleii (eg. South 

Africa, USSR; Mitchell, 1986) but in others with younger 

(~1.5Ga) Proterozoic mobile belts (eg. North Western Australia; 

Atkinson, 1989). Diamond-bearing primary sources within ancient 

Archean nucleii appear to be confined to kimberlite source 

rocks, and lamproites to Proterozoic mobile belts. Exceptions 

do exist, for example at Eurelia (Scott-Smith et al., 1984), 

where diamondiferous kimberlite dikes occur within a late 

Proterozoic mobile belt. 

Four cratonic blocks are recognized in Brazil (Fig. 1) 

and are defined as areas not affected by the Pan-African age 

Brasiliano event (Schobbenhaus and Campos, 1984). South of the 

Sao Francisco craton of Schobbenhaus and Campos (1984) occurs a 

larger area referred to by Almeida (1981) as the Paramirim 

craton. The boundaries of the Paramirim craton are defined by 

a zone of crustal thickening as determined from regional 

Bouguer anomaly profiles (Haralyi and Hasui, 1982). The Sao 

Francisco craton is not defined by regional gravimetrics. 

Brasil is the world's eighth largest diamond producer but 

currently has no mines based on a primary source. Fourteen 

kimberlite/"lamproite" provinces are now known and all occur 

along one of three principal lineaments (Fig. 1): the NE-SW 

trending Transbrasileano lineament; the NW-SE striking 

lineament 125°AZ, and the Blumenau lineament. The principal 

diamond productivity in Brasil is confined to Lower Proterozoic 

to recent age, sediment-hosted deposits (Tompkins and Gonzaga, 

1989) either on the Amazonico Craton, or on and to the west of, 

the Sao Francisco Craton; often both in regions where 

kimberlite and related rocks occur. 

Known kimberlites on the Amazonico Craton (locations 1-4; 

Fig. 1) occur in the Rio Negro-Juruena Mobile Belt, in a zone 

that was cratonized by 1.5 Ga (Teixeira et al., 1989). 

Kimberlites, "lamproites", and related rocks to the west of the 

Sao Francisco craton all occur within the limits of the 

reworked Paramirim craton (Fig. 1), ih a zone that was 

consolidated in the Jequi event (2.7 Ga), and partially 

reworked during the Uruaquano (1,300 - 1,000 Ma), and 

Brasiliano (450-700 Ma) events. 

The economic potential of the kimberlites and related 

rocks is unknown, but, diamonds are reported from kimberlites 

on the Amazonico and Paramirim craton areas. Preliminary 

mineral chemical data of garnet inclusions in diamonds from the 

Juina kimberlite field (Locality 4; Fig. 1) suggest magma 

sampling from deep (>200km) upper mantle, possibly 

asthenospheric, source regions (Wilding et al., 1989) at this 

locality. Shallower level xenolith signatures are recorded from 

the area to the southwest of the Sao Francisco craton 

(locations 8,9 of Fig. 1; Svisero et al., 1984; and location 7 

of Fig. 1; Tompkins, 1987). Analyses of heavy mineral 

concentrates from two pipes near the edge of the Sao Francisco 



Extended Abstracts 427 

craton (location 10; Fig. 1) indicates that these magmas 
sampled garnet peridotite (Tompkins and Ramsay, 1991). 

It would appear that Clifford's (1966) rule for 
kimberlites is applicable to Brasil. The potential for non¬ 
kimberlite diamond source rocks in Brasil may possibly be 
extended to include areas within the larger, partially 
reworked, Paramirim craton. However, considerably more data 
are required to better define the tectonic settings, the 
distribution of various alkaline rock types present, the 
relative timing of emplacement of these intrusions, and the 
types of mantle sources sampled by these rising magmas. This 
data, coupled with diamond inclusion mineralogy, should enable 
better geochemical and tectonic modeling of the regions in 
question. 
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Figure 1. Principal structural environments in Brasil from 
Schobbenhaus and Campos (1984) and Almeida (1981). The solid 
circles refer to kimberlite/lamproite provinces from Tompkins 
and Gonzaga (1989) and A.J.A. Janse (pers. comm., 1990) and, 
are identified as follows: l=Arquemes; 2=Pimenta Bueno; 
3=Vilheno; 4=Aripuana (Juina); 5=Paranatinga (Batovi); 
6=Poxereu; 7=Amorin6polis; 8=Alto Paraniba; 9=Presidente 
Olegario; 10=Bambui; ll=Lajes; 12=Redondao; 13=Santa Filomena- 
Bom Jesus (Gilbues); 14=Picos. 
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THE BOA ESPERANgA AND CANA VERDE PIPES; c6RREGO D’ANTA, 

MINAS GERAIS, BRAZIL. 

Linda A. Tompkins and Robert R. Ramsay. 

Key Centre for Strate^c Mineral Deposits, University of Western Australia, Nedlands, Perth 6009, Western Australia. 

INTRODUCTION 

The Corrego D'anta region, located 200km northwest of Beio 

HOrizonte, Minas Gerais state, was originally prospected for 

kimberlites by small private Brazilian companies in the late 

1970's. Five "kimberlites": Boa Esperanga; Inga, Quartel, 

Almeida and Cana Verde, are known to occur within a larger area 

referred to as the Bambui province (Barbosa, 1983; Location 10 

of Fig. 1, Tompkins, 1991, this volume). This paper describes 

the geology, bulk rock geochemistry and, mineralogy of -2mm, 

+0.25mm heavy mineral concentrates (HMC) from the Boa Esperanga 

and Cana Verde pipes. 

Both pipes are situated along a major NW-SE trending 

lineament (lineament. 125° AZ; Bardet, 1977) that extends from 

the Amazonico craton in the NW, to Rio de Janeiro in the SE. In 

the region of Minas Gerais, it is referred to as the Alto 

Paranaiba Arch. The two pipes are separated by a distance of 

22km, with the Cana Verde pipe located closer to the cratonic 

nucleus of the Sao Francisco craton. They intrude the 

southwestern edge of the Sao Francisco craton, but within the 

boundaries of the larger Paramirim craton as defined by Almeida 

(1981). This area was consolidated during the Jequi event 

(2,700my), but partially reworked during the Transamazonico 

(2,000 my) and Brasiliano (450-700 my) events. The pipes post¬ 

date a period of Jurassic rifting along lineament 125° AZ and 

throughout Brazil. In Brazil, magmatic rocks intruded during 

this period include kimberlites, carbonatites, "lamproites", and 

other related rocks. Cana Verde and Boa Esperanga are, 

therefore, considered to be Lower Cretaceous in age, or younger. 

The Boa Esperanga pipe is intruded into fine-grained 

laminated siltstones of the Upper Proterozoic Bambui Group. It 

crops out within a dry drainage basin that is only seasonally 

active. Field mapping of the intrusion has shown it to have an 

elongated configuration of at least 220m in length, with an 

average width of 55m, or about 1.2 hectares in area. 

Exposure of the intrusion in an old excavation pit identifies 

the rock as a dark-green micaceous breccia. It contains 

abundant country rock clasts, as well as altered pyropic garnet¬ 

bearing ultramafic xenoliths. Due to the altered nature of the 

rock petrographic studies are not informative. 

Bulk rock analysis of altered breccia at the surface shows it 

to be an ultramafic rock with MgO=16.71 wt%, Ni=950ppm, and 

fairly rich in incompatible trace elements such as Ba (742ppm), 

and Sr (892ppm) . Apart from Si02 and AI2O3, which are possibly 

affected by country rock contamination, the analyses fall within 

the range of average kimberlite (Mitchell, 1986). 
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Diamond indicator minerals (DIM) in HMC include: relatively 

common, red-purple chrome-pyrope; emerald-green chrome-diopside; 

a few chrome-rich spinels and, rare Mg-Cr-ilmenites. Other 

minerals include: almandine; pale-green Cr-poor diopside; Ti- 

magnetite and, rare apatite. No micro-diamonds were recovered, 

but insufficient material was processed to view this as a 

reliable indication of diamond potential. 

Cr-pyrope compositions are Iherzolitic to wehrlitic (Sobolev 

et al., 1973) with up to 10 wt% Cr203. Cr-rich spinels vary from 

0.70-0.85 molar Cr/(Cr+Al) and 0.40-0.60 molar Fe2+/(Mg+Fe2+) , 

with generally high Ti02 values up to 6 wt%. Iron oxidation 

ratios (Fe^'^’/Fe^'*') suggest f02 conditions between WM to IW. 

Ilmenites have MgO values up to 10 wt% and Cr203 up to 3 wt%. 

CANA VERDE 

The Cana Verde intrusion is intruded into fine-grained well 

laminated slates and siltstones of the Upper Proterozoic Bambui 

Group. The intrusion consists of fine-medium grained light- 

green colored micaceous tuffs and tuff-brecciaS. A large dark- 

green serpentinized xenolith has also been observed. The exact 

surface dimensions are not known. 

Bulk rock analysis of the tuff-breccia yield moderate values 

of Si02 (48-49 wt%), and AI2O3 (6.32-8.40 wt%), with low MgO 

(3.77-4.09 wt%) values suggestive of country rock contamination. 

However, high K2O (5.54-10.72 wt%), and Ti02 (8.44-10.05 wt%) 

values coupled with high Ba (874-2,571 ppm) and Sr (1,224 ppm) 

are suggestive of a lamproitic composition. Bulk rock analysis 

of the serpentinized xenolith yielded high MgO (19.50 wt%) and 

Ni (730 ppm) values and together with the presence of Cr- 

diopside and garnet suggest that it is an altered garnet 

Iherzolite . 

DIM in the HMC include: relatively common red-purple Cr- 

pyrope; emerald-green Cr-diopside and a few Cr-rich spinels. 

Also present are: rare Mg-Cr-ilmenites, including some with 

coarse-grained spinel exsolution lamellae, and Cr-Nb-rutile 

intergrown with Mg-Cr-ilmenite-. Other minerals include: 

almandine; rare sphene; and amorphous Ca-Nd-La-phosphates. No 

micro-diamonds were recovered, but insufficient material was 

processed to use this as a reliable assessment of diamond 

potential. 

Cr-pyrope compositions are Iherzolitic with up to 6 wt% 

Cr203. Cr-rich spinels vary from 0.65-0.95 molar Cr/(Cr+Al) and 

0.35-0.80 molar Fe2+/(Mg+Fe2+) , with generally high Ti02 values 

up to 8 wt%. Iron oxidation ratios suggest f02 conditions 

between WM to IW. Ilmenites have MgO values up to 10 wt% and 

Cr203 up to 6 wt%. 

CONCLUSIONS 

Initial data suggest that the Boa Esperanga pipe may be a 

kimberlite, while the Cana Verde pipe has bulk compositions more 

typical of lamproites. HMC chemistry shows that garnet 

peridotite was sampled, as represented by Iherzolitic garnet, 

clinopyroxene and, Cr-rich spinel. Ti-metasomatism, is pervasive 

at both localities as indicated by the presence of Ti-rich 

chrome spinels, Mg-Cr ilmenites and, Cr-Nb-rutile-ilmenite 
intergrowths. 
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Although no micro-diamonds were recovered from eitucr pipe, 

the land owners at Cana Verde report the recovery of macro¬ 

diamonds (Barbosa, 1983) . DIM compositions do not indicate the 

presence of harzburgite which is regarded as the dominant source 

of peridotitic diamond (Gurney, 1984). However, diamond¬ 

bearing kimberlites containing only garnet Iherzolite are 

described elsewhere (Scott-Smith et al., 1984). Thus the 

presence of garnet Iherzolite DIM's supports deep mantle 

sampling, but indications of Ti-metasomatism may have decreased 

the diamond potential of the source rocks. 
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REDUCED CARBONACEOUS MATTER IN BASALTS AND MANTLE XENOLITHS. 

Tracy N. Tingle* and Michael F. Hochella, Jr. 

Department of Geology, Stanford University, Stanford, CA 94305 USA; *now at Department of Geology, 

University of California, Davis, CA 95616 USA. 

Crack surfaces and grain boundaries in many basalts and mantle xenoliths display a peculiar 
bluish purple discoloration or iridescence that suggests the presence of a thin film. C x-ray 
mapping and x-ray photoelectron spectroscopy (^S) indicate that such iridescent surfaces 
possess a thin film of amorphous C a few nm thick (Mathez and Delaney, 1981; Mathez, 1987; 
Tingle et al., 1990; 1991). C in the films is predominantly C-C and/or C-H bonded species with 
smaller amounts of various C-O bonded species. Less commonly, carbonaceous particles up to 
20 pm across are present on crack surfaces in some xenoliths. Carbonaceous matter (films and 
particles) contains minor quantities of Si, Al, alkalis, halogens, transition metals, N, O and 
sometimes organic compounds (mostly hydrocarbons). With the exception of organics, these are 
components expected to be present in volcanic gas, and the crack surfaces on which carbonaceous 
films occur probably are produced by thermal stresses during eruption and cooling of the basaltic 
lava and attendant xenohths. Mathez (1987) and Tingle et al. (1990;. 1991) have postulated that 
carbonaceous films are produced by heterogeneous surface reactions involving volcanic gas and 
fresh, chemically active crack surfaces. Indeed, we have produced carbonaceous films, similar in 
thickness and C speciation to those observed in natural rocks, in laboratory experiments 
simulating the volcanic environment. 

Carbonaceous matter on crack surfaces has been observed in a variety of samples from 
different geologic environments. These include basalts and peridotite xenoliths from the 1801 AD 

flow of Hualalai Volcano, Hawaii, San Carlos and Kilboume Hole, Arizona, basalts from the 
Kilauea east rift and the Mid-Atlantic Ridge, megacrysts (garnet and diopside) from the 
Jagersfontein kimberlite, and gabbros from the Pt-group element mineralized zones of the 
Bushveld and Stillwater layered igneous complexes. The chemistry of this carbonaceous matter 
shows considerable variation among samples from different localities and even among samples 
from the same locality. 

Organic compounds associated with carbonaceous films have been detected by very sensitive 
thermal desorption photoionization mass spectrometry in some samples (Tingle et al., 1990; 
1991). They are desorbed at temperatures of 300-700°C and consist principally of compounds 
with molecular weights less than 150 amu (mostly alkanes, alkenes and aromatics with lesser 
amounts of N- and O-bearing compounds and sulfur species). That temperatures in excess of 
300°C are required to desorb organic material suggests that the observed species are pyrolysis 
products of more complex compounds or that the low molecular weight species must be 
physically or chemically bound in the carbonaceous material. It has been shown that organic 
matter, when present, is not laboratory or instrument contamination, environmental biogenic 
matter incorporated during residence at the Earth's surface, or pyrolized biogenic matter 
incorporated by the lava advancing over vegetation during eruption. Not all samples with 
carbonaceous films contain organics. For example, organics were detected in only 3 of 5 
xenoliths analyzed from Hualalai, and organic compounds were not detected in any of the 
Stillwater and Bushveld samples. Tingle et al. (1990) have suggested that 10-50% of the total C 
in the San Carlos olivine films may be organic, although estimates of the organic abundance or 
even relative amounts of organic versus amorphous C are subject to some uncertainties. 

The organic matter associated with carbonaceous films has two possible sources. Organic 
compounds may have been produced by Fisher-Tropsch-like catalytic reactions at the mineral-gas 
interface. Alternatively, organic compounds may have been assimilated into the volcanic gas prior 
to eruption and then deposited on crack surfaces during C film formation. The small amount of 
organic matter generally present is not sufficient to determine its origin. As pointed out by Tingle 
et si. (1990, and references contained therein), on the one hand, biogenic matter (low molecular 
weight hydrocarbons and biomolecules, steranes and terpanes) has been identified in volcanic 
emanations, hydrothermal fluids, and steam from geothermal fields. On the other hand, abiogenic 
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synthesis of a diverse suite of organic compounds has been achieved in meteorites (carbonaceous 
chondrites) in the solar nebula and in laboratory experiments, although silicates are not generally 
regarded as the substrates on which organic synthesis reactions occurred. Also, methane and 
hght hydrocarbons in hydrothermal fluids of the East Pacific Rise and Mid-Atlantic Ridge are 
abiogenic, although the mechanisms by which they are produced are not well understood. Also, 
hydrocarbK)ns in fluid inclusions in rocks of the Khibiny and Ilimaussaq alkaline intrusions are 
demonstrably abiogenic. We believe the present data favor an abiogenic synthesis, although a 
biogenic origin cannot be dismissed at this time. 

The isotopic composition (6^^C) of C in films on iridescent crack surfaces in San Carlos 
olivine was determined by stepped combustion techniques to be -32%o (D. P. Mattey and T. N. 
Tingle, 1991, manuscript in preparation), suggesting that there is a strong fractionation of C 
isotopes during C film formation. Even if 50% of the crack-situated C in the San Carlos olivine is 
assimilated biogenic matter with S^^C = -50%o, the 6^^C of C films deposited by the volcanic gas 
on fresh crack surfaces would be -14%o, which is considerably more depleted than the -5 to -8%o 
typically observed for CO2 in basaltic gases. 

To further investigate the formation of carbonaceous films and the possible abiogenic 
synthesis of organic matter during eruption and cooling of basaltic magma, we have exposed 
freshly cleaved (010) surfaces of San Carlos olivine to C-O-H gases at 400-800°C. Two gas 
compositions were employed: 2CO2 + 2H2O + H2 and 2CO2 + H2 derived from decomposition 
of oxalic acid dihydrate and oxalic acid, respectively. In one set of experiments, gem-quality 
single crystals were loaded in air with a smil amount of oxalic acid and welded shut; the samples 
were heated to 800°C and quenched in liquid nitrogen to produce cracks. In a second set of 
experiments, large single crystals were cleaved in an argon glove bag and loaded into Au tubes 
with oxalic acid, hermetically sealed and then welded shut. Samples were then heated to 400- 
8(X)°C for 2-30 min to allow for heterogeneous reactions between the mineral surface and gas 
phase to occur. 

Carbonaceous films were produced in all samples, but none of them contained any detectable 
organic material. Films attained thicknesses comparable to those observed in natural samples. 
The speciation of C in films was dependent on the gas composition and f(02). Films produced at 
relatively oxidizing conditions resembled those observed in natural samples, in that the prominent 
species observed were C-C/C-H with lesser amounts of C-O bonding; films produced at the more 
reduced conditions consisted of roughly equal amounts of carbide, C-C/C-H, and C-O species. 
Scanning electron microscopy has not revealed any crystallites or particles on these surfaces. It is 
important to note that thermodynamic calculations for these two sets of experiments do not predict 
graphite, carbides, carbonates, or hydrocarbons to be stable phases. Similarly for natural 
samples, the chemical environment during eruption is much too oxidizing for, graphite (and 
presumably amorphous C) and hydrocarbons to be stable phases. These experiments suggest that 
the nature of fresh crack surfaces is such that they can stabilize amorphous C and hydrocarbons in 
a cooling lava. 

The study of carbonaceous matter has several implications. First, the low-temperature (400- 
700°C) isotopically light (-26%o) C released by stepped heating techniques from basalts and 
xenoliths (Mattey, 1988) is not all contamination as was previously thought; part of the low- 
temperature C is due to carbonaceous films on crack surfaces, grain boundaries, and vesicle and 
fluid inclusion walls. In their measurement of the of carbonaceous films in San Carlos 
olivine, Mattey and Tingle (1991, manuscript in preparation) found that approximately 50% of the 
C analyzed below 800°C was due to C films, 10% was due to adventitious C contamination of 
olivine surfaces, and 40% was instrument contamination. 

Second, the apparent fractionation of C isotopes between CO2 vapor and CO2 dissolved in 
basalt melt indicated by the "popping rocks" of the Mid-Atlantic ridge (Pineau et al., 1976) and 
the later experiments of Javoy et al. (1978) may be explained by the presence of isotopically 
depleted C films on vesicle walls and cracks in the popping rocks and experimental glasses. The 
vapor-melt C isotopic fractionation is expected to be close to that of C02-calcite (because C 
dissolves in basalt melt as CO32- species) at magmatic temperatures (l-2%o), and the recent 
experimental results of Mattey et al. (1990) support this. The mantle C flux of 0.6-7.2 x 10^"^ 
g/yr calculated assuming a 4%o fractionation (Javoy et al., 1982) must be reconsidered, and with it 
the hypothesis that C must be subducted in order to explain the modem mantle C flux. 
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There are several lines of evidence to suggest that C is indeed subducted, but most of that will 
be carbonates in pelagic sediment and altered oceanic crust with = 0%o, and a much smaller 
amount will be kerogen with very depleted Thermal models of subduction zones and 
carbonate phase equilibria predict that carbonates, in general, will not decompose during 
subduction. However, the vast majority of CO2 coming out of the Earth today has a very unifomi 
513c = -5 to -8%o. It seems to us that the -5%o 6i3C of the modern mantle is best explained by a 
primordial C source (of approximately the same isotopic composition) that was stable during 
accretion and differentiation. That such a C reservoir might exist in a planetary core is suggested 
by the presence of graphite in iron meteorites, and of such graphite is -5 to -8%o (Deines and 
Wickman, 1975). At present, the best evidence of C recycled by subduction appears to be 
diamonds of eclogitic paragenesis with depleted (Kirkley and Gurney, 1989). 
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THE ARIES DIAMONDIFEROUS KIMBERLITE PIPE CENTRAL KIMBERLEY BLOCK, 

WESTERN AUSTRALIA. 

Towie, Wj.; Marx, Bush, and Manning, 

(1) Triad Minerals N.L., Melbourne, Victoria, Australia; (2) Poseidon Exploration Ltd, Adelaide, SA, Australia. 

The Aries kimberlite pipe is situated in the Kimberley 
Region of Western Australia, 270 km east-north-east of 
the coastal town of Derby and 250 km west of the Argyle 
diamond mine. 

The pipe is intruded into the Proterozoic sediments and 
basalts comprising the Kimberley Basin which is thought 
to be underlain by an Archean cratonic basement. 

The pipe has been dated by the Rb-Sr phlogopite method at 
about 820 Ma (C.B. Smith 1989) Nearby tillites provide 
evidence of subsequent glaciation at 700ma. 

II. EXPLORATION 

Systematic diamond exploration of the Kimberley Region 
commenced in 1971 and this led to the discovery of 
numerous kimberlites and lamproites including the Argyle 
pipe in the period from 1975 to 1980. 

Traditional drainage sampling by the Triad/Freeport 
partners confirmed the presence of kimberlitic chrome 
spinels which led to the Aries pipe discovery in 1985. 

Three depressions up to 20m deep form the surface 
expression of the kimberlite within the sandstone country 
rock and are easily visible on aerial photographs. 

The 40 Nanoteslar aeromaqnetic response is distinctive 
but not dipolar. 

The VLF magnetic and electric field signatures fairly 
consistently but not invariably define the pipe contact 
zones. 

The surface spectral signature as detected by the Geoscan 
MKII multispectral scanner indicates a clear anomaly in 
band ratios typical of montmorillonite. 

III. THE ARIES PIPE 

A. Structural 

The size of the pipe is 20 hectares based on 
contacts primarily inferred from sandstone outcrop. 
Limited drilling to a maximum depth of 100m has 
shown that the wallrock contacts dip at 60-80°. 
There are four distinct lobes. 

The northern extension appears to either contain 
massive reefs of basalt and sandstone, or else it has 
a small central core with radiating dykes and sills. 
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A Im thick sill has been confirmed approximately 
100m from the centre of this lobe. 

The northern lobe is mostly xenolithic breccia with 
95% basalt xenoliths and <5% kimberlite matrix. 

The central lobe contains two large basalt reefs and 
in the vicinity of these the predominant rock type 
is xenolithic breccia as above. Kimberlite, 
micaceous kimberlite and kimberlite breccia with 
little xenolithic dilution are found in the 
southeast portion of the lobe. 

The southern lobe is mostly kimberlite breccia with 
a high dolerite and sandstone content as well as 
basalt. It degenerates into a zone of brecciated 
quartzite country rock with kimberlite dykes in the 
southern tail. 

The top 20m of the kimberlite is heavily oxidized to 
clay with a sharp transition to silicified 
kimberlite separated by a thin laterite layer. In 
the central lobe there are l-4m of overlying 
ferruginous gravels with a marked depletion of -2mm 
diamonds compared to the underlying kimberlite. 
This indicates a fossil drainage no longer visible. 
Clayey silt overlies the gravel ranging from several 
centimetres to 6m depth. 

B. Geochemistry 

A loam sample taken from the central lobe in the 
surficial clayey silt gave no anomalous geochemical 
signatur-e compared to the nearby basaltic soils 
apart from enhancement of Cr and Zr (0.4% on 
Kimberlite). Compared to proximal doleritic soils 
Cr, Ni and La have been shown to be enhanced. A 
kimberlite soil analysis is given in table 1. 

The yellow ground analysis shows a surprising 
similarity to the soil sample from above. This 
sample of yellow ground was taken from weathered 
kimberlite breccia with <20% Xenolithic dilution. 

TABLE 1 (Values in ppm) 

ELEMENT : Nb Nd Ce La V Cr Ni Sr Ba 
Surface Soil 11 <20 NA 17 23 415 14 8 56 
Yellow ground 10 <2 70 20 100 NA <5 50 210 
(6m depth) 

IV. ALLUVIALS 

The extensive alluvial deposits downstream of the Aries 
pipe were initially detected and outlined by the surface 
chromite distribution pattern within the Harris Creek 
valley system. 

At least three gravel horizons west were uncovered, the 
ages of which are thought to date from Miocene to present 
times. The two main channel deposits are weakly 
diamondiferous. 
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THE ULTRABASIC POTASSIC ROCKS OF PRESIDENTE OLEGARIO, SERRA DA 

MATA DA CORDA, MINAS GERAIS, BRAZIL. 

Ulbrich, and Leonardos, 

(1) Inst. Geociencias, Univ. Sao Paulo, CP 20899 Sao Paulo-SP, Brazil; (2) Inst. Geociencias, Univ. Brasilia, 

CEP 153044 Brasllia-DF, Brazil. 

Ultrabasic potassic-ultrapotassic rocks are generally included in 

one of three groups: kimberlites, lamproites and kamafugites. 

Petrographically, the distinction between these groups seems relatively 

simple. The fragmental texture of kimberlites contrasts with the volcanic 

features found in lamproites and kamafugites. The latter two can be 

further identified by the presence (or absence) of some typical minerals. 

This straightforward scheme, however, is blurred by examples of 

mineralogical and chemical convergence, as shown by similarities between 

micaceous kimberlites and lamproites. or by cases in which mineralogy 

seems to point to one of the rock groups while chemistry points to 

another. 

Such a situation was found during studies on the rocks of the 

Presidente Olegdrio pipe. 

Ultrabasic potassic rocks -tuffs, lavas and small intrusions, mapped 

as the Patos facies of the Mata da Corda Group- occur as isolated outcrops 

on dissected plateaus in the Serra da Mata da Corda, western Minas Gerais 

State. They invade Late Cretaceous sandstones over an area of about 4500 

Km^. Outcrops are generally poor, largely because of agriculture. Fertile 

clays, derived from the Patos tuffs and lavas, cover the plateaus and are 

frequently capped by a 1- to 5-m-thick iron crust formed by weathering. 

The Presidente Olegario pipe, observed along a newer road-cut near 

the city of the same name, also belongs to this ultrabasic volcanic 

province. It is composed of a sequence of massive and amygdaloidal lavas 

and tuffs, cut by centimetric altered dikes and tuffisitic breccias. 

The lapilli and ash tuffs contain cogenetic and accidental material. 

Some pyroclastic horizons also present rounded fragments of variable size 

of two different types: a) volcanic.rocks with abundant phenocrysts of 

altered melilite(?) (Suite I); b) fresh, medium to coarse-grained, banded 

clinopyroxenites (Suite II) with diopside, perovskite, titanomagnetite, 

apatite, schorlomite, titanite, Ba-rich K-feldspar (BaC)=3%) and wadeite. 

The lavas are porphyritic with subidiomorphic pheno- and 

microphenocrysts of olivine (Fo=90) in a matrix of diopside, perovskite, 

Mg-ilmenite (Mg0=5.0-8.6%), titanomagnetite, apatite, poikilitic Ti- 

phlogopite (Ti02=4.6-6.0%) and Ti-K richterite (K20=5.0, Ti02=3.4%) within 

a glassy base containing Mg, Ca, K and Ba. 

Chemical analyses of the massive lavas indicate an ultrabasic 

potassic composition (Table 1). The rocks are also metaluminous, rich in 

Ti and with rather low mg values. They present high amounts of 

incompatible elements, mainly Ba. REE are abundant (Table 1) and show a 

steep distribution pattern (Fig. 1): La/Yb ratios are high and the Eu 
anomaly is absent. 
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Fig. 1. Chondrite normalized REE diagram showing REE 

abundance in an ultrabasic potassic rock from 

Presidente Olegario, Serra da Mata da Corda compared 

to basic-ultrabasic lampro^ites, a micaceous 

kimberlite and kamafugites. The kamafugitic field 

includes data for katungites and mafurites (higher 

REE contents) and ugandites (lower REE contents). 

Sources: A-Thompson, R.N. et al. 1984. 

Phil.Trans.R.Soc.Lond. A310, 549-590. B, E-Fraser, 

K.J. et al. 1985/86. Earth planet.Sci.Lett. 76, 57- 

70. C-this work. D-Mitchell, R.H. & Bell, K. 1976. 

Contr.Mineral.Petrol. 58, 293-303 
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The mineralogy and texture of these lavas resemble those of 

ultrabaslc lamproites, a resemblance enhanced by their high Ba content and 

the coexistence with fragments containing wadeite (Suite II). Major 

element chemistry, however, indicates a kamafugitic affinity. Also, the 

possible presence of melilite in the Suite 1 fragments, whose emplacement 

was certaiinly related to the eruption of the lavas, may point to a 

kamafugitic association; it is unknown in lamproltic occurrences. Contents 

of REE in ultrabaslc potasslc rocks are usually high, but they show a 

regional variability that seems to be related to differences in mantle 

source material and/or petrogenetic behavior; they share a somewhat steep 

and continuous distribution pattern (high La/Yb values, Fig.l). The 

distribution pattern for the Presidente Olegdrio lava (curve C, Fig.l) is 

similar both in profile and abundance to some kamafugites (mafurites and 

katungites) and olivine lamproites (Fig.l); it also is, as generally 

observed elsewhere, enriched in REE when compared to kimberlites. 

The lavas thus present features that straddle the supposedly clear- 

cut characteristics defined in the literature as being "t3rpical" of 

kamafugites and ultrabaslc lamproites 

Table I: Chemical analyses of Presidente Olegdrio, Serra da Mata da Corda 

massive lavas 

Sample 3G 3G1 87-04 3G 3G1 87-04 

wt% ppm 

SiO, 39.1 37.2 38.9 Ba 10748 11644 11656 

TiO^ 6.0 6.6 6.5 Rb 150 150 160 

5.6 5.3 5.0 Cs n.a. <10 <10 

8.6 5.9 6.1 Sr 1250 1310 1650 

FeO 4.67 6.8 7.0 Zr 710 790 800 

MnO 0.19 0.18 0.17 Nb 200 192 33 

MgO 17.1 18.4 15.0 Y 30 38 62 

CaO 10.1 10.6 11.6 V 200 n.a. n.a. 

Na.O 0.75 0.81 0.56 Cr 752 570 650 
K2O 2.3 2.2 1.7 Co n.a. 80 66 

^2^5 
0.47 0.5 0.49 Ni 338 440 270 

H2O+ 3.05 3.73 4.67 Cl <20 110 93 

CO2 
0.6 0.3 0.45 

S 0.07 0.08 0.05 La 173 153 183 

F 0.24 0.21 0.19 Ce 348 294 340 

rest 1.73 1.83 1.86 Nd 159 147 168 

Sm 23.4 19.2 28.86 

less 0-F,S 0.14 0.13 0.10 Eu 5.5 4.24 5.15 

Gd 13.4 10.98 13.46 

sum 100.43 100.21 100.14 Dy 6.2 4.8 6.05 

Ho 1.0 0.7 1.01 

y/ mg^ 0.74 0.76 0.72 Er 2.0 1.58 2.40 

(Na+K)/Al 0.66 0.70 0.55 Yb 1.0 0.91 1.09 

K O/Na 0^ 2.0 1.80 2.0 Lu 0.13 0.10 0.18 

i: # mg=Mg/(Mg+Fe^'^) calculated with Fe^Og/FeO ratio of 0.2; 

2: molar ratio; n.a.-not analised. 

Analyst: C. Dutra, GEOLAB, Belo Horizonte, Minas Gerais, Brazil. 
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DIAMOND- AND GRAPHTTE-PERIDOTrrE XENOUTHS FROM THE 

ROBERTS VICTOR MINE. 

Viljoen, KS.; Robinson, D.N and Swash, PM. 

Anglo American Research Labs., Kimberlite Res. and Serv. Lab., PO Bax 106, Crown Lines, 2025, South Africa. 

INTRODUCTION 
The Roberts Victor kimberlite is situated in the 

Orange Free State, South Africa. This is within the 
central part of the Kaapvaal craton. It is'a Group 2 
kimberlite which has been dated at 128 My. 

It is well known for the high proportion of eclogite 
xenoliths present, particularly in relation to the more 
usual dominance of peridotite xenoliths at most other 
kimberlites. MacGregor and Carter (1970) estimated that 
eclogites constituted over 95% of the xenolith population, 
and Hatton (1978) found that 98% of 700 nodules examined 
were of eclogitic, rather than peridotitic affinity. 
Recently, an attempt was made to characterise the 
peridotite suite more fully. A one day visit to the mine 
resulted in the collection of 20 specimens. Each xenolith 
was first sawn in two with a boron nitride impregnated 
saw. One half was carefully cleaned of adhering kimberlite 
matrix, crushed and digested in hydrofluoric acid. 
Examination of the acid residue proved that six of the 
xenoliths contain diamond, two contain both diamond and 
graphite while another four contain bnly graphite. 

PETROGRAPHY 
The peridotites are rounded and range in size from 

10 cm to 30 cm in diameter. They are all extremely altered 
to serpentine, calcite and quartz. Olivine and 
orthopyroxene have been completely destroyed, 
clinopyroxenes are partially altered and garnets and 
spinels are fresh. All the xenoliths show coarse 
(undeformed) relict textures. 

MINERAL CHEMISTRY 
Olivine and orthopyroxene are too altered to 

analyse. The clinopyroxenes are calcic diopsides. They 
have moderate to high Cr O (0.57% to 4.9%) and low Al^O^ 
(1.3% to 2.8%) and Na^O {0.87% to 2.11%). Garnets are 
represented by both calcium saturated (Iherzolitic) and 
low-calcium (harzburgitic) varieties. TiO^ concentrations 
are all low (generally < 0.2%). Using the^garnet chemistry 
as a guide, the six diamond-bearing xenoliths are 
represented by three Iherzolites and three harzburgites 
(figure 1). One of the two graphite/diamond peridotites is 
a harzburgite while the other is a Iherzolite. Of the four 
graphite peridotites one is a Iherzolite while the rest 
(3) are harzburgites.- Primary spinel was found in thirteen 
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xenoliths. They are chromites (Cr/Cr+Al >.75) with low 

Ti02 (<1%). 

al, 1984). Arrows indicate the range found in garnet 
compositians for each xenolith. Sample HRV310 is a 
peridotite with a websterite vein (Hatton, 1978). 

GEOTHERMOBAROMETRY 
The altered nature of the xenoliths makes it 

impossible to apply any geobarometer, or to obtain any 
temperature estimate for clinopyroxene-free xenoliths. 
Temperature estimates for clinopyroxene-bearing 
Iherzolites can be obtained from the garnet-clinopyroxene 
thermometer. Calculation at 50kbr shows that the diamond 
peridotites (2 samples) equilibrated at approximately 1000 
®C. Barren Iherzolites define a temperature range from 
1050 ®C to 1200 ®C. This equilibration temperature for the 
two diamondiferous Iherzolites is similar to the range 
found in most diamondiferous eclogites (1000 to 1100 ®C) 
from Roberts Victor (Gurney et al, 1984), suggesting that 
eclogitic diamonds and Iherzolitic diamonds at this 
locality might have formed in the same region of the 
mantle. 

DIAMONDS 
The numbers of diamond crystals recovered from 

individual xenoliths range up to 19. Two xenoliths 
produced substantially greater numbers of diamond which, 
however, are bounded largely by breakage surfaces and must 
represent pieces of one or a small number of crystals. 
Diamond crystal sizes range from 0.3 to 0.5mm in four of 

the xenoliths, between 1 and 1.5mm in one case and from 
2.5 to 3mm in another. The pieces mentioned in two other 
xenoliths range up to 2mm in diameter. Octahedral crystals 
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predominate. These range from sharp-edged individuals with 
no or few trigonal etch pits to examples with partly 
bevelled edges and relatively numerous and large trigonal 
pits. In most cases, the bevelling at octahedral edges is 
by surfaces that are approximately dodecahedral, rather 
than tetrahexahedroids for most diamonds in the mine 
production. Graphite commonly veneers the bevelled 
portions as well as octahedral areas where flat-bottomed, 
trigonal pits have coallesced to leave residual, serrate 
laminae. Breakage surfaces to the fragmental grains in two 
of the xenoliths are either frosted or exhibit trigonal 
etch pits. These features indicate that the breakage is 
due to natural causes. The relatively small diamonds in 
four of the xenoliths are virtually colourless. In another 
case, brown diamonds occur together with yellow diamonds 
in the same xenolith. In two other xenoliths the diamonds 
are grey to black on account of microscopic inclusions, 
presumably graphite. 

The abundances and masses of diamonds in the 
xenoliths are thousands of times those in the host 
kimberlite. Therefore, it is possible for at least most of 
the diamonds in the kimberlite to be accounted for by the 
disaggregation of xenoliths such as those described. The 
predominantly octahedral morphology amongst the xenolith 
diamonds, versus tetrahexahedroid morphology for the 
kimberlite diamonds, can be explained by the much more 
limited exposure of the xenolith diamonds to oxidising, 
kimberlitic magmatic fluids. The occurrence of brown with 
yellow diamonds in a single xenolith suggests that at 
least one of the diamond colours is secondary in origin. 
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APPLICATION OF SIMPLE PARAMAGNETIC SUSCEPTIBILITY TO RAPID 

DISCRIMINATION OF ILMENTTE COMPOSITIONS IN EXPLORATION FOR KIMBERLITE 
IN THE COLORADO - WYOMING PROVINCE, USA. 

Vos, W.P. and McCallum, M.E. 

Dept, of Earth Resources, Colorado State University, Fort Collins, CO 80523 USA. 

Magnesium-rich ilmenite (picroilmenite) is one of the most 
characteristic minerals of kimberlite rocks, but its recognition in 
concentrates recovered during exploration programs may be conplicated by 
the presence of significant quantities of non-kiraberlitic ilinenite (e.g. 
ferroilmenite from gabbro-anorthosite, manganoilmenite from granitic rocks 
or carbonatite). The possibility of separation based on natural 
variations in the magnetic behavior of different types of ilmenites was 
tested on sairple material from throughout the Colorado-Wyoming Kimberlite 
Province (Fig. 1). A rod type self-releasing electromagnet tapered to a 
point to create a “point source” magnetic field was utilized. Saitple 
populations were separated electromagnetically in a series of runs in 
vtiich airperage and resulting point source magnetic field strength 
(measured in oersted) were incrementally and progressively increased 
(Table 1). Each category (A-J) corresponds to a standardized range of 
approximately 150 oersted in magnetic field strength as measured at the 
tip of the rod. 

Initial testing was conducted on three suites of saitples exhibiting 
maximum variation in chemistry in an attenpt to quantify characteristic 
sinple paramagnetic susceptibility (SFMS) behavior patterns (Vos, 1989). 
A picroilmenite suite was obtained from megacrysts from Colorado-Wyoming 
kimberlite occurrences, ferroilmenite (both groundmass and ore varieties) 
was collected from the Laramie Anorthosite Coitplex and associated 
titaniferous magnetite-ferroilmenite ore bodies in V^oming, and a 
manganoan ilmenite suite from stream sediment concentrate from the 
Guaniamo region of Venezuela was used. The picroilmenite suite was 
eventually expanded to include 3,600 grains from 19 Colorado-V^oming 
Jdmberlite occurrences. Four SIMS pattern groups evolved from this suite, 
and these relate to different kimberlite occurrences; Group 1 - Schaffer, 
Aultman and Ferris; Group 2 - Sloan, Moen, Nix and Chicken Park; Group 3 - 
Iron Mountain District; and Group 4 - Estes Dike and Green Mountain (Fig. 

1). 

Cumulative SIMS histograph patterns are presented as 100 total count 
normalized data, thereby effectively ratioing each of the categorical 
values (A-J) into relative percentages. Although significant overlap may 
exist in SFMS patterns, variable paramagnetic behavior generally reflects 
differences in bulk chemistry, valence states of major cations (Fe^'*', 
Fe^"^, Ti"^"^, Al^"*", Mn^^, and Mg2+), and structural position of those 
cations within the ilmenite structural-chemical lattice (Lindsley, 1976). 
Ferroilmenites are characterized by higher FeO and lower MgO and Cr203 
than kimberlitic picroilmenites and have distinct SFMS behavior patterns. 
Iheir magnetic field strengths generally are greater than 1,000 to 1,100 
oersted (category D) vhereas picroilmenites typically have much lower 
field strengths (Fig. 2). Manganoilmenites also generally are less 
magnetic than ferroilmenites, but tend to be more magnetic than 
picroilmenites. 

Differences in SFMS behavior within the four recognized Colorado- 
Wyoming picroilmenite groups reflect variations in primary chemistry or 
subsequent alteration chemistry (Vos, 1989). Group 1 and 2 ilmenites 
generally contain higher amounts of MgO), 0:203 and Fe203 than Group 3 
ilmenites, and Group 2 ilmenites show maximum enrichment in 0:203, Ti02 
and MgO vhich accounts for their generally low SFMS values. Group 3 
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ilmenites cx)ntain the highest total iron contents, vhich are reflected in 
their overall higher relative values. Group 1 ilmenites tend to have 
magnetic values similar to Group 2 ilmenites, vhich are lower than 
anticipated. A weaker magnetic susceptibility in these ilmenites probably 
is a function of pervasive severe alteration vhich produced nonmagnetic 
secondary products such as rutile, goethite and leucoxene, and likely was 
accorrpanied by selective leaching of Fe^^ and (or) oxidation of Fe2+ to 
Fe^"**. Some Group 2 ilmenites, especially from Chicken Park, exhibit a 
strong magnetic character due to the presence of abundant "exsolved" 
titanomagnetite lamellae. Group 4 ilmenites have SE^ values intermediate 
between Group 3 and Groups 1 and 2, and are characterized by high Ti02 and 
MgO and very low Fe203. 

Picroilmenite Groups 1, 2 and 4 show relatively good magnetic 
discrimination from ferroilmenite (Group 5) and effective separation can 
be achieved at about 1,100, 1,400, and 1,200 oersted magnetic field 
strengths respectively (Fig. 3 a,b,d). Group 3 picroilmenite, with a 
broader range of SFMS values, can be less effectively separated from 
ferroilmenite, but a reasonable separation can be achieved at about 900 
oersted magnetic field strengths (Fig. 3c). Separation would be 
considerably less effective if manganoilmenite were present (Fig. 2). 

Based on these preliminary observations on Colorado-V^oming 
kimberlite concentrate, it appears that the SEMS properties of ilmenites 
may be ejqDloited in separating ferro- from picroilmenites in kimberlite 
exploration surveys, especially vhere concentrates are saturated with 
ferroilmenite. This technique could substantially reduce the amount of 
opaque oxide chemical analyses needed for effective detection of 
kiiriberlitic picroilmenite. However, cars should be taken to carefully 
investigate the SEMS behavior of regionally indigenous ferro; mangano- and 
picroilmenites prior to determining the most effective applied magnetic- 
separation field strength. 
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FIGURE 1. location map of kimber¬ 
lite occurrences in the Colorado- 
V^oming Kimberlite Etovince. Ffont 
and Laramie Range a2:ea underlain by 
Precambrian crystalline rocks. Basin 
areas underlain by post-Devonian 
sedimentary rocks. On craton-off 
craton^line marks boundary between 
Archean and Proterozoic crustal 
rocks. 
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COMPARISON OF ELEMENT DISTRIBUTION IN RARE EARTH-RICH ROCKS FROM THE 

KANGANKUNDE AND KNOMBWA CARBONATITE COMPLEXES. 

Wall, F. 

Department of Mineralogy, British Museum (Natural History), Cromwell Road, London, SW7 5BD, UK 

Rare earth (REE) minerals are often important 
constituents of carbonatites where they may be of primary 
igneous origin, such as some of the fluocarbonates in the 
Sulfide Queen carbonatite at Mountain Pass, or be the result 
of late stage metasomatic, hydrothermal or supergene 
processes. 

The Kangankunde carbonatite complex, Malawi and the 
Nkombwa carbonatite complex, northern Zambia are similar in 
that they consist of predominantly magnesium and iron-rich 
carbonatites, have no associated silicate rocks, have caused 
extensive fenitization to the surrounding basement rocks, and 
contain high concentrations of REE which are particularly 
concentrated in an unusual "epidote coloured” green monazite 
associated with Ba, Sr, REE mineralization. The petrography 
of the Kangankunde complex is well described by Garson and 
Campbell-Smith (1965) and the Nkombwa carbonatite is 
described by Reeve and Deans (1954). It is hoped that an 
electron microprobe study and subsequent comparison of the 
chemistry of the minerals in the two carbonatites will help 
to find common factors in the element distribution in REE- 
rich carbonatites of this kind. 

Abundant monazite, baryte, and quartz are common to both 
carbonatites. Some degree of REE mineralization pervades 
most of the carbonatite at Kangankunde but the main REE 
mineral assemblages are: (1) monazite, quartz, baryte, 
florencite/goyazite, limonitic iron oxide, and minor apatite 
intergrown with the florencite and (2) ankerite and/or 
dolomite, monazite, strontianite, and minor bastnasite. At 
Nkombwa the assemblage is different and much of the REE 
mineralization is concentrated in quartz rocks, including 
(1) monazite, quartz, baryte, iron oxides (2) monazite, 
daqingshanite, baryte, quartz, iron oxides and (3) monazite, 
isokite, quartz, dolomite. 

A comparison of the monazite from the two carbonatites 
shows that it's chemistry is broadly similar in being Th-poor 
(less than 1 wt% Th02) and in containing Sr but there are 
some compositional differences and texturally the monazites 
are quite different. Kangankunde monazite forms aggregates 
of euhedral crystals whereas the Nkombwa monazite occurs as 
chains of spherulites. Both monazites can show replacement 
textures: at Kangankunde monazite and strontianite can be 
pseudomorphous after an unknown hexagonal mineral and at 
Nkombwa the monazites sometimes appear to define relic 
rhombohedral cleavage directions in quartz suggesting 
replacement of carbonate. The Nkombwa monazite is more Sr- 
rich than that at Kangankunde (2-5 wt% SrO rather than 1 - 

3 %) and, unlike the Kangankunde monazite, it usually 
contains small amounts of Ca and Ba. There is also a Ca-rich 
variant with 5 wt% CaO and low totals although analysis by x- 
ray diffraction and infrared spectroscopy has not confirmed 
the presence of a hydrated phase such as rhabdophane. 

The baryte in both carbonatites is always Sr-poor, even 
though it must have formed in a strontium-rich environment 



Extended Abstracts 447 

and is known to be able to‘accommodate several per cent 
strontium. The Sr must have partitioned preferentially into 
minerals such as strontianite, Sr-containing monazite, 
daq;ingshanite, isokite and goyazite. 

Bastnasite at Kangankunde always occurs as sheaves of 
needles, a habit that Mariano (1989) observes to be 
indicative of a hydrothermal origin, and does not selectively 
partition any of the light REE with respect to the monazite. 
The florencite/goyazite series minerals show more variation: 
the, often euhedral rhombic, crystals are highly 
concentrically zoned Sr versus REE and can contain inclusions 
of bastnasite as well as intergrown REE-poor apatite. 
Chondrite normalized signatures are light REE-enriched but 
more variable than those of the monazite. Like the 
bastnasite at Kangankunde, the daqingshanite has a light REE 
chondrite-normalized distribution which is very similar to 
that of associated monazite. 

The most different distribution of REE in either complex 
is seen in occasional Kangankunde quartz-apatite-iron oxide 
rocks which are interpreted as of late hydrothermal origin. 
The apatite consists of turbid cores with overgrowths which 
are strongly zoned with mid-REE enriched patterns quite 
different from that of the main carbonatite. 

Although the monazite mineralization in the two 
carbonatite complexes is similar, each has its own 
distinctive suite of associated minerals and range of 
monazite compositions. This latter comparison is useful 
because it is noted that within each cdrbonatite complex the 
monazite compositions from both carbonate and quartz rocks 
plot together indicating that the within each complex both 
the quartz and carbonate rocks have been subject to the same 
phases of mineralization. The mineralization in both 
carbonatites is believed to be of secondary, probably low 
temperature, hydrothermal origin. Under these conditions, 
monazite is Th-poor but can accommodate some Sr and possibly, 
at Nkombwa, Ca and Ba. Baryte appears not to be able to 
accommodate strontium and there is little differential 
partition of REE between monazite and coexisting REE minerals 
such as bastnasite. 

Tiny blebs of the sodium-containing mineral, burbankite 
which are found occasionally in carbonates in both 
carbonatites may be evidence of a primary crystallising REE 
mineral and apatites seen being altered by incipient REE 
mineralization in some dolomite carbonatites at Kangankunde 
may be a source of phosphate. 
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MICRO-STRUCTURAL VARIATIONS IN MANTLE DERIVED GARNETS. 

Alian ^^^Wang;^^^P. Dhamelincourt; Like ^^^Guo;Wuyi ^^^Wang and Andi Zhang. 

Chinese Academy of Geolo^cal Sciences, 100037 Beijing China; Laboratoire de Spectrochemie 

Infrarouge et Raman, CNRS, 59655 Lille, France. 

As the most deeply sourced rock, kimberlite cares a large numbers of mantle derived 

crystals, as well as diamonds with their mineral inclusions, upto the Earth's surface. It 
makes the possibility to obtain the information on the mantle environment from the 

compositional and structural characters of these crystals. 
There were many comprehensive studies on the compositional characters of these man¬ 

tle derived crystals [1,2] . But to date, very few studies on their structural features were re¬ 
ported. In this work, the capability of undcstructivc, "in situ", micro-zone analysis of 
Raman "structural microprobc" technique has been used to distinguish some micro-struc¬ 

tural variations in the mantle derived garnets, as well as in the pyropc inclusions of dia¬ 

monds. 
The Raman spectra of over sixty pyropc grains had been obtained: 24 from the 

kimberlites of China; 8 from lamproitcs of China and Austrilia; 3 arc the pyropc inclusions 
taken out by cracking their host diamonds; the others were selected from 
picritc—porphyritc, serpentine, alkaline basalt, lumburgitc, ul^rabasic bcccia etc.. Figure 1 

shows the typical Raman spectra of these pyropcs. The spectrum of mantle derived pyropc 
demonstrates the degeneration of long-range ordering in its structure, which means that its 

translational symmetry in three dimentions was interrupted or distorted by some 

micro—structural defects and variations [3]. 

The first type of micro-structural variation is the polyhedral distortions due to the 

substitutions of cations at and Dj sites [4]. These distortions arc exhibited by the fre- 
qucncy^shifts of three main Raman bands, and by the increase of site—jroup splitting 

^ the decrease of factor-group splitting [Vc~Vq] in the 
Infrared spectra of the mantle derived pyropcs (Fig.2) . This structural character has begun 
to be used to discriminate the diamondiferous rocks in Chinese exploration works. 

The second type of micro-structural variation is the formation of amorphous struc¬ 
tural elements through the irregular polymirization of (Si04) tetrahedra [5]. The Raman 

spectroscopic evidences for the appearance of these elements arc the .enlargement of 

bandwidths, the rise of spectral background, and the appcarcncc of some distinguishable 

distortions in bandwings. In addition, the polymirization of (SiO^) tetrahedra was demon¬ 

strated by the obvious changes in relative intensities of three main Raman bands, especially 
by the strong decrease of ~ 920cm”' band which representing the symmetric stretching vi¬ 

bration of "isolated" Si04tctrahedra (Fig.l) . The appearance of amorphous structural ele¬ 

ments in mantle derived crystals suggests a possible mechanism of phase-transition under 
the special environment in the Earth's mantle, i.c. frorri a crystal phas6 to an amorphous 
phase [6] . It could be considered that at a very high pressure but relative low temperature 
conditions, such as in certain deep region of the upper mantle beneath an old craton, where 
some crystals can not get enough energy to overcome a potential threshold of transforming 
to another crystal phase, so had to take the amorphous status, which is more comprcssablc, 
to adapt their high-pressure environment. 

The third type of anomalous structural clement found in some mantle derived pyropes 
is the structural hydrous component. It was distinguished by three Raman bands and two 

overlapped Infrared bands in 3500-3800cm”' region (Fig.3) . These spectra also verify that 

the hydrous component enter pyropc structure by substituting (Si04) tetrahedron at S4 site 

in forms of (04H4)'‘”[7] . According to the model of Solomon [8] , at "low asthenosphere 
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(160km—300/400km)", some mantle water began to enter the structures oF 

magnesium-silicates in forms of substituting the oxygen anion as (OH)“ group when 
free—fluid phase of water with very high density still exist. At the depth > 300/ 400km, the 

free—fluid phase will disappear, almost all mantle water will be dissolved in the crystal 
structures of mantle minerals. Therefore the existence, and the quantity of the structural 
hydrous component found in a mantle derived crystal might offer the information of its 

forming depth. 
The second and third anomalous elements were found coexisting in the structure of a 

pyrope inclusion (100x250 /im) which was taken out from a diamond grain (3x2.1mm). This 
experimental result approve the possible genetic corclation of these two micro—structural 

variances in the special environment of the upper mantle where diamond forms: 
Mg3Al2(SiO,)3 + nHjO = Mg3Al2(Si04)3_,(04H4), + nSi02 

The fourth type of anomalous structural clement found in some mantle derived 
pyropcs is the elements of Majoritc phase [9]. It was distinguished by an extra band near 
930cm~‘ in the Raman spectra, and an extra set of diffraction points in the electron 
diflraction patterns of these pyropcs (Fig.4) . As we know, the solid-solusion of Majorite 
and pyrope is one of the major phases in the bottom of the upper mantle and in the transi¬ 

tion zone. So the existence, and the quantity of Majoritc phase clement in a pyrope grain 
will mark the T—V conditions and the depth where the pyrope was-formed. 

In conclution, some micro-structural variations in the mantle derived garnets have 

been distinguished mainly by micro-Raman spectroscopic investigation. To study further 
the inducing conditions of these variations, will be helpful to advance our understanding of 
the mantle environment and the related geological processes. 
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Figure 1 Typical Raman spectra of megacryst pyropes: 
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Figure 2 The characters of frequency shifts: 
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THE COMPOSITION OF THE PRIMITIVE UPPER EARTH’S MANTLE. 

Wedepohl, KH. 

Geochemical Institute, University Goettingen, W-3400, Goettingen, Germany. 

The primitive mantle contains the silicate portion of the Earth 

after core and before crust formation. The upper convecting mantle is 

probably separated from the lower mantle convection by a density barrier 

observable in a seismic discontinuity at about 670 km depth. Ringwood and 

Irifune (1988) assume that the transformation of the M<j2Si04 spinel into 
a perovskite structure of MgSi03(plus MgO) in harzburgite-like rocks is 

responsible for this discontinuity. The upper mantle has a mass of 1.07 x 

1021t (about 25 % of the bulk mantle) and the crust represents a mass of 

0.03 X 1021 t. 

Several approaches have been used by different authors to constrain 

the conposition of the primitive mantle. They were mainly based on 

comparison with primitive chondritic matter (for refractory elements), 

extrapolations from depleted to fertile peridotite and komatiite conpo- 

sitions, element correlations in primitive and fractionated rock species 

such as oceanic basalts, global heat flow balances and radioactive/ radio¬ 

genic isotope transport between major units of the Earth. The largest 

sets of primitive mantle values were published by Jagoutz et al. (1979) 

and by Hofmann (1988) . We will use these data ^as reference for our 

evaluation (Column E of Table 1). 

Our two approaches to get additional information on primitive mantle 

concentrations of about 40 elements are related'to a detailed investi¬ 

gation of the two spinel Iherzolite containing tectonites of Balmuccia and 

Baldissero in the Ivrea-Verbano Conplex of northern Italy. These rocks 

are very fresh and probably represent typical materials of the moderately 

depleted sub-lithospheric mantle which convects and produces MORE-type 

melts. We have analyzed 32 large samples by various instrumental methods 

(REA, ICP, AAS, INA etc.) (Hartmann and Wedepohl, 1991) . Both peridotite 

masses contain mainly Iherzolite with an average modal composition of 56 % 

olivine, 28 % orthopyroxen, 14 % clinopyroxene and 1.5 % spinel. They 

have lost on average 6 % MORB by earlier partial melting. The hetero¬ 

geneity inside the two masses can be characterized by the variation of 

AI2O3 from 2.0 to 5.0 %. 

In our first approach we have used the correlations of the elements 

Li, Na, Sc, Ti, V, Ga, Sr, Y, Zr, Nb, REE, Hf, Ta to the Al203-content of 

the samples which partly reflects the crystal chemical behavior of these 

elements in the clinopyroxene structure. The lines of regression in these 

correlations can be used to define the element concentrations at 4.0 % 

AI2O3 which is the Al concentration of the primitive mantle* reported by 

Hofmann (1988) and other authors. These interpolated primitive mantle 

values are listed in Column C of Table 1 beside concentrations of 94 % of 

the Balmuccia average plus 6 % MORB (the latter values are from Hofinann, 

1988 and Wedepohl, 1981). 

For our second model we have calculated primitive mantle ccxipo- 

sitions from the sum of 97.2 % Balmuccia mantle plus 2.8 % bulk crust 

concentrations of the various elements. The bulk crust consists of about 

75 % continental and 25 % oceanic crust. The carposition of the conti¬ 

nental crust has recently been estimated by the present author on the 
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basis of large data sets of upper crustal rocks as well as granulites and 

petrologic information on crustal layering. It is less mafic and has 

higher concentrations of highly inconpatible elements (including heat 

producing isotopes) than the estimate by Taylor and McLennan (1985) . The 

difference between the two crustal estimates Which are listed in Column D 

of Table 1, has only influence on "primitive mantle" values of the highly 

inconpatible elements K, Rb, Ba, Pb, U and LEIEE. 

The balance based on our data indicates that the crust consists of 

almost half of all partial melting products of the convecting upper mantle. 

The continental part of the crust has on average a tonalitic composition 

and the oceanic part represents MORE. The other more refract02:Y half of the 

partial melting products was either retained in the mantle or returned into 

it during Earth's history. The conposition of the moderately depleted upper 

mantle (including the highly depleted lithospheric part) is in balance with 

the corrposition of the crust with the exception of the elements U (Th,Cs) , 

Rb, Pb, K (and Tl) . The primitive mantle has contained these elements in 

unidentified K-rich minerals which have not survived. A part of the crustal 

content of these elements was probably supplied from the lower mantle. Both 

of our models confirm that the average spinel Iherzolite from Balmuccia is 

a perfect representative of the typical upper mantle composition. They 

also confirm that the upper mantle has its separate convecting system which 

does not allow major material exchange with the lower mantle. About 30 of 

our new "primitive mantle" values are close to those published by Jagoutz 

et al. (1979), Hart and Zindler (1986) and Hofmann (1988) on the basis of 

different methods. Discrepancies to be mentioned occur in case of (F,Na,P, 

S), Ti, Cr, Fe and Cu. Our differences in Na might be caused by the 

selection of the Balmuccia peridotite as model material. This point re¬ 

quires additional research. We claim that at least our "primitive mantle" 

values on F, P, S, Cr, Fe and Cu are superior to those in the reported 

literature. 
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Table 1 

Balances for calculation of primitive mantle concentrations based on moderately depleted mantle rocks 
from Ivrea (N. Italy) 

A B c D E 
Spinel Iherzo- Spinel Iherzo- Primitive mantle Primitive mantle Primitive mantle va 1 lies 
lite Balmuccla lite Baldissero values from element- 

A1 relations/from 
values from 97.2 % 
Balmuccla + 2.8 % 

Jagoutz et al. (1979) 
Hart and Zlndler (1986) 

"18 i " "14 i « 
94 % Balmuccla 
+ 6 MORB 

bulk crtist 
(Wedepohl, 1991/ 
Taylor, Mcl.ennan, 
1985) 

Hofmann (1988) 

Li 2.4 + 0.4 2.0 2.6 / 2.8 2.7 / 2.7 2 .4 J 

F 6 + 2 5 4 2 / 15 il / 13 .5 J 

Na 1187 + 336 1329 4 114 1610 _L 2190 1770 / 1760 2460 H 2730 J 

Mg 234600 + 10300 239400 4 4820 / 223680 229060 / 229235 228000 H 225000 .1 

Al 16880 + 4230 16300 4 1320 / 20840 18670 / 18750 21500 H 21700 .1 

Si 209400 + 930 208500 4 1400 / 209600 210000 / 209680 214800 H 214000 J 

P 39 + 10 26 4 12 / 67 M / 83 H S Z 

S 232 + 114 144 4 27 / 272 / 

K 23 + 5 26 4 4 / 124 450 / 223 258 H 260 ,1 

Ca 22300 + 6070 19440 + 1860 26800 / 25800 23110 / 23380 22940 H 26600 J 

Sc 15.9 + 3.1 14.4 4 0.9 18.0 / 17.4 16.1 / 16.4 14.9 H 16 vl 

T1 623 + 273 498 4 53 860 J_ 1006 743 / 768 1085 H 1 300 J 

V 83. + 20 72 4 5 100 / 93 85 / 87 83 J 

Cr 2568 + 176 2628 4 38 / 2440 2500 / 2500 3465 J 

Mn 1053 + 39 1046 4 40 / 1062 1048 / 1061 1000 J 

Fe 64500 + 4120 63400 4 3650 / 64850 6^150 / 64670 58600 H 58700 J 

Co 106 1 3 100 4 30 / 102 104 / 104 100 J 

N1 2040 + 117 2071 4 72 / 1930 1990 / 1990 2080 H 1950 J 

Cu 35 + 17 27 4 5 / 37 35 / 3 6 6.4 J 

Zn 51 + 3 50 i 2 / 53 51 / 52 59 J 

Ga 3 + 0.8 2.6 4 0.4 3.7 / 3.8 3.4 / 3.4 3.9 J 

Rb (0.05) (0.05) / 0.34 1.5 / 0.73 0.54 H 0.73 J 

Sr 7.5 + 3 6.1 4 1 10.2 / 15.0 15.3 / 13.7 18.2 H 19. 6 H » Z 25 

Y 2.9 + 1 .1 2.7 4 0.3 4.2 / 4.9 3.6 / 3.5 3.9 H 4.6 J 

Zr 4.8 + 1.6 3.9 4 0.8 6.0 / 10.8 10.0 / 7.5 9.7 H 1 1 J 

Nb (0.5) 0.6 / 0.68 (0.88)7(0.74) 0.62 H 0.9 J 

Ba 1 . 1 + 0.7 <0.5 / 3.9 17.9 / 6.7 6.0 H 6.9 J 

lid 0.12 + 0.13 0.04 4 0.02 0.20 / 0.35 0.76 / 0.48 0.61 H 0.70 J 

Ce 0.40 + 0.45 0.17 4 0.10 0.80 / 1 . 1 1.4 / 1.2 1 .6 i H 

Nd 0.45 + 0.49 0.22 4 0.07 0.75 / 1. 1 1.1 / 0.85 1.19 H 1.17 H 8 7 

Sm 0.19 + 0.16 0.13 4 0.02 0.4 4 / 0.40 0.32 / 0.28 0.3 9 H 0.42 J 

Eu 0.092 ♦ 0.065 0.064 4 0.008 0.14 / 0.16 0.13 / 0.09 0.14 H 0.17 .1 

Gd 0.33 4- 0.21 0.26 4 0.03 0.50 / 0.61 0.44 / 0.32 0.51 H 

Tb 0.08 + 0.04 0.06 4 0.01 0.10 / 0.13 0.093 / 0.078 0.094 H 

Dy 0.45 + 0.22 0.39 + 0.04 0.57 / 0.80 0.56 / 0.56 0.64 H 

Yb 0.31 + 0.12 0.30 4 0.02 0.43 / 0.53 0.37 / 0.37 0.41 H 0.4 6 J 

Lu 0.052 + 0.021 0.051 4 0.003 0.066 / 0.08 0.063 / 0.061 0.064 H 0.069 J 

Hf 0.13 4 0.04 6.10 0.20 / 0.30 0.26 / 0.21 0.27 H 0.34 J 

Ta 0.03 4 0.01 0.04 4 0.01 0.035 / 0.041 0.050 / 0.051 0.035 H 0.03 J 

Pb (0.035) (0.016) / (0.08) (0.28)/ 0.20 0.18 H 

U (0.004) (0.002) / (0.008) (0.036)/ 0.023 0.020 H 0.026 J 
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THE CHARACTERISTICS AND ORIGINS OF ULTRABASIC VOLCANIC ROCKS AND 

THEIR XENOLITHS FROM LDOAN AREA, GANSU PROVINCE, P.R. OF CHINA. 

Ye, ^^^Weikun and Lu, ^^^Fengdang. 

(1) Fujian Institute of Geosciences, Fuzhou 350011, P.R. of China; (2) China University of Geosciences, Wuhan 

430074, P.R. of China. 

Many of small Genozoic ultrabasic volcanic rocks and their 

ultramafic xenoliths from Lixian area, Gansu Province, China, 

are found. These volcanic rocks are belong to foidite group 

with lower Si02 (38-41, wt^ ) and A1203 (7-8), higher MgO (il¬ 

ls), CaO (12-16), Na20+K20 (3-8),and Ti02 (3-4). They are divided 

into 1) olivine nephelinite; olivine + clinopyroxene + nepheline; 

2) sub-mafurite: olivine + clinopyroxene + kalsite, and contains 

phlogopite, Ti-K-richerite and melilite. Their transitional ele¬ 

ment distribution patterns all are strongly depletion in Or and 

Ni, enrichment in Ti. Their REE distribution patteras are high 

total RSB contents (340-570 ppm ), enrichment in LRBB and deple¬ 

tion in HREE (La^/Yb^=:34-56). 

Most of the ultramafic xenoliths in the volcanic rocks are 

spinel Iherzolites belong to peridotite series, a few of them 

are harzburgite, dunite and pyroxenite. Moreover a rare kind of 

calcite pyroxenite was found. These spinel Iherzolites are richer 

in A1203 (2.6-3.3, wt^ ), CaO (3.0-4.6),and Na20+K20 (0.4-0.9), 

lower in Si02 (43-45) and MgO (38.3-38.5) on the chemistry with 

slightly depletion feature. There are fine corresponding rela¬ 

tionship between xenoliths and the host rocks on major elements. 

Petrogenesisly they are considered to be related to the host 

magma and to be residual materials after the upper mantle under¬ 

went partial meltiong by 3-4^. By estimated, this kind of ultra¬ 

mafic xenoliths formed at 23-26 kbar pressure and 1060-1100‘’C 

temperature, and from 76-86 km depth. 

Comparecl. with the same kind of rocks from other areas in 

the world and estimated, it is suggested that the kind of magma 

in this area was originated under the conditions: 1260-1300**0 

temperature, 26-28 kbar pressure and 85-90 km depth. These host 

rocks widely contain calcites and some calcite pyroxenite xeno¬ 

liths are found, these are also suggested that the host magma 

originated under the enviroment of richer G02 or C02 makes main 

rule among volatile components, and begin to cryst. 



Extended Abstracts 455 

On the aspects of geology, petrology, chemistry and origied 

conditions from these volcanic rocks, there are obvious regular 

transitional relationships correspond to their geographic distr- 

butions, and the extreme direction distinct features of composi¬ 

tions; moreover the distributions of these rocks bodies are con- 

troled obviously by both NNE blind fractures and NWW fractures. 

These characters reflect the possible machanism of the ultrabasic 

magma in this area is that the subduction of Shongpan-Ganzhi 

ocean crust forward northern direction in Mesozoicera lead to cau 

cause the enviroment of richer ^^20 and deeper depth from 

south to north, then activity of Genozoic NNE within-plate ten¬ 

sion deep fractures cause to happen small degree partial melting 

of wedge-shaped upper mantle, thus formed the magma in this area. 

Furthermore, the paper has studied the clinopyroxene complex 

zones in the host rocks. 

Keywords; Gansu China, Cenozoiea, ultrabasic volcanic rock, 

foidite, nephelinite, sub-mafurite, xenolith, petrogenesis, Ti- 

K-richerite, clinopyroxene zone. 
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EVIDENCE FOR A DEEP ORIGIN FOR SAO LUIZ DIAMONDS. 

Wilding^^\ M.C.; Harte^^\ B. andHarris^^\ J.W. 

(1) Dept, of Geology and Geophysics, University of Edinburgh. Edinburgh EH9 3JW, Scotland, U.K; (2) Dept of 

Geology and Applied Geology, University of Glasgow, Glasgow, G128QQ, Sclotland, U.K 

Introduction 

The diamonds recovered from the Sao Luiz river in northern Mato 
Grosso state, in Brazil, are believed to be derived from nearby 
kimberlites related to the Cretaceous Aripuena Kimberlite 
province. These kimberlites are intruded into the Rio Negro- 
Juruena belt, a possible island arc terrane, which yields 
Proterozoic metamorphic ages and lies between partly remobilsed 
Archaean belts of the Guyana-Guapore craton. The particular 
importance of the Sao Luiz diamonds lies in the unusual 
characteristics of the diamonds themselves, and, as outlined in 
this study, their syngenetic inclusion content, which 
extensively shows mineralogical and geochemical features 
indicative of deep (sub-lithospheric) origins. The majority of 
inclusions fall into two groups, one containing garnet-rich 
inclusions and the other consisting largely of oxide, colourless 
silicate and rare carbide inclusions. 

The Garnet-rich Inclusions Suite. 

Petrographically most of these inclusions have the appearance 
of orange to pale orange garnets of eclogitic inclusion 
paragenesis. Back scattered electron (BSE) images and electron 
microprobe analysis shows that in detail, whilst some inclusions 
consist of garnet alone, most inclusions contain a minor phase 
of clinopyroxene chemical composition in addition to a garnet¬ 
like phase. Rarely, other uncertain phases and possible 
alteration products are also present. 

Two groups of these apparently garnetiferous inclusions have 
been established on the basis of their silicon content. The 
first group is indistinguishable in major-minor element 
chemistry from typical garnets of eclogite paragenesis and shows 
normal silicon contents. In the second group the silicon values 
are higher than the three cations (per 12 oxygens) expected in a 
normal garnet structure and range up to 3.3. The aluminium 
concentrations in the high-silicon garnets are lower than those 
of normal garnets presumably partly because the excess silicon 
atoms occupy octahedral sites in the garnet structure. However, 
the decrease in A1 is greater than that equivalent to the 
increase in Si, and there is no further,compensation by increase 
in typical octahedral site cations such as Ti and Cr (Fig. la) . 
However, the high-silicon garnets commonly show divalent cations 
+ Na in excess of the 3 (per 12 oxygens) needed to fill the 
cubic site (Fig, lb) . Thus some divalent cation substitution in 
the octahedral site is suggested, which would also help to 
maintain charge balance as a result of the Si for A1 
substitution. Na contents up to 0.08 cations in the high- 
silicon garnets also adjust charge balance. 
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The cation substitutions shown by the high-silicon garnets 
suggest high-pressure pyroxene solid solution in the garnet 
structure (Moore & Gurney, 1985; Irifune et al., 1989). 
Overall the Sao Luis garnets suggest depths of formation from 
around 180 km, near the expected base of the lithosphere, to 
around 400 km. Temperature estimates for coexisting garnet- 
clinopyroxene pairs with normal-silicon garnet range from 1281 
to 1665®. For the high-silicon garnet parageneses, temperature 
estimates are even higher and are considered unreliable because 
of the unusual garnet-chemistry and, in some cases, a lack of 
equilibrium as shown by variable mineral chemical compositions. 

Textural relationships between garnet and clinopyroxene vary 
considerably, though the clinopyroxene is usually concentrated 
at the margins of the inclusions. In association with the 
normal-silicon garnets, clinopyroxene is usually in a small 
number of grains with clear indications of facetted boundaries. 
The clinopyroxene associated with high-silicon garnets has more 
irregular, often curving, boundaries and may occur as numerous 
scattered small 'blebs' as well as larger and more discrete 
clinopyroxene grains. In one instance the clinopyroxene has the. 
form of possible exsolution lamellae within the garnet. 
However, the chemical compositions show that the clinopyroxenes 
commonly seen, could not be produced along with normal-silicon 
garnets as a result of decomposition of the high-silicon 
garnets. The textures and the occasional variability of 
mineral compositions in the case of the high-silicon garnets, 
suggest a frozen reaction history, perhaps involving melt. 

Fig. i Plots of normal 
Octahedral site cations 
and Cubic site cations 
against Si Content 
Increasing Si is 
associated with 
decreasing Al+Ti+Cr and 
increasing Na+Ca+Mg-^Fe 
+Mn, as one goes 
through the sequence 
from normal-silicon 
garnet without 
clinopyroxene(lA), to 
normal silicon garnet 
with clinopyroxene (IB), 
to high-silicon garnet 
without clinopyroxene 
(IIA), to high-silicon 
garnet with 
clinopyroxene (IIB) . 

Ion microprobe analyses of the garnets also show evidence of 
complex relationships, particularly for the more incompatible 
elements. Each garnet analysed shows moderately constant 
relative abundance of Y and the HREE (Sm to Lu) . Between 
garnets these HREE concentrations vary largely from 8x to 60x 
chondrite, with a tendency for the high-silicon garnets to be in 
the lower part of this range. The LREE are progressively 
depleted with decreasing mass relative to HREE, but variations 
in concentrations are very large and such variations are seen in 
garnets of norm.al and high-silicon content. La varies from 5x 



458 Fifth International Kimberlite Conference 

to <0.01x chondrite. A similar range of variations is seen in 
Nb, and concentrations up to 15x chondrite show that garnet may 
carry substantial Nb. Melts in equilibrium with the inclusions 
could vary from OIB-like to MORB-like. The commoner trace 
element compositions are similar to those of normal eclogitic 
inclusions in diamonds and thus do not preclude an original sub¬ 
lithosphere origin for these normal eclogitic inclusions. 

The oxide/ colourless silicate and carbide inclusions 
suite. 

The non-garnetiferous inclusions from Sao Luiz diamonds are 
varied, but many show distinctive features indicating a very 
high pressure origin. The oxides are MgO-FeO (periclase- 
wustite) solid solutions, which show a range of Fe/Fe+Mg values 
from 0.16 to iron-rich values of 0.61. In addition to Fe and Mg 
there are variable small amounts (usually <1 wt%) of Cr, A1 and 
Ni in the oxide phases. Some of the Ni may be present as metal 
rather than oxide and there are also small inclusions {<2pm) of 
iron-nickel alloy, with a composition Fe:Ni = 70:30, in many of 
the oxides. 

The colourless group of inclusions includes silicates with the 
compositions of wollastonite, silica (Si02), and diopside, all 
of exceptional purity. The remaining two silicates are an 
unidentified alumino-silicate phase close to Ca2Al2Si07 and an 
olivine (Fo=85) . In one case Si02 co-exists with a 
ferripericlase of Fe/Fe+Mg 0.30. In addition to the silicates, 
two colourless to pale blue crystals of SiC composition 
(moissanite) have been recovered from 2 diamonds. 

Experimental evidence shows that below 650 km in the mantle, 
olivine and pyroxene should be represented by. ferripericlase and 
perovskite-structured pyroxene (including a possible phase of 
wollastonite composition and perovskite structure) . Si02 may 
occur as stishovite. The Sao Luiz inclusions may represent this 
sub-650km mineralogy. The position of moissanite in this 
mineralogy is uncertain, but it implies reduced conditions. 

References . 
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INCLUSION CHEMISTRY, CARBON ISOTOPES AND NITROGEN DISTRIBUTION 

IN BULTFONTEIN DIAMONDS. 
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Inclusion-bearing diamonds from the Bultfontein Kimberlite, 
Kimberley, South Africa have been examined for their 
inclusion chemistry, nitrogen characteristics and carbon 
isotope composition (Wilding, 1990) . The results have been 
compared with existing data from other Southern African 
kimberlites. 

Nearly all of the inclusions from the Bultfontein diamonds 
are of peridotite paragenesis and have an inclusion 
chemistry similar to other peridotite diamonds. The 
Bultfontein diamonds have a high abundance of chromite 
inclusions, a feature shared with other mines in the De 
Beers Pool (De Beers, Dutoitspan and Wesselton). There is a 
change in the chemistry of chromite inclusions across the 
Bultfontein diamonds, chromites located at the centre of 
the diamond are more magnesian and chrome-rich than the 
peripheral chromites which are relatively iron-rich. 
Pressure and temperature estimates for the Bultfontein 
diamonds suggest a range of pressures of origin of 41 to 
55Kbar and temperatures of formation of 930 to 955^ C. 

Infrared studies of the Bultfontein diamonds show a range 
of nitrogen contents from 0 to 1457ppm. Most of this 
nitrogen occurs as a combination of the Type laA (two 
adjacent nitrogens) and Type laB (four nitrogens) 
aggregates, with Type la.A dominant. 

The carbon isotope composition of the Bultfontein diamonds 

have a mean 5 value of -4.66°/oo, a value which is 
slightly heavier than the mean values for Premier (-4.84°/oo 

), Roberts Victor (-6.40°/oo ) and Finsch (-5.98°/oo ). The 6 

13c value for the chromite-bearing diamonds is 
and the high abundance of chromites at this mine might 

account for the slight differences in 5 13c distribution. 
Ion microprobe studies of a single diamond show a variation 

of 5 13c across the diamond of 5.1 ®/oo and this variation 
was found to be related to growth zones identified by 

cathodoluminescence (Wilding and Harte, 1990). The 6 13c 
variation in the single diamond suggests that diamond 
formation occurred in an open system with a variation in 

redox conditions controlling both growth and 5 13c 

References. 
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INTRODUCTION 

Diamond prospecting by Sopemi S.A. during early 1980's led to 
the discovery of 40 intrusives of melilititic character in the 
Picos area of Piaui State, northeast Brazil. 

The intrusions occur along a SW-NE trend between 6°30' and 
7°10's latitudes and 41°and 42°W longitudes. The bodies have 
been named Moana-1 to 20 in the southwest and Tinguins-01 to 
20 towards the northeast (figure 1). 

One of the intrusives have been dated at 216i 11 Ma (mid- 
Triassic zircon fission track age) while U/Pb dating produced 
an age of 235 Ma (Upper Permian). Further dating is in 
progress. 

GEOLOGICAL SETTING 

The melilitites intrude the Devonian Cabegas Formation which 
is comgosed of arenites and siltites in the eastern part of 
Maranhao Basin. 

TECTONIC SETTING 

The Maranhao Basin formed in basement which was affected by 
the Brasiliano Orogeny (450-700 Ma). Inferences drawn as to 
the nature of the underlying basement through exposures along 
basin margins and from limited borehole information suggest a 
maximum basement age of 693 Ma(Brito Neves et al.,1984). 

The intrusives are located along a southwest - northeast 
structural trend, suggesting an influence of the underlying 
basement structures. The most notable is the Transbrasiliano 
Lineament which seems to have controlled the emplacement of 
the bodies (figure 2). 

DESCRIPTION OF THE INTRUSIVES 

The intrusions are often oval in shape and range in size 
between 1 to 130 hectares. 

The bodies are classified texturally as crater facies olivine 
melilitites. Drilling of the Moana-01 body indicates a 
thickness of approximately 175 meters for the crater facies 
sediments. The crater infill consists of well to poorly sorted 
volcaniclastics showing planar structures.Rounded to angular 
country rock fragments composed of arenites and siltites occur 
in varying proportion, together with occasional basement 
fragments of schist and quartzite. Pelletal juvenile lapilli 
of olivine melilitite, interpreted as the host igneous source, 
are also present. Mantle derived peridotitic xenoliths are 
oresent. 
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The juvenile lapilli show relict textures typical of macropor- 
phyritic hypabyssal facies melilitite. They consist: of 
abundant olivine macrocrysts and phenocrysts set in a matrix 
dominated by melilitite laths, some phlogopite, minor opaques, 
apatite and perovskite. Occasional clinopyroxene microlites in 
or around lapilli are found set in an-^ittered fine grained 
matrix. Olivine commonly shows the complex shapes and parallel 
growth aggregates typical of melilitites. 

XENQCRYST MINERAL CHEMISTRY 

Garnet xenocrysts are predominantly Ti-poor, low to moderate 
Or types which are similar to the garnets from garnet 
Iherzolites. Subordinate amounts of Ti-rich, megacrystic and 
eclogitic garnets also occur. 

Ilmenites have low to moderate Mg and range to high Or an Ti 
compositions. 

Spinels are predominantly high Mg, moderate Or varieties, 
typical of Iherzolites. A few grains are high Ti varieties. 

Clinopyroxenes show variations in the composition between 
individual intrusions but are predominantly low-temperature 
calcic types. Some relatively Fe-rich MARID varieties and a 
few high-temperatufe subcalcic clynopyroxenes are present. 

CONCLUSION 

The Moana-Tinguins province constitutes crater facies olivine 
melilitites intrusive into sediments of the Maranhao basin. 
The basement age is of a maximum of 693 Ma while the bodies 
intruded during the mid-Triassic to Upper Permian. 

Mineral chemistry of xenocrystic minerals suggest sampling of 
relatively shallow regions of the upper mantle. 

References: 
Brito Neves et al.(l984). Journal Geodynamics 1, 495-510. 
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Hgure 1; Moana-TInguins Province Location Map 

(After De Brito Neves et aL 1984) 
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INTRODUCTION 

The Jurassic Cleve-01 kimberlite is situated some lOkms north of the town 
of Cleve on the Eyre Peninsula. It occurs as a small dyke and blow 
complex, having a width of 20m and strike length of a few hundred metres, 
and has been dated at 180 +3 Ma on U-Pb in groundmass perovskite (Bristow, 
unpublished data). 

The Eyre Peninsula forms part of the Archaen Gawler Craton which has 
undergone 3 cycles of protracted orogenic development during the early to 
mid-Proterozoic, but has essentially remained stable since ca.l450 Ma (see 
Fanning et. al. 1988). Cleve-01 intrudes the Mangalo schists of the 
Proterozoic Hutchison formation. To the west, a thick sequence of younger 
Palaeozoic and Mesozoic sediments occur in the nearby Polda Trough, an 
intra cratonic half graben with which the emplacement of Cleve-01 may be 
associated. 

Petrography 

The petrographic terminology used in this paper is based on Skinner and 
Clement, (1979). Cleve-01 consists of both diatreme and hypabyssal facies 
kimberlite suggesting derivation from the lower levels of a diatreme. 
Mineralogically it can be described as an opaque-bearing phlogopite- 
monticellite kimberlite of Group 1 type (Smith, 1983). Three varieties of 
kimberlite are present; porphyritic, porphyritic breccia and pelletal- 
tuffisitic kimberlite. 

The porphyritic variety contains abundant euhedral, serpentinised olivine 
phenocrysts (mean = 0.5mm, up to 1.2mm in size), scarce ilmenite 
microcrysts (0.3 to 0.6mm in size) and occasional baked country rock 
xenoliths (up to 6mm in length) set in a matrix consisting of granular 
serpentinised monticellite (0.025 to 0.060mm, mean = 0.04mm) and lesser 
phlogopite. Extremely rare, rounded macrocrystic grains of serpentinised 
olivine up to 4mm are also present. The phlogopite occurs as small (0.01 
to 0.02mm) laths and platelets interstitial to the monticellite. Possible 
melilite is also present. Scarce, small (0.5mm) irregular segregations of 
calcite and serpentine occur in the matrix. Coarse (0.025 to 0.08mm) 
groundmass spinel and perovskite are abundant (10%) and occur as subhedral 
to euhedral grains or in clusters up to 0.25mm across. Subhedral to 
euhedral pyrite up to 0.02mm is also fairly common. Rare groundmass 
ilmenite up to 0.03mm is also present. Texturally, this variety is 
classified as a hypabyssal facies, weakly segregationary and porphyritic 
kimberlite. Mineralogically, it is an opaque-bearing phlogopite- 
monticellite kimberlite. 

In some instances country rock xenoliths exceed 15 volume per cent. In 
such cases, the rock is classified texturally, as a hypabyssal facies, 
porphyritic breccia and, mineralogically as a richterite and opaque-bearing 
phlogopite-diopside-monticellite kimberlite. Petrographic relationships 
clearly indicate that the richterite and diopside have formed by reaction 
between the country rock xenoliths and the kimberlite magma. 
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The pelletal-tuffisitic kimberlite consists of irregular to rounded 
pelletal lapilli and country rock fragments of biotite-quartz-feldspar 
gneiss up to 10mm in size, set in a serpentinised matrix. The lapilli 
average 0.6mm across with a few reaching 2mm in diameter. The lapilli are 
cored by subhedral to euhedral olivine phenocrysts (no ma'crocrysts were 
observed) up to 1.3mm in size and fragments (usually plagioclase or lesser 
quartz) of country rock xenoliths. The matrix of the lapilli consist of 
euhedral olivine microphenocrysts, euhedral and atoll textured spinels up 
to 0.1mm, subhedral perovskite, subhedral to euhedral pyrite (0.015mm), 
granular serpentine probably after monticellite, fine phlogopite, secondary 
clays and fine diopside microlites. The diopside occurs mainly toward the 
outer margins of the lapilli matrix. The interpelletal matrix consists 
predominantly of fine grained serpentine, abundant diopside microlites and 
rare phlogopite. This variety is classified texturally as a diatreme 
facies pelletal-tuffisitic kimberlite. Mineralogically, it is an altered 
(clay mineralised), phlogopite-monticellite kimberlite. 

Mineral Chemistry of Concentrate Minerals. 

Cleve-01 is dominated by macrocrysts of ilmenite with lesser amounts of 
chromian spinels, garnets and rare clinopyroxene. The size distribution of 
the ilmenites are very strongly biased towards the finer 0.3-0.5mm 
fractions compaired to the coarser 1.0-2.0mm fractions, with the 
compositions varying distinctly with size (Figure 1). MgO varies from a 
mode of 8 wt% in the coarse fraction to 11 wt% in the fine fraction. Cr203 

and AI2O3 is mostly less than 0.3 wt% for all fractions. Proton probe, 
trace element data for ilmenites show a reasoneibly well defined positive 
Nb-Zr relationship (ca 800-2000 ppm Nb, 400-800ppm Zr) but poorly defined 
Nb-Ni (ca 0-700 ppm Ni) and Ni-Mg relationships when compared to the well 
constrained megacrystic suite from Monastery (Moore et al, in press). 

The Cleve-01 ilmenites therefore probably derive from sampling of multi¬ 
batch magmas, of which at least the fine high-MgO fraction may correspond 
to coarse grained microphenocrysts crystallising as an early groundmass 
phase-in the kimberlite magma. 

The majority of the chromian spinels have 55-65 wt% Cr203 and less than 1 
wt% Ti02. Two populations are defined by MgO contents; 8-12 wt% and 13-15 
wt% respectively. A significant minority of grains have Ti02 1-6 wt%, 
some of which may derive from coarse groundmass spinels. The trace element 
contents of the spinels are more or less in keeping with Group 1 
kimberlites with respect to Zn (400-700ppm) and Ga (10-60 ppm), but are 
high in Ni (1000 ppm compared to 600-700 ppm for other Group 1 kimberlites. 
They therefore do not have any obvious association with spinels from 
harzburgites or Iherzolites (Griffin et al, thi§ vol.). The high Ni may 
suggest a high temperature origin. 

The Cleve-01 garnets are distinctly bi-modal, with low and high Cr203 

populations being present (1-3 wt% and 5-9 wt% Cr203), and the vast 
majority belonging to the Iherzolitic paragenesis (Sobolev, et al. 1973). 
Virtually all the garnets are low Ti02 varieties (less than 0.4 wt% Ti02), 
and typical high Ti02 megacrystic garnets are not present. Using the Ni 
garnet geothermometer (Griffin et al, 1989) essentially two temperature 
populations are defined; one at ca 650-800°c (Y/Ga>2) and the other, 
1000°-1250°c (Y/Ca<<l) corresponding to the low and high Cr203 groups 
respectively (Figure 2). Although the high temperature garnets fall into 
the diamond stability field assuming a normal continental geotherm, the 
very low Y/Ga ratios are atypical of most African and Siberian kimberlites 
(Griffin and Ryan, unpublished data). This population in fact may be 
related to a separate high-Cr203 suite formed at relatively low pressures 
as defined by the low temperature garnet population. 
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Petrographic features such as the relative lack of coarse olivine 
xenocrysts, the coarse grain size of the matrix perovskites and spinels and 
the possible presence of melilite can be used as arguments favouring a 
fractionated kimberlite. This idea is supported by the presence of what 
are likely coarse groundmass ilmenites and high-Ti02 spinels. All 
concentrate minerals display distinctive multimodal populations. Viewed 
together with the high and low temperature garnet groups, these data 
suggest a complex petrogenetic and sampling history for Cleve-01 which is 
related to a kimberlite undergoing fractionation during relatively slow 
and/or episodic emplacement. Such intrusive characteristics may account 
for the barren nature of the kimberlite in spite of the fact that it may 
have originated within the diamond stability field. 
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Fig.1 Variation of MgO (wt%) as a function of size in Cleve-01 ilmenites 
(1209 analysis). 
Fig.2 Inferred Ni temp (°c) distribution garnets from Cleve-01 as a 
function of Cr203. (see Griffin et at, 1989) . 
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METALLOGENIC MODEL OF KIMBERLITE IN NORTH CHINA CRATON, CHINA- 

P. Zhang^^^ and S. HuP^. 

(1) Ministry of Geology and Mineral Resources, Beijing China; (2) 7th Geologcal Brigade, Linyi, Shandong China, 

1.Temporal and Spatial Distribution of Kimberlites in 
North China Craton. 
There are many kimberlites in the North China craton 
(abbreviated to "NCC"). They are Mengyin, Fuxian, Tieling, 
Huanren-Tonghua, Hebi, Shexian, Liulin, Yingxian, Datong 
kimberlite fields. 

The Mengyin kimberlite field consists of 11 pipes and 47 
dikes. Most kimberlites wall rock is Archean gneiss, just 
very few kimberlites have c-o limestone wall rock. Moat of 
pipes and all dikes have root-zone hypabysaal facies 
kimberlite, only a few pipes have a little diatreme-facies 
tuffisitic kimberlite breccia. All of them are diamondiferoua 
kimberlites but only serveral pipes and one dike are 
economically diamondiferous. Radiometric dating of Mengyin 
kimberlite gave an age range of 450 to 500 Ma, but the beat 
datum is 457 +/- 7 Ma. The field is located about 60 Kms of 
westside of Tanlu fault. 

The Fuxian kimberlite field consists of 18 pipes and 58 
dikes. The wall rock of kimberlites are Proterozoic sandstone 
and limestone. The basement age is older than 2500 Ma. Most of 
pipes and all dikes have root-zone hypabysaal facies 
kimberlite, but two pipes have diatreme-faciea tuffisitic 
kimberlite breccia.* The best one of isotopic age of Fuxian 
kimberlite is 462.7 +/- 4.8 Ma. Most of Fuxian kimberlite are 
diamondiferous kimberlite and only a few pipes are economically 
diamondiferous. The diamond quality of Fuxian kimberlite is 
the best one of all over the world. They contain 60 X of gem 
stone and moat of gem stones are colourless and transparent,. 

The kimberlites of Tieling, Huanren-Tonghua, Hebi, 
Shexian, Liulin, Yingxian and Datong do not contain diamond or 
contain diamond very very poor and did not do any radiometric 
dating. All of these kimberlites are root-zone hypabysaal 
facies kimberlite. The basements of Tieling, Yingxian and 
Datong kimberlites have an age of Archean and the basements of 
Huanren-Tonghua, Hebi, Shexian and Liulin kimberlites have an 
age of Proterozoic. The Tieling kimberlite field is located 
near the Tanlu fault. The Hebi and Shexian kimberlite fields 
are located near the Taihangshan fault. The Datong,,Yingxian 
and Liulin kimberlite fields are located near the Fenwei fault 
(see the sketch map). 

2 Basical Features of North China Crayon 
2.1 Position and area of North China Craton 

NCC is located in northen part area of China, including the 
whole area of Shanxi, Hebei, Shandong and Liaoning four 
provinces and Beijing, Tianjin two cities and part of Inner 
Monggoia, Ningxia Autonomous Region, Jilin, Henan, Anhui, 
Shaanxi and Jiangsu provinces,forming a northern wider and 
southern narrower reversed triangle in China. The area is 
about 1.46 million km^ 
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2.2 Brief history of development of North China Craton. 
2.2.1 Archaeozoic Era 

Archean was the period of geosyncline developing peirod, but 
the time of geosyncline development were different with 
different areas. Some older nuclear areas could have been 
outlined as follows: 
A. Jidong area(Eastern Hebei) with Archean age of 3500-3700 Ma. 
B. Luxi area(Weatern Shandong) with Archean age of 2500-3300 Ma. 
C. From Wutaishan-Henshan(Northern Shanxi) to Jining(Inner 

KIMBERLITES SKETCH MAP OF NORTH CHINA CRATON 
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Rerduoai Mz-Kz basin. K. North China Mz-Kz basin. 

Huanren-Tonghua kimberlite 

Mengyin kimberlite field. 

Shexian kimberlite field. 

Yingxian kimberlite field. 

Tanlu fault. 

Fenwei fault. 

Luxi old nuclear. 

Anshan old nuclear. 

field. 

Monggoia) area with Archean age of 2500-3200 Ma. 
D. Anshanarea (Northern Liaoning) with Archean age of 3100 Ma. 
E. Liaonanarea (southern Liaoning) with Archean age of 2500-3000 
Ma. The other aeras of NCC evoluted to geosyncline developing 
stage in different period of time in Archean. By the end of 
Archean the areas stated above folded back and formed the NCC 
Archean crystalline basement. 

2.2.2 Proterozoic Era 
The areas where sediments occurred in Archean were relatively 
stable. Some of them subsided and accepted the sediment in 
Proterozoic Era and others were stable at above the sea level, 
where the Proterozoic sediments were missing.During the time 
some mobile belts developed, e.g. Hunjiang-Taizihe and 
Taihangshan Proterozoic mobile belts and the Proterozoic mobile 
belt at south margin and north margin of NCC. All these- mobile 
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belts show that in Proterozoic Era many faults activities 
occurred forming many fault depressions where very thick fiysch 
sediments, a large quantity of volcanic rocks and a series of 
magma intrusions occurred. By the end of Proterozoic Era whole 
NCC consolidated and formed unitary basement of NCC. 

2.2.3 Palaeozoic Era 
In Palaeozoic Era whole NCC was very stable, a tipical craton 
developing stage. There was a sedimentary gap between Middle 
Ordovician and middle Carboniferous period, which was parallel 
unconformity not angular unconformity, suggesting in Palaeozoic 

Era NCC was very stable in general, except for some fault and 
magma activities in small scale. The kimberlites emplaced in 
Upper Ordovician period during the NCC to uplift as a whole. 

2.2.4 Mesozoic Era 
During Mesozoic Era the NCC was activated suggested by strong 
fault acticities, which controlled and formed many upwarpings 
and intermontane basins, the upwarpings were subjected to 
erosion and in the basins very thick continental facies 
sediments were accumulated associated with a large quantity of 
acid, intermediate and basic magma eruptions and intrusions. 

2.2.5 Cenozoic Era 
In Cenozoic Era NCC still had some differential elevations and 
subsidences obviously. Some areas continued to elevate,e.g. 
Western Shandong and Southern Liaoning, other areas depressed 
and formed North China Plain and Eerduosi Basin, but the 
structural and magmatic activities were much weeker than in 
Mesozoic Era. 

2.3 Lineament in North China Craton 
The main regional fault zones in NCC are NNE and close to 
EW (NEE) directions. The famous NNE direction Tanlu Fault and 
Taihangshan Fault are reginal fault zones, which cut through 
the NCC and cut through the crust to the upper mantle and 
controlled the distributions of mantle sourece intrusions. 
The next biggerst fault zones are EW (or NEE) direction zones, 
which are several hundred to one thousand kms in length. These 
two directions fault zones cut the NCC into many rhombic blocks. 

3 Regional Metallogenic Model of Kimberlite in North China 
Craton 

3.1 All diamondiferous kimberlites and economic 
kimberlites emplaced in Archean basement areas, e.g. Fuxian 
and Mengyin kimberlite fields. The kimberlites emplaced at the 
margin of the craton have no diamonds or very poor,e.g. Tieling 
kimberlite field. All the kimberlites emplaced in Proterozoic 
mobile belts have no diamond, e.g. Hebi, Shexian and 
Hunjiang-Taizihe kimberlite fields. 

3.2 The kimberlites dominantly emplaced in both sides of 
huge regional fault zones, e.g. Tieling, Fuxian and Mengyin 
kimberlite fields emplaced on both sides of Tanlu fault, 
Shexian and Hebi kimberlite fields emplaced on one side of 
Taihangshan fault. Baton, Yingxian and Liulin kimberlite fields 
emplaced on both sides of Fenwei fault. 

3.3 The shapes of pipes and trending directions of dikes 
are controlled by surface faults. 

3.4 The pipes emplaced in Archean and Protorezoic system 
have been eroded to root, zone at present. It is impossible to 
find kimberlites which occurred in upper Palaeozoic Era or 
Mesozic Era because the kimberlites emplaced in upper 
Ordovician Period. Therefore, to search for preserved crater 
or diatreme facies kimberlite must work in lower palaeozoic 
formation (especially in Ordovician) areas. 



Eatended Abstracts 469 

Accordance with the model stated above, it can be forecasted: 
1. kimberlitic type primary sources of diamonds shall be looked 
for dominately in NCC, and should work in the areas which 
surround the older nuclear or itself, where the NNE or EW 
directions regional fault zones occurred and lower Palaeozoic 
formations preserved, and 
2. in NCC lamproites might have emplaced, which should be looked 
for in the Proterozoic mobile belts stated above especially in 
the Proterozoic mobile belts in both south and north margin of 
NCC. Because the former was subducted by Qinling block from 
south and the later was subducted by Siberian block from north 
in Proterozoic Era. The block subducting activities might have 
been advantageous to the emplacement of lamproite. 
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MICAS IN KIMBERLITES FROM CHINA. 

Dong Zhenxin. 

Geological Museum of China, Beijing 100034. 

Occurrence; 

Micas, the common minerals of kimberlites from China, have 

seven modes of occurrence; (l) megacryst (l-lOcm); (2) macro- 

cryst (5mm-lcm); (3) microphenocryst and groundmass mica (0.005 

-1mm); (4) reaction and replacement product micas as rims upon 

olivine or garnet; (5) mica intergrowths with Cr-spinel,ilmenite 

and magnetite; (6) mica as epigenetic inclusion in diamond; (7) 

mica in deep seated xenolithv from kimberlite. 

Content; 

The abundance of micas in kimberlites varies widely from 2 to 

50%, but»often 5-20^. Free- and poor- diamond kimberlites (Nor¬ 

thern Liaoning, Guizhou, Hubei, Henan, Hebei and Shanxi) richer 

in micas than those of rich-diamond kimberlites (Shandong and 

Southern Liaoning). 

Variety; 

The micas inkimberlites of China mainly belong to phlogopites 

, Mg-biotite and Fe-biotite are rare according to Guidotti's 

(1973) classification method (Fig.l). The varieties of mic^s of 

different occurrences are not alike,such as, major megacryst and 

macrocryst micas belong to phlogopite. Groundmass micas fall into 

phlogopite-Fe-biotite field, but most of them are phlogopite-Mg 

-biotite. The tetraferriphlogopites are phlogopite. Mica interg¬ 

rowths with Cr-spinel ,ilmenite and magnetite, and epigenetic 

inclusion in diamond are phlogopite - Mg-biotite. 
The lamproite micas belong to Mg-biotite, 

Color, pieochroism and morphology; 

The megacryst and macrocryst micas occur as silvery yellow. 

Most megacryst and some macrocryst micas are rounded, broken, 

distorted or kink handed and show undulose extinction. Some 
macrocryst micas occur as sieve texture, showing several olivines 

(Pseudomorph) have been included in same mica, Groundmass micas 

are yellow-brown in color. Based on the optical property, micas 
in kimberlites can be divided into two groups; normal and rever¬ 

sed pleochroism. Reversed pleochroism micas are not present in 

the deep seated xenoliths that contain micas. Generally macrocry¬ 

st micas with normalpleochroism have been replaced by reversed 

pleochroism micas along cleavage planes and margins. 

Zoning; 

Macrocryst micas exhibt complex TiO^- Cr^O^ zonation, showing 

disorderly varieties from cores to rims, reflecting changes of 

the complex formation conditions. 

Mineral chemistry; 

Megacryst and macrocryst micas are rich in Cr203 (up to 0.44%) 
, poor in FeO (1.75-6,34%). Primary groundmass micas occur as 

tetraferriphlogopites and titanian phlogopites, most of them are 

high FeO, low Cr^O.. ^<0.30/o). There exist significant differences 

between groundmass'^micas of diamond-rich and -poor or -free kim* 

berlites, the former ( e.g. No.50 kimberlite pipe in Liaoning) 
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contains lower in FeO (2,84'^) and TiO^ (l.39%) than the latter 

(such as Shanxi and Hebei kimberlites, FeO up to 21.079^, Ti02 

4.98-6•399^)• The micas showing reversed pleochroism are chara¬ 

cterized by Fe3'*‘-rich, Al203-deficient at tetrahedral sites. 

Most megacryst and some macrocryst micas are probably xenocrysta 

which have compositions similar to primary micas in deep seated 

xenoliths, but other that differ from xenolith phases are phe- 

nocrysts which formed during the early stages of crystallization. 

Micas in lamproites from Guizhou and Hubei are higher in Ti02 

(8,48-15.72%) and FeO (9.78-14.89%), and lower in Cr O,. (^0,11%), 
NiO (<0,20%), Mg/(Mg+Fe)(63.50-75.46%) than those of'^kimberlites, 

Micas in kimberlites contain 0.10-0,11% Rb20, O,005-0,04l% 

Li20, 0.06-0.07% Ba,0.008-0.010% Sr, 0.003-0.004% Zn, O.003-0,0049fe 

Ga, 5-9 ppni CS2O, 8,8-10,9 PP*n B and 1-3 ppm Be, respectively, 
Megacryst mica from Shandong kimberlite contains 34,67 ppm 

total REE, 0,25-27 times chondritic abundance, which is not prin¬ 

cipal carrier of REE in kimberlites, REE distribution pattern for 

kimberlite mica is similar to that of minette (Shanxi), but the 

latter contains more total REE (63,94 ppm). 

Transformation of heating mica; 

The study of transformation for the heating mica has been un¬ 

taken by chemical analyses, x-ray analyses, infrared absorption 
spectra and Mossbauer spectra. The heating micas at 1100 C have 

been transformed into olivines and leucites (Fig,2), 

M 

Fig.l Classification diagram of micas for different 

occurrences 

r-tetraferriphlogopite with reversed pleochroism 

; Il-epigenetic inclusion in diamonds; III- me¬ 

gacryst and macrocryst micas in kimberlites; 

IV-groundmass micas in kimberlites; V-lamproites 

(Guizhou and Hubei), (compositional field by 

Guidotti et al. 1975) 
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Fig.2 Infrared absorption spectrum diagram of 
a heating phlogopite 

® 700 "Cj® heating 
/^^h °C; ©heating 1000 • 
O eating 1100 heating 1200 * 
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OLIVINES IN SHANDONG KIMBERLITES. 

Dong Zhenxin. 

Geological Museum of China, Beijing 100034. 

Occurrences; 

Generally, olivines in the kimberlites from Shandong have 
been recognized to have six main modes of occurrences:(1) mega- 
cryst (>10mm)(pseudomorph); (2) coarse grained (macrocryst) 
olivine (5-lOmm); (3) medium grained olivine (2-5mm); (4) mic- 
rogranular or groundmass olivine (O.005-0.5mm); (5) olivine 
as inclusion in diamond; (6) olivine (pseudomorph) of deep 
seated xenolith in kimberlite. 

Content and morphology; 
Content of the olivine together with its alteration product 

ranges widely from 20 to 80^^, but usually 25-50%, 

.Morphologically, olivines of different size may be distingui¬ 
shed. Large olivines are anhedral, rounded to elliptical grain, 
but small olivines occur as subhedral to euhedral crystals. 

Color; 
Colors of olivines in Shandong kimberlites range from color¬ 

less to greenish and green. Relationship between colors and si*i* 
zes of olivines has been known, the large crystals are color¬ 
less and greenish, but the small crystals (groundmass olivines) 
are green. 

Zoning; 
The olivines in Shandong kimberlites show complex zoning pa¬ 

tterns.Three compositional variation trends have been observed 
from core to rim in the olivine; (l) iron-rich trend; (2) mag¬ 

nesian-rich trend; (3)iron-rich and magnesian-rich trends are 
present in the same olivine. Although the zoning patterns are 
complex, the major-element zoning is, however, very limited, 
usually causing less than 0.5% Eo variation between core and 

rim (Fig.l).NiO and CaO variations are weak and complex. 
Mineral chemistry; 

The olivines in kimberlites from Shandong are highly magnesian 
, Fo content being 90.2-92.5%, 

The olivine compositional variation is correlated with their 
colors. Colors range from colorless and greenish to green with 
increase of Fe content. 

Early generation olivines contain richer in Fo (90,9-92,5) 
than the late generation olivines (Fq 90,2-91,5) (Fig.2), 

The differences in composition of the olivines exist between 
the individual kimberlites with different diamond contents, such 
as olivines of Shengli-1 pipe have more Fq contents than the 
Hongqi-6 pipe with decrease of diamond contents in the kimber¬ 
lites . 

Olivines as inclusions in diamonds are extremely rich in 
Fo and have relatively restricted within 93.06-100, 

CaO (<0.l4%), NiO (<0.74%), Cr^O.. (<0,17%) and TiO^ (<0.17%) 
contents of the olivines are extremely low. Increases in CaO 
contents of the olivines are correlated with increases in F®, 
The general trend of increasing Ni2Si04 (Ni-olivine) with inc¬ 

reasing Fq is observed. 
Olivines as inclusions in diamonds are high in Cr203 (up to 

1.29%). 
The olivines of late generation contain more Ti02 (up to 

0.17%) than those of early generation (<0,11%), 
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Infrared absorption spectrum; 

There are 10 strong absorption bands 837, 
606, 510, 465, 420, 380, 363 cm”^) within 350-1200 cm"^ of 
infrared absorption spectra of olivines from Shengli-1 pipe. 
The presence of 420 and 606 cm”! shows that the olivine stu¬ 
died belongs to forsterite. 

Origin * 
All FEe groundmass olivines are true phenocrysts. Coarse 

and medium grained olivines predominantly are phenocrysts 
except a little sources of fragmented megacryst and dunite 

“Iherzolite xenoliths, 

CaO% 

Fig.l CaO versus Fa for olivines in Shengli-1 

pipe from Shandong Province 

l-coarse grained olivine; 2-nedium grained 
olivine; 3-niicrogranular (groundmass ) elivlne 

(The arrow shows zonation variation trend from 
core to rim) 
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(J) 1-olivine as inclusion in Shandong diamonds; 
2-olivine as inclusion in diamond ( Meyer 198?) 
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GEOCHEMISTRY OF INDICATOR MINERALS FROM CHINESE KIMBERLITES AND 

LAMPROITES. 

JianxiongZhouP^; W.L. Griffjn^^\ A.L. Jaques^^^; C.G. Ryan^^^ and T.T. Win^^^. 

(1) Institute of Mineral Deposits, CAGS, Beijing 100037, China; (2) SCIRO Div. of Exploration Geoscience, North 

Ryde 2113, Australia; (3) Bureau of Mineral Resources, Canberra, 2601, Australia. 

Over 900 grains of indicator minerals, including pyrope, chromite, ilmenite, LIMA and 
yimengite have been analyzed by EMP and proton microprobe. The bodies studied come from 
seven different provinces and include both diamondiferous and barren intrusives. The data 
show consistent patterns that can be used in exploration and evaluation of prospects within each 
area. 

Kimberlites and lamproites have been found only in the Sino-Korean craton and the 
Yangzi craton, while similar bodies in the Talimu craton (Xinjiang Autonomous Region) have 
proven to be lamprophyres. Most studied bodies in the Sino-Korean craton are Group I 
kimberlites; some contain economic deposits of diamonds, while others are barren. The Yangzi 
craton contains both lamproites and possible Group II kimberlites; some contain low grades of 
diamonds. Among the indicator minerals, pyrope and chromite are very common, while 
ilmenite is rare, being restricted to kimberlites in Shandong and Liaoning. LIMA and yimengite 
are found in Shandong kimberlites, especially Hongqi No. 27. 

The diamondiferous kimberlites of Liaoning and Shandong provinces contain abundant 
G9 garnets with Cr203 up to 11 wt.%, and a significant number of moderately subcalcic 
pyropes. Barren kimberlites have, in general, higher proportions of low-Cr pyropes. 
Subcalcic garnets are rare in the lamproites, and the average Cr content of lamproite pyropes is 
lower than those from diamondiferous kimberlites. Garnets from the diamondiferous Liaoning 
kimberlites show a broad bimodal distribution of Tni (Griffin et al., 1989a), with peaks 
centered on 950°C and 1150°C (Fig. la). There is a minor high-T group (>1300°C) which is 
interpreted as megacryst-related, and is present mainly in the lower-grade pipes of the district. 
Most of the lower-T garnets.are depleted, with Y<10ppm, Zr<40 ppm and &/Y~2-3. Many 
grains have higher Zr (to 200 ppm) and high ZrA", without corresponding Ti enrichment. This 
pattern is interpreted as the effect of hydrous metasomatism. The Shandong garnets are 
characterized by much higher temperatures, with major peaks at 1150-1300°C and 1400-1550°C 
(Fig. lb). The high-T peak is dominated by low-Cr, high-Zr,Y garnets, which are interpreted 
as megacryst-related. Many Iherzolite garnets in the Shandong pipes are depleted, like those 
from Liaoning, but many others have elevated Zr and Y, strongly correlated with Ti; this is 
interpreted as the effect of melt-related metasomatism (Griffin et al, 1989b; Smith et al, 1991), 
associated with the observed megacryst population. The diamondiferous Maping No. 1 
lamproite of Guizhou Province shows a broad T distribution from 1150-1300°C; the higher-T 
part of the range is represented by megacryst-type garnets. The Iherzolitic garnets from 
Guizhou are depleted, like those from Shandong and Liaoning. 

Garnets from barren pipes in all districts are characterized by low-T garnets (T<1000°C), 
with a minor high-T population and a small proportion in the "diamond window" (950-1250°C) 
(Fig. Ic). Even where temperatures above 950°C are recorded, the garnets retain the low-Zr 
(Zr<40 ppm), high-Y (Y>20ppm) signature typical of low-T, low-P garnets; the relatively high 
temperatures may reflect short-lived heating events, rather than the ambient geotherm (Smith et 
al., 1991). A plot of ZrA^ vs. Y/Ga (Fig. 2) clearly separates the garnets of the barren and 
diamondiferous pipes: nearly all garnets from barren pipes have ZrA^ <1 and Y/Ga>2. 

The kimberlites of the Sino-Korean craton contain abundant high-Cr chromite 
macrocrysts; these can be divided into two populations (PI and P2) on the basis of major- and 
trace-element composition (Figs.3,4). PI has high Cr# (lOOCr/Cr+Al >80) and moderate Mg#, 
and some grains are similar in major-element composition to diamond-inclusion spinels. Ti02 
ranges from 0-4%, and is positively correlated with Ni. PI is typical of spinel macroctysts in 
South African Group 1 kimberlites, and is derived largely from harzburgite and Iherzolite wall 
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rocks (Griffin et al., 1991). P2 has lower Cr# and higher Mg#; Ti and Ni contents are low, and 
Zn contents are high (>1000 ppm). This population is probably derived from disaggregated 
Iherzolites, in the graphite stability field (op. cit.). Diamondiferous kimberlites in the Sino- 
Korean craton contain both populations; barren kimberlites contain only P2. The PI population 
in the Shandong kimberlites has generally higher Zn and lower Ni than that in Liaoning 
province, suggesting that a higher proportion of the material in these pipes comes from the 
graphite stability field. Chromites from the barren Henan and Hebei lamberlites contain 50-60% 
Cr203, and have low Ti contents. However, only a few grains have the major-element/trace 
element relations of a typical kimberlitic population. Their low Ni and high Zn contents (Fig. 4) 
indicate that most grains have come from shallow, low-T Iherzolites, in the graphite stability 
field. 

Chromites from the Guizhou and Hubei lamproites are generally lower in Cr and Zn, 
and higher in Ni than those from the kimberlites, regardless of their diamond content (Fig. 4). 
They are dominated by a population common to lamproites worldwide, and inferred to be 
magmatic (op. cit.); very few grains can be identified as being derived from Iherzolite or 
harzburgite wall-rock. It is not possible to separate these diamondiferous and barren lamproites 
on the basis of chromite chemistry. 

Ilmenites are clearly divided into two groups, one with low MgO and high MnO 
(>1%), and one with high Cr203 (1-7%) and MgO (up to 16%). The first type is found in eg. 
the Shengli No. 1 mine; it has low Nb, Zr and Ni, and is clearly of crustal origin. The second 
type has been studied at the Hongqi No. 27 pipe; it does not show the smooth covariation of 
Nb, Ni, Zr etc. that characterizes most African and Siberian ilmenite megacryst populations. 
This, and the unusually high Cr contents, suggest a link to the LIMA association, rather than to 
fractionation of a megacryst-type magma. 

This orientation study demonstrates that trace-element studies of garnets and chromites 
can be used in the Chinese cratons to improve diamond exploration by early discrimination of 
barren and potentially diamond-bearing sources. Barren sources sampled thus far all contain 
garnets and spinels derived from shallow levels of the mantle, rather fhan from the diamond 
stability field. The data also suggest significant differences in the thermal state of the 
lithosphere on either side of the major Tanlu suture. These differences may have broader 
implications for exploration strategies. 

Griffin, W.L., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, G.F. 1989a. Contrib. 
Mineral. Petrol. 103, 199-202. 

Griffin, W.L., Smith, D., Boyd, F.R., Cousens, D.R., Ryan, C.G., Sie, S.H. and Suter, 
G.F. 1989b. Geochim. Cosmochim. Acta 53, 561-567. 

Griffin, W.L., Ryan, C.G., Gurney, J.J., Sobolev, N.V. and Win, T.T., 1991. (this vol.) 
Smith, D., Griffin, W.L., Ryan, C.G. and Sie, S. 1-991. Contr. Mineral. Petrol., in press. 

FIGURES (next page) 

Fig. 1 (left). TNi histograms for diamondiferous kimberlites of Liaoning and Shandong 
provinces, and for barren kimberlites from Liaoning, Shanxi, Henan and Hebei 
provinces. 

Fig. 2 (top right). Zr/Y - Y/Ga plot for garnets. Squares, barren kimberlites; circles, Liaoning 
diamondiferous kimberlites; stars, Shandong diamondiferous kimberlites. 

Fig. 3 (middle right). Cr-Ni relations in chromites. Squares, diamondiferous kimberlites; 
circles, lamproites; stars, barren kimberlites. 

Fig. 4 (lower right). Zn-Ni relations in chromites. Symbols as in Fig. 3. 
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THE PECULIARITIES OF THE MINERAL COMPOSITION OF THE DIAMOND BEARING 
ECLOGITES FROM THE UDACHNAJA KIMBERLITE PIPE. 

Bezborodov^^\ S.M.; Garanin^^\ V.K.; Kudrjavtseva^^\ G.P. and Schepina^^\ NA.. 

(1) SPC “Jakutalmaz”, 678189, Udachni, Jakutskaja ASSR, USSR; (2) Geological Department of Moscow State 

University, 119899, Lenin’s Hills, Moscow, USSR. 

The complex study of the mineta 1oyica1 composition of the 

diamond bearing eclogites^ 67 xenoliths from the Udachnaja kim¬ 

berlite pipe, including 15 nodules of orange garnets, is carri¬ 

ed out by the method of optical and sc;ann i ng e 1 ec t. r on microsco¬ 

py, coloured cathode]uminescence (CL), electron-probe analysis, 

optical spectroscopy and colorymetry. All the samples t^f the 

investigated eclogites have the traces^ of cataclasis and recur¬ 

rent me tasomat i c influence of fluids, caus i rig the i n tens i ve r e - 

plac.;emeut uf garnet by hydrogarnet and by complicated mineral 

association ( diopside - amphibole - green spinel) and decompo¬ 

sition of c 1 i nopyroxene and plagioklase, considerably calcium 

pyroxene and serpentine. 

The diamond crystals in the studied collection of eclogi¬ 

tes are uf octahedral shape with the microrelief of dissol¬ 

ving and, very seldom, with poorly developed edges of thombo- 

dodecahedroii. The diamond crystals of the cubic habitus are 

discovered in one of the studied sample's. The sizes of crystals 

vary from 20yu to 6 mm and, in this case, several diamond crys¬ 

tal of different sizes are discovered in numerous xenoliths. 

About 30 diamond crystals on the surface of eclogites are stu¬ 

died by the method of coloured cathodoluminescence on the ba¬ 

sis of optical m i cr oscopy . MGs t (3 f them have the blue co 113ur of 

the cathodo1 urninescence (with high concentration of nitrogen, 

type I), with the exception of several samples, where together 

with the crystals of blue CL-colour, the ones of clearly mar¬ 

ked yellow ccjlour (type I la and type Ilb) are discovered. The 

discoveries like these one may have proved the different gene¬ 

tic nature of the diamond crystal in one xenolith. 

T11 e r oI'jk f o r ni i ng garnet and c 1 i nopy roxene are the ”con¬ 

set'vat i ve s " o f the djamond crystals included into them and they 

provide the conservation of even small crystals of diamond (si¬ 

ze of several microns) when they are brought up to the surface 

of the kimberlite m^igma. 

In the optical absorption spectra of the garnets, the ob- 

served lines of absorption are facilitated by the chromophor- 

rnic centres Fe"-’'"'”, Fe'-'"'", and Cr-"*"'" and are also connected with 

the availability of complicated chr omophormi c centres F e' + T i 

as was discoverG'd by the method of optical spectroscopy and co¬ 

lorimetry. Their correlation and concentration facilitate the 

different shades of colour of garnets from thp investigated ec¬ 

logites, from dark yellow-orange to light yellow-orange. On the 

modified diagram of colour in the colorimetric coordinates pj- 

andy\i, , the points of colour of the investigated garnets are 

in the field of t.he diamond bearing magnesian-ferrous, disthe- 

nri and corundum eclogites. 

In all the i nve st i ga tejd samples, garnet refers to pyrope- 

a3mandine-grossu1 ar row with wide range of pyrope ( 29.3-75.5 
mol.%), almandine ( 13.3-46.4 mGl.%) and grossular ( 0.7-52.0 
mol.%) minals. The practically full absence of chrome and in¬ 

creased content of titanium (to 0.67 wt.% Ti02.) and sodium (t.o 
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0.63 wt.% Na2^0) are characteristic for garnets. With the incre¬ 

ase of yrossular minal in garnet and decrease of pyrope one, 

the regular change of colorimetric garnet pararneteYs takes pla¬ 

ce r the value p^._ decreases and dark-yellow-orange colour is 

chanyed itito 1 i y h t-y e 1 1 o w-o r ange - According to J.Dawson and 

W.Stephens (1975) c1 assification all garnets refer to four gro¬ 

ups titanium pyrope, calcium pyrope-almandine, titanium and ca¬ 

lcium magnesian almandine, pyrope-grossular almandine. 

As a result of usage of the data base on garnet from ec- 

logttes and the application of discriminant analysis ( Garanin 

et al.,1990'), garnets were considered as a mineral from ilmeni- 

te-rutile diamond bearing rnagnesian-ferrous eclogites, bimine¬ 

ral diamond bearing rnagnesian-ferrous eclogites, aluminous (co¬ 

rundum and disthene) eclogites, magnesian i1menite-ruti1e dia¬ 

mond bearing eclogites. The group magnesian-ferrous of eclogi¬ 

tes is also marked out where garnets is sharply different from 

the known ones by the analysis by high contents of iron ( to 

1.51-1.95 wt.% Fe-,v;0:;3 and 12.16-14.35 wt.% FeO), rnagnes i urn (17.4- 

19,57 wt.% MgO) and low content of ca 1 c i urn ( 2.4 7 - 3.06 wt.% CaO ) . 

Not only the t y p o rn o r p h i s rn of the garnet composition but al¬ 

so that of c1inopyroxene is studied. According to the ciassifi- 

catioii of W.Stephens and J.Dawson (1977) the studied clinopyro- 

xenes are referred to diopside, jadeltlc diopside and nrnphaci- 

te. The:i studied pyroxenes are referred to the group of pyroxe- 

nites, disthene and coruniium diamond btfar ing eclogites and bi¬ 

nt i nt- r a ] d i a mond be'aring ec 113g i te s by using the data base on 

c 1 i n u p y r o x e n e f ro m e c 1 o g i t e s* a n d their c h e m i c o - g e n e t. i c a ]. c 1, a s - 

si f [cation and methods of d i sc r i ru i nant ana 1 y s i s ( Gar an i n et al., 

1990). All of them refer tcj isomorphic row diopside-jadeite- 

f H r r os i 1 i. 10. ( + c 1 i noensta t i te ) . In th i s ■ case diopside and j ade i - 

l.e minaIs constitute together mure than 80 mol.% . The ratio 

Ca/(Ca+Mg) constitute 41-56. The evaluation of crystallization 

temperatures of eclogites is carried (.nit. for all the samples, 

in w h i. c h ■ c 1 i n o p y r o X e n e is analysed. 

Tlie variation of temperatures,using the geothermometer of 

E11is-Gr een ( 1 979 ) ,ar e about 102 4 -1 137^ C under the pressure of 

40 kbar. Tlie composition of the accessory minerals in all the 

Va r i et. i es of eclogites was also st.ud i ed : co t undurn ( sapph i r e ) , 

disthene, ilmenite, rutile, sulfide pyrrhotine- pentlandite¬ 

ch ale opyrite( +jerphisherite) association. The wide spreading 

of i1menite-ruti1e intergrowthes in magnesian eclogites should 

1j e noted. 

Two main evolution t. r e n d s have been established for eclo¬ 

gites: magnesian - rnagnesian-ca1cium and magnesian - magnesian- 

ferrous. They are clearly shown in the regular change of compo¬ 

sitions and different schemes of isomorphic replacement in gar¬ 

nets: Mg«-^Ca and Mg-^--^•Fe-^"''. 

The differences in the composition of garnets and pyroxe¬ 

nes - inclusions in diamond, on the one hand, and rock forming 

garnets and pyrcjxenes of eclogites, containing diamond, on the 

other hand, were established. The new criteria for the search¬ 

ing of the kimberlite rocks on the basis of the typomorphism of 

the rock forming garnets and pyroxenes from the diamond bearing 

.Hclogites are offered and different genetic models of the dia¬ 

mond bearing eclogites and their role in the general evolution 

of tdie both mantle and crustal rocks are discussed. 

References : 

1. Dawson,J.B., and Stephens,W.E.(1975) Statistical analysis 

of garnets from kimberlites and associated xenoliths. 

J.Geol.,83,589-607 
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ORE MINERALS FROM THE LAMPROITE GROUND MASS. 

Bogatikov^^^, O^.; Garanin^^\ KK; Kononova^^\ KA.; Kudrjavtseva^^\ G.P.; 

Makhotkin^^\ LL. and Mikhailichenko^^\ OA.. 

(1) Institute of Geology, Geochemistry and Mineralogy Ore Deposits, Academy Sciences of USSR, 

109017, Staromonetni per., 35, Moscow, USSR; (2) Geological Department of Moscow State University, 

119899, Lenin’s Hills, Moscow, USSR. 

The study of rn 1 m?ra 1 ogy of oxides from t!ie lamproite gro¬ 

und mass of different regions (Austtalia, Spain, SSSR) and ma¬ 

gnetic properties of these rocks has allowed to define tlieir 

ty porno rph i sm at the level of provinces, t.ypes of lamproite 

rocks (ultrabasic, basic) and their facies belonging (tuffs, 

tuffbreccia, intrusive lamproites, dyke facies ). It is sin.iwn 

that 1. ht^ t y po mo r p] 1 i s ifi of the composition of minerals from the 

ground mass of lampr.ui1,es and tlu; 1 r spn^ading correlates to i.he 

lamproite diamond bearing.The spreading of microciystal oxides 

(’’density” of ore m i tier al i za t.i on ) , the set of different mineral 

phases and their co r re 1 at i on, the size of the extracts and 1..he- 

ir cheniical and phase cnmpos i t i on re'fi--;r to tiie typomorphic fe¬ 

atures of oxides from the ground mass of lamproites. 

In a nutshell, the essence of Ltic discovered typomorphism 

is t i 1 e f o 11 o w i n g . As far as its d e tails at. the province lev e 1 

are coinjor. ned - this is a wide m.: c ui ej n c; e dC rutile, pottivskite 

and K-Ba containing titanates in the ground mass of lamproites 

nf- Australia; apat ite and ilnumite fur ilykij rocks of Spain and 

i i tan o magnet i te (magnetite) spuc: i f i cal. j un of Aldan Stiield lamp- 

roltes. It shuu. Id be also iioted that t.her.e is the decrease of 

chromo and magnesian content of the m i c:; r uc r y s ta 1 1 i c mineraliza¬ 

tion da.ir ing ttie t. r.ansji ion from ultrabasi. c to basic and medium 

( f t t:.' m o 1 i V L n e t o o h 1 o g o p i. t e , leu c i t. o , d i o p i; 1 d e and etc. lamp¬ 

roites) and the increase in the same direct.ion of i I.. s titanium 

and, e s p e c i. a 1 1 y , iron c.: o n t e n t . Speak! n g a li o u t t ii e f a c i e s b e 1 u n - 

girig of lamproites it should be noted that there - is a wide 

s r e a d i n g (t o one order and more) t j f m i c r o c: t y i alii t,: oxides i n 

the ri.'jcks of dyke facies as compared with the ilia tr erne one and, 

para 1 1 e 11 y to it, its structure is more c:oar se grained. The si¬ 

milar d i f f e r •r.ni.ce is observed between intrusive and tuff ( or 

breccia) facies, l.i u 1:. at somewhat lower level. 

Takifig into account the importance of ui i c r oc r y st a 11 i c ex¬ 

tractions in the ground mass of spinels as more sensitive indi¬ 

cators of the surroundings of origin and evolution of tlie lami--- 

t o i te magma , we ’ 1 1 consider in more details 111e ana 1 y s i s tjf the 

ty oillo r h i c peci.i 1 i a r i t i es of Eip i. ne 1. s . Ther mo s t clia t a c te r i. s t i c 

one i s 1. hi e f o 1 1 u wing : t hi e p r e v a i. 1 i n g ( or wide) il e v e 1 u p m e n t , 
among mi cr oc t.'y s t a 1 1 i c t.)x i des , of h .1 gh magnesian type of chromi¬ 

te in the ground mass of rich and diamond bearing rocks and 

their mainly homogeneous form of extract ions . With the dec tea st.^ 

of the rock diamond bearing, the homogeneous grains of chirome 

spinel 1 ides are changed into zonal extractions- with chrome mag¬ 

netite borders. 

The range of spinellide of non-diamond bearing rocks is 

characterised by the clearly marked domination of the zonal 

chromite-chrome magnetite extractions over homogeneous chromite 

one and domination of homogeneous chrome magnetite and t. llano- 

magnetite differences. This tendency unanimously illuEitrates 

the direct link between the depi.h and oxide pote-nl.ial of the 
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developing lamproite system, on the one hand, and its diamond 

bearing, on the other hand. 

On the basis of the magnetic data some peculiarities of 

ferrimagnetics reflecting the conditions of their formation can 

be discovered. In particular, for lamproites,containing zonal 

grains of chrome spinels, the curves IcaCT) in the heating cool¬ 

ing cycle are irreversible.Depending on the composition of the 

zones both the increase magnetization of Its saturation and Cu¬ 

rie Tc temperature (olivine - chrome spinellide) and the decre¬ 

ase of these parameters (chrome spinellide - magnetite) can ta¬ 

ke place.Chrome spinellides with the high content of chrome on 

the Icii(T) curve in the T<To field have a sharp decrease of Is 

while T is increased. The increasing in result of the ther¬ 

mo treating indicates the formation of ferrimagnetic phase 

with the high content of magnetite minal (transformations pyr- 

rhotine - magnetite, titanomagnetite - magnetite and ilmenite 

lamellae and others). In its turn, zonality and the titanomag- 

hemitization process show the conditions for less probable pre¬ 

servation of diamond. The availability of high chrome content, 

vice versa, proves the depth conditions of the lamproite for¬ 

mation. High content of titanomagnetite and magnetite proving 

the oxidation processes shows the unfavourable conditions for 

the diamond formation. It is reflected in high values of magne¬ 

tic susceptibility Sfo, magnetizations I,w itii/ ai'^d the valu¬ 

es of temperatures Curie Ta'^B SO'^’C. 

Thus, the study of oxides from the ground mass is the ef¬ 

fective way to carry out the passportization of the lamproite 

bodies and their diamond bearing evaluation. 
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NATURAL DIAMONDS GROWTH CONDITIONS ACCORDING 

TO THE MINERAL INCLUSIONS STUDY. 

Bulanova, G.P. 

Yakutian Institute of Geological Sciences. 

The method of diamond cutting and polishing we used allows to study syngenitic 
inclusions in diamonds "in situ". The inclusions investigation is provided in close connection 
with diamond internal structure and its physical properties. The new approach to the diamond 
genesis reconstruction is fouded on the idea of 3 heterogeneous areas existence in diamond 
crystals: central (yellow luminescence), intermediate (blue luminescence) and periferal one 
(no luminescence) (Bescrovanov, 1986). Accordingly, in diamond growth history there were 
three stages differing in physical-chemical conditions. The above areas particularly well seen 
if the growth form change is observed in crystal: cube (cubo-octahedral or rounded form) 
octahedron. This sequence of areas in diamonds reflectes the main line of diamond growth 
evolution, sometimes it may differ. 

Inclusion confinement to this quazihomogeneous on physical properties area permit 
comparing of the chemical alteration in inclusions of the same name both in one diamond and 
in different ones. Thus it makes possible to identify the evolution of environment chemistry 
and PT-regime in diamond genesis. Only such confinement or location we consider to be 
genetic. Accordingly, only those syngenetic inclusions which belong to the same area of 
diamond are considered to be in true mineral equilibrium. Because the above zonal structure 
is thin it is evident that dramatic alteration in inclusion chemistry is unlike. We identified the 
differences in olivine and chromite composition. For inclusions of eclogite association they 
are fixed in the composition of omphocite and pyrope-almandine. Besides, the order of 
ultrabasic silicate inclusions crystallisation for the time of diamond growth was established: 
01 -> 01-I-En-I-Gr - > 01-I-En + Gr 4-Cpx. This order is intirely the same as the silicate 
crystallization order in ultrabasic melt (fluid). Thefore one can conclude that these diamonds 
grow as the first phase from carbon solution in silicate melt. 

Our investigation didn’t show any difference in internal structure of diamonds with 
ultrabasic and eclogitic inclusions suite. So we conclude that these diamonds grew in liquid 
environment too. 

Besides zonal structure octahedren diamonds have zonal-sectoral and sectoral ones. 
It seems that macroinclusions (more than 20 mk) are located only in octahedren pyramids of 
grouth in suth diamonds. Microinclusions (less than 20 mk) and particules were located in its 
cubic growth pyramides only. 

It is a vary rare event when octahedren diamonds have no zonal structure. Our study 
shows that inclusions in them have no differences in composition. 

Lately we began to study such morphological varieties of diamond as cubes and coated 
diamonds. Coated diamonds represent in contrast with thin zonality the rough one. The 
identity of the coat material and cubic diamonds (the Il-Orlo’s variety) is confirmed by their 
physical properties. It seems that cubic diamonds contain only microinclusions, like those in 
cubic sectors of octahedren diamonds. We identified rutile, sanidine, apatite, mica and 
carbonate microinclusions in cubic diamonds. Similar in composition microinclusions were 
founded in coated diamonds. They are presented by mixture of sanidine, rutile, apatite and 
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coesite (+ /- Bt). Unfortunately, we failed to identity exactly their nature. Are they melt, partly 
crystalline or crystalline ones still unknown. But what is vary important is the fact that they 
belong to eclogite association. 

Within the ontogenetic approach to diamond investigation we began together with 
Matsyuk and Platonov (IGFM, Kiev) to study optical spectra of Gr, Ol, Cpx, and chromite. 
The re ' ■ - of the investigation s^' 'vvs that these minerals from diamonds have some crystal- 
chemical features which distinguish them from the minerals of mantle xenoliths. The main 
distinction is the lowest concentration of optically active centres of Fe^^ ions in mineral 
inclusions. It indicates a very low redox condition of their crystallization. The presure of Cr^ 
ions in spinels confirm such conclusions. The ions of Cr"^ ^ are in other mineral structures, 
including olivine. In enstatite structure Cr enters according jadeite izomorph scheme as 
Sobolev believed earlier. We plan to extend these investigations for inclusions from different 
areas of the same diamond crystal. 

We consider that the ontogenetic approach to diamond and its syngenetic inclusions 
study is the most up-to-date and perspective method of investigation. Using it we hope to create 
diamond genesis model, based on the most objective avaliable information given by diamonds 
themselves. 
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THE EVOLUTION OF NATURAL DIAMOND GROWTH CONDITIONS. 

G.P. Bulanova and LA. Pavlova. 

Yakutsk Institute of Geosciences, Siberian Branch, Academy of Sciences, Yakutsk, USSR. 

A comprehensive study of whole diamonds from three YaKutian 

Kimberlite Pipes as well as plane-parallel plates cut out of them was 

carried out. From birefringence (BF). and phfotoluminescence (PL) 

patterns, the internal stratigraphy and change in luminescence colour 

were studied and the location of syngenetic inclusions in growth 

zones and areas was determined. The composition of inclusions were 

determined using the electron microprobe. 

The purpose of the present study was to trace the evolution of 

growth conditions of natural diamond monocrystals from YaKutian 

Kimberlite pipes. 

Octahedral monocrystals show an inhomogeneous structure and a 

complicated growth history. Study of diamond anatomy by BR-patterns 

has established their growth characteristics; fine zoning, 

zoned-sectorial structure, dislocations the presence of seeds, and 

the distribution of macro- and micro-inclusions. PL-patterns give a 

more general idea of the growth history of the crystals: change in 

growth morphology, alternation of physically homogeneous areas in 

various stones. Three heterogeneous areas that reflect the main trend 

of their growth history: central (yellow-luminescent) 

intermediate (blue-luminescent) peripheral (no luminescence) 

(BesKrovanov. 1986) are the most widespread in diamonds from the Mir 

Pipe (ca. twothirds). Such crystals also exhibit a change in growth 

morphology: cube, cubo-octahedron or rounded form coarse layered 

octahedron fine layered octahedron. Such diamonds constitute only 

one-third at Udachnaya and 23d Party Congress pipes. The greater part 

of octahedral diamond experience no change of growth form. 

The zoned-sectorial distribution of syngenetic inclusions in 

diamonds was studied.For inclusions of the ultrabasic paragenesis.the 

following crystallization sequence of silicates was found: 01^ 

Ol+Gr^Enst ^ Ol+GriEnst+Cpx. This is similar to the crystallization 

sequence of silicates from ultrabasic melt (Mysen. Kushiro. 

1977).suggesting that diamonds containing ultrabasic inclusions grew 

from carbon solution in a silicate melt (fluid). 
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A Change in composition was found fom chromite and olivine 

inclusions located in different zones in the same diamond crystal. 

For chromites, this change can be expressed as MgAl FeCr or Mg. 

Fe le-- Fe(Cr. AL), For diamond inclusion olivines, normal and 

inverse zoning is observed. This indicates different sources for 

mantle rocKs from which the olivines and chromites were entrapped in 

diamonds. 

Diamonds with the eclogitic suite of inclusions are similar in 

internal structure to diamonds with the ultrabasic inclusion suite 

This indicates that they also grew in a liquid. A change in 

composition is shown by omphacites and pyrope-almandines from 

different growth zones in the .same diamond. Coexisting pairs of these 

minerals become somewhat richer in Mg and Fe from central zone to 

peripheral. 

"Coated" diam.onds. which exemplify coarse zoning, were found to 

belong to the eclogitic paragenesis. Besides pyrope-almandine. 

omphacite. coesite and rutile, typical for this paragenesis. they 

also contain sanidine. biotite. apatite and micro-inclusions 

compositionally similar to melt inclusions.The same Kinds of 

microinclusions were found by Naivon et. al. (1989). It appears that 

coated diamond forms at the final, subsolidus evolutionary stage of 

eclogite melts. Whereas the coat itself forms from a fluid phase. 

Probably this fluid predated the appearance of Kimberlite melt. 

The results of the present study lead to several important 

conclusions about the growth history of natural diamond. Changes in 

the composition of mineral inclusions located in different growth 

zones of the same octahedral diamond are smooth and small, and are 

probably due to liquid (fluid) differentiation during the diamond 

growth. The temperature range of single diamond crystallization is 50 
to aoO’^C. the f02 value can vary from IW buffer to WH. 

Different types of mantle rocKs of ultrabasic and basic 

composition, formed in Archean time in the regions of stable cratons. 

are the sources of diamonds in Kimberlite rocKs. It appears that 

diamonds from each different source are characterized by their own 

evolution path. 
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CHEMICO-GENETIC CLASSIFICATION OF THE MOST IMPORTANT 
MINERALS-SATELLITES OF THE DIAMOND. 

Bushueva, E.B.; Varlamov, DA.; Garanin, V.K; Kudrjavtseva, G.P.; Laverova, T.N. and Schepina, NA. 

Geological Department of Moscow State University, 119899, Lenin’s Hills, Moscow, USSR. 

T y p o m Q r h i c p e c u 1 i a rvL t i e s o f the c i: i e rn i c a 1 c,* o ni p o s* i L x o n and 

physical properties of t.hie iiuiln ns i no r .i 1 s — sate 1 1 .i t e of the dia¬ 

mond (garnet, c 1 inopy r uKone , orthopy r ijxene , cdirome spine llide, 

ilmenite, rutile) are of great i mpu r ‘ oi i.o e the searching 

for the diamond dep.-o11s ( kimberlites, lamproites and others) 

and estimation of t tie it productivity. These minerals occjur in 

tlie kimberlites as jin^y ai.: r y s1.a 1 s, inclusions in diamond and in 

i:die diamond tiear ing pe r i do t. i tes and ec 1 og i tes . A lot of works, 

including genetizing ones ( Sobolev, 1974; Gurney, Moore,1989; 

Garanin et al, 1990) are devoted to the application of the in¬ 

direct mineralogical criteria during the estimation of the kim¬ 

berlite diamond bearing. Chemico-genetica1 classifications of 

the diamond minerals-satel1ites represent the t)asis for the im¬ 

provement of the known criteria of diamond heating and for the 

development of the new ones. 

The data hanks and (.dn-i m L (.;o-genet i t; c 1 a s s i f i c a t i on of the 

must iraportaiit luinerals from all the inclusions in the diamond 

and from the aggregations with it,from the diaruond bearing and 

nondiarnond bearing xenolithes, peridotites, and eclogites as 

well as from megacrystals from the kimberlite rocks. The crea¬ 

ted data bank is: based on mote than 4000 e 1 ectron-probe analy¬ 

ses of both original minerals and the ones borrowed from nume- 

f. ID u s 1 i t e r a 1, u i e a o u r c e s . 

The software used during the, work with data base on the 

chemistry of diinera1s-sate11ites of the diamond includes sta¬ 

tistical methods (cluster analysis and others), which are app¬ 

lied during the (Creation of chemico-genetic classifications. 

The method ijf the discriminant analysis is used to compare new¬ 

ly input electron-probe analyses with ones which already in the 

data bank and to refer tht-m to the corresponding chemi l:o-gene- 

tic .group according t(j the coefficients values of the graphed 

d i s c r i m i n a n t f u ii a t i o n s . 

The software ensures thr^ dHfinition of the correlations of 

diamond bearing and nondiamond bearing parageinesis in the ana- 

lised samples of minerals w i tli the graphing of linear (column) 

and circle diagrams. Besides tlie packet of the applied program¬ 

mes has been develuped to carry out traditional re-calcula- 

tion, of MB analyses (the caiculatiom of minals, crystal1oche- 

mical coefficients and • indicai.or relation), graphref1ection of 

analytical results ( printing of diagrams and histograms) and 

statistical processing within the range of every one from the 

separated claster and chemico-genetic groups ( calculation of 

average cont en t s , r ooi,-mea n - sgua r e de v i a t i on , ca r r i ng out of the 
correlation analysis and so on.). 

Tiie software allows to evaluate the rocks productivity 

with the application of all known by now indirect mineralogical 

methods and to improve che latter in the future. 

The developed chemico-gene t. ic classifications of minerals- 

satellites are the basis for the usage of the automatised sys- 

l.t'.ms to obtain t.lie (jbjeci. ive information about, the diamond be a- 
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ring of the tested object in the relation of rai ne r a 1 s-sate 11 i- 

i,es of diamond bearing and nondiamond bearing paragenesis , 

about the contribution of the rocks of uttra basic or eclogite 

paragenesis into the diamond bearing of the tested object. 
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MINERALOGICAL-ISOTOPIC DYNl\MICS, PHYSICO-CHEMICAL CONDITIONS AND 

STAGES OF SERPENTINIZATION PROCESS OF KIMBERLITES FROM YAKUTIA. 

KN. Egorov; G.V. Bogdanov 

Institute of Earth’s Crust, 664033 - Irkutsk, USSR. 

Petrology of the serpentinization of kimberlites based on 

the analysis of samples of more than 20 pipes from various kim¬ 

berlite fields in Yakutia, is discussed. Petrographic, thermal, 

X-ray diffraction and spectral methods coupled with electron¬ 

scanning and transmission microscopy were applied to study kim¬ 

berlites and serpentine minerals. Some zones of metasomatic 

transformation of kimberlites depending on the- degree of serpen¬ 

tinization. abundance ratio and mode of formationof different 

serpentine types together with associated secondary minerals 

are distinguished. A sequence of development of secondary mineral 

assemblages in these zones is as follows: 1) lizardite+chryso- 

tile+magnetite; 2) lizardite+chrysotile+magnetite (up to 5-10%)^ 

3) lizardite+chrysotile+calcite+magnetite+sulfidesj 4) chryso- 

tile+calcite+lizardite+magnetite+sulfides| 5) chrysotile+calcite+ 

+magnetite+sulfides. The chemical composition of secondary mine¬ 

rals depends on the sequential succession of zones. Microprobe 

analyses of lizardites (100 analyses) show appreciable CaO and 

Cl contents (0,29-1,04 wt.% and 0,98-1>07 wt.%, respectively). 

Lizardites of the intermediate zones are characterised by the 

highest Fe content (20-25%). Serpentines of such a composition 

represent the first occurrence in Yakutian kimberlites. During 

serpentinization Fe/Fe+Mg ratios and MgO, CaO contents gradually 

increase from the first zones to the last ones. The composition 

of chrysotiles (> 200 analyses) of all studied zones of secon¬ 

dary transformation of kimberlites strongly differs from that of 

lizardites. A higher Mg/Mg+Fe ratio, high Al20^ and low CaO, Cl 
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and MnO contents are characteristic of chrysotiles. With increa¬ 

sing degree of serpentinization the Mg/Mg+Fe ratio and AI2O2 con¬ 

tent of chrysotiles increase. 

0, C, and Sr isotopic data indicate that chloride-calcic 

meteoric-hydrothermal waters derived from sedimentaiy rocks of 

the cover are responsible for the serpentine-carbonate minera¬ 

lization of kimberlites. C and 0 isotopic compositions regularly 

change from light to more hard during serpentinization. 

Analysis of mineral-petrographic, isotopic-geochemical data 

coupled with thermodynamical computing permits estimation of the 

physico-cheiniGal conditionss of kimberlite serpentinization. Aci¬ 

dity-alkali rd ty of the system varies from subacid reaction of 

solutions through alkaline and to neutral or acid one during the 

metasomatic transformation of kimberlites. At the first stages 

of kimberlite serpentinization the solutions are characterized 

by a high partial CO2 pressure and higher activity of calcium 

chloride, which result in intensive dissolution and following 

Mg accumulation in solutions. The low chemical activity of sili¬ 

con is characteristic of kimberlite serpentinization. The late 

episodes of magnesian metasomatism are characteri ed by low 

and high fQ and/or fg values. 

Kimberlite serpentinization displays a well defined alloche- 

mical character. Behaviour of components such as Mg, Si, Al, Fe 

completely depends on the type and degree of serpentinization. 

The increasing role of Mg removal with proliferation of kimber¬ 

lite serpentinization is the main chemical feature of the process. 

The total chrysotilization of kimberlites proceeds with an 

increase in the Si and Al chemical potential under high alkali¬ 

nity of solutions. The Fe migration during kimberlite serpenti¬ 

nization is regulated by the composition of fluid phase (f^ or 
^2 
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S2) and by pH of the solution. The similarity and differences 

in serpentine mineralogy and physico-chemical conditions of the 

serpentinization of ultra-basic kimberlite inclusions are consi¬ 

dered in details. Comparative characteristics of the kimberlite 

serpentinization and various genetic types of hyperbasites from 

the folded regions are presented. 



Extended Abstracts 495 

EVIDENCE OF MAGMATISM, MATASOMATISM AND DEFORMATION PROCESSES 

OBTAINED FROM THE STUDY OF THE UNIQUE COMPOSmONALLY COMPLEX 

NODULE FROM THE UDACHNAYA KIMBERLITE PIPE (VAKUTIA). 

K.N. Egorov; G.V. Bogdanov; L.V. Solovjeva; V.G. Barankevich and VJ. Lipskaya. 

Institute of Earth’s Crust, 664033 - Irkutsk, USSR. 

35x20 cm nodule of sheared peridotite is characterized by 

disturbed and laminar subtypes of mosaic porphyroclastic texture. 

Rock matrix consists of monomineral aggregate of olivine neo¬ 

blasts, containig rare porphyroclasts of red-orange garnet, 

grass-green diopside, enstatite and olivine. Garnet and pyro¬ 

xenes occur as large separate porphyroclasts or bimineral inter¬ 

growths (garnet-diopside, diopside-enstatite). 3x5 mm very jointy 

olivine porphyroclasts of lenticular or ciirved flattened shapes 

are gradually recrystallized at periphery into fine-grained 

neoblast matrix. 5x3 cm large enstatite crystals with irregu¬ 

lar boundaries are broken into fragments which are piilled apart 

by olivine matrix. Fracture bands and cleavage crack curving 

leading to formation of cleavage microtextiire, are observed in 

enstatite. Marginal parts of separate enstatite blocks are 

recrystallized into fine-grained aggregate of isometric ciystals. 

Morphologically diverse diopside porphyroclasts vaiy from 

3-5 mm up to 6-7 cm. Usually diopside porphyroclasts are recrys¬ 

tallized and are transformed into lens or lenticular interca¬ 

lations of fine-grained porphyroblast matrix. Diopside dis¬ 

plays a obvious evidence of plastic flow resulting in filling 

of fissures and interblock spaces as well as in partial rim¬ 

ming the garnet porphyroclasts and enstatite. A striking fea¬ 

ture of the studied sheared peridotite is the intensive garnet 

deformation. 6x3 cm garnet porphyroclast are broken into sepa¬ 

rate fragments elongated in line. Configuration of garnet por¬ 

phyroclasts are quaint. Minerals of sheared peridotite are che- 
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mically similar to megacrysts of titanixua assemblage from kimber¬ 

lites. Ferruginous olivine (Fe0>13 wt.%) has the noticeable Ti 

and Ca contents. Enstatite enriched in Pe, Ti, Ca and Na is clas¬ 

sified as high-titaniferous bronzite. Dioside porphyroclasts are 

a subcalcic variety (Ca/Ca+Mg 50%) containing 0,3-0,4 wt.% TiO^ 

1,4-1,9 wt.% Na^O, 1,8-2,0 wt.% Al^O^ and 0,3-0,5 wt.% Cr^O^. 

A high Ca/Ca+Mg ratio (> 50%) as well as low contents of Al^O^ 

(0,4-0,8 wt.%), FeO (2,5-3,5 wt.%) and Na^O (0,3-0,6 wt.%) are 

characteristic of diopside neoblasts. Garnet is identified as 

titaniferous pyrope; it has 1,3 wt % Cr20jf 4,5 wt.% CaO and 

0,15 wt.% NaL20. 

The deformation of garnet Iherzolite was accompanied by an 

intensive metasomatism with separate minerals affected by mel¬ 

ting. The melting process affects first of all marginal and 

weak inner zones of garnet. Microportions of melt are transfor¬ 

med into brown amorphous material saturated by the smallest 

chromite inclusions or they are crystallized into composite 

mineral aggregates. Interstices within garnet are composed of 

Al-orthopyroxene, Al-clinopyroxene, olivine, amphibole of par- 

gasite series, Al-spinel, ilmenite, Ti-phlogopite, carbonate 

and sodalite. The mantle fluid components as H^O, CO2, Cl, P, 

S as well as alkalies and Ti participated in partial melting 

of garnet Iherzolite. Besides of the above-mentionned mineral 

paragenesises thread veinlets of jouravskite and afwillite are 

observed in garnet. Clinopyroxene porphyroclasts are surrounded 

by an aggregate of calcic diopside neoblasts associated with 

phlogopite and spinel. Reactionnal olivine replacement by 

monticellite leading to homoaxial pseudomorphs formation is an 

unusual phenomenon. Ti-phlogopite and magnetite are developed 

between the monticellite grains and the olivine relicts. Monti- 
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cellite and signs of replacement of olivine by monticellite 

are absent in kimberlite including the nodule. 

On the basis of the available data processes of textural 

and chemical transformation of garnet Iherzolite and its gene¬ 

sis, are discussed. 
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GEOLOGY, PETROLOGY AND MINERAL COMPOSITION OF THE UDACHNAYA 
KIMBERLITE ORE COMPLEX (YAKUTIA). 

KN. Egorov; B.M. Vladimirov and G.V. Bogdanov. 

Institute of Earth*s Cmst, 664033 - Irkutsk, USSR. 

The Udachnaya kimberlitie ore complex consists of two large 

conjugate pipes, a eastern pipe, Udachnaya-Vostochnaya (UV) and 

a western pipe, Udachnaya—Zapadnaya (UZ), as well of three satel¬ 

lite pipe bodies and eight kimberlite veined bodies. The Mezo- 

zoic veins composed of potassic trachites and dykes of dolerite 

and trachidolerites atre spatially associated with kimberlites. 

All kimberlite veins are intruded by satellite bodies and the 

UV and UZ pipes. A part of veined kimberlite bodies do not out¬ 

crop and occ\ir only as fragments in the UZ and UV pipes. Satel¬ 

lite pipes are the "blind” bodies and do not contact with the 

UV and UZ pipes. The main UV and UZ pipes are characterized by 

a composite geological structure. Four.phases of kimberlite 

emplacement are distinguished for the UZ pipe and five phases 

for the UV pipe. Intrusive contact relation^iips allowed to 

eatablish the sequence of formation for each pipes. 

The history of fomation of the Udachnaya kimberlite ore 

complex comprises four stages. Geological and radiological data 

show a significant (> 50m.y.) time interval between separate 

episodes of kimberlite magmatism. The first stage is characte¬ 

rized by the formation of kimberlite veins. The "blind" veined 

bodies are composed of mica kimberlite with pyroxene matrix, 

containirg sometimes an abundant amount of sphene (10-20%) .Mine¬ 

ral and chemical compositions of this kimberlite type are simi¬ 

lar to those of olivine lamproites of Australia and lamprophyres 

of Swartruggens. The outcroped veins are composed of calcite 

kimberlite with a varying phlogopite content. Sr, C and 0 iso- 
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topic compositions together with Sr and Ba distribution in cal- 

cites from veins indicate that two sources (mantle and sedimen¬ 

tary) are responsible for carbonate formation. At the second 

stage stock-like bodies composed of monticellite kimberlite 

intruded the UV and UZ pipes* This kimberlite type (I phase) is 

characterized by a pronounced zoned olivine with higher Pe/Fe+Mg 

ratio and CaO content* Low mg and high content of impurities of 

Al, Ti and Na are characteristic of monticellite* A rare assem¬ 

blage of sodium minerals (sodalite, zemkorite, shortite) occurs 

in matrix of monticellite kimberlite from the UV pipe* At the 

second stage another two phases are foirmed in UZ pipe:1) mas¬ 

sive kimberlite with phlogopite-carbonate matrix (II phase), 

2) kimberlite breccia (III phase). Micaceous kimberlite compo¬ 

sing a large intrusive body with vertical contacts in the UZ 

pipe, is mineralogically similar to veined carbonate kimberlite. 

The third stage is characterized by the greatest volume of kim¬ 

berlite material represented in the form of: 1) kimberlite brec¬ 

cia of IV phase in the UZ pipe and 2) kimberlite breccias of 

II, III and IV phases in the UV pipe. At this stage three satel¬ 

lite pipes, composed of intensively carbonatizated breccias are 

probably formed* The kimberlite breccia of the UZ pipe contains 

a lot of fragments of the early phases (up to 50-70%) and crust 

inclusions. In kimberlite breccias of the UV pipe an amount of 

xenoliths of countiy rock already comprising many mantle inclu¬ 

sions increases progressively from II to IV phase. 

At the fourth stage of formation of the Udachnaya kimbeo?- 

lite complex a suite of veined bodies (V phase) is intruded 

into the UV pipe* The bodies are composed of massive kimberlite 

with olivine-monticellite matrix. This kimberlite type differs 

from monticellite kimberlite of stock-like bodies of I phase 

of the UV and UZ pipes in olivine, monticellite, spinel and 

other minerals contents* 
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Comparison of kimberlites of different ages withiji the com¬ 

plex shows the distinct differencies in mineral, petrochemical 

and isotope-geochemical compositions* Kimberlites of each stage 

are characterized by its own composition and evolutional trends 

of crystallization of silicate and particularly of ore minerals 

of phenocrysts as well as of matrix. Variations in mineral cohh 

position of kimberlites depend on distribution of petrogenetic 

oxides and rare elements in rocks. 

Variety of comagmatic kimberlite rocks from the Udachnaya 

complex indicates that two initial magmas are derived from dif¬ 

ferent (saturated and slightly depleted) mantle sources. In 

addition, evolution trend and degree of differentiation of each 

magma were different. 
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TREND OF Si02 IN GARNETS FROM KIMBERLITE PIPES. 

G.D. Feoktistov and B.M. Vladimirov. 

Institute of Earth’s Crust, 664033 - Irkutsk, USSR. 

Chemical compositions of garnets from the Yakutian kimberlite province (Siberian plataform) whose 
paragenetic associations have been previously described by N.V. Sobolev (1), were studied statistically. To this aim 
122 chemical analyses of garnets from kimberlite concentrates, eclogite xenoliths, grospydites and disthen eclogites, 
from diamondiferous eclogites, from inclusions in diamonds, intergrowths with diamonds and associated with 
diamonds from Sobolev’s work (1), were selected. 

Regular surface trend of Si02 of second order in garnets in Mg0-Al203 and Cr203-Ca0 coordinates is 
established. Garnets enriched in AI2O3 and MgO contain abundant Si02 in respect to total amoimt of RO and 
R2O3. MgO and CaO, AI2O3 and Cr203 pairs of oxides display the strongest negative correlations. Si02 have strong 
correlations: positive with MgO and negative with CaO. Moreover, Si02 shows a significant positive correlation 
with AI2O3, whereas its correlation with Cr203 is negative, below the level of significance of correlation coefficient. 
The above correlations influence variation trend of Si02 content: in garnets it generally increases with increasing of 
MgO (less for AI2O3) and with decreasing of CaO (less for Cr203). 

A stable increased admixture of Na20 (0,1-0,22%) compared to garnets from eclogites of metamorphic 
complexes (0,001-0,05% of Na20) is established in garnets from diamondiferous eclogites (2). High contents of 
Na20 admixture are also observed in garnets enclosed in diamond (1). 

Increased admixture of Na20 in garnets testifies (1) their belonging to high-pressure diamond-pyrope 
facies, with isomorphous replacement CaAl NaSi taking place in such garnets. Possibility of this 
isomorphism is proved by experimental crystalization of garnet of Na2CaSi50i2 composition at pressure up to 
18 GPa (3). When synthesizing garnet phase at high pressure (10-20 GPa). A.E.Ringwood and A. Major (4) 
demonstrated the possibility of crystallization of pyroxene solid solution with garnet in which an excess of 
silica due to the entrance into the garnet composition of the minal Mg3(MgSi)Si30i2 appears, i.e. during 
isomorphous replacement MgSi^^AlAl. 

We found that variation trend of Si02 content in garnet evidences increase of Si02 content in garnet 
groups whose paragenesis obviously corresponds to diamond-pyrope facies (pyropes from intergrowths with 
diamonds of the Mir pipe and magnesian garnets included in diamond) and also in garnet groups extracted from 
rocks and possibly belonging ato diamond-pyrope facies (garnets associated with diamonds, garnets of 
diamondiferous eclogites and chrome-pyropes poor in Ca, from kimberlite concentrate). 

The presented data suggest that abundant silica content in garnet composition may indicate their formation 
under pressure corresponding to conditions of diamond-pyrope depth facies. Its appearance is possibly conditioned 
by the entrance into the garnet composition either of the minal Na2CaSi50i2 with simultaneous increase (> 0,1%) 
of Na20 content, or of the minal Mg3(MgSi)Si30i2 with small admixture of Na20 in garnets. 
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ISOTOPE FRACTIONATION RELATED TO KIMBERLITE MAGMATISM 

AND DIAMOND FORMATION. 

Galimov, E.M. 

VI. Vemdsldi Institute of Geochemistry and Analytical Chemistry, Academy of Sciences of the USSR, 

Kosygin str. 19, B-334 Moscow, USSR. 

Experimental data on carbon isotope composition of 

diamond, carbonate component of kimberlite, graphite, and 

organic carbon related to kimberlite minerals obtained during 

study of diamond bearing sources of East Siberia and some 

other regions show that values of different forms of 

carbon related to kimberlite magmatism vary widely: from-35 

to -J-35 %o. 

The median value of ^i^C-distribution for about 2000 

diamonds studied in our laboratory is -4.54 %o. More than 

90% of diamonds from kimberlites have which fall into 

the narrow range: +4%o of this value. However the whole 

range of variation of carbon isotope composition of natural 

diamonds is from -34 to +2.8%o. On the basis of analysis of 

more than 600 diamonds, containing mineral inclusions, it has 

been established, that diamonds of ultrabasic paragenesis 

have o^^C values almost entirely within the narrow range of 

variations: -4.5+4, whereas of diamonds of the 

basic (eclogitic) paragenesis cover the whole range of the 

isotope variations for diamonds. When a diamond consists of 

several sequential generations of growth (coated diamonds, 

diamond-in-diamond), o^^C values of the early generation 

varies widely whereas the isotopic composition of the later 

is more uniform. The Si^C-distribution for diamonds is 

specific for a particular occurrence (different kimberlite 

pipes, different regions etc.). 

Carbonates of magmatic origin in kimberlites from pipe 

Udachnaya are characterized by values similar to those 

for diamonds of the ultrabasic paragenesis from the same 

pipe. However some autholiths are extremely enriched in 

as high as +35%.. Organic compounds in kimberlites, 

including that occurring in fluid inclusions of magmatic 

minerals (olivin and pyrope) are depleted in down to-30%. 

One of the possible causes of the observed isotope 

variations is believed to be the incorporation of the crustal 

carbon into the mantle. However this idea is inconsistent 

with some of the regularities observed, e.c. existence of 

the isotope heterogeneity within the same crystal, difference 

between internal and external parts of coated diamonds, 

peculiarities of isotope distribution for diamonds from 

different kimberlite bodies and of different paragenesis. 

Also, the range of the isotope variations of magmatic carbon 

in kimberlites is comparable or even exceeds that of 
sedimentary carbon of the oceanic crust, including both of 

its carbonate and organic form. It is unlikely that the 

subducted carbon would retain the isotope heterogeneity in 
full scale. 
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The alternative explanation of the isotope variations is 
based on the possibility of significant isotope fractionation 
in the mantle. Isotopic fractionation under equilibrium 
conditions at high temperature is small and may have been 
responsible for a maximum fractionation of 3-5%., depending 
on temperature and composition of C-H-0 system. However, even 
small isotope effects between two components may provide 
large isotopic fractionation, if these components have 
different distribution coefficients between phases of a 
system, and these phases may spatially be separated. This 
situation may occur if a reduced subasthenospheric fluid 
interacts with the relatively oxidized lithosphere. As fluid 
ascends isotope fractionation between reduced and oxidized 
carbon in conjugation with the Rayleigh distillation 
mechanism may result in high enrichment of the residual 
carbon of the fluid in the light isotope. 

On other hand, the same process, supposed, which leads 
to the isotope fractionation of carbon in the fluid may bring 
about formation of a basic melt. This might explain why the 
isotopically light diamonds are associated with the basic 
assemblage of the mineral inclusions. 

The oxidized lithosphere could appear not from the 
beginning of the Earth history. If the ancient mantle was 
completely reduced, the mechanism of the isotope 
fractionation could not operate and isotopically light 
diamonds could not occur at that time. Moreover, if 
appearance of the eclogite assemblage related to the same 
process, diamonds of eclogite paragenesis could not occur 
among the most ancient diamonds. In the extreme case, which 
cannot be ruled out, the ancient diamonds could be 
predominantly (if not entirely) of ultrabasic paragenesis 
while the younger diamonds are predominantly (if not 
entirely) of eclogitic paragenesis. The boundary between “the 
ancient" and "the younger" depends on the actual history of 
the evolution of the redox state of the mantle. It might be 
elucidated by the carbon isotope study of diamonds combined 
with geochronology study of their mineral inclusions. 

The same approach may be applied to consideration of 
isotope fractionation related to the carbonate component. The 
Si3C-value of about -5 %o is initiaL for the C02 component 
of the mantle as well. Under high pressure mantle rocks 
contain C02 in carbonate form. When the carbonate bearing 
rocks or melts get the shallower depths which correspond to 
the boundary of stability of carbonate (at the pressure less 
than 25 kbar under T > llOO'^C ) carbonate decomposes and CO2- 
gas is released. Expansion of the gas must have brought 

about propagation of a fracture, through which the fluidizing 
magma could rush to the surface. This process must also be 
resulted in adiabatic drop of temperature. When temperature 
decreases to about 700-800'=>C carbonates again become stable 
and CO2 reacts with the silicates (even in a low pressure). 
Experimental study showed that reaction of C02 with CaO was 
accompanied by kinetic isotope effect up to 10,5 %o. With an 
isotope effect of this magnitude the Rayleigh distillation 
process may result in enrichment of the residual CO2 greater 
than +40%., when less than 1% of the CO2 remains unbound. 



504 Fifth International Kimberlite Conference 

Hence one can explain occurrence of the i^C-enriched 
calcite in kimberlite, in particular, in the form of 
autoliths. The mineralogical peculiarities of the latter, 
which are believed to indicate that they crystallized from a 
turbulent flow of a fluidizing magma, are in agreement with 
the mechanism of their enrichment in isotope suggested 
here. 

The adiabatic cooling also provides a possible 
explanation for several other curious features of kimberlite 
magmatism. It is known that kimberlite magma, despite the 
fact that it moves rapidly from a high-temperature zone, is 
relatively cool. The walls of kimberlite pipes and xenolites 
do not bear any evidence of strong thermal alteration. 
Besides, since kimberlites are rich in a CO2-component, many 
believe that a kimberlite magma is essentially degassed 
during formation of a kimberlite pipe and consequently loses 
a large amount of CO2. However there exists an almost 
stoichiometric correspondence between CO2 and CaO content in 
different kimberlites, that indicates that kimberlite magma 
loses little (if any) its CO2 component. This is in agreement 
with the model suggested. 
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NEW TECHNOLOGY OF THE SEARCHING OF THE DIAMOND BEARING KIMBERLITES 

METHODOLOGICAL BASIS AND FIELDS OF APPLICATIONS. 

Garanin, VIC and Kudrjavtseva, G.P. 

Geological Department of Moscow State University, 119899, Lenin’s Hills, Moscow, USSR. 

The development of diamond deposits and searching for the 

new ones in Archangelsk and Jakutian kimberlite provinces, in¬ 

dustrial development of the deep horizons on the working pit 

as well as retesting of the numerous kimberlite bodies in the 

Jakutian diamond bearing province facilitate the need for the 

devepolment and active usage of the mineralogical metliods of 

the evaluation of the kimberlite diamond bearing. New mineralo¬ 

gical criteria for the searching of the diamond dep(jsits have 

been offered by the laboratory working on the problems of the 

diamond deposits of the Geological Department of Moscow Uni¬ 

versity. These methods together with remote sensing methods 

form the basis of the new technology of the diamond deposits 

searching. 

The complex methodology of diamond bearing evaluation is 

based on the two groups of the mineralogical criteria. 

The first group of criteria allows to evaluate the po¬ 

tential diamond bearing of the object. They are based on the 

typoroorphism of the mantle minerals from the i nc J f ji; ; = Hixn Llie 

diamond, intergrowths with it, from the diamond bearing perido- 

tites,pyroxenites and eclogites as well as on the typomorphic 

peculiarities of the chrome spinels composition and picroilme- 

nite from the ground mass of the kimberlite rocks. The criteria 

of this group are necessary but not sufficient to define the 

tested object as a diamond bearing one. 

The second group of the mineralogical criteria definc-s 

the degree of the diamond crystals preservation during their 

delivery to the surface by the kimberlite system.The slow rate 

of xenogenous material raise,inc1uding diamond in the conditi¬ 

ons of the increasing influence of the oxidation potential and 

alkaline-carbonate melt in the conditions of the increased tem¬ 

peratures facilitates the "burning" of the diamond and leads to 

the decrease of the kimberlite diamond bearing. The same condi¬ 

tions effect the chemical and phase composition of rninerals- 

sattelites of the diamond (MSD) and microcrystal 1ic spinels and 

ilmenite from the ground mass of kimberlites. 

The most contrast changes are connected with the formation 

of the kelyphite rims on the garnets and rims of replacement 

on the grains of olivine, chromediopside, ilmenite, chrome spi¬ 

nel and other minerals by the formation of the resorbed surfa¬ 

ces on the MSD grains with the characteristic shapes of the mic- 

torelief, with the wide development of the decomposition solid 

soluiiun structures -in the MSD grains, with the formation of 

the different set of minerals in the kimberlite cement as a re¬ 

sult of replacement and of fractioning of the kimberlite magma 

(chrome spinels of varying composition, titanomagnetite, man¬ 

ganese picroi1menite, rutile and perovskite). 

The mass crystallization -of perovskite shows the high al¬ 

kalinity of mineral formation surroundings and directly defi¬ 

nes the poor diamond bearing of the tested object. 
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The priority of the mineralogical criteria of the dia- 

TTiond hearing deposits searching developed in this laboratory 

is protected legally by a series of the authors certificates 

and their efficiency is tested on the several obj'ects of the 

Archangelsk and Jakutian diamond bearing provinces. 

The complex methodology is realised on the basis of the 

analytical complex, including the automated systems for the 

analysis, processing, storage and accumulation of the newly 

input information (Fig.l). The technological process provides 

the highly efficient express and local analysis of morpholo- 

r physical properties, chemical and phase composition of mi¬ 

nerals. The data bank for all the most important MSD has been 

set up and realised to develop the chemico-geo1ogica1 MSD clas¬ 

sification both from the xenolithes of the depth rocks and from 

the ground mass of kimberlites, to define the typomorphism of 

minerals from the diamond paragenesis and the usage ofthis in¬ 

formation to solve different search-evaluation problems. 

The results of cluster analysis together with the availab¬ 

le mineralogical information allowed set up chemico-genetica1 

classifications for MSD with the extraction of typochemical fea¬ 

tures of the diamond paragenesis. The defining laws for sorting 

out ( according to the types) the mineral paragenesis of newly 

incoming mineral analysis were calculated on the bas.is of dis¬ 

criminant analysis. The whole package of programmes with gra¬ 

phical supplement for the statistical processing of the results 

of the MSD investigation on the personal computers was set up. 

The chemico-genetical MSD classifications are the basis 

for the effective work of the complex methodology with the app¬ 

lication of the automated systems. The essence of the methodo- 

iogy,which has been realized on the new chemico-genetica1 clas¬ 

sification of MSD with usage of the MSD data base in the combi¬ 

nation with mighty analytical complex,lies in the complex study 

of diamond minera1s-satte1ites by different methods on the basis 

of the complex of mineralogical criteria of diamond bearing with 

the purpose to show the preservation of mineral parageneses,sta¬ 

tistical spreading along the deposit, extraction among them the 

diamond bearing parageneses. The advantage of the methodology 

is achieved by the increase of evaluation reliability of the 

kimberlite ore bearing as a result of the complex approach, i.e. 

not lonly on one, but on the complex of signs considering not 

only the possibilities of the diamond crystal formation but also 

its preservation in the process of delivery to the surface. 
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THE COMPARATIVE CHARACTERISTICS OF ILMENITE FROM THE KIMBERLITE 

PROVINCES OF THE USSR. 

Garanin, VJC, Kudrjavtseva, G.P. and Laverova, T.N. 

Geological Department of Moscow State University, 119899, Leninas Hills, Moscow, USSR. 

Ilnienite is a widely spread mineral In the kimberlite pi¬ 

pes of the Jakutian diamond bearing province. It occurs as in¬ 

clusions in the diamonds, impregnations in the ground mass of 

kimberlite, in xenoliths of the mantle rocks (peridotites, py- 

roxenites, eclogites), including the diamond bearing ones. It 

is the accessory mineral of the kimberlite rocks. Two genetic 

sources of this mineral are discovered in the Jakutian kimber¬ 

lites: a) ilmenite - the product of disintegration of the aby¬ 

ssal rocks of ultrabasic and basic composition and mai-asomati- 

5^ed rocks; b) ilmenite from the ground mass of kimberlites. 

Ilmenite from the deep rocks is characterized by the con¬ 

siderable range of the composition. Several stages of the il¬ 

menite rock formation are established. The genesis of this mi¬ 

neral is connected with the evolution of magnesian-ferrous ma¬ 

ntle melt, enriched by titanium. Crystallization differentia¬ 

tion in combination with liquation leads to the crystallization 

of the mottled series of the ilmenite rocks: peridotites, pyro- 

xenites and eclogites. The earliest of them are crystallised in 

the diamond staljility field. 

Ilmenite from the ultrabasic rocks is characterized by the 

high content of magnesium (more than 6 wt.% MgO), increased - 

of aluminium (0.4 wt.% Alr:,v;0;.;5() and chromium (more than 0.4 wt.% 

Cri>03 to 10 wt.%) ; from eclogites - low content of magnesium 

(less than 4 wt.% MgO), aluminium ( 0.3 wt.% Al^iO;*), chromium 

(0.2 wt.% Cr::^0:;;i() and somewliut. increased content of manganese 

(more than 0.5 wt.% MnO). The trend of the ilmenite rocks evo¬ 

lution is finished by the formation of original high-ferrous 

garnet-iImenite intergtowths; the ilmenite in them is characte¬ 

rized by high content of hematite minal ( >20 mol.% Fe::a03) and 

low one of geikielite ( <25 mol.% MgTiO^ ) and possesses the 

ferrimagnetic properties at room temperature. The similar ilme¬ 

nite is widely spread in the central part of Jakutian province 

(Ma1o-Botuobinskoje field), the bodies i.here are characterized 

by the highest diamond bearing. In this case, the presence of 

ilmenite Influences cjonsiderab1y the magnetization over the 

kimberlite pipes of this region. The regular change of the com¬ 

position of ilmenite from the ultrabasic rocks, is observed in 

the nothern direction during the transition from the central 

field to the periphery of the province: its contents of magne¬ 

sium and chromium in the ilmenite are increased and the degree 

of the change of rocks as a result of the occurence of the pro¬ 

cesses of the mantle metasomatism is increased. 

In some kimberlite bodies, in ilmenite nodules, the lame-. 

11s of decomposition of the solid solution, represented by the 

chrome spinels of the varying composition are widely observed. 

The regular connection between t.he wide spreading of t,h63 simi¬ 

lar ilmenite and decrease of the kimberlite bodies diamond be¬ 

aring is discovered. The mineralogical criterion of the eva- 

luatUrn of the kimberlite bodies diamond bearing has been de¬ 

veloped on the basis on the phase heterogeneity of ilmenite. 

The Ilmenite composition from the ground mass of kimber¬ 

lites is being regularly changed from high magnesian ( MgO > 
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5 wt.%) of chrome ilmenite in the productive pipes and low ma¬ 

gnesian (MgO < 5 wt.%) manganese in poor productive pipes. The 

differences in the ilmenite composition from the kimberlite 

rocks of different phases of intrusion are observed. In this 

case, the rocks of later phases (less deep ones) contain ilme¬ 

nite enriehed by ffiengeneae. 

The sequence of crystallization of the mineral of the kim¬ 

berlite ground mass during the decrease of PT-parameters of 

the surroundings is established: high magnesian olivine ( Fo > 

90%) + high titanium chrome spinel -> magnesian olivine ( Fo 

from 90 to 92 %) + high magnesian ilmenite -> chrome contain¬ 

ing titanium magnetite -> perovskite + rutile -> magnetite. 

Ilmenite in the diatremes of the Arkhangelsk diamond be¬ 

aring province is spread only in the two out of, five fields in 

its eastern border. The diamond bearing of these kimberlite bo¬ 

dies is rather poor. The pipes are characterized by the high 

content of ilmenite nodules at the non-considerable presence of 

the chrome spinels grains.Xenoliths of ilmenite ultrabasites al¬ 

so occur.The size of the ilmenite nodules is usually less than 

5 mm, i.e. considerably less than the size of ilmenite nodules 

inthe Jakutian and South African kimberlites (to 10 cm). The im¬ 

purities of aluminium (less than 0.7 wt.% Alri^O-v), chromium (to 

7 wt.% Cr:2503,) / manganese ( to 0.5 wt.% MnO) are characteristic 

of ilmenite.In a whole,the increased content of magnesian (from 

10 to 17 wt.% MgO,in average - 13 wt.%) and decreased - of the 

Fe^"*" (less than 14 mol.% Fei^O-O are noticed for ilmenite. The 

ilmenite composition in general is stable, independing on the 

diatreme location and it is located on the diagrams in the co¬ 

ordinates MgTiO^-FeTiO^-Fe^^O^ and Mn0-Al:203-Cr:203 in the same 

field. It is close to the ilmenite composition from the pipes 

of Daldino-Alakitski and more nothern fields of the Jakutian 

kimberlite province. 

Among xenoliths of the 

remes,only ilmenite Iherzoli 

ferrous garnets are discover 

ty of the ilmenite nodules 

of ilmenite of the eclogite 

they are characterized by 
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(less than 0.6 wt.% Al:^03) and chromium ( less than 0.8 wt.% 

Cr^‘03) are characteristic for ilmenite. 

In general, ilmenite is similar to the mineral from the 

non-productive pipes of the nothern fields of the Jakutian pro¬ 

vince . 

The following sequence of crystallization of minerals of 

the kimberlite ground mass from the Arkhangelsk province is es¬ 

tablished: A1-Ti-containing chrome spinel -> chrome ulvospinel 

-> rutile -> ilmenite -> titanomagnetite. 

Thus, the definite mineralogical and geochemical specia¬ 

lization of the two biggest diamond bearing provinces of the 

USSR, showing completely different conditions of the evolution 

not only of the minerals of magnesian-ferrous series of the 

mantle rock, but also kimberlite melts, is observed. 

deep rocks in the Arkhangelsk diat- 

tes with oran*ge-red low chrome and 

ed and it shows the genetic affini- 

mainly to these rocks. The grains 
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MINERALOGY OF OXIDES FROM THE GROUND MASS OF KIMBERLITES OF JAKUTUA 

AND NORTHERN EUROPEAN PART OF THE USSR. 

Garanin, V.K, Kudrjavtseva, G.P. and Michailichenko, O^. 

Geological Department of Moscow State University, 119899, Lenin's Hills, Moscow, USSR. 

The complex approach towards kimberlite studies taking in¬ 

to account their geo1ogico-structure1 position in the combina¬ 

tion with the detailed mineralogical investigations is thought 

to be the most reasonable approach during the search for the 

deposits of diamonds and the evaluation of their productivity 

on the basis of the indirect mineralogical criteria and with 

the substantial shortage of the expensive drilling* During the 

fulfillment of the complex approach to the kimberlite studies 

a series of the laws of the kimberlite formation is being dis¬ 

covered and it provides the e^c i ent i f i ca 11 y based methods for 

the purposeful mineralogical search for tlie diamond bearing 

evaluation with ones available now ( on the chrome content of 

garnets and chrome spinels - N.V.Sobolev with co-authors ; on 

the IR-spectra of chrome spinels - I.J.Nekrasov and others)has 

set up the basis for the introduction of l.hu methodology of the 

forestalling testing of the kimberlite bodies with small volume 

of drilling. It is reasonable to introduce tJiis methodology at 

the preliminary stage of the kimberlite testing to find ovit the 

first priority objects for their further detailed gec)lGgical 

survey and evaluation of the perspectives of the diamond bea¬ 

ring of a region ir\ general. 

Many theoretical problems of the kimberlite formation and 

some practical tasks call for fundamental research of ilmenite 

and spinels from the kimberlite ground mass. The authors have 

carried out a considerable volume of the analytical work wide¬ 

ly using the e1e c t r o n-p r o b e analysis method and image analysis 

for ilmenite and spinels in the association with olivine, ruti¬ 

le, perovskite and other minerals from the ground mass of the 

kimberlite rocks. 

The representative data have been chosen from the kimber¬ 

lite pipes of the central regions (Malo-Botuobinski, Daldyno- 

Alakitski) and peripheral regions ( Kuonamskoje, Kharamaiskoje ) 

of the Jakutian diamond bearing provinces and from the central 

field (Zolotizkoje) and frontier fields (Verkhotinskoje, Kepin- 

skoje, Sojanskoje) of the Arkhangelsk kimberlite province. The 

carried out investigationE,' a] lowed to define the position of 

spinels and in the process of the kimberlihe formation evoluti¬ 

on. The pecu 1 i a r i t i e of the space distribution and oxides com- 

poEiition in the kimberlite bodies of the Jakutian and Arkhan¬ 

gelsk diamond bearing provinces have been defined. 

In the Jakutian diamond bearing province : 

X. opinels from the kimberlite ground mass show typomorphism 

of the composition. The peculiarities of the chemical and 

phase composition of these minerals are sensitive indicators 

of the changes of the conditions of the mineral formation 

surroundings. 

2. The increar^e of the share of magnetite minal in the spinel 

composition from the kimberlite ground mass is definitely 

accompanied by the decrease of the original productivity of 

the k i m b e r 1. i t e pipes. 
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3. The highly productive central regions are characterised by 

the prevailing role of ilmenite in the cement composition , 

including the zonal separation of this mineral with the bor¬ 

ders of titanomagnetite ; the similar zonal structures are 

not practically marked for the peripheral regions of the 

province where titanomagnetite is most widely spread among 

oxides. 

4. Typomorhism of the coriipoaition of the investigated minerals 

in the kimberlite bodies of the central and frontier parts, 

emphasizing the zoning of the Jakutian diamond bearing pro¬ 

vince and conforming the poor productivity of kimberlites 

along the periphery has been established. 

In the Arkhangelsk kimberlite province : 

1. In the heavy fraction of the Zolotizkoje field diatremes 

spinels prevail sharply in amount over the other minerals- 

satellites of diamond. Picroi1 menite occurs only in single 

signs. 

Only magnesian Al-Ti containing chrome spinels are spread 

in the kimberlite ground mass. Chrome ulvosplnel (as a rule 

on the upper horizons of diatremes) is formed in the borders 

round the nuclei of Al-Ti containing chrome spinels for so¬ 

me diatremes. 

2. In the diatremes of the northern ground of bodies the mine¬ 

rals of the heavy fraction are represented by spinels, gar¬ 

nets, chrome diopside.The content of the heavy fraction mi¬ 

nerals is considerably less that in the central field. Pic- 

roilmenit is absent. 

Cr-Al-containing titanomagnetite with clearly subordinate 

( single extractions of Al-Ti containing chrome spinels is 

the prevailing ore mineral of the kimberlite ground mass. 

The diatremes are poor diamond bearing. 

3. In the diatremes of the south-eastern group among the heavy 

fraction minerals picroi1 menite,sometimes,picroiImenite and 

garnet (mainly red-orange, typical representative of ilmeni¬ 

te hyperbasites and sheared Iherzolites) prevai1.Chrome spi¬ 

nels are considerably less sptead. 

There’s a rather wide set of ore mineral's in r:ement ( as 

compared with central and northern fields) ; there are sin¬ 

gle grains of magnesian Al-Ti containing chrome spinels and 

magnesian ulvospine1.Titanomagnetite and picroiImenite with 

the’ increased manganese content are spread to a greater ex¬ 

tent.Rutile is the pirevai 1 ingor e mineral. Diatremes are ve¬ 

ry poor diamond bearing. 

4. Recently non diamond bearing diati>eraes of effusive appearen- 

ce,represented by basaltoids have been discovered in the Ar- 

khaiigelsk province on the eastern frontier of the craton 

(east-northern-east) . 

The single signs of the minerals-satel1ites of diarnond are 

discovered in the heavy fraction of these bodies (garnet and 

chrome spinels). A1-Mg-containing titanomagnetites with com¬ 

plete absence of magnesian A1-Ti-containing chrome spin(.;ls 

are widely spread in cement. 

As the result of i.he c:arried oui. i n vcjst i. gat i ons the gene¬ 

ral scheme of the kimberlite fluid evolution of the basis of 

the crystallised sequence of oxide separation has been offered, 

the new rninera1ogica1 criteria of the diamond bearing evaluati¬ 

on of the kimberlite bodies have been developed according to 

the peculiarities of ilmenite composition ( determination of 

MgO and MnO) and spinels ( determination of magnetite FeFe:^;0.:(. 

and ulvospinel ( Mg , Fe ) sT iO^i, coraponents ) from the kimberlite 
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ground mass effective for usage in combination wdth other indi¬ 

rect rftinera1og1ca1 methods (on xenocrystals of olivine, giicnet, 

clino- and orthopyroKene, chrome spinels and othiers minerals), 

especially when the "outcome" of the core is very small and the 

content of the mi ner al-sate 11 i tes in the concent rai. i ons of tlie 

enrichment of kimberlites is not representative enough. 

High information capacity of ilroenite and spinels from tlie 

kimberlite ground mass has been established in genetic and app¬ 

lied aspects. It proves some disadvantage of narrow investiga¬ 

tions (only spinels, only ilmenite, only phenocryst.s, only no- 

dulars, etc.) and this narrow investigation is opposed by !.hu 

complex one (the most complete one) for studying different mi¬ 

neral phases in kimberlites. 

The discovered minera 1ogica1 specialization of the fields 

is corrfilated-wUdi the diamond bearing and allows to region the 

provinces and to 'sort out the new bodies with the liigh degree 

of reliability and to define the most perspective: ones for dia¬ 

monds among them. 
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PETROGENESIS OF PRAIRIE CREEK LAMPROITES: CONSTRAINTS FROM MELT 

INCLUSIONS AND mOH-PRESSURE EXPERIMENTS. 

A. Gimis; I. Solovova; I. Ryabchikov and L. Kogarko. 

Crystalline, lluld and. melt microInclusions In minerals of 

Prairie Creek (USA, Arkansas) la^mproltes have been studied In 

order to obtain Information about composition and 

crystallization conditions of melts. It was shown that 

snallow-level crystallization proceeded at temperatures 

1050-1150^0, while olivine, cllnopyroxene and Gr-splnel were 

llquldus minerals. At this stage liquid was saturated by 

predominantly C0.;)-H20 fluid with CO.p pressure being more then 4 

Kb. .Silicate melts contain up to 14 wt.% of K2O at about 7-9 

wt.% MgO. Also typical are high concentrations of P, Tl, Ba, F 

and very high K/Al ratio. Based on the chemistry of homogenized 

meit Inclusions the composition of the least evolved liquid 

nave been calculated - (wt.%) SIO^ 44.1, TIO^ 4.4, AI2O3 4.5, 

FeO(t) 9.3, MgO 17.8, CaO 3.8, BaO 1.5, K^O 9."9, Na^O 2.4, P^O^ 

2.4. Similar liquid must have been In equilibrium with mantle 

residual assemoiage. Synthetic material of such composition 

nave been prepared and used In melting experiments conducted at 

5-20 kb total pressure with pure h.^O, H^O-CO^ fluid as well as 

at fluid absent conditions. At all parameters the first 

crystalline phase Is olivine. Further crystallization sequence 

depends critically on fluid regime: 

ary OL - OL+GPX 

fl^O OL - OL+PHL - OL+PHL+GPX 

l-GO^ OL - OL-fOPX - OL+OPX+PHL 

Assuming that natural fluid was predominantly a mixture of 00^ 

Eifid n^O, we conclude that Initial lamproltlc melts were In 

equilibrium with phlogoplte-bearlng harzburgltlc residua. A 

little amount of garnet probably was also retained In solid 

residua. .Extrapolating phase equilibrium data the conditions of 

primary meit generation have been assessed - about 40 kb and 

14UO''^0. 
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AL-SOLUBILITY IN ORTHOPYROXENE IN EQUILIBRIUM WITH GARNET: 

A REINTERPRETATION OF EXISTING EXPERIMENTAL DATA AND THE 

PETROGENETIC IMPLICATIONS IN GARNET PERIDO lTl E XENOLITH. 

Yu. N. Kolesnik. 

Institute of Geochemistry and Physics of Minerals Acad. Sci. of Ukrainian USSR. Palladin Prospekt, 

34. 252068 Kiev 68, USSR. 

Finnerty and Boyd (1984)discovered that the application ot available 

correction schemes -for solution o-f other components (concerning MAS ) in 

pyroxenes and garnet decreased both accuracy and precision of P,T estimates. 

The discrepancies are likely to be a result of imprecision in activity 

models for silicates. The proposed orthopyroxene - garnet geobarometer is 

recalibrated incorporating the determination of the high temperature 

equilibrium fractionation of elements between different sites in 

orthopyroxene structure,based on the statistical thermodynamic principles 

We took into account the experiments in MAS,CMAS,FMAS,CFMAS systems and 

obtained a close agreement with thermochemical properties of minerals. Only 

three empirical constants are used (aS^ and-dH'^of the reaction Mg Al^ 

Si 0^= Mg^ Al^ Sij Function of Mg-Tschermak component). 
The results of isopleth calculations and of estimated stability fields in 

P,T space of sdme garnet peridotite xenolith in CFMAS (and partly Cr) system 

are shown on Fig. 1,2. 

The remarkable feature of the new P,T determinations is that the 

equilibrium field of diamond - bearing peridotite and inclusions in 

diamond (vertical bars on Fig.2 ) are drawnd along the line of 

conductive geotherm for surface heat flow 40 mW/m^calculated by Pollack et al 

(1977) (fat solid line on Fig.2).The T estimates were made with two-pyroxene 

(Wells,1977 and Lindsley,1983) and garnet-olivine (0>Nei11,Wood,1979) 

geothermometers. The field of diamond-bearing peridotite covers a temperature 

range T>1000 C which satisfies the diamond-graphite constraint.Temperature of 

other garnet peridotite xeno.liths (dotty area on Fig.2) are higher in relation 

to "cool" shield geotherm.The estimated boundary between this field and the 

field of P,T distributions for suits of garnet Iherzolite from southeast 

Austral i a, Sol omon Islands (Mai ai te) , Canada (He Bizard ) as well as from 

alkali basalts ,1amprophi res and some carbonatites (dashed area on Fig.2)- 

- lies ne^ar the ledge on the solidus for per i dot i t e-CO^-H^ 0 after Wylli,1979 

(broken fat line on Fig.2). 
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FIGURE CAPTIONS 

Fig.l Calculated data on the alumina solubility in orthopyroxene in 

equilibrium with garnet in the CFMAS system. 

1. Al/2 = Al(Vl) - isopleth in orthopyroxene as well as isopleth ot 

iron fractionation "f" between coexisting garnet and orthopyroxene: 

f — F Bcpx ^ ^ 

,where Fe<j^^ - the iron amount in (Fe, Mg , Al (Si , A1■ 
Fec^ - the iron amount in Ca<3^:f( Fe, Mg ^^Al^ Sij 0^^ . 

All Fe is assumed to be divalent. 

2. The garnet composition Ca ^><5 (Fe , Mg Al^ Si^ 0^^ at other same 

compositions of opx. and gt. ^ ^ 

3. A Ca content shift in garnet. 

Fig.2 Fields of P,T estimates for garnet Iherzolite nodules. 

(diamond-graphite equilibrium - after Kennedy,1976 ;other 

explanations are in text). 



516 Fifth International Kimberlite Conference 

GENETIC TYPES OF KIMBERLITE PIPE CRATERS OF A NEW DIAMOND-BEARING 

PROVINCE OF THE USSR AND SOME ASPECTS OF THEIR DEVELOPMENT. 

Kolod'koA^.; Levin V.L; Frantsesson E.V. andKiseVS.L 

Central Research Institute of Geological Prospecting for Base and Precious Metals (TsNIGRI), Moscow; North 

Department of Complex Investigation, TsNIGRI, Arkhangelsk, 

I, Shallow enroslen of some newly^roToaled kli^rllte pipes 

andf as a result, well-preserred craters filled wl'& speeifio vol- 

eenle and volcano-sedimentary rocks are distinctive features of 

the new diamond-hearing province situated in the north of the 

USSR Suropean paxrt. 

2» fexturally, structurally and ooB^osltionally the crater 

fill consists of tuffs, tuffites, tuffstines as well as sandstones, 

siltstones, end dayatones witii pyroclastic admixture. Ihe former 

three make up a tuffaoeous memher 20 to 40 m '^ok, and the lat¬ 

ter three compose a voloano-sedlmantary member 50 to 40 m thick, 

5* Based on the position of and the relationship between 

these members the followins me;]or orator types reflecting specific 

features of their formation are reeognisedt 

X - (me-layered ci^eters. Deposits form c»c volcano-sedimenta¬ 

ry member dominated by sandy-argillaceous varieties accumulated 

under lakustrlne conditionst 

II — two-layered craters. Deposits are composed of the i;q^er 

volcano-sedimentary member which is analo^ms to the member of the 

first type and the lower tuffaceous one derived from the explon 

Sim products either as direct fallout onto the crater bottom or 

as outwaoh from the area laying outside the crateri 

III - three-layered craters. Deposits oensist'j of three 

members of which the lower and t^per members ere volccmo-sedlmen- 

tary, while the middle unit is tuffaceous. fhe lower member is 

chiefly coB^osed of sendy recks simslar to host rooks. It was 
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foxned in thn envlnmmeat of «tM pvevalnnt gravitty xockfall. Xbe 

aiddle (taftaaeoos) aanbar was developed aiisaltaneottslp with the 

lower unit by gravity veekfall and voleanlo ejeota eutwash from 

the area lying ontslde the orator* fhe «sqper nember is analogous 

to ^t of the first type* 

4. !13ie defined types of the crater structure from the kin-* 

berlite field reoord a general pattern in the periodic develop¬ 

ment of kimberlite voloanlsn featured by a regular sorriest from 

eomposite long-c^erating pipes-"leaders" to underdeveloped ob- 

jeots (with one-layered craters) nariring the attenuation of vol- 

eanio activity within the territory in question. 

9* Tarietv of voleanic structure types end different depths 

of poatore erosim detezBlne a anltifaetor distribution pattern 

of indicator oo^cments in the overlying deposits. It is due 

to tdiis reascm that there take place various prospecting situ¬ 

ations requiz^lng development of prognostle-prospeeting moaela 

and a corresponding package of methods for their realisatian. 
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TRADITIONAL AND NEW TYPES OF DIAMOND-BEARING ROCKS AND METHODS 

FOR THEIR ESTIMATION. 

LL. Komov. 

Institute of Geochemistry and Physics of Minerals, Ukr. SSR Academy of Sciences, Kiev. 

Diamond-bearing rocks comprise the follov»ing types: 

kimberlites, lamproites, impactites, eclogite-amphibolites 

and eclogite-gneiss metamorphic complexes, ultrabasic (ul- 

trabasites) and basic (basaltoids) rocks. 

Diamond in kimberlites is a polygenetic mineral and 

is genetically related to ultrabasic and basic mantle 

rocks. Kimberlitic magma transported diamond and other mi¬ 

nerals of deep seated rocks (products of the mantle substra¬ 

tum disintegration). These conclusions are substantiated by 

radiological and mineralogical data, by crystal inclusions 

v»ith octahedral cut (negative crystals) available in diamonds, 

whose deformation proceeded in the course of a long period 

of geological time (billion years and even more), by diamond 

presence in deep-rock zenolyths of diverse composition. Pe¬ 

culiarities of the kimberlite composition are governed, 

as a rule, by the crystalline basement structure. 

Natural geothermometers, the character of the dislocation 

structure of crystals, forms of nitrogen show that crysta¬ 

llization of diamonds occurred at a temperature of 1200-1500^0, 

the depth of formation being 200 km as much. These data nece¬ 

ssitate important conclusions; 

- the main techniques applied in search for diamond-bear¬ 

ing kimberlites are mineralogical and geophysical methods 

based on revealing structure-compositional and physical 

inhomogeneities of the kimberlite fields; the division >f 

kimberlites into productive and perspectiveless cannot 
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be Tealized by petrochemical and geochemical methods. 

Urgent seems to be the problem of complex estimation 

of kimberlites and following extraction of gold, platinum 

and precious coloured stones - pyrope, chrysolite, chrome- 

diopside. The preservation of diamonds during rock process¬ 

ing can be done on the base of blending. 

Large and rich diamond deposits abroad are associated 

with lamproites. Characteristic features of lamproites are 

their Mg, K, Ti, Zr, Ba enrichment by light rare-earth 

elements, availability of olivine, phlogopite, richterite 

in rocks and presence of such potassium minerals as leuci- 

te, wadeite, jappeite, shcherbakovite as well as zircon, 

barite, garnet (of the pyrope series with low titanium 

contents)^ chrome-diopside, chromite. Geological mapping 

of lamproites and identification of proper olivine varieties 

among tuffs are required for predictive work. The latter 

may be carried out in such a succession: geophysical rese¬ 

arch (magnetic prospecting, ondometric methods), geological 

mapping, geochemical work (detection of potassium, barium 

aureoles), drilling, raining sinking, large-scale bulk 

sampling with a view to produce a required quantity of 

diamonds, evaluation of their content and qualities. 

Large diameter wells are drilled with bulk sampling of the 

material (sample mass - 40kg). 

In assessing the diamond content in metamorphous 

rocks the following characters are taken into account as 

their productivity criteria; 

- wide variations in the mineral and chemical composition 

of rocks, frequent alternation of very contrasting 

Precambrian geological formations metamorphosed under 

conditions of the amphibolitic facies of raetamorphism; 
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- the development of complex and variegated paragenesis of 

minerals in the zones of potassium metasomatism; 

graphite, quartz, feldspar, forsterite, biotite, 

phlogopite, muscovite, spinel, clinohumite, tourmalin, 

pyroxene (diopside, omphacite), garnet (pyrope-almandi- 

ne, pyrope-grossular), dolomite, calcite. 

Diamonds contained in metamorphous formations are 

usually fine, green-yellov?. Mineralogical (typomorphous 

signs of garnet, pyroxene) and geochemical features (by po¬ 

tassium aureoles) are used in search for diamonds* 
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COMPOSITION OF GROUNDMASS MINERALS FROM PETROGRAPHICALLY 

DISTINCT TYPES OF KIMBERLITES. 

V.P. Kornilova. 

Institute of Geological Sciences. Lenin avenue, 39. Yakutsk, 677982, USSR. 

There are several classifications of kimberlite rocks based on 

their quantitative * - mineralogical composition wherein kimberlite 

rocks are grouped in terms of the quantity of olivine, phlogopite. 

carbonate (Mitchel1.1970) or diopslde, phlogopite. monticellite 

and other minerals (Scinner. Clement.1979). Studies of kimberlites 

have shown that the rocks that differ in structural-textural 

characteristics and hence petrogenesis can have a similar 

mineralogical composition. We believe that massive, 

microporphyritic kimberlite rocks, which fill dykes and stocks, 

are related to intrusive facies of kimberlite magmatism, whereas 

brecciated. medium- and macroporphyritic kimberlites, which fill 

veins and pipes . are related to subexplosive facies (Kovalsky. 

1963; Kovalsky et al..l969; Kornilova et al.,1983). Study of 

groundmass and phenocryst minerals from compositionally similar 

kimberlite rocks of different facies has revealed certain 

differences in the compositions of minerals depending on the 

facies. 

Groundmass monticellite and diopside from monticellite- and 

diopside-bearing intrusive kimberlites, respectively, are richer 

in Fe compared to those from similar varieties of kimberlite 

breccias. Besides kimberlite diopside is characterized by higher 

TiOs and compared to almost pure diopside of the 

groundmass of kimberlite breccias. Phenocryst olivines. and 

especially their margins, from monticellite- and diopside-bearing 
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kimberlites are on the average richer in Fe in comparison with 

olivines from kimberlite breccias. 

Mineralogically similar kimberlites of different facies have 

groundmass ore minerals of similar compositions. However, 

mineralogically different kimberlites exhibit. irrespective of 

their facies, substantial differences in titanium, chromium, iron 

and particularly aluminium contents. Aluminium content of spinel 

in non-micaceous kimberlites is higher than that of micaceous 

kimber1ites. 

Moreover, some intrusive kimberlites are similar in 

mineralogical composition to alnoite-series rocks associated with 

alkalic-ultrabasic massifs. Study of the rock-forming minerals of 

alnoitic rocks from the Tomtor and Chadobetz fields has revealed 

insignificant differences from intrusive kimberlites. 

Our studies show that with mineralogical classification 

kimberlites which belong to different petrogenetic types and have 

different quantities of indicator minerals and diamonds fall in 

one group. No diamonds have so far been found in intrusive 

kimber1ites 
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THE REGULARITIES OF VARIABILITY OF KIMBERLITE 

COMPOSITIONS IN MULTI-PHASE PIPES. 

Kostrovitsky S.I. 

Institute of Geochemistry, Siberian Branch, USSR Academy of Sciences, Irkutsk, USSR. 

The majority of well studied grreart kimberlite pipes belong 

to multi-phase formations. About five kimberlite varieties fill 

such pipes as Mir, Udachnaya-Zapadnaya, Udachnaya-Vostochnaya, 

Aykhal. The kimberlites of different phases of intrusion form 

individual independent bodies within pipes. The contact rela¬ 

tionships between them dispaly the sequence of their intrusion. 

It turned out that in a number of observed pipes the initial 

phases of intrusions are associated with kimberlites of the 

massive texture and the final phases relate to autolith-bea- 

ring breccias. 

The study of petrochemical and microelement compositions 

showed that kimberlites of seperate phases of intrusion possess 

a distinct composition feature. As the factor analysis indicates, 

the main trend of petrochemical variability of kimberlites is 

due to variations of carbonate and silicate components of rocks. 

This shows different intensity of superimposed carbonatization 

and to lesser extent magmatic differentiation. The next distinct 

trend is derived for multi-phase pipes from the so-called "sig^ 

nificant” oxides, which are mostly stable in the secondary pro¬ 

cesses. The tendency for diminishing TiO^* FeO, K2O and 

contents is well defined from initial phases of intrusion to¬ 

wards final ones; kimberlite becomes more magnesian. The minera- 

logical particularities of kimberlites are related tD the beha¬ 

viour of oxides. This is a gradual decrease of picroilmenite con¬ 

tent and a relative amount of high-Pe olivine to final stages 

of intrusion. 
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It should be emphasized that on the diagram of a factor analy-- 

sis with total geochemical data on kimberlites of two pipe bodies 

of the Udachnaya, the fields of kimberlite varieties are mainly 

located in a sequence of their intrusion. The kimberlites of ini¬ 

tial phases of intrusion, in contrast to final ones, seem to be 

more rich in Th, Zr, Nb and V. This regularity of distribution 

of microadmixtures agrees well with that given above for petro- 

genic oxides The maximum concentrations of TiO^ and ^2^5 

observed in the pre-pipe veins which accompany most of large 

pipes. It indicates that the observed trend of variability of 

kimberlite composition is of general character. 

The kimberlite pipes are usually groupped as linear extended 

chains - clusters of pipes. The tendency for a decrease of TiO^ 

and FeO in kimberlites in one direction is evident within li¬ 

near chains of pipes. The regular change of picroilmenite compo¬ 

sition is observed on the limited data (within one chain of pipes 

of Daldyn field). 

Similar to formation of multi-phase pipes, the formation of 

linear clusters of pipes is considered as successively forming 

multi-channel system connected with the common mantle chamber, 

but isolated spatially within sedimentary cover. 

The evolution of kimberlite composition is due to different 

factors: 

1) relatively more intensive interaction of initial phases 

( versus subsequent one) of kimberlite intrusion with deep-seated 

rocks of the mantle; 

2) thermal-diffusion mechanism of differentiation which is respon¬ 

sible for enrichment of the upper part of the rising magmatic 

column with easily fusible elements. 
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CHROME TITANATE INCLUSIONS OF UNUSUAL COMPOSITION IN PYROPES FROM 

LAMPROPHYRES AND KIMBERLITES. 

Kostrovitsky S.L and Garanin VK 

Some accessory minerals of lamprophyric rocks, which 

make up the pipe and dyke bodies of the Chompoloo field, loca~ 

ted within the Aldan alkali province can be referred to kim¬ 

berlite associations. Pyrope, Mg-Al chromite, chrome-dibpside, 

pycroilmenite produce typical spectrum of mineral phenocrysts, 

common for these rocks. The study of crystalline inclusions 

in phenocrysts turned put to be informative. Hi^-Cr ultra- 

basic associations with inclusions of chromite (CrgO^ - up to 

58,6% ), pycroilmenite (MgO - up to 14,7% , ^^2^3 " 

2,4%)f chromous rutile (Cr20^ - up to 8,4%) and chrome t±ta- 

nates of unique composition is mostly remarkable amongst the 

associations, observed in garnets. 

The high-Cr associations ojf mineral inclusions is found 

in red-violet pyropes of Iherzolite paragenesis. The main pe- 

cularity of their composition is the presence of knorringite 

mlnal. The chrome titanates are small crystalline ingrowths 

of 0.001 -03 mm, which are marked by a high degree of idio- 

morphism. Two groups of chrome titanates are distinguished. 

The first group is characterized by the following composition: 

TiOg - 56.9 r59.7%, AlgO^ - 1.8 r2.1%, Cr^O^ -21.3t 22.7%, 

PeO - 8.4 f9.3%, MgO - 3*3 -^3.7%, CaO - 0.2 tO.9%, Na20 - 

0 tO.2%, KgO - 0-H).4%, ZrOg - 3.2 +3.7%. The second group 

has close but markedly different composition: Ti02 - 60.9- 

68.3%, Al20^ - 0.8 +1.9%, Cr^O^ —11.4 +19.4%, FeO - 8.8+ 

11.7%, MgO - 3.2 +4.6%, CaO - 1.4 +1.9 %, Na20 - 0.2 +0.4%, 

KgO — 0.2 +0.6% , ZrOg -0.9 +4.0%* 
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Identification of chrome titanates is a complicated problem. The 

X-ray €uiaj.ysis did not provide any realible results because of 

small inclusions. The comparison with the data from literature 

sources (Haggerty,1983) indicated, that the chrome titanates 

are close in composition to the minerals of crichtonite group 

(loverengite) and pseudo-brookite group (armalcolite). But 

there are some pecularities in the composition of the studied 

minerals which do not surely permit their classification. 

The high-Cr titanates of the first group, which are close 

to the minerals of the crichtonite group are different from the 

latter in the deficit of lafge-ionic cations (Ca, Na, C, et al). 

Their total (Ca, Na, K) should be 1, but virtually it varies 

within the interval 0.07-0.37 (when reculculated for atom amount). 

The chrome titanates of the second group are close on TiO^ con¬ 

tent to armalcolite and on ^^2^^ content as well as large-ionic 

cations, to loverengite. 

It is quite possible, that the studied, chrome titanates re¬ 

fer to the same continuous series of chrome titanate minerals. 

The correlation analysis showed the close relationship between 

oxides, which reflect wide developed isomorphic replacement in 

these minerals. Two groups of oxides are distinguished: 

1) Ti02, PeO, IMgO, CaO, Na^O, K^O and 

2) Al20^,Cr20^, Zr02 

The negative evident relationship is observed between these two 

groups. Oxides positevely correlate within each group. The 

highest negative correlation is found for TiO^ and Cr20^, the 

figurative points on the plot lie on the straight line. 

The chrome titanates of the second group are found in pyropes 

with knorringite minal from typical kimberlites. It indicates 

that the high-Cr titanates refer to the high-P association. 
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SR, C, O ISOTOPE COMPOSITION IN KIMBERLITES OF THE 

NORTH-RUSSIAN PROVINCE (USSR). 

Kostrovitsky Skripnichenko VaS^\' Plusnin G.sS^^ and Bodrov 

(1) Institute of Geochemistry, Acad. Sci. USSR. 664033, Irkutsk, P.B. 4019, USSR; 

(2) Archangelsk Geol. Surv., Archangelsk, USSR; (3) Institute CNIGRI, 113545, Moscow, USSR. 

As compared with the Yakutian kimberlites which intruded 
in the crust of carbonate composition, the kimberlites of 
the North-Russian Province intruded into the Vendian 
terrigenous sequence mainly consisting of quaVtz sandstones, 
argillites and siltstones- The sedimentary cover is nearly 
1 km thick- The new kimberlite province is located in the 
tectonic mobile zone (within the Zimnegorsk aulacogen) in 
the marginal part of the platform- This specific occurrence 
is responsible for morhological as well as compositional 
features; (i> existence of sills along with pipes; (ii) a 
wide composition variation in kimberlites including 
appearence of picrites; (iii) development of such secondary 
minerals as sepiolite and saponite along with serpentine; 
(iv) low concentration of a carbonate component in the rock 
of pipes- 

The denudation of pipes from the North-Russian Province 
is small and amonts to several tens of meters- The upper 
parts of the pipes are filled up by the rocks of the crater 
facies (breccias and xenotuff breccias!)- In the pipe bodies 
the massive varieties are fairly rarely observed- The 
autoliths in breccias consist of massive fine-porphyritic 
kimberlites- The sills are also composed of the same type of 
massive kimberlit'es with a high concentration of carbonate 
component - 

The isotope composition of Sr was determined at the 
Institute of Geochemistry in Irkutsk, and compositions of C 
and 0 were measured at CNIGRI Institute in Moscow- The table 
shows 'these results as well as calcite contents in the rocks 
and Sr in calcite-. It should be noted that Sr in the 
carbonate phase was determined from acid extracts- This 
could lead to overestimating the values of Sr contents in 
calcite- The isotope Sr composition of silicate phase of 
kimberlites as well as picrites in pipe bodies has stable 
values and varies within a narrow range 
(^■^Sr/®®Sr >„o»-m=0.7050-0-7057- The close isotopic 
characteristics indicate a common magmatic source for 
kimberlites and picrites of the North- Russian Province- The 
carbonate phase of the pipe kimberlites and picrites has 
®‘^Sr/®®Sr ratios ranging from 0-7047 to 0-7111- Tbe low 
values, similar to those of the silicate phase , are 
estimated for autoliths- Similar low ratios (0.7036-0-7050) 
are found for a carbonate component of kimberlite sill Mela 
that suggets its magmatic nature. The Sr isotope composition 
of hydrothermal calcite (0.7095) is intermediate between the 
values which characterize the host rocks (o.711-0.713) and 
the mantle carbonate phase of kimberlite (0.704-0.705). 

Together with the study of Sr isotope composition ^0*-® 
and were measured for the same samples in the carbonate 
component- As compared with the Yakutian kimberlites (for 
which the correlation between the isotope characteristics of 
Sr and □ has been revealed ( Kostrovitsky,1986)), in 
kimberlites of the North-Russian Province the correlation 
between Sr and C and between C and 0 is more distinctive. 
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Table of Sr, C, □ isotope composition in kimberlites 
of the North-Russian Province 

No Rock 
C:aC03 

Pipe, in rock 
sill in wt7. 

Sr, in 
wt7. 

87Sr/86Sr 5C13, 3018, 
in 7.0 in 7.« 

Kimberlites (carbonate phase) 

Ic xenotu f f- Karpin- 
breccia skaya 1.2 0.99 0.7095 -3. 1 +25.7 

2 _ _ Koltsov- 
carbonated skaya 11.0 0.07 0.7111 -1.6 +22.7 

3c breccia Lomonosov 1.5 1.01 0 7092 -5. 1 +22. 1 
4c autolith Karpin- 

skaya 1.3 1.49 0.7057 
5 ^11 _ Lomonosov 11.0 0.52 0.7047 -6.8 + 12.8 
6c porphyric Anomaly- 

massive 695 45.0 C>.035 0.7079 -8. 1 +20. 2 
7c porphyric Mela 

massive sill 80.0 0. 16 0.7036 -4.7 +22. 1 
8c - " - 88.0 0.22 0.7050 -5.4 +21.7 
9c hydro- 

thermal 
veined 
calc ite Lomonosov 44.0 0.013 0.7095 -1.5 +22.6 

Kimberlites (silicate phase) 

3s Lomonosov 0.015 0.7057 
6s Anomaly-695 0.023 0.7051 
7s Mela sill 0.05 0.7052 

Pierites (carbonate phase) 

10c : porphyri c Dike 
massive Igmo- 

Ozersk 2.0 0.49 0.7098 -1. 1 +26.8 
11c xenotuff Yuras- 

breccia skaya 13.8 0.077 0.7085 -3.9 +24.3 
12c breccia Nenok 1.5 0. 17 0.7101 -6.6 +21.4 

Pierites (silicate phase ) 

10s Dike 0.023 0.7050 
13s massive Krutiha 0.03 0.7052 

Host rocks (carbonate phase) 

14c dolomite 
(xenolith) 80.0 0.046 0.7108 -0.6 +26. u 

15c sandstone 14.5 0.021 0.7131 -2.8 +20.2 
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C^^ va 1 ue of magmat ic ca 1 c ite var ies fr om -4.7"A^ to ~7.67.o , 
of hydrothermal calcite and carbonized kimberlites from 
-1.57.0 to -1.67.0 ,of host rocks of the sedimentary cover from 
-0.67.0 to -2.87.0 in the PDEj system. Oxygen from the carbonate 
:omponent of kimberlite is marked by a heavy isotope 
composition, as a rule 5 0^®>+207.o in the SHOW system. The 
value ^ 0 ^ ® (-•-12.87.p ) is similar to the mantle value on 1 y in 
a single sample of autolith. 
Discussion. The main features of Sr, C and 0 isotope 
systematics in the kimberlites from the North-Russian 
platform are similar to those described elsewhere for 
kimberlites from the other provinces. The endogenic melt 
component in the kimberlites and picrites is characterized 
by low ^■^^Sr/’^*^Sr <0.704 to 0.706) ratio, typical range of 

(-57.. to -87.. ). The relatively high ^0*^® values result 
from profound changes of the kimberlites by the secondary 
hydr other mal-met asomat ic processes. On the whole, the7.u 
isotope compositions of Sr, C and 0 indicate a significant 
influence of the host rocks on kimberlites. The carbonate 
component of kimberlites in the pipe bodies was mainly 
formed due to this influence. The mantle carbonate is 
preserved in the massive porphyritic varieties of 
kimberlites and pier ites only. 

Kostrovitsky S.I. (1986) iBeochemical features of the 
kimberlite minerals. Publ. House "Nauka", Novosibirsk, 
263 p. (in Russian). 



530 Fifth International Kimberlite Conference 

GEOLOGICAL STRUCTURE AND MINERALOGY OF THE KIMBERLITES OF THE 

ARCHANGELSK KIMBERLITE PROVINCE. 

Kucl/javtseva^^\ G.P.; Bushueva^^\ E.B.; Vasiljeva^^\ E.R.; Verichev^^\ E.M.; Garanin^^\ V.K; Grib^^\ V.P.; 

Laverova^^l TM;Mikhailichenko^^\ OA.; Posukhova^^\ T.V. andSchepina^^\ NA. 

(1) Geological Department of Moscow State University, 119899, Lenin's Hills, Moscow, USSR; 

(2) PGO “Arkhangelshgeolo^a”, 163001, P. Vinogradova str., 168, Arkhangelsk, USSR. 

New kimberlite diamond bearing province had been discove¬ 

red on the Northern European part of the USSR at the end of 

70-s. The main features of the craton geological structure are 

defined by its location in the zone of joint of the largest 

blocks of the Eastern European platform: Baltic Shield and Rus¬ 

sian platform. Several kimberlite fields (Fig.l), in which the 

bodies are represented by pipes and sills, were discovered in 

the region. The formation time of the craton kimberlite pipes 

is Late Devon - Middle Carbon. 

The kimberlite pipes of Arkhangelsk kimberlite province 

are represented by tuffs, tuffites, tuffobreccias, autolithic 

breccias. The low degree of erosion of the. presence of the 

clearly marked crater facie. All types of ore bearing rocks 

are practically completely composed of the minerals of light 

fraction, represented by serpentine, saponite, carbonates, 

hydromicas, minerals of pa1ygorskite-sepio1ite group. The qu¬ 

antity relation of minerals within the range of different bo¬ 

dies and parts vary considerably. The content of diamond mine- 

rals-satel.lites in the heavy fraction is considerably lower 

than in the kimberlite bodies of Jakutian and South African 

diamond bearing provinces. Chrome spinelides are the most wide 

ly spread. The minerals of high-aluminous eclogites and gros- 

pydites are completely absent. 

The relation between the space position of diatremes and 

fields and between the peculiarities of the heavy fraction 

composition of the kimberlite rocks emphasizing the zonality 

of the kimberlite province had been revealed. 

The rocks composing the diatremes can be divided into se¬ 

veral groups according to the mineralogical peculiarities of 

these rocks. 

The diatremes of the central (Zo1otizkoje ) field are cha¬ 

racterised by the industrial diamond bearing. The sharp predo¬ 

mination of the chrome spinelides is characteristic for the 

heavy fraction of the kimberlites. Garnet, diopside occur in 

the subordinate amount,picroiImenite was found in rare cases. 

The minerals of ,the diamond bearing paragenesfs are widely 

spread: pyrope and chromite from dunite-harzburgites and high 

chromium Iherzolites,pyrope-almandine from predominantly mag- 

nesian-iron eclogites. Magnesian A1-Ti-containing chrome spi¬ 

nelides (> 55 wt.% Cr^Oj) predominate in the ground mass of 

the kimberlite rocks.Sometimes the borders of the chrome ulvo- 

spinel are observed around the nuclei of this mineral; usually 

such formation are observed in the rocks of the lower hori¬ 

zons of the kimberlite pipes. 

The series of signs, showing the resemblence of the com¬ 

posing pipes rocks with lamproites, were established. The most 

important of these signs are the morphological types of dia¬ 

mond ( usually complex crystals of dodecahedron habitus, and 

considerably rarer of cubic and octahedron),the predominati¬ 

on of chrome spinelides in the heavy fraction; the wide spre¬ 

ading of Fe-T L-ox i. des and barium mineralization in the gtround ' 
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mass; small amount of xenolithes of the depth rocks; and prac¬ 

tically complete absence of picroiImendte. 

Diatremes of the north-eastern (Verkhotinskoje field) and 

eastern (Shochinskoje field) groups of bodies are distinguis¬ 

hed by low and poor diamond bearing. Minerals of heavy fracti-^ 

on are represented by chrome spinelides^ py^^ope, chrome diop- 

side with complete absence of picroiImenite. The content of 

the mentioned minerals is considerably less than^ in trhe kimber¬ 

lite of Zolotizkoje field. 

The main ore mineral of the ground mass of the kimberlites 

tes Cr-A1-containing titanomagnetite at the clearly marked sub¬ 

ordinate spreading of magnesian A1-Ti-containing chrome spineli 

de. 

The diatremes of eastern (Sojanskoje field) and south-eas¬ 

tern (Kepinskoje field) group of bodies amonu -mi^ne-raFi^ uf heavy 

fraction picroiImenite and red-orange garnet predominate; chro¬ 

me spinelides are considerably less spread.IImenite and sheared 

Iherzolites are the most widely spread parageneses ofi the de^th 

rocks. The diamond bearing of the rocks ^f^ t;he diatremes of the¬ 

se fields is very poor. 

Rutile predominates in the ground mjiss o£ tha ktmtrerrirltres 

titanomagnetite and picroiImenite with the increased content o 

manganese are widely represented. The grains of Al-Ti contain¬ 

ing chrome spinelides and magnesian ulvospinel occur in the 

sharply subordinate amount. 

The zonality of the new diamond bearing kimberlite provin¬ 

ce is emphasized be the development of the pipes of the non-dia¬ 

mond bearing basaltoids on the periphery of the eastern border 

of the province. In these pipes only isolated signs of the dia¬ 

mond minerals-satel1ites are revealed. 

The mineralogical specialization of the kimberlite fields 

is faculitated by their geologico-tectonical position and cor¬ 

relates with the diamond bearing of the diatremes. The revealed 

geological and mineralogical peculiarities allow to carry out 

the regioning of the Archangelsk diamond bearing province, de¬ 

fining at the same time new diamond prospecting areas. 
H

) 
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skoe, 2-Shochinskoe, 3-Verhotinskoe, 4-Kepinskoe, 
5-Soenskoe,6-Turinskoe field of basaltoid pipes 
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THE FORMATION KIMBERLITE DIAMONDS THROUGH CHEMICAL SYNTHESIS 

IN OPEN CATALYTIC SYSTEM. 

Kulakovoy Rudenko, A.P. and Skvortsova, V.L. 

Chemical Department, Moscow State University, 119899, USSR. 

The existence of natural diamond of various genetic types 
and successful synthesis of diamond show the possibility of va¬ 
rious mechanisms of diamond formation. All possible processes 
of diamond formation may be divided into two groups: crystalli¬ 
zation processes during polymorphic transformation of graphite 
to diamond under high P,T-conditions and processes of chemical 
synthesis of diamond from low carbon-containing molecules under 
relatively mild P,T-conditions. 

We consider the problem of kimberlite diamonds formation 
in the context of general laws of chemistry, thermodynamics and 
catalysis taking into account the theory of open catalytic sys¬ 
tems and geochemical features of diamond occurrence in kimber¬ 
lites . 

Hereby we suggest a model in which the formation of kimber¬ 
lite diamonds result from catalytic polycondensation of simple 
carbon-containing substances in non-stationary open catalytic 
systems, such as in the following reactions: 

2C0 ^diamond (1) 

CO . ^ H2O (2) 

CO2 ^ ^ * 2H2O (3) 

CO2 ^ ^diamond ^^2°3 (4) 

Each of these processes has an aromatic polycondensation 
analogue that eventually produces under the same P,T-conditions: 
graphite, bitumens and others products. Thermodynamic conditions 
and catalysts for diamond and graphite formation are similar, 
but the oxidizing medium potential and the rates of these pro¬ 
cesses are different. 

According to the model one can distinguish two stages the 
macroscopic diamond crystals formation. The first one formation 
of diamond ("germs") can proceed either in a static system (up 
to the equilibrium) or in the open system in non-equilibrium 
conditions. And diamond "germ" forms as a result of polyconden¬ 
sation of carbon-containing substances in the form of epitaxial 
films on planes of some minerals, containing catalytically ac¬ 
tive ions for diamond polycondensation (Cr, Mn, Fe and others) 
and having crystallostructural correspondence with the diamond 
lattice. This is in good accordance with the "central" inclusi- 



534 Fifth International Kimberlite Conference 

ons in diamond crystals and with the regularities of their ori¬ 
entation . 

The second stage (up to the formation of macroscopic cry¬ 
stals) is possible only in open non-equilibrium systems when the 
initial substances (CO, CO+H^ and others) cause gradual growth 
of crystal and the movable products H^O) are gone, the 
equilibrium of the above-mentioned reactions being shifted to 
the right. 

The main components of such an open system are growing cry¬ 
stals and the surrounding mineral coat, containing ions-cata- 
lysts of diamond growth/oxidation (Cr, Fe, Mn, Ni and others). 
Increasing size of diamonds or their oxidation are determined 
by the medium redox potential and temperature. 

The following facts support this model: 

- decrease in the content of diamonds in kimberlite tubes with 
depth; 

- difference in the content and morphology of diamond in dif¬ 
ferent zones of the same tube; 

- existence of tubes either continuous diamonds or lacking them 
within one and the same region; 

- catalytic activity of kimberlites in the oxidation-growth 
processes of diamonds; 

- present of mineral coats on the diamond crystals and their 
physico-chemical and mineralogical peculiarities; 

- correspondence between diamond contents of kimberlites and 
their catalytic activities, chemical composition and contents 
bitumens. 
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DIAMONDS IN METAMORPHIC ROCKS. 

E. Nadejdina and T. Shalashilina, 

Central Research Institute of Geological Prospecting for Base and Precious Metals, 113545, Moscow, USSR. 

Diamonds of a new type were found in metamorphic rocks. 

Small sizes (in average 20-50 mkm, maximal - up to 1,2 mm), 

dominating hexahegral (cubic) habit and yellow-green color 

differ them from kimberlite diamonds. Absence of lonsdalite 

aparts them from impact ones. 

The crystals are usually semi-transparent, roughly- 

shaped without brilliant brightness. The only exclusions are 

sharp-edged plane-faced octahedra with smooth planes {111}. 

Since the features of epigenetic dissolution are absent a 

set of shape sculptures-hilly, bud-like, tiled-together with 

unfilled sectors of the crystalls are accounted for. the 

growth conditions only. 

Along with prevailing yellow-green such colors of the 

crystals as greenish-grey, grey, dark and rare milk-white 

occur. All they could have different tints. Intensity of 

yellow-green color is defined by enrichment with the 

structural impurity of nitrogen in paramagnetic state, dark 

color - by synqenetic inclusions of graphite. Almost all 

varieties of diamonds display abnormal birefringence. 

Based on crystallomorphologic analysis with application 

of REM-technique main habit varieties were educed: cubic, 

octahedral, skeletal, spheroidal. One more group includes 

plane-faced with sharp edges or plane-curve-faced prystals 

combining simple forms: cube-octahedra, cube-octahcdra- 

rhombododecahedra, etc. Single varieties of cubic and 

skeletal crystals have no analogous among natural and 

artificial diamonds. 

Complex instrumental studies of diamonds have been 

carried out. Thus,isotope analysis shows enrichment in 

light carbon with 5 C ranging from -1.75 to -1.71 for 
O 

diamonds and from -1.84 to -1.74 / for host rocks 
0 0 

graphite. This fact indicates a common source of diamonds 

and graphite and ,hence, their genetic closeness. The 

assumption is consistent with apparent similarity of the 

trace elements sets for the diamonds and graphite. On JNAA 

data content of such trace elements as Na, A1, Sb, As, Au is 

an order higher while amount of K, Cr, Mn, REE is two orders 

higher for studied diamonds than respective average values 

for kimberlite diamonds. 
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The excess of Cr, REE, and sometimes Co suggests in 

particular their probable catalytic role in crystallisation 

of diamonds. Optical properties of the crystals are defined 

by the content and distribution of major impurity of 

nitrogen and to less extent, by structural hydrogen. For the 

diamonds absence of X-*ray luminescence and weak greenish, in 

single cases-bluish laser induced luminescence with nitrogen 

centers SI, H3, (N3) are typical. 

IR-spectra show the presence of nitrogen in N - 

(absorption band at 1282 cm' ) and in A-form (absorption 

band at 1238 cm' ), in si^ngle "bulk" samples in - Bl-form 

(1175 cm'^ and 1010 cm' ) and structural hydrogen with 

absorption band at 3107 cm—1 on data of H.Blinova. 

With application of EPR - method contents of single and 

exchange - connected pairs and threes of nitrogen 

paramagnetic atoms were measured. They exceed respective 

values for kimberlite diamonds at least as two orders of 

magnitude. 

X-ray section topography studies display internal 

structure of diamonds being zonal-sectoral, non-homogeneous, 

fine-crystalline or comprising different blocks. The blocks 

differ in degree of perfection and, hence, in crystal 

lattice parameters values. Maximal deflection of the value 

is noted for the most imperfect cubic crystals: a=3.557 in 

comparison with a=3.567 for variety Tit kimberlite diamonds 

using the terminology of Orlov (1977). 

Diamonds with zonal-sectoral internal structure have 

weakly diversed lattice parameters in inner and outer zones 

of the crystal space. Two types of misorientation are 

measured: from 10 to 20 angle minutes between sectors and 

from 3 to 5 minutes between microcrystallites inside every 

sector. Microcrystallite sizes are estimated as up to ones 

of microns. 

Unlike kimberlite diamonds growth in <111>, <100> and 

<110> directions, metamorphic diamonds show unfilled sectors 

of crystal space corresponding to those directions. Thus, 

absence of tangential growth features, the set of habit 

varieties typical for normal (fibrous) growth mechanism, 

absence of oxidation dissolution features; excess of trace 

elements, enrichment in non-transformed paramagnetic 

nitrogen and other structure dependent properties suggest 

that crystallisation of metamorphic diamonds proceeded in 

short period of time. It had impulse character in highly 

disbalanced environment supersaturated with carbon and 

enriched by strange impurities under relatively low 

temperatures and pressures. 
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PRIMARY MELT INCLUSIONS IN ECLOGITE DIAMONDS AND THEIR 

GENETIC IMPLICATION. 

E.G. Novgorodov. 

Study of primary melt microinclusions in diamonds from the 

Mir pipe (Bulanova et al*, 1988; Novgorodov, Bulanova, 1989; 

Novgorodov et al., 1990) is very important for understanding pe¬ 

trological and geociiemical aspects of mantle processes. These 

;vorks, together with other published data, permit the follov/ing 

main conclusions regaraing genesis. 

1. Melt inclusions of andesite composition in diamonds are 

thought to represent a fragment of initial melting of diamondi- 

ferous manie eclogites (Green. Ringwood, 1968; Sobolev, Sobolev, 

1975). Prom data available, all calculated temperatures for the 

associrtion garnet/omphacite (Ellis, Green, 1979, F=50 kb) of 

inclusions in diamonds from the Mir, Roberts Tictor. Premier, 

Orapa, Sloan kimberlites and Argyle lamproites fall in the in¬ 

terval between -he wet and dry soludus for eclogites on P-T di¬ 

agrams. Diamondiferous eclogites probably experienc'.d partial 

melting if they initially contained some volatiles (H2O, 002). 

2. It appear! that a high-potassium melt represents a frag¬ 

ment of the final evolutionary stage of mantle eclogites. Its 

disproportionation might occur as follows; mKpp ' hNa^O " AlpO^- 

+ fl - vffi+n )J Ky + 5 [I - ( 0. 6n) J 6Si0,’ 7 2mSa + 2njd„_ d. yj _ as 
V , where V = dissolved volatiles. TI Cs + V , where V = dissolved volatiles, V = fluid phase. 

The fluid phase should be in equilibrium with the association 

Gar -i Omph + Sa + Ky + Cs + Rut + PeS. Xenoliths containing 

such a suita of minerals from Roberts Viotor (Smith, Hatton, 

1377) and Udachnaya (Spetsius et al., 1984) are likely to re¬ 

present relics of similar processes that occurred in the upper 

mantle. The above reaction may explain transition from rutile 

eclogites into kyanite ones. 

3. Pluid microinclusions in coated and cubic diamonds from 

Zaire and Botswana (Navon et al., 1988, 1989), which are en¬ 

riched in Si02, K2O, Ti02 , PeO and trace elements, probably 

characterize the subsolidus evolutionary stage. Data on melt 

and fluid microinclusions, although they are available only 
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for several samples from the Yakutian and African diamondife- 

rous provinces, seem to reflect a single geochemical trend of 

mantle eclogite evolution, 

4. It appears that a clear core of eclogite diamonds crys¬ 

tallized from melt whereas rims from a fluid phase supersatura- 

ted with carbonaceous matter relative to diamond. The core-rim 

interface is a phase boundary v/hereat the solidus temperature 

of the system is attained. The medium evolved with decreasing 

P and T, which was probably consistent with a rising mantle 

diapir represented bye heterogeneous eclogite material. 

5. High content of omphacite inclusions in diamonds from 

various parts of the world may indicate their crystallization 

in the presence of a substantially high-potassium melt or fluid 

6. Hecently, preliminary data on tne U content of coated di¬ 

amonds were obtained using f-radiography (L.L.Kashkarov, unpubl 

data). The U content is 0.6 + o.I ppm in clear cores of diamond 

>3-7 ppm in melt inclusions, 50 - 100 ppm in local cracks. 

The medium from v/hich diamonds crystallized seems to have been 

rich in U. 

7. Methodologically, the studied melt microinclusions repre¬ 

sent a new type of inclusions. A local crack and a disordered 

graphite film which are related to such inclusions may be the 

result of partial degassing during kimberlite niagmatism in the 

crust where ?-^ot attained at the inclusion-matrix in¬ 

terface. These features can be used as visual indicators in 

choosing diamond crystals that are likely to contain primary 

melt inclusions. 
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NATIVE METALS IN KIMBERLITES OF YAKYTIA AND THEIR GENESIS. 

O.B. Oleinikov. 

Institute of Geological Sciences, Lenin avenue, 39, Yakutsk, 677891, USSR. 

Study of accessory minerals in rocks of the kimberlite 

formation and mantle xenoliths has revealed the presence of 

various native metals and associated oxygen-free compounds in 

them. Of minerals of the native element classes, iron, nickel, 

copper, gold, zinc, aluminium, lead, tin, chromium and antimony 

were found. A manganese variety (more than 1 wt.^ Mn)has been 

established for iron; zinc, tin and tin - zinc varieties for 

copper; a ferrous variety for zinc; copper, magnesium, magnesium - 

copper and manganese - zinc varieties for aluminium; and a tin 

variety for lead. Seven intermetal 1ic compounds: CuZn, 

(Cu,Fe,Mn) AU , (Fe,Mn) AU , CuAl^ . Ctu,Sn«. (Cu, Zn) (Sn. Sb) , 

(CuZnla,(Sn,Sb); two antimonides: Cu^Sb (cuprostibite), 

SnSb (stistaite); and moissanite were found in association with 

the native metals and their chemical varieties. 

The species and compositions of the studied minerals are 

similar in both rocks of the kimberlite formation and xenoliths of 

unaltered and serpentinized rocks. However, most favourable for 

the appearance and for preservation of native metals among kimber¬ 

lite magmatites are autolith - bearing kimberlite breccias with a 

high proportion of groundmass, alneites, and phlogopite - rich and 

for highly carbonatized varieties of kimberlite. Comparison of the 

data obtained for rocks with unaltered, partly and completely ser- 

pentinized olivine revealed no relationship between the degree of 

serpentinization and the number of grains and species of natuve 

metals. 
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Minerals of the native element classes were formed in two 

stages. The first (mantle) stage was related to evolution of upper 

mantle material. The second (mantle - crust) stage was related to 

processes that took place in the kimberlite system proper. P-T 

parameters varied within 3,5 — 65 kb and 700—ISOO^’C during the 

first stage and from near - surface conditions to 65 kb and 200 - 

1200*’C during the second stage. 

Two mechanisms are suggested for the formation of native 

metals. The first one involves reduction of rock - forming 

elements of a silicate - oxide substrate due•to a change in redox 

conditions. The second envisages crysal1ization of the metals by 

gas condensation of elements of an intratel.luric fluid. The 

reduction mechanism is restricted by a buffereng effect on 

reduction reactions of a silicat^e — oxide substrate: even with 

excess CHo. and H= the HzO that forms during reaction 

prevents fO-z from reaching the value at which native iron is 

produced (Persikov, 1985). Rare finds of native iron attest to a 

lack of wide - scale reduction. 

A wide occurrence of methane in a gaseous phase of mantle and 

kimberlite rocks suggests the appearance of *organometal1ic 

compounds as agents of elements migration in fluids. 

Desintegration of such complexes can explain the formation of 

native metals and moissanite. 

From the above said, the similarity between mineral associa¬ 

tions produced during the two stages of native mineral forming 

processes becomes understandable. 



Extended Abstracts 541 

lOMBERLITE-CONTROLLING ZONES IN THE CRUST AND UPPERMOST MANTLE OF 

THE WEST YAKUTIA; THEIR COMPOSITION AND EVOLUTION. 

A.F. Strfronov; V.D. Suvorov; AJ. Zaitsev; N.L Nenashev and LP. Shcherbakova. 

Institute of Geological Sciences, Lenin avenue 39, Yakutsk, 677007, USSR. 

Seismic studies of the uppermost mantle in the southern part 

of the Yakutian kimberlite province (YKP), Western Yakutia, have 

established a narrow, linear zone of anomalously high velocities 

(up to 8,5 - 9,0 km/s) along the Moho. All known kimberlite 

fields of the southern YKP are located within this zone. Rb - Sr 

and K - Ar age determinations of kimberlite rocks crustal and 

upper mantle rocks xenoliths and samples of the buried basement 

from within the zone gave the following age intervals: 1000 ~ 

1290, 600 - 900, 340 - 390, 210 -230 Ma. Ages of crustal and 

upper mantle xenoliths and buried basement rocks fall in all the 

four intervals, whereas those of kimberlite rocks correspond to 

the last two younger intervals. The spatial confinement of the 

dated samples to the above mentioned zone permits us to consider 

it as a kimberlite-controlling zone (KCZ). 

Along the Moho, the KCZ is expressed by the predominance of 

eclogites over peridotites. Geophysical characteristics of the 

crust suggest it is saturated with small peridotite bodies. 

The formation of the KCZ began no later than 1200 Ma ago and 

proceeded in several episodes corresponding to the above age 

intervals. Each of the episodes could be consisted with an epoch 

of kimberlite magmatism. 

It appears that KCZ in the crust and uppermost mantle as 

well as exposed kimberlites indicate the beginning of 

destruction of the continental lithosphere The destruction 
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process can proceed as follows: 1)Initiation of KCZ and eruption 

of kimberlites. 2)Further development of KCZ is expressed by 

pre-rift surface upwarping and eruption of kimberlites and 

Picrites. 3)The onset of continental rifting and manifestation 

of rift magmatism. 

The confinement of some kimberlite provinces to passive 

continental margins is an indirect evidence for such a scenario 

of KCZ evolution. 
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PRE-CAMBRIAN DIAMOND-BEARING VEINED BODIES FROM SOUTH-WEST 

OF THE SIBERIAN PLATFORM. 

A.P. Sekerin; Yu. V. Menshagin; B.M. Vladimirov and VA. Lashchenov. 

Institute of the Earth’s Crust, 664033 - Irkutsk, USSR. 

The structural position and mineral composition of diamond¬ 

bearing veins which have previously been classified as mica kimber¬ 

lites from South-West of the Siberian Platform are discussed. 

The veined bodies are localizated within the limits of the 

Early Proterozoic intracratonnal mobile zone cratonized at the 

Upper Riphean-Vend. Picrites, basalts, trachybasalts, ultrapotas- 

sic trachytes, alkaline-ultrabasic rocks and carbonatites, and 

ultrapotassic basaltic picrites were intruded. The late two rock 

types contain some high-pressure minerals. 

The diamond-bearing bodies occur as veins, which lengh is up 

to 1 km and the thickness varies from some cm up to 1 m. The 

country rock matrix is texturally porphyric and structurally flui- 

dal. Porphyric phenociysts are represented by serpentine and talc 

psedomorphs after olivine and by phlogopite. The oriented micro- 

lites of phlogopite enclosed in the apoglassy matrix predominate 

in the ground mass. Carbonate is found as a rock-forming mineral 

in one vein in which limestone interbeded the country rocks. The 

available data coupled with isotopic studies allow the secondary 

assimilation origin of carbonate to be assumed. 

Inclusions of ultrabasic rocKS and eclogitizated gabbro are 

observed in veins. 

The studied rocks are petrochemically different from kimber¬ 

lites and they are similar to olivine lamproites from the Argyle 

pipe. They also differ from kimberlites in concentrations and 

ratios of coherent and non-coherent elements and correspond to 

lamproites from West Australia. 
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The rocks are dated by Rb-Sr age determination of 1268+12m,y 

Age of the alkaline-ultrabasic rocks of carbonatitic complex from 

the same region is 640-7W m.y. 

A characteristic mineralogical feature is the predomonence 

of chrome-spinellids in ore minerals and the orange almandine- 

pyropes of eclogitic paragenesis in garnets (Pyr=38%, Alm=:34%, 

Gross=:24%). Picroilmenites and low manganous ilmenites are absent. 

Ilmenites are characterised by a higher (up to 4%) Mg content. 

Three amphibole types are distinguished: potassic magnesioarfved- 

sonite, titanopargasite and unidentified chrome-bearing ultra- 

potassic amphibole. The higher Ti02 content is common to phlogo- 

pite (f=:10-25%). The mineral compositions, of olivine, orthopyro¬ 

xene, chrome-diopside and chrome-spinellids are studied. Zircons, 

Nb-rutile, anatase, moissanite, spinel, apatite, sphene, tu3?maline 

epidote, armalcolite, priderite and diamonds occur in these rocks. 

The analysis of the available data suggests a lamproitic 

origin of rocks studied 
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GEODINAMIC REGIME OF KIMBERLITE MAGMATISM MANIHSTATIONS 

ON THE SIBERIAN PLATFORM. 

Shpount, B.R. 

Central Research Institute of Geological Prospecting for Base and Precious Metals, TsNIGRI, 

Varshavskoye Shosse, 129B, Moscow 113545, USSR. 

During the Meogaan tifftsy tns Siberian plaifortfi witnes¬ 

sed numerous recurrent stages of magisatic reastivaticn ma¬ 

nifested both by basic i^Aagmaiism asid kimberlite formation 

Tt^e typical property of t^sese reactivation stages was that 

basic magmatism in each cycle was 15-2§ iis.y- younger as com¬ 

pared to the kimberlite formation flare-ups. 

The riftogenic basic magmatism was manifested to diffe¬ 

rent scale in the Riphean? Uendiany Middle and Late Paleozo¬ 

ic time. In the Late Paleozoic-Early Mezozoic? it occurred 

in the yeodynamic environmenis of dispersed spreading resul¬ 

ting in the formation of irapp syneclises. In the Middle and 

Late iiezozoic and in Early Cenozoicfthe magmatism was ,canfi- 

ned to zones of incomplete rifting. The kimberlite magmatism 

manifestatioiis"achoed'each flare-up of basic astivity? while 

the kimberlite formation was associated both with the in¬ 

verse deveicpment stages in paleorift systems and epochs 

of regional gaps in the platform cover accumuIatiGO« 

Reconstruction at paleorift systems of different age 

has shewn that riftogenic structures freqently inherit each 

other^s trend.The trend of the longest and deepest Late Pre- 

ca«tibrtan and Middle Paleozoic riftogenic depressions was in¬ 

herited from the pratorift threughs originated in the Late 

■Archean and Early Proterozoic time. 

Paleorift systems are fringed by linear collision zones 

/ramps/— the pesuiiar small-scale subduction areas compensa¬ 

ting the paleorift tension. During their short-term impulse 

opening due to decompression these zones were injected by 

small amounts of magma generated in the deepest upper mantle 

layers.A striking feature of the ramp magma-controlling zo¬ 

nes was that their s inali areas accom«%odated numerous kim¬ 

berlite bodies of different age. 

Botii the paleorift systems and their fringing ramp ’zo¬ 

nes have different characteristics of the deep structure-The 

paleorift systems correspond to dome-like uplifts in the Mo- 

ho discontinuity (with an amplitude up to S km) and reducti¬ 

on in crustal thickness up to 32-34 km due to wedging out of 

the upper velocity layers. Seismic sounding also reveals a 

high deg ree of layering of the lower velocity level< 6-8-7-0 

km/s ) and the upper mantle. This may be interpreted as re¬ 

lics of ancient destruction resultiiiy from piftogenic tensi¬ 

on and mantle degassing. 

Absence of correlation between the gravimagnetic field 

anomalies has been reported for the collision /ramp/ zones 

located as faras 150-200 km away from the paleorift axes. 

Detailed seismic studies conducted by V-D.Suvorov allo¬ 

wed to identify the ramp zones In the lowermost crustal lay¬ 

ers by the dramatic increase in the boundary velocities 

(up to 9.1 km/s>fthe appearance of 8-12 km deep trenches in 

the Moho discontinuityv the anticlinal uplifts at the in- 

tracrustai K-ref lection boun-daryy higher Poisson i»s ratio 

and higher absorption of resilient waves due to increased 

compression and significant growth of mass eHchunge- 
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The paieorift areas usually correspond to the platfcrcti 

covGJ- syneclises while the ramp zones are associated with 

reduction in the cover thickness and nu&e-i ous sedimentation 

gaps- 
The classical kimberlite fields tend to associated with 

areas of intercrossing of raftvp zones and Late Precambrian - 

Hiddle Paleozoic dyke belts- It- is ncteworihy that the long 

aKes and dyke root bodies of ki^nberl ite pipes run parallel 

to the trend of ramp zones- This also ccnfirms the magma- 

coniroiIing role of those regional dislocations- 

Arioiher genetic group of dia^ftondiferious rocks has been 

recognized on the Siberian platform- It is represented by 

specific picrite - lamproite ccmpleKes of subvolcanic rocks 

and voicaoic formations-These are confined to the intersec¬ 

tion areas of paleorift structures and to strike slip fa¬ 

ults of the transform type- /These complexes formed synchro— 

nousiy with the classical kimberlites during ihe Middle Pa¬ 

leozoic? Early and Middle Hezozuic time- 

However? the conditions of melt generation in transform 

zones differed from those of kimberlite melt generation in 

ramp structures primarily by their fluid regime (H 0 > C0 ) 

and by the depth of mantle sources of magma generation -This 

resulted in the fcrmation of specific mineral associations 

chiefly of the eclogitic and Iherzolitic parageneses and of 

specific round — sljaped diaiTicnds- The latter are designated 

as the "Ebeiyakh" and "Oraltan" ones and occur over exten¬ 

sive dispersion areas of the northern Siberian platform- 

Hense the extension and compression regimes have been 

shouwn to combine in the considered tectonic enviroments- 

The difference lies in the fact that the classical kimber¬ 

lite magmatism is characierized by the superimposition of 

riftogenic branches with basic dyke belts on the collision 

<i.ramp) zones while the pxcrite—lamproite complexes feature 

the reverse picturey i-e- tne riftogenis "shafts" resul¬ 

ting from exteosiu-.i are crossed by strike slip fault zo¬ 
nes of transform?! type- 
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THE CATALYTIC FUNCTION OF KIMBERLITE ELEMENTS IN THE FORMATION 

OF NATURAL DIAMONDS. 

Skvortsova, V.L.; Kulakova, I.L and Rudenko, A.P, 

Chemical Department, Moscow State University, 119899, USSR. 

Taking into consideration the laws of catalytic transfor¬ 

mation of diamond /^/ and also taking into account data of ca¬ 

talytic polycondensation of simple carbon-containing substances 

we propose a model of kimberlite diamonds formation from simple 

carbon-containing substances (for example.CQ+H^-^ ^dlcuuuud^^Z^^‘ 

The most important parameter of this model is the catalytic ac¬ 

tivity of medium which determines both the growth rate and oxi¬ 

dation-dissolution rate of diamond. 

We obtain data about the catalytic nature of diamond oxi¬ 

dation-growth processes, role of surface chemical state in these 

processes and catalytic activity of certain elements in diamond 

oxidation by water and carbon dioxide which are natural oxidiz¬ 

ing agents of diamond. 

Our investigations show that the catalytic activity of ions 

is determined by their chemical nature, valence state and struc¬ 

tural accordance of ionic radius to crystalline chemical para¬ 

meters of diamond planes. 

The latter factor is responsible for the differences in 

rates of catalytic oxidation of different planes and for varia¬ 

tion of habitus of crystals ig this process. So, the diamond 

oxidation by water vapor (900 C) in the presence of the Fe(III) 

ions leads to gradual transformation of octahedral crystals in¬ 

to dodekahadral ones. 

It is shown that catalytic activities of a number of natur¬ 

al minerals are similar to those of corresponding oxide mixtur¬ 

es. This makes it possible to model catalytic activities of na¬ 

tural objects. Alkaline melts of kimberlites are also catalytic- 

ally active in diamond oxidation, the mean catalytic activities 

of kimberlites from various deposits being different. 

The fact that all etched pictures on natural diamonds in¬ 

cluding the rare ones were reproduced in laboratory proves the 

possibility of catalytic oxidation of diamond crystals during 

the formation of kimberlite tubes. 

In our opinion the existence of mineral coats on the dia¬ 

mond crystal, their mineral, chemical, isotopic composition and 

morphological peculiarities confirm the catalytic function of 

kimberlites in the formation of natural diamonds. 

The suggested model of the formation of diamonds is fur- 
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ther supported by the established connection between the diamond 

content of kimberlites and their chemical composition and cata¬ 

lytic activities in diamond oxidation and by irregularity of 

distribution of diamonds along the tube. 

This has enabled us to suggest a physico-chemical criteri¬ 

on for valuation of diamond content in kimberlites. 

^ ^Rudenko,A.P., Kulakova,I.I., and Shturman (Skvortsova) V.L. 

1978. The oxidation of natural diamonds. New data about mi¬ 

nerals of the USSR, 28, 105-125. 
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MINERAL INCLUSIONS IN BORT FROM THE MIR PIPE, YAKUTIA. 

G.B. Smelova. 

Yakutsk Institute of Geosciences, Siberian Branch. Academy of Sciences. Yakutsk, USSR. 

This P .3. P 6 r p r e s 0 n t s t h 6 r 0 s ii 11 s 0 f s 113 cl y i n s m 1 p 0 r .3.1 q n d c h 0 rn i c 01 

compositions of crystal Incliisions in Tort. 

Th0 inclusions wore studied in a sample that measured Tiiti:? mm 

and consisted of two varieties of hort; fine- and coarse-i^rained. The 

finc-g^rained aggregate maKes up the central part of the sample and 

consists of opaque, up to O.c mm sized individuals laching 

well-defined c r y s t a 110 g r a p h 1 c f ou'’ m^. T h 0 o a r s 0 ~ g r a i n e d h o t g r o w s 

over the fine-grained one as a porous 

consists of large (up to l mm), "ransparei 

lacK well-defined crystallographic form. In or 

IS a druse of well-shared octahedral diamonds 

The sample was cut in twuo across the druse 

■’ Tl ^ "i TT i Ti --V 1 r- 1.T -i V o 1 
.. i i. j.. V X -x i.i ij. X J A' XX xx '-L X '■■■ 

r-. X f V- ,-i f i p ■- V, ri >-• n 

• p-i p V 1 'Q OS - * 

Under a microscope. 

the two polished surfaces of the cu- owed numerous transparent and 

opaque inclusions. The latter are mostly concentrated in the central, 

fine-grained part of the sample and are 5x10 w or less in size. In 

the outer, coarse-grained part, inclusions are fewer but larger (up 

to 45x135 M). The compositions of the. inclusions were determined 

using a ”Camebax-Ulcro” microanalyzcr. 

Only opaque inclusions were found in fine-grained bort. Of 

them, magnetite i N t) and sulphide (^55) inclusions arc 

considered to be syngenetic. They have no accom.panying cracKs and 

have a hexagonal shape in cross-section. There are also two-phase 

inclusions which represent d/t - suJrhido intergrowths. They also 

have a hexagonal share but cannot be considered as syngenetic because 

they are accompanied by cracKs that extend to the surfaces of diamond 

grains 

If s s inclusions contain (in w t. x ) 2 S . 1 5 - 3 0.0 5 - N i . 

2 8 2 1 - 3 0.6 9 - F e . 0.1 8 - 6 . 8 2 - C u , 0.0 9 - 0 : 3 5 - Co. and 

3 4.44- 38.04 - S. Syngenetic N t inclusions are practically 

free o-f TiOg ( 0-0.71.wt. X) and rich in NiO ( up to 3.39 

wt.X). In the two-phase inclusions. Nt is similar in composition 

to syngenetic H t. whereas sulphide has the c 0 m p 0 s 1110 n 8.54 - 
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F e . 5 5 . 4 6 - N i . 0 . 2 S - C o , 1 . 1 9 - C u 3 1 , 5 5 - S (in w t . X ) 

and corresponds in stoichiometry to NiS (probably millerite),. 

Coarse-grained bort contains syngenetic garnet, pyroxene and 

magnesite inclusions in addition to /f 5 c and t w 0 - p h a s e 

inclusions that are much fewer than in the fine-grained variety of 

bort 
Elongated inclusions of garnet correspond in C r g 0 3 

and CaO contents (3.33-3.64, 3.45 -5.69 wt.x respectively) to 

pyrope of the Iherzolitic paragenesis. A pyroxene inclusion, in the 

formi of a parallelogram in cross-section, corresponds in comiPosition 

t 0 c h r 0 m e - d i 0 p s 1 d e (1.93 w t. C r o 0 3 ) . 

Magnesite inclusions which are found in the coarse-grained bort 

(SIX inclusions) and the druse (one inclusion) measure 5x10 4 and 

have a hexagonal form in cross-section. Magnesite from the druse is 

higher in Fe (9.24 wt.x. FeO) than that from- the 

c c a r s e - g r a i n e d bort (4.. 0 6 - 4.79 v; t. x F c 0), 

The results lead to the following conclusions:, 

(1). Based on the chemiistry of garnets (.Sobolev. 197 4) and 

Nss inclusions (Yefimova et ah. 1933). the studied inclusion 

suite belongs to the Iherzolitic paragenesis of the ultrabasic 

association. The crystallization temperature is about 1150'^C at 45 

Magnetite is similar L 'J iil jr O ^ 10 t h a talli 

from sulphide melt (SKinner. PecK. 1979: AhmiUKhamimiOd0v. 1932). This 

suggests that during the early stage of the formation of bort an 

aixable sulphide melt existed fro A^hich magnetite, /f-- and 
■y-, ^ 
i.- ^ Ct V prp cryc^ahized 

TT pi p ■(n + T p p ,.5 •! + D 

gnetite-sulphide intergrowths 

latter, the sulphide was represented 

later replaced by millerite. 

(3) . The presence of miagnesite and n 

oxidized conditions ( consistent with OEM 

of bort compared to diamiond m.onocrystals. 

(4) . A lesser number of magnetite inclusions in 

bort compared to fine-grained bort indicates a highei 

during the formation of the fine-grained variety of : 

the 

ignetite 1 

uffer) for 

11 c a t e s m 0 r o: 

^0 o r a t o r 

.en fugacity 
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ON THE PROBLEM OF VERTICAL ZONING OF KIMBERLITE BODIES. 

(ON THE EXAMPLE OF LESOTHO). 

Smirnov G.L; Kharkiv A.D and Zinchuk, N.N. 

The problem of diamond content and composition change with 

the depth in kimberlite bodies remains extremely the matter of 

current interest up to the present. For its decision data of 

prospecting well and exploring openings and also data of direct¬ 

ly operation work are used,but interpretation of results obtain¬ 

ed quite often are in the contradictory nature.Kimberlite bodi¬ 

es - pipes, dykes and swells, related to dykes of Lesotho ,\'7hich, 

owing to peculiarity of geologic development of the region,were 

turned out to be stripped on different hypsometric levels with 

drops of heights to 1,5-1jokm in comparatively small distances 

(130-150km) are unique in this respectoThis creates favourable 

possibility to trace vertical kimberlite changeability v\rithin in¬ 

dicated interval without boring of expensive v/ells. 

The authors undertook an attempt to trace changes in relation 

of pipes,dykes and swe 11 s ,their dirnensions and morphology,composi- 

tion and peculiarities of dianioridferrousness of 4 groups of Leso¬ 

tho kimberlite bodies,located on different altitudes(about 3>2; 

2,6;1,8;1,3bn]) above sea level.,The oa.rried out investigations es¬ 

tablished predominance of dyke facies(with a number of which 

swells a.re connected) over pipe facies in all areas .Appreciable 

differences in size and morphology of dykes have not been regis¬ 

tered ;at the same time,considerable reduction of pipe formation 

areas in the direction from mountainous sections to relatively 

low sections is observed.The bonding mass of dyke swells and some 

pipes contains increased amounts of perovskite,ilmenite of second 

generation,and,in a number of cases,phiogopite and monticellite, 

that is reflected on increased content of Ti02>K20 and in 

these rocks.Xenoliths of plutonic rocks are characteristic of de¬ 

creased PT-conditions of formatiorioXenoliths of pyroxene-spinel 

facies prevail among them,and varieties of diamond facies do not 

practically occuroIn spite of appreciable vai’iations of compositi¬ 

on in each group and even inside one of a specific body,the in¬ 

creased content of picroilmenite,moderately chromous pyrope and 
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clinopyroxene is registered for majority of dykes and pipes.Prom 

secondary minerals,the development of saponite(sometimes to comp¬ 

lete substitution of rocks of some dykes by corresponding argilla¬ 

ceous formations) is extremely characteristic one.The study of all 

garnet selections from kimberlite concentrates of all 4 groups 

shows either presence of literally single grains of this mineral 

of diamondferrous facies(Litseng la Terae,Kao,etc.),or their com¬ 

plete absence(majority of non-diamondferrous bodies),that confirms 

reliability of N.B.Sobolev*s mineralogical criteria of kimberlite 

diamond fe rr ousne s s. 

Thus,the carried out investigations of Lesotho kimberlites 

have not revealed just a little differences in vertical,almost 

1,5-km-sequence,except dimensions of pipe areas.These data are 

quite in conformity with results of study of a number of Yakutiya 

kimberlite bodies,traced by prospecting wells up to the depth of 

1,0 - 1,2km. 
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THE PROBLEM OF PRIMARY SOURCE OF BRAZIL-TYPE DIAMONDS 

(THE CASE-HISTORY OF DISCOVERY OF DIAMOND DEPOSITS 

IN THE ARKHANGELSK REGION). 

V.K Sobolyev. 

TsNIGRI (Central Research Institute of Geoloffcal Prospecting for Base and Precious Metals) 

North Department, Arkhangelsk, USSR. 

The problem of primary source of spheroidal (rounded) diamonds 

of the Brazil type has for many years been the most controversial 

issue of diamond geology* The idia of their origin has mostly been 

based on data from placers. In the USSR the relation of these dia¬ 

monds to peridotites of orogenic stage in geasyncline development 

used to be considered as most trustv/orthy (A.A*Kukharenko,I955)* 

Later on, an idea was advocated that spheroidal diamonds of the 

Brazil type were associated v;ith common kimberlites (Yu.L.Orlov, 

1973)• One period the suggestion was in the go that they were ex¬ 

clusively related to Precambrian sources of kimberlite and prob¬ 

lematic origin (M,P*Metelkina et al.,I970)* The deeper insight in¬ 

to understanding the primary sources of spheroidal diamonds (PSSD) 

at the theoretical level was gained in the early 1970s when a re¬ 

vision programme on diamonds started in the Arkhangelsk Region. 

Based on the analysis of data on mineralogy of diamonds, chrome 

spinallides and individual grains of chrome pyropes co-occurring 

in a terrigenous complex of the Northern Timan, the PSSDs of the 

area were attributted to kimberlites differring ^ at the mineralo- 

gica level, from known diamond-bearing varieties of Yakutiya end 

Africa. The PSSDs appear to be featured by low contents of chrome 

pyropes, end especially pyroilmenites, and by relatively high con¬ 

tents of chrome spinellide^ (V.K.Sobolyev, 1979)# 
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2. The major argument in favour of setting-up the concentra¬ 

ting prospecting programme for kimberlites on the Vjhite—Sea \iinter 

Coast was the similarity of its heavy-concentrate-mineralogical 

situation with that of the North Timan area and the discovery of 

a sheet-like body (sill) of ultrabasic fine-crystalline poiphyri- 

tic magmatites initially defined as picritic porphyrites and 

rediStfined, in light of the idea of the PS.BDt as kimberlites two 

years after the finding (1977). Three years later, a pipe-like 

body containing lean concentration of spheroidal diamonds of the 

Brasil type v^as revealed in the area. That was followed by disco¬ 

very of similar bodies with commercial concentrations of spheroi¬ 

dal diamonds. 

3. The combined indications established in the course of the 

investigation (summary content of indicsitor-minerals, their spec¬ 

tra, morphology, typocheraism, etc.) allowed us to attribute then 

to the kimberlites which differ, at mineralogical level, from 

classical Yakutiyan and African kimberlites with commercial dia¬ 

monds (Y.IC.Sobolyev et al.,I9S3, 1988). 

4. The correlation betv;een the PGSD of the SE Belomoriye 

area and the kimberlites from other provinces was based on com- 

l^arision between association of deep-seated magmatites of the 

area in question with known series of magmatites containing 

kimberlites. They have been assigned to a previously unknom 

variety of kimberlites within so-called alneite-kimberlite-kar- 

bonatite series of deeply-originated volcenites in terms of 

V.I.Vaganov (1978). Mneralogically, they are the closest to 
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olivine la^proites of Australia but associated with sodium rather 

than with ultreqpotassium mantle diffeientiatea. 

3* fhe problem of the PSSD placement vithin the global frame** 

work of kimberlite provlnoes was oorreo’tlj taokled by ll.A.GneTi~ 

shew (1972)* Aeeording to this author* spheroidal diamonds are 

oonfined to the peripheral parts of diamond-bearing provineea* 

while their central parts host the deposits dominated chiefly by 

flat-sided crystals. In 19708 toe Idea prevailed in the USSR that 

peripheral parts of platforms had no diamond potential* However* 

after discovery of the PSSD in SE Beloaoriye area the diamond po¬ 

tential of the peripheral parta of platforms developed on the an- 

eient basements (eratnas) and ajelnlng aones of Proterozoie mobi¬ 

le belts are hardly in need for additional proof* 

6* In prospecting for toe PSSD under conditions of the North 

of toe Russian Plate* the heavy-concentrate mineralogical method 

retains its priority as a tool for prognostication and selection 

of areas to be Involved into concentrating prospecting programme. 



556 Fifth International Kimberlite Conference 

METASOMATIC PROCESSES IN SUBCONTINENTAL LITHOSPHERIC MANTLE 

BENEATH THE SIBERIAN PLATFORM. 

L.V. Solovjeva; V.G. Barankevich andL.L. Lipskaya. 

Institute of the Earth’s Crust, 664033 — Yakutsk, USSR. IRGIREDMET, Irkutsk. 

Metasomatic alterations of substance of deep-seated xenoliths 

from the Udachnaya kimberlite pipe, based on textural and petrogra¬ 

phic evidence may be attributed to two episodes of different age. 

A characteristic mineral association represented by phlogopite, 

Cr-rich spinel, sulfides and more rare graphite and apatite appears 

to belong to the earlier episode of metasomatism. Phlogopite foms 

relatively large plates (0,5-5 nim) which are homogenous within the 

limits of one grain and specimen except for very narrow rims (50- 

150 mkm) belonging to the later process. TiO^ and Gr20^ in phlogo- 

pites from a part of specimens are <1% and correspond to primary 

micas reported by Carswell (1975) and its contents in other speci¬ 

mens are higher. Graphite occurs in two websterite specimens con¬ 

taining large (1-2 cm) exsolved pyroxenes healed by fine grained 

granoblastic aggregate of phlogopite, garnet, pyroxenes, sulfides 

and graphite. Grains of graphite are a part of granoblastic fabric 

and exhibit intergrowths with garnet and phlogopite on grain margins. 

Isotopic composition of carbon in metasomatic graphite yield 

values eaual to -7,83 and -10,82°/oo (Galimov et al., 1987). 

This carbon which is lighter than the carbon used for the mantle 

datum (2-7^/oo), is nevertheless of obvious mantle origin deriving 

from greater depths than those of websterite equilibrium (^25 kbar). 

The lighter isotopic composition of carbon may be explained 

by removal of heavy carbon during carbonatization of the mantle 
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environment (Galimov et al*, 1987)> or by making the carbon lighter 

at expense of a successive graphite precipitation within rising 

reduced fluid (CH.,, H). The latter mechanism is confirmed by f^. 

values corresponding to position between buffer curves MW~IW (for 

Ol-Opx-Sp equilibrium). Temperatures estimates obtained from En-Di 

solvus indicate the decrease in following order: calculated homo¬ 

genized pyroxenes in large relict crystals, calculated homogenized 

pyroxenes in matrix, compositions of pyroxenes without exsolved 

intergrowths in matrix. Apatite occurs in one specimen of orthopy- 

roxenite where, together with small crystals of phlogopite, pyro¬ 

xenes and sulfides, it heals large exsolved grains of orthopyroxene* 

Textural evidences suggest that the early metasomatism deve¬ 

loped prior to rock deformation. This process appears to take place 

at the Early Archean and is related to evacuation of reduced fluids 

and crust granitization. 

The late metasomatic process is pervasive in xenoliths of va¬ 

rious lithology and is manifested in reaction rims on minerals of 

primary paragenesis. This type of metasomatism is abundantly deve¬ 

loped in deep-seated xenoliths of kimberlites and lamproites from 

many areas of the world. It occurs in the form of polymineral rims 

on garnet: Al-orthopyroxenes, Al-clinopyroxenes, chemically hete¬ 

rogeneous spinel, phlogopite, rare amphibole of pargasite type. 

Orthopyroxene is replaced by acicular amphibole, Al-clinopyroxene, 

spinel. Sulfides are totally or partially substituted by djerfishe- 

rite. This process is responsible for melting patches in xenoliths. 

fp, value calculated from ilmenite-spinel equilibrium in reac- 

tion rims of eclogite xenolith and melting patches into megacrust 

of Cr-low garnet is slighty below HM (hematite-magnetite) curve. 

Such a metasomatic type is characteristic of the prekimberlite 

episode and is probably related to oxidized asthenospheric fluids. 
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O, C AND Sr ISOTOPIC COMPOSITION OF CALCITES IN GARNET MEGACRYSTS 

AND CARBONATIZATED GRANULITIC XENOLITHS FROM THE UDACHNAYA 

KIMBERLITE PIPE, YAKUTIA. 

L.V. Solovjeva; L.V. Dneprovskaya; MM Maslovskaya and S.B. Brandt. 

Institute of the Earth’s Crust, 664033 - Yakutsk, USSR. 

Calcite in megacrysts of Cr-low garnet (Ti02=1-2%, Cr^O^r: 

0,6-3,15%, mg=0,73-0,81) from the Udachnaya and the Mir kimber¬ 

lite pipes occurs within particular fine-grained polymineral inclu¬ 

sions, The letters consist of red-brown phlogopite (20-30%), dot¬ 

ted spinel (3-7%), amphibole (0-30%) and serpentine (10-40%). In 

some cases small grains of ilmenite and a dotted perovskite are 

observed. Inclusions fill the rounded cavities which dimensions 

vary from 0,5 to 3 iinii. Their texture is a typical microporphy- 

ric in which small euhedral and subhedral crystals of phlogopite, 

amphibole and calcite are enclosed in the interstitial material 

composed of serpentine, probably replaced the former glass. Crys¬ 

tals of amphibole and phlogopite rim the deeply corroded garnet 

boundary replaced by an ultrafine-grained dark-brown material ty¬ 

pical of kelyphite rimming the garnets, Shulze (1985), Hops(1986) 
wto 

assume similar polymineral inclusions to be due'Crystallization 

of kimberlite-related melts entrapped by megacrysts. The initial 

87 86 
'3t/ ^Sr ratios in calcites of similar polymineral inclusions 

from the Udachnaya pipe are higher than 0.706. 

0, C and Sr isotopic studies of totally or partially carbo- 

natizated xenoliths representing almost monomineral medium- or 

coarse-grained rocks consisting of semi-transparent grains of cal¬ 

cite as well as of a small amount of bluish serpentine have been 

carried out. In contrast to calcite, serpentine exhibits a zonned 

distribution thus increasing its content in xenolith rims. Relict 

minerals in different samples are represented by garnet, biotite 
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and pyroxene.The isotopic-geochemical characteristics of the core 

carbonate component for three xenoliths are as follow: 8"^^0=27>1 + 

20,4°/oo; 8^^C=-4-i—5V00 and Sr=95004-10000 ppm. The carbonate 

constituent of the kimberlite which includes one xenolith snows 

2^/00 and that of seven kimberlite samples 

from the Udachnaya pipe shows the following variations: S 0 = 

17,9+22,6^/00 and 5"^^C=-2,9+-7,2°/oo. The carbonate extract 

from the Precambrian fine-grained marble with magnetite shows 

the and values to be 25,1°/oo and 1,37^00, respectively. 

Carbonates from the Paleozoic terrigene-sedimentary rocks con- 

^18 
taining kimberlites yield the mean values of 0 0=25,3% and of 

The authors suggest the metasomatic replacement of crust 

granulites by calcite to be due to gas-fluid phases related to 

kimberlite systems. These fluids appear to be the main source of 

carbon and strontium. The oxygen source in carbonatizated granu¬ 

lites is probably of more complex origin and it seems to be rela¬ 

ted to ancient metacarbonate rocks. 
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COGNATE SUITE OF GARNET CLINOPYROXENTTE-OLIVINE WEBSTERITE- 

LHERZOLITE FROM THE UDACHNAYA KIMBERLITE PIPE, YAKUTIA 

L.V. Solovjeva andB.M. Vladimirov. 

Institute of the Earth^s Crust, 664033 - Yakutsk, USSR. 

A suite of garnet clinopyroxenite-olivine websterite-lherzolite 

(CV/L) according to quite a number of petrographic and mineralogical 

properties determining its cognate character differ from the other 

granular xenoliths from the Udachnaya kimberlite pipe. 

liherzolites, harzburgites, more rarely dunites of spinel, spi¬ 

nel-garnet and garnet abyssal facies (HL) represented probably me¬ 

tamorphosed restites, which are remnants after extraction of basal- 

toid and komatiitic melts strongly predominate in the granular deep- 

seated xenoliths from the Udachnaya pipe. Rocks of the OWL suite 

make up not more than 3% granular population. In contrast to the 

HL suite they are characterised by a wide variation of garnet, py¬ 

roxenes, olivine and are classified as garnet Iherzolites, garnet- 

olivine websterites and garnet clinopyroxenites. The presence of 

phlogopites and sulfides, developed in the form of globules in gar¬ 

net and clinopyroxene and in the form of dispersed impregnation are 

characteristic of Iherzolites and olivine websterites of the OWL 

suite© Small inclusions of ilmenite and Ti-spinel are observed in 

phlogopite plates. Ti-spinel does not exhibit reactional relation¬ 

ships with garnet. Thin exsolved inter growths of ilmenite and ru¬ 

tile are common for garnet and pyroxenes. Rock texture suggests a 

paragenetic character of phlogopite plates. Phlogopite, ilmenite, 

Ti-spinel and impregnated sulfides appear to be crystallized at 

the late stage of formation of the main paragenesis. Reactional mi¬ 

neral assemblage is manifested in the form of polymineral kelyphite 

rims on garnet, orthopyroxene and in the form of reactional djer- 

fiSherite zones on sulfides. 
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Minerals of the OWL suite essentially differ from correspon¬ 

ding minerals of the HL suite in lower Mg/Mg+Fe ratio of silicates 

higher TiO^ contents in garnet and clinopyroxene and lower Cr^O^ 

contents in garnet, and higher ^^2^ contents in clino= 

pyroxenes. Direct correlations between Mg content in olivine, gar¬ 

net, clinopyroxene and phlogopite as well as between TiO^ and Cr20 

contents in garnet and clinopyroxene, are observed. These corre¬ 

lations are probably expected to be the evidence of the total equi 

libration of the chemistry of minerals at the late stage of rock 

formation at a moment when phlogopite, sulfides, ilmenite and Ti- 

spinel were crystallized. On the basis of Fe and Mg distribution 

(Ellis, Green, 1979) between small regular clinopyroxene crystals 

in garnet and host-garnet and for large grains of these minerals 

in rock, the higher temperatures of the .begining of crystalliza¬ 

tion are obtained. The position of five samples of the OWL suite 

on geotherm for the Udachnaya pipe corresponds to two levels, 

60-70 km and 120 km, respectively. Bulk chemical composition of 

two samples is the most consistent with komatiites of peridotite 

type. All the above data do not contradict a hypothesis of magma¬ 

tic origin of the OWL suite. Its intrusion and fractional crystal¬ 

lization appear to have taken place after the main episode of coo¬ 

ling and metamorphism of the mantle lithosphere but prior to deve¬ 

lopment of prekimberlite metasomatism. 
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LAYERED STRUCTURE OF THE UPPER MANTLE BENEATH THE SIBERIAN 

PLATFORM: PETROLOGICAL AND GEOPHYSICAL DATA. 

L.V. Solovjeva andL.L. Zavjalova. 

Institute of the Earth Crust, 664033 - Yakutsk, USSR. 

P-T data for deep-seated xenoliths from kimberlites in Yakutia, 

obtained by thermobarometrie methods, reveal layered stratified 

structure of the mantle in the Udachnaya pipe area (the central 

part of the platform) to the depth of 220 km and in the Obnazhen- 

naya pipe area (Olenek uplift) down to 120 km. The mantle in the 

central part of the platform to the depth of 180 km is recognized 

to be largely composed of restite spinel, spinel-garnet and garnet 

Iherzolites and harzburgites, and by horizons of pyroxenites, webs- 

terites, olivine websterites occuring between 60-78 km, 90-96 km 

and 141-171 km depths. 

These three horizons are affined in their depth and thickness 

■to low velocity layers recorded beneath the Siberian platform ac¬ 

cording to the deep seismic sounding data (Egorkin et al., 1984). 

Two layers of rocks of pyroxenite-websterite series approximately 

corresponding to the upper layers in the mantle lithosphere under 

the central part of the platform, are distinguished under the crust 

in the Obnazhennaya pipe area. A detailed study of petrography, 

petrochemistry and mineralogy of rocks from pyroxenite-websterite 

series indicate that they are commonly cumulates of the former 

ultramafic melts of komatiitic type and more seldom are products 

of total crystallization of such melts, which existed in the anci¬ 

ent mantle lithosphere at corresponding depths in the form of large 

intrusive sheets. 

The roof of the lower low velocity layer on the seismic pro¬ 

file under the central part of the platform (depth of 190 km) con¬ 

forms to the upper part of the zone corresponding, according to 

P-T data, to sheared peridotites whose origin is more often related 
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to the asthenosphereo There is some vertical displacement of the 

four layers revealed by petrological methods, relative to the low 

velocity layers determined by geophysical data. 

The geotherm constructed on the samples from the Udachnaya 

pipe is close to that with the heat flow of 40 mW/m and to an em¬ 

piric geotherm by F.R.Boyd (1984) for the same pipe. The pristine 

geotherm is also reconstructed after the relict exsolution ortopy- 

roxenes in harzburgites. and Iherzolites of restite type, which is 

200-300^0 higher than that of the last chemical equilibrium in 

samples. This temperature difference as well as a probable presence 

of large intrusive sheets of komatiite melts in the ancient mantle 

lithosphere suggest the continuous hot stage in the life of the 

upper mantle followed by the stage of long term cooling. The latter 

is quite distinctly determined by unidirectional reaction of rep¬ 

lacement of spinel paragenesises by garnet ones, recorded every¬ 

where in deep-seated xenoliths from kimberlites in different regions 

of the world. The ancient stage of metasomatism was manifested in 

already cooled rigid and brittle lithosphere in the form of mine¬ 

ral products. The estimation of the bulk composition of the mantle 

lithosphere in the Udachnaya pipe area according to the balance of 

pyroxenite-v/ebsterite and harzburgite-lherzolite layers, show that 

the mantle was sufficiently depleted in‘basaltoid components (Ti02, 

kl^Oy FeO, CaO, Ua^O) already during the hot stage of its exis¬ 

tence. 
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A STUDY OF MICROINCLUSIONS IN MINERALS OF SPANISH LAMPROITES. 

/. Solovova;A. Gimis; L. Kogarko and I. Byabchikov. 

In order to estimate therraodlnamlc conditions and melt 
com*positions oi Spanish lamproites, microinclusions in olivine, 
clinopyroxene, sanidine, apatite, phlogopite, and calcite have 
oeen sxudied. Among daughter minerals in melt Incusions 01, 
Ihl, San and i'-Ap were detennlned. Unusual compositions of 
aaugnter minerals correspond to unusual chemistry of lamproltlc 
lavas: i.e. San contains large quantities of both Mg and Fe, 
?nl contains up to 8 wt.% TlO.p and more then 1 wt.% F. 

Homogenization temperature of melt inclusions in the most 
magnesian' olivine Is i250''^0 and decreases with increasing of 

OI' 01 to iu50°0. Average composition of 
nomogenlzed melt inclusions in the earliest olivine studied 
'Xjg=0.08)ls following: (wt.%)S102 52.1, TIO2 0.2, Al^Og 11.6, 
FeO(t) 3.9, MgO 5.4, OaO 0.1, BaO 0.3, Na^O 0.9, KpO 13.5, PgOg 
3.4, F 0.9, Cl 0.3. The composition of the late-stage melts is 
represented by primary melt inclusion in calcite: SIO^ 64.7, 
TIO2 0.8, AI2O3 17.8, FeO(t) 1.1, MgO 0.2, GaO 2.5, Na20 0.3, 
K2O 4.6. Water content of this evolved melt is about 8 wt.%. 
For more primitive melts a value 4 wt.% have been estimated. 

Fluid inclusions are mostly partially decrepitated 
iow-dense GO,^. Sometimes salt crystalls on the walls of fluid 
inclusions are visible, proving high halogen concentrations in 
tne fluid. 

Daugnter sanidine in melt inclusions contains appreciable 
amount of Fe'^'^ which is characteristic of high oxygen fugaclty. 
On the other hand liquid Immlsclblllty detected in residual 
glasses is possible only under relatively reduced conditions. 
Thus our data confirm highly variable oxygen fugaclty during 
t.amprolte crystallization wlch was advocated by Venturelll et 
ai.(1988). 

On the basis of our data we propose a model of primary 
melt formation oy the melting of Phl-bearlng Iherzollte at 
relatively low pressures. 
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STUDY OF GASEOUS PHASE IN DIAMONDS WITH ECLOGITIC AND ULTRABASIC 
INCLUSIONS FROM YAKUTIAN KIMBERLITE PIPES. 

S.B. Tarnikova; Yu. P. Barashkov and I.M. Svoren* 

Yakutsk Institute of Geosciences (USSR). 

The reproducibility of the results obtained by various 

degassing methods for diamonds from different deposits suggests 

that the liberated gases are relicts of a fluid of the diamond 

crystallization medium. 

To get additional information and to test a possible 

relationship of gas composition of diamonds to their inclusions 

paragenesis and to the presence of solid inclusions, we studied 

diamonds whose paragenesis was in most cases known from the 

composition of solid inclusions. 

Gases which are sorbed in dislocations, vacansies, microcracks 

and other lattice defects of diamond were liberated by heating a 

sample in an inert atmosphere using special device connected with 

an MX-1303 mass-spectrometer. Diamond cristals where thoroughly 

cleaned immediately prior to analysis using a specially developed 

scheme. Before each analysis, the device was degassed by heating 

to 423....473 K. Cooling was performed at a constant evacuation 

value (lO"*^ Torr). The cleaned crystal was placed in a glass 

capsule. After the device was mounted and connected with 

mass-spectrometer, the system was evacuated up to Torr. 

Due to minimum weight of the sample, heating was carried out at 

T:693 and 1593 K. The gases thus obtained were fed to the 

mass-spectrometer. 

We analized six diamond crystals from Udachnaya pipe (sam- 

pies 3165, 3027, 3038, 3689, 3207, 3037) one (sample 1169) from 

Mir and one (sample 2086) from Aykhal. Crystals 3689, 3207, 2086, 

and 1169 were colourless, flat-faceted octahedra. 3027 was a 
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yellow cube, 3038 was a grey opaque cube, 3037 was a made of a 

coated diamond, and 3165 was a crystal of indefinite shape. 

Octahedral crystals 3689 and 1169 contained olivine and 

pyrope-almandine inclusions respectively. These crystals were sawn 

in such a manner that one half contained inclusions and the other 

had no visible inclusions. Crystal 3037 was prelim-inarily crushed 

and its yellow coat separated from the transparent core. The 

studied samples varied in weight from 4.4 to 194.3 mg. The 

concentration and composition of liberated gases vary from 

crystal to crystal. All sarnies contain Hg, Ng and COg. Other 

gases are present in only some of the crystals: CO in 1169, 3689, 

3037; HgO in 2086, 3165, 3038, 1169, 3207, 3037; CH4 in 3038, 

1169, 3207, 3037; CgHe in 3038. Both halves of 3689 have gases 

of similar composition but the half with olivine inclusions is 

somewhat higher in COg, CO and Ng. The situation is different 

in crystal 1169. Ng, COg and CH4 contents are several times 

higher in the half with pyrope-almandines compared to the half 

free of visible inclusions . The latter half also contains CO and 

HgO. In 3037, gas content of the transparent core is much higher 

than that of the yellow coat. Gases in the grey cube 3038 differ 

in composition not only from the yellow cube 3027 but also from 

the rest of the studied samples. It was the only crystal which 

contained the C2H6 homologue. The yeild of gases ( in g/g of 

crystal) varies widely, from 47.699*10“^ to 684.974m10”^, in 

eclogitic diamonds and in a narrower interval, from 4.221k10”^ 

to 5.247}tl0“^, in ultrabasic diamonds. 

This, the present study has revealed that gas* composition is 

dependent on* the presence of solid inclusions in diamond. Higher 

gas cohtents of the diamond halves containing mineral inclusions 

are probably due to sorbtion of volatiles at the diamond^inclusion 

interface. Gas contents of eclogitic diamonds are an order of 

magnitude higher than those of ultrabasic diamonds. 
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UPPER MANTLE COMPOSITION BENEATH YAKUTIAN KIMBERLITE PROVINCE. 

A.V. Ukhanov^^^ ondA.D. Kharkiv^^X 

(1) Vernadsky Institute of Geochemistry and Analytical Chemistry, Moscow; (2) Central Research Institute of 

Geolo^cal Prospecting for Non-ferrous and Precious Metals, Moscow. 

Mineraloglcal studies In YakutIan province have shown tlat 

"sampling" by klmberlltlc magh® seems to be rather selective. 
There are a lot of gaps and misrepresentations even in the most 

complete and Informative upper mantle "sections" drafted on the 

basis of P-T "I'eoords" in mantle mineral assemblages. 
On the P-T plots (Ukhanov, RyabchlKov, Kharkiv, 1988) the points 

are scattei-ed along smooth curvilinear trajectories what are 

thought to be paleo-geotherms. They are consistent with continental 
geotherms by Clark and Rlngwood (1964) for "Obnezhennaya" and 
"Udachnaya", but "Mir" geotherm is shifted 100-150 C to lower 
temperatures. In contrast to Lesotho geotherm by Boyd (l9'/’6) no 
inflexions or breaks have been revealed In Yakutlan ones. That 

Imollea more stable thermal regime in Yakutia In the period of 

klmberlltlc magmatlsni. The reconstructed upper mantle "sections" 

for the north (Obnazhennaya), middle (Udachnaya) and south (Mir) of 

the province are grossly drafted . In general the upper mantle of 

the region is characterized : 1) by wide extended spinel oi’ partly 

granatlzed perldotltes of "barren" type directly below Moho; 2) by 
prevalence of "fertile" garnet perldotlte, sheared or unsheared, at 
deeper levels; 3) by the presence of various ^met-pyroxene rocks 

- Mg -rich pyroxenltes at more shallow levels and eclogltes at 
depth; 4) by spreading of llmenlte-bearlng rocks thi-ou^i the whole 

sections and amphlbole-flogoplte metasoiwitlte In their upper parts. 

In this paper emphasis Is placed on the origin of some 
garnet-pyroxene rocks. More than ten subgroups of them car! be 

distil gulshed within the investigated xenolith suites but at 
present only for the largest ones reliable petrogenetlc 

Interpretations can be proposed. The geologically spectacular 
xenolllhs of the coarse garnet pyroxenltes, which are so abundant 

In "Obnazhennaya", have visible banding and are composed of 3 to 5 
minerals enriched in MgO and Or (Cpx+GaiH()px+01+CrSp). Taken a.*? a 
whole the xenollths resemble fragments of a layered intrusive body. 
If It is more than appearance and the rocks are fundamentally 
magmatic the garaet cannot be a magnatlc mineral in any case since 
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It Beenis to replace the chrcanluiii spinel and partly pyroxene. Belore 
the replacement the layers had consist of Opx, or Cpx , or both and 
at least locally of plagloclase ttiat has been pointed to by the 
positive Ea anomalies on REE pattenis revealed for some nodules. At 
the same time the negative Eu anomalies for orthopyroxene and 
chromium spinel indicate that these two mlnei*alB had been 
crystallized together with plagloclase like in baslc-ulxrabaslc 
magmas. 

A portion of the magma Is thou^t to be Intruded in the top of 
the mantle sequence to form a vast layered massif with chi-omite 
horizons and zones enriched In sulfides. In that connection It Is 
worth to mention extremely high gold abundances (up to 6 piwi) in 
rare xenollths and chromite ore nodules In some pipes. The 
following garnet development In layered pyroxenltes was caiwod by 
pressure Increasing under some fluid Influx. The ultramaflc basis 
of massif was transformed to the garnet iherzollte which appears to 
be depleted In less degree than the more shallow harzburglte. 
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THE GENETIC TY?ES OF NATURAL DIAMONDS. 

A A. Valter and VM Kvasnitsa. 

Inst, of Geochem. andPhys^ of Minerals, Ukr. SSR, Kiev. 

Piamond is a polygenetic mineral*which is generated not only in 

the Earth interiors hut also during the high relosity impact of 

cosmic bodies and by the rapor condensation of interstellar matter* 

Probably the diamonds distribution correlate in a hole with the 

carbon abundance#The atomic ratio C/Si can be araluates in the 

Barth crust as I*&*IO'*^»in the mantle 0*1 and in the Space 125* 

Bow it is possible to distinguish the mantle magmatic t crust 

magmatic i shock metamorphic and condensational types of the diamond 

origin* 

The mantle diamonds still is known only In the Earth*but its 

existance is quite possible in the interiors of the Jtoiar and 

grater cosmic bodies*It can be realised because in the initial 

matter of the Planets,if it is of the carbonaceous chondrite type, 

is the sufficient content of 0* 

At the Barth mantle the diamond was formed by the high P-T 

paramiters Ih the static conditions*It represents by the ultrabasic 

(peridotite) diamond,basic (eclogite) diamond and by the diamond of 

the rocks with intermediate composition (garnet pyroxenite)•These 

diamonds were intruded in the Earth crust by the kimberlitic and 

lamproitic magmas*The most possible parameters of its crystallisation 

are P^s^ 4*5-6 GPa;T<J^ I000-I500^0*The crystal growth of diamond is 

diffusional and Is the result of chemical reactions with hydro¬ 

carbons participation and by the graphite-diamond transition* 

The diamond of metamorphic rocks quite differ from the mantle 

diamond and foTwts small (n-I0*n microns) cubic and skeletal crystals 

and aggregates*One will suggest that this diamond was formed by the 

lower papameter8,probably at the expense of disperse organics*The 

The forms of diamonds bring in eridence the supersaturation by the 
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carbon and high speed of crystal growth and cooling.As H.V.Soboler i 

and others suppose this type of diamond was formed in the crust# 

The shock metamorphic diamond of meteorites and impactites was I 

formed by the graphite**diamond transition in the shook wares.The 

••compulsory** diffusion and the other ways and also geometric models of I 

graphite-diamond tranaitiontwhich ensure the approximate coherense ] 

between the initial and new phases^are discussed#The existence of the 

lonsdaleite in the impact diamond is possible only in a form of Tery 

small crystallites•With the extension of its dimensions the cubic 

diamond phase become more adrantiageous energetically* In the case of 

shock metamorphism of poor graphitised organics the weakly crystaiilzed 

cubic diamond is appeared*The optimum parameters of shock graphite** 

diamond transition and its chilling is estimated for the Barth rocks 

as 5O-70 GPa and I000-2000°C for existance of residual temperature 

duration in melts at the T^ 1500^0 for the time of order of one day* 

The positive factor of diamond preserving is the reduce conditions of 

impact explosure* 

^he graphite-diamond shock transition is realised in the Barth 

crust (impactites) and in the iron meteorites at the moment of its 

impact against the Barth (Canyon Diablo meteorite) and by the shock in 

the Space (Antarctic meteorite ALHA-77283)* 

'?he most high diamond content among the natural materials exist 

in ureilites - up to IS(*In this case the mixture of poor crystallized 

graphite and small diamond crystals probably are subjected to the 

influence of ahooic metamorphiBin.That reflected In the higher dlmensionB 

of the diamond crystallites and in the abeenae or relatirely low 

content of lonsdaleite, 
d'lanro nd 

The colloidal (with 28 A of middle dlmenalon)'%as diecorered 

the last years in carbonaceous and ordinary chondrites•The most 

probably this diamond is fomaed by interstellar gas condensation,The 

problems of its origin is still discussed. 
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KELYPHITES ON GARNETS IN MANTLE XENOLITHS AND KIMBERLITES: 
COMPOSITION, GENESIS, PETROLOGICAL IMPLICATION. 

Vishnevsky Alexei A. 

USSR, 252142, Kiev, Palladina av. 34, Institute of Geochemistry and Physics of Minerals Ukr. Acad. ofSci. 

COMPOSITION. 

Today in kelyphites identified more than fifteen minerals, the 

most common of wich are phlogopite, clinopsrroxene, orthopyroxene, 

amphibole, chlorite, serpentine, carbonates, minerals of spinel group. 

On garnets in mantle xenoliths mainly developed two pyroxene - spinel 

rims, while in kimberlites, in most cases, kel3rphites have phlogopite- 

spinel composition. 

Chemical composition of minerals from kelyphites highly specific 

and variables 

orthopyroxene - Mg/Mg+Fe=0.7^0.97i Al20j=5-I3 wt.^, CaO - up to 2.5wt.^ 

clinopyroxene « Ca/Ca+Mg==0.5I-0.57» Mg/Ife+Fe=0.72-0.9I» Al20^=4-I4 wt.^* 

phlogopite - Mg/Mg+Pe=0.78-0.9^1 ^^2^3 * ^ wt.^; 

spinel - Mg/Mg+Fe=0.09-0.86, Cr/0r+Al=s0.01-0.90, etc. \ 

Established positive correlation between content of Or, Ti, Fe in 

minerals from rims and its content in replacing garnets. 

GENESIS. 

1. PT-conditions of formation. Process of formation of kelyphitic 

mineral aggregates', realized in several stages, in general outline 

could be conceived in a such way: 

first stage - I0<P<40 kbar, 800 < T < 1300^0 - reaction replacement of 

garnets by hi^-temperature mineral assemblages, i.e.: Phl+Spl, 

Phl+Cpx+Spl, Opx+Cpx+Spl, Phl+Opx+Cpx+Spl, Amf+Opx+Cpx+Spl; 

second stage - P<'5-I0 kbar, T< 800^0 - amphibolization and chloriti- 

zation of silicate minerals of high-temperature assemblages; 

third stage - T< 400^0 - serpentinization and carbonatization of 

eaG?lier formed mineral aggregates. 

2. Chemical regime. During the process of kelyphitization the 

most mobile components are Si, Ca, K, Na, H2O, less mobile - Mg, Al, 

Fe and inert - Ti and Cr. In all cases take place considerable intro¬ 

duction of H2O, K, Na and insignificant amounts of Fe into forming 

coronas. Negative balance shows Si and often Al. Other components 

(Ca, Mg, Mn) have both - positive and negative balance. 
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3> Causes, speed and possible mechanism of formation* One of the 

main factors, wich stipulated the process of kelyphitization, was 

sharp decrease of pressure at const; the last is a result of rapid 

ascent of kimberlite magma from mantle to the sxirface. Other signifi¬ 

cant cause - action of rich in alkalies and kimberlitic magma 

(fluid) on garnets. 

On the base of published experimental data we siappose that rep¬ 

lacement of garnets by high-temperature assemblages is a transient 

process, that finished in the majority of cases during a few hours. 

Kelyphitization of garnets in mantle xenoliths and kimberlites 

conceived us as a process of metasomatic replacement of them in the 

upper mantle. Evidence of that - morphological features of kelyphites, 

established regularities of migration of components and PT-conditions 

of process. 

PETROLOGICAL IMPLICATION. 

Developed notions about nature and conditions of formation of 

kelyphites allows to discuss a number of questions regards the gene¬ 

sis of kimberlitic rocks. For example, proposed tv/o-stepped scheme 

of changing of PT-conditions diiring the ascent of kimberlitic magma 

to the surface, estimated speed of its ascent, suggested considera¬ 

tions about its chemical evolution during transportation from the 

mantle, etc. 
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BASALTIC AND MICA KIMBERLITES OF THE SIBERIAN PLATFORM AND THEIR 

TIME-SPACE AND GENETIC RELATIONSHIPS. 

B.M. Vla^mirov;KN. Egorov; M.N. Maslovskaya; L.V. Dneprovskaya andA.V. Boltenkov. 

Institute of the Earth's Crust, 664033 - Irkutsk, USSR. 

Fo\ir age groups of kimberlites are distinguished in East- 

Siberia, namely: Riphean (1260 m.yO> Middle Paleozoic (3^^ 

409 m.y.)> Lower Mezozoic (21? iQ.y*) and Upper Mezozoic (149- 
bodies, 

159 m.y.)* Most of contemporaneous^orm isolated fields and 

zones. A number of fields comprising bodies of similar ages, 

are classified as complexes. 

In all Phanerozoic complexes both basaltic and mica kim¬ 

berlite types are present. Their spatial relationships are vei*y 

diverse. Usually basaltic and mica kimberlites form their own 

bodies and rarely they coexist in twinned and multiphase pipes 

and also in veined bodies of different phases. Pockety segre¬ 

gations, autoliths and xenoliths of mica kimberlite are found 

in many pipes composed of basaltic kimberlites. Abundance ratios 

of bodies consisted of basaltic and mica kimberlites from dif¬ 

ferent complexes are not similar. All Pre-Cambrian and most 

of Upper Mezozoic bodies are mica kimberlites. In the Lower 

Mezozoic complex both rock types occur in equal number of 

bodies and in the Middle Paleozoic basaltic kimberlites predo¬ 

minate. 

Based on detailed study of some Paleozoic bodies stripped 

in the Udachny mine time-space relationships and isotopic-geo- 

chemical features of different kimberlite types, are given. 

Here at the south-western and eastern edges of quarry two paral¬ 

lel veins (JliiS 2,4) of mica kimberlites intruded by the Udach- 

naya-Zapadnaya and Udachnaya-Vostochnaya multiphase pipes, are 
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exposed. The Udachnaya-Zapadnaya and Udachnaya-Vostochnaya 

pipes are composed of mica and basaltic kimberlites, respecti¬ 

vely. Two *’blind*» isometric bodies consisted of basaltic kim¬ 

berlites are stripped along the strike of the vein M 2. Four 

veins of basaltic kimberlites, which have no contacts with the 

pipe are exposed at north-western and western edges of the 

quariy. 

Three varieties of mica kimberlite are distinguished at 

the Udachny mine: 1) massive clinopyroxene-phlogopites, 2) phlo- 

gopite breccia and 3) fluidal phlogopites. The first variety 

composes veined bodies of early phases of emplacement (veins 

NIM? 2,3,4). Phlogopite and clinopyroxene (30-35 and 15% of rock 

volume, respectively) occur as tabular and prismatic microlites 

only in groundmass. The second variety is abundant in the 

Udachnaya-Zapadnaya pipe. Phlogopite consists 15-20% of rock 

and occurs as deformed tabular xenocrysts and undeformed pheno- 

crysts. The third variety occurs in autoliths from the Udach¬ 

naya-Zapadnaya pipe. Bulk phlogopite (up to 30% of rock) is 

represented by plates in groundmass. Ore minerals of all vari¬ 

eties are spinel, perovskite and ilmenite. Pyropes, picroil- 

menite and chromite are present as accessory minerals. 

Basaltic kimberlites from the Udachny mine consist mostly 

of olivine-monticellites. Phlogopite is sporadically present 

as xeno- and phenocrysts. Ore minerals are spinel, perovskite, 

and ilmenite. Pyrope, picroilmenite, chrome diopside, ortho¬ 

pyroxene and chromite occur as accessory minerals. 

Sr and 0 isotopic studies of basaltic kimberlites gave 

low ^"^Sr/^^Sr ratios (0.7042-0.7047), which are typical of 

those from other kimberlite localities and of primitive or 

slightly depleted mantle. Clinopyroxene-phlogopite kimberlites 
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are similar to basaltic type in Sr isotopy. Their Rb-Sr ages 

are 352 m.y. Structurally brecciated and fluidal phlogopite 

kimberlites have higher ^'^Sr/^^Sr ratios (0.705^-0.7090) with 

values ranging from 16.2 to 22.6°/oo. Rb-Sr ages of the 

former are 3^5+5 ni.y. 

Phlogopite phenocrysts occurring in both basaltic and 

phlogopite kimberlites show low initial ^Sr/ Sr ratios 

(0.7040-0.7050) and variable Rb/Sr ratios (50, 200), which 

suggest their crystallization from isotopically homogeneous 

melt under different physico-chemical conditions. 

Phlogopite xenocrysts do not form their own isochrone. At 

the moment of kimberlite body formation they had ^"^Sr/^^Sr 

ratios>0.8, characteristic for alkaline rocks of the platform 

basement. 

The obtained data indicate the initially common mantle 

source for all kimberlite varieties from the Udachny mine and 

mixed mantle-crust origin of phlogopite kimberlites from the 

Udachnaya-Zapadnaya pipe. 
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CARBONATTTES OF K-ALKALINE COMPLEXES OF THE ALDAN, 

NORTH PAMIR AND SOUTH MONGOLLA 

Vladykin N.V. 

Institute of Geochemistry, Irkutsk, USSR. 

The calcite, calcite-fluorite and Ba-Sr carbonatites are 

found in the complicated laminated complexes of K-alkaline rocks. 

The carbonatitesof the South Mongolia, Aldan (Murun^Khani, Arbaras- 

takh, Intili massifs) as well as of North Pamir (Darai-Pioz) were 

studied. The complexes are composed of K-ultramafic rocks (Bt- 

pyroxenites, K-ijolites, melanephelinite) leucite and alkaline 

syenites, alkaline granites. 

In the Murun and Darai-Pioz massifs the carbonatites are 

intruded after the alkaline granites, they possess the unique 

mineral composition. Among the rare minerals, charoite, tinansite, 

pectolites, raizerite, agrellite, ekanite, dalyite are available 

here. The marked variations of the chemical and rare-element 

composition is typical of carbonatites. Nb, TR, Ba, Sy , P occurren¬ 

ces are known. The studied carbonatites were formed from the resi¬ 

dual melt. It is confirmed by the presence of the molten inclusions 

and Ba-Sr carbonatite disintegration. 
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CHEMICAL COMPOSITION AND GEOCHEMICAL FEATURES OF MICAS FROM 

LAMPROITES OF THE ALDAN SCHIELD, USSR. 

Vladyidn, N.V. 

Institute of Geochemistry, Irkutsk, USSR. 

The chemical composition and the concentrations of 25 

rare elements were studied in 60 mica samples from the Aldan 

lamproites. They refer to Mg-biotite Pe-phlogopite tetraferri- 

phlogopite type according to the chemical composition, A1 defi¬ 

ciency and the heightened Ti, Ba, Cr concentrations are typical 

of them. T e^"*" occur in the tetrahedral coordination instead 

of Al. The natural change of rare element concentrations is 

observed in micas from the early olivine lamproites to the 

later leucite and sanidine varities.The low concentrations of 

lithophyle elements and high ones of siderophile elements are 

common to the micas of lamproites. It indicates their deep 

mantle genesis. 



578 Fifth International Kimberlite Conference 

GEOLOGICAL POSITION, PETROLOGY AND GEOCHEMISTRY OF LAMPROITES 

(ALDAN SCHIELD, SIBERIA). 

Vladykin, N.V. 

Institute of Geochemistry, Irkutsk, USSR. 

15 occurrences of lamproites are found in the Western, 

Central and Eastern Aldan at present. They form sills, necks, 

eruptive breccias, dykes, stocks and individual layers in the 

laminated intrusions of K-alkaline rocks. The Khani olivine lam¬ 

proites are the Proterozoic age, the rest lamproites are the Mz- 

age. The olivine-micaceous, leucite-raicaceous and sanidine-K- 

richterite-raicaceous verities are distinguished according to 

mineral composition. The c3aaracteristic accessory minerals (chro¬ 

mite, wad8ite,K-:richterite, K-batisite, priderite) are available. 

The heightened K, Mg, Ba, Sr, Cr, Ni, Cu concentrations and 

the decreased concentrations of Nb, TR are typical of the Aldan 

lamproites. Eu-anomalies are absent in the TR spectrum. The 

Al>^^ lamproites are genetically connected with volcanic-pluto- 

nic complexes of K-alkaline rocks. 
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INCLUSIONS OF PLUTONIC MINERALS IN DIAMONDS FROM KIMBERLITE ROCKS OF 
THE NORTHERN EAST-EUROPEAN PLATFORM. 

Zarharchenko O.D.; Khar’kiv A.D.; Botova M.M.; Makhin A.L and Pavlenko, TA. 

According to data of visual diagnosis it has been revealed, 

that diamonds with plutonic minerals inclusions from kimberlite 

pipes of the East-European platform(EEP) amount to 0,6 « 2% 

from the whole quantity of crystals«Inclusions of olivine and 

coesite are observed in diamonds of all pipes the most often; 

the quantity of inclusions of chrome-spinellid is also increa¬ 

sed,garnets and pyroxenes occur more seldom* 

The most minerals-inclusions are characteristic of a crys¬ 

tallographic cut as polyhedrons,that imparted them a ronded sha¬ 

pe a 

Inclusions have been analysed with X-ray scanning spectral 

microanalyser "Kamebax-Microbeam** ,Gameca( acceleration voltage 

15 kW,15mA)a 

Minerals of ultrabasic paragenesis* The composition of chro- 

mous garnetjChrome-spinellid,olivinejClinopyroxene and orthopy¬ 

roxene have been studied* 

Among five analysed grains of chromous garnet four grains 

belong to high-chromous knorringite-bearing variety,in which 

the content of Cr^O^ ranges from 10 to 15%}CaO -from 2,4 to 5>^^) 

feruginousness of garnets is low and ranges from 11,9 to 15>S^o 

Besides recorded pyropes, garnet with low content of Gr^O- -5% 

and GaO - 2,^ and low ferruginousness( fx12%) has been estab¬ 

lished* 

As for knovm chrome-spine11id - inclusions,once more analy¬ 

sed 14 grains are characteristic of lov/ ferruginousness from 25 

to 58 and of high ciiromousness from 85 to 9Q;^SoTheir content of 

Cr^O^ ranges from 64 to 9C^?moreover,in about half of cliromites 

the amount of Gr20^ is higher,than 67%,that in inclusions of 

chromites from Yakutiya diamonds occurs very seldom and it is 

a regional typomorphic feature*The content of TiO^ in chrome- 

spinellids ranges from hundredth parts of percent to 0,26%* 

All five analysed olivine grains have similar composition 

and are characteristic of low ferruginousness of 6,6 to 7>9^o* 
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Impurity of 0^20-^ was foimd in three olivine inclusions,more¬ 

over, in olivine,in its turn,was included in chrome-spinellid, 

the content of Gr^Ov is extremely high In two olivines 

the impurity of NiO is registered-* 

The aggregate of chrome-diopside and enstatite,,found in one 

of diamonds,is of essential interest•Ghrome-diopside is charac¬ 

teristic of increased magnrsia content Ca/Ga+Mg = 45,2,that in 

paragenesis with enstatite affirms high temperature of equilib¬ 

rium » 

Inclusion of chromous pyroxene,having emerald-green colour, 

is characteristic of increased content of semultaneo- 

usly v/ith anomalously high Na20 - 5 >9l^*Gonibination of chrome and 

sodium in clinopyroxenes leads to arising of rare component 

NaGr20^ - ureyite,which in pure state occurs only in meteorites. 

The content ^ of Gr^O corresponds to 15%^ of ureyite component, 

pyroxenes with such composition as inclusions in diamonds have 

not been fixed earlier. 

Eclogitic paragenesis. Prom minerals of a given paragenesis 

garnet,clinopyroxene and coesite have been analysed. 

Garnet( 11 analyses) is represented by pyrope-almandine va¬ 

riety,which ferruginousness is 42 - 55%.The content of Ga-compo- 

nent is 20 - 52%,and in ty;o samples value of Ga-component is par¬ 

ticularly high -57 and 59%j2?espectively. In two diamonds,toget¬ 

her v;ith orange-coloured garnets,colourless inclusions of coesite 

v/ere distinguished and analysed. 

The compositions of two omphacite inclusions are identical. 

Their content of jadeitic minal is high( about 50%)jimpurity of 

^2^ is According to peculiarities of chemical composition 

they belong to the most rich in jadeite pyroxenes,known among 

inclusions in diamonds .Both by content of jadeite component a.nd 

content of impurity K^Ojthe studied pyroxenes approach pyroxenes 

from diamonds of Argail lamproitic pipe in the Western Australia. 

Thus,the cited data show,that on a level with typomorphic 

features,common for a given complex of minerals of all regions, 

inclusions in diamonds of EEP are characterized by a series of 

reginal features. 
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ANCffiNT DEPLETED SUBCONTINENTAL LITHOSPHERE UNDER SIBERIAN 

PLATFORM: Nd-Sr ISOTOPIC AND REE EVIDENCE FROM GARNET 

PERIDOTITE XENOLITHS OF MIR PIPE (WESTERN YAKUTIA). 

A.Z. Zhuravlev; E.E. Laz’ko ondA.I. Ponomarenko. 

Insti.ofthe Ore Deposits Geology, Petrography, Mineralogy & Geochemistry, USSR Academy of Sci., Moscow, USSR. 

A combined petrological and geochemical study of two garnet 

peridotite xenoliths (A-246 and A-339) from Mir kimberlite pipe 

has been accomplished. Both fragments are typical partly 

serpentinized appreciably depleted Iherzolites (containing AI2O3 

1.79 and 2.86; CaO 2.50 and 3.37 wt.% respectively). The 

textures of the rocks are protogranular with some manifestations 

of deformation. Equilibrium P-T conditions of peridotites 

suggest they are fragments of thermally unperturbed ’’normal" 

(cold) palaeolithosphere. 

Besides microprobe and bulk chemical analyses the 

concentrations of ten REE in coexisting minerals of peridotites 

have been measured by isotope dilution technique, and the 

isotope composition of Sr and Nd has been determinated. The 

distributions of REE in minerals are similar to other garnet 

peridotites from kimberlites (Shimizu, 1975): the main phases 

concentrating lanthanoids are garnet and clinopyroxene which 

strongly LREE depleted (low Ce/Yb) and LREE enriched (high 

Ce/Yb) respectively. Olivine and orthopyroxene contain the 

extremely low concentrations of REE in comparison with the 

concentrators of the latter and render to be appreciably 

contaminated with a small portions of a kimberlite matter in 

spite of careful cleaning procedure of analysed minerals 

separates. 

The garnet-clinopyroxene pair for A-339 peridotite define 

the mineral Sm-Nd age of 1.7±0.1 b.y (Fig. 1). The calculated 

model Sm-Nd age Tqj^ur this rock is much older - 3.0 b.y. This 

value is in appreciable disagreement with the 2.1 b.y. model Rb- 

Sr age defined by clinopyroxene Rb-Sr systematics. In any case 

however the age of A-339 peridotite is significantly older than 

the intrusion age of the host kimberlite from Mir pipe (360 Ma). 

The calculated value for a parental rock A-339 is 

exceedingly high (+23.Oil.6) and indicative of a long-term 

extreme REE depletion of an upper mantle region from which the 

examined xenolith have been excavated by a kimberlite melt. 

The Sm-Nd age of A-246 peridotite (also defined by garnet- 

cl inopyroxene pair) is 0.91±0.01 b.y (Fig. 1). Therefore this 

rock is almost twice younger than the other one, but it is still 

significantly older in comparison with the including kimberlite. 

However, the calculated value for a parental A-246 rock is 

+22.5±0.5, i.e. actually equal to the other fragment. 

The unexpected and impressive result of Sm-Nd dating is the 

old isotopic ages of both xenoliths studied. Nevertheless these 

ages are minimum value. Such conclusion can be easily drawn when 

considering the factors which could distort the data obtained 

(contamination of analyzed mineral separates by small portions 

of kimberlite, isotopic exchange between coexisting garnet and 
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Figure. Sn-Nd age diagran for 

coexisting garnet and clinopyroxene 

from A-339 and A-246 peridotites. 

clinopyroxene in mantle, etc.)* Therefore peridotite examined do 

actually have much older age than kimberlite from Mir pipe. 

The large time interval between the age of mantle samples 

and including volcanic rocks is rather unusual. We are aware of 

the only such example among mantle peridotites - sample M-602 

also originating from Mir pipe (McCulloch, 1986). Our new data 

unequivocally confirm a possibility of ‘ancient isotopic marks 

conservation in ultramafic rock xenoliths from kimberlites. 

Petrologic implications of these old Sm-Nd ages are that they 

correspond either to the time of crystallization of parental 

rocks of xenoliths or to the moment of their final 

reequilibration which has been accompained by perfect isotope 

homogenization. In other words, after the stabilization of 

garnets’ and clinopyroxenes’ isotopic systems (1.7 and 0.91 b.y. 

for nodules A-339 and A-246 respectively) the rocks examined did 

not survive a significant thermal event including their 

transport in a kimberlite melt. 

The other striking feature of rocks studied is their 

abnomarlly high values. The latter strongly exceed 

values usually detected in majority of mantle volcanics and 

their xenoliths. Assuming that both rocks have developed as 

practically closed systems (on a xenolith-size scale), their 

highly positive marks require long-lived strongly REE 

depleted source. Since in a convective mantle (i.e. contemporary 

asthenosphere) such values are much less, the only realistic 

source of discussed xenoliths could be seen in a subcontinental 

lithosphere under Siberian craton. Similar anomalously REE 

depleted mantle rocks have been detected in some other 
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localities in Central and East Asia - Transbaikal Lake region, 

Mongolia, and Eastern China. We suggest that a definite layer of 

the lithospheric mantle under the eastern part of Asia continent 

may have an anomalous Nd isotope composition. This layer may 

correspond to a presumed highly depleted mantle reservoir 

(Zindler, Hart, 1986). 

The difference between Sm-Nd and Rb-Sr model age of both 

peridotites does not allow to develop a simple one-stage model 

explaining the evolution of their parental sources. The history 

of development of the corresponding mantle region under Siberian 

craton has been long and complex. There is hardly possible to 

reconstruct it unequivocally using the data obtained. It is 

quite evidently however that the mantle evolution of both rocks 

have included a protolith depletion and enrichment by some main 

oxides and incompatible elements, recrystallization processes, 

cooling and other events. Two most realistic alternative 

petrogenetic models are considered. The early partial melting 

episode is most important event in both of them. Probably it 

documents the initial development and stabilization of the 

subcontinental lithosphere. Later incompatible element 

enrichment event postulated by the first scenario, documents 

reactivation episode which have occured in stable lithospere. 

Such process is problematic in the second model. Sm-Nd ages of 

peridotites mark the time of their final isotopic "closing". 
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