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The characterisation and origin of graphite in cratonic lithospheric
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D.G. Pearson'*, F.R. Boyd?, S.E. Haggerty®, J.D. Pasteris*, S.W. Field°>, P.H. Nixon®, and N.P. Pokhilenko ’
! Department of Tcrrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Rd, N.W. Washington, DC 20015,

USA

2 (Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd, N.W. Washington, DC 20015, USA

N e koW

Abstract. Graphite-bearing peridotites, pyroxenites and

eclogite xenoliths from the Kaapvaal craton of southern
Africa and the Siberian craton, Russia, have been stud-
ied with the aim of: 1) better characterising the abun-
dance and distribution of clemental carbon in the shal-
low continental lithospheric mantle; (2) determining the
isotopic composition of the graphite; (3) testing for sig-
nificant metastability of graphite in mantle rocks using
mineral thermobarometry. Graphite crystals in perido-
tie, pyroxenite and eclogite xenoliths have X-ray diffrac-
tion patterns and Raman spectra characteristic of highly
crystalline graphite of high-temperature origin and are
interpreted to have crystallised within the mantle. Ther-
mobarometry on the graphite-peridotite assemblages us-
ing a variety of element partitions and formulations yield
estimated equilibration conditions that plot at lower
temperatures and pressures than diamondiferous assem-
blages. Moreover, estimated pressures and temperatures
for the graphite-peridotites fall almost exclusively within
the experimentally determined graphite stability field
and thus we find no evidence for substantial graphite
metastability. The carbon isotopic composition of
graphite in peridotites from this and other studies varies
from 6'3Cppp=—12.3 to —3.8% with a mean of
—6.7%0, 0=2.1 (n=22) and a mode between —7 and
—6%o. This mean is within one standard deviation of
the —4%o mean displayed by diamonds from peridotite
xenoliths, and is identical to that of diamonds containing
peridotite-suite inclusions. The carbon isotope range of
graphite and diamonds in peridotites is more restricted
than that observed for either phase in cclogites or pyrox-
enites. The isotopic range displayed by peridotite-suite
graphite and diamond encompasses the carbon isotope
range observed in mid-ocean-ridge-basalt (MORB)
glasses and ocean-island basalts (OIB). Similarity be-
tween the isotopic compositions of carbon associated
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with cratonic peridotites and the carbon (as CO,) in
oceanic magmas {(MORB/OIB) indicates that the source
of the fiuids that deposited carbon, as graphite or dia-
mond, in cratonic peridotites lies within the convecting
mantle, below the lithosphere. Textural observations
provide evidence that some of graphite in cratonic peri-
dotites is of sub-solidus metasomatic origin, probably
deposited from a cooling C—H — O fluid phase permeat-
ing the lithosphere along fractures. Macrocrystalline
graphite of primary appearance has not been found in
mantle xenoliths from kimberlitic or basaltic rocks erup-
ted away from cratonic areas. Hence, graphite in mantle-
derived xenoliths appears to be restricted to Archaean
cratons and occurs exclusively in low-temperature,
coarse peridotites thought to be characteristic of the lith-
ospheric mantle. The tectonic association of graphite
within the mantle is very similar to that of diamond.
It is unlikely that this restricted occurrence is due solely
to unique conditions of oxygen fugacity in the cratonic
lithospheric mantle because some peridotite xenoliths
from off-craton localities are as reduced as those from
within cratons. Radiogenic isotope systematics of peri-
dotite-suite diamond inclusions suggest that diamond
crystallisation was not directly related to the melting
events that formed lithospheric peridotites. However,
some diamond (and graphite?) crystallisation in south-
ern Africa occurred within the time span associated with
the stabilisation of the lithospheric mantle (Pearson et al.
1993). The nature of the process causing localisation of
carbon in cratonic mantle roots is not yet clearly under-
stood.

Introduction

Carbon or carbon-bearing species in the mantle have
received much attention due to their possible role in
magma genesis (Bailey 1980; Eggler and Baker 1982;
Spera 1984; Taylor and Green 1989). Carbon may also
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influence mantle /¢, (¢.g. Wood 1991) and physical prop-
erties (Duba and Shankland 1982) and plays an intrinsic
role in diamond formation (e.g. Boyd and Gurney 1986;
Gurney 1991). Hence, knowledge of the distribution and
origin of carbon and carbonaceous phases in the mantle
is important in constraining its role in several mantle
processes. One form of mantle carbon that has received
little attention is macrocrystalline graphite. Peridotite
xenoliths bearing discrete macrocrystalline grains of
graphitc are as rare as diamondiferous peridotites yet,
despite their importance in the study of mantle volatiles,
they have received only passing attention in the literature
(Wagner 1916; Mathias et al. 1970; Nixon and Boyd
19734, Boyd and Nixon 1975; Sobolev 1974; Rodionov
and Sobolev 1985; Nixon et al. 1987; Field and Hag-
gerty 1990; Pearson etal. 1990; Schulze and Valley
1991).

Most oxidised forms of carbon such as kimberlite
carbonates, CO, inclusions in mid-ocean-ridge basalts
(MORB) and ocean-island basalts (OIB) and also some
reduced carbon such as the coats of coated diamonds,
are believed to have grown directly from CO,—H,O
rich fluids derived from the convecting mantle. Their
carbon isotopic compositions lic within a limited range
(0'*C~ —4 to —10%0) similar to that of MORB/OIB
(Deines and Gold 1973; Javoy et al. 1986; Nadeau et al.
1990; S.R. Boyd et al. 1992). The origin of reduced, ele-
mental carbon, predominantly from the subcontinental
lithosphere, is more controversial. Diamonds show a
large range in carbon isotopic composition (6 '3C ~ — 34
to +4%o), the range for diamonds of peridotite paragen-
esis (P-type) being much more restricted than those of
eclogite suite paragenesis (E-type; Sobolev et al. 1979;
Galimov 1991). There is no general consensus as to the
origin of the large isotopic range in diamonds or the
difference between E- and P-type populations. Current
models include fractionation from a parental reservoir
similar to MORB/OIB (Javoy et al. 1986), formation
from an isotopically heterogeneous mantle (Deines 1991)
and formation of E-type diamonds from subducted crus-
tal material (Sobolev and Sobolev 1980; Milledge et al.
1983; Gurney 1991). Most work on reduced carbon in
the mantle has been carried out on diamonds; there are
few reported analyses of graphite (Kropotova and Fe-
dorenko 1970; Pearson et al. 1990; Schulze and Valley
1991). Study of graphite in mantle rocks allows direct
comparison between two distinct forms of reduced man-
tle carbon, diamond and graphite, originating at differ-
ent depths. These data can be used to test the suggestion
that there is vertical C isotopic stratification in the man-
tle (Deines et al. 1991) and to further examine the dis-
tinction between carbon associated with peridotite and
eclogite lithologies.

The influence of reduced carbon on mantle melting
relations and its large oxygen buffering capacity makes
it important to know the nature and distribution of such
phases in the mantle. Furthermore, knowledge of the
origin of diamond and graphite would provide con-
straints on the volatile outgassing and recycling budget
of the Earth. In addition, graphite and diamond in man-
tle xenoliths can be used to constrain their depth of

origin (e.g. Finnerty and Boyd 1984, 1987), and hence
reveal the thermal structure beneath cratons (McKenzie
1989), if it can be shown that they have crystallised sta-
bly. Experimentally and empirically formulated geobar-
ometers can be tested by observing whether P— T esti-
mates for diamond- or graphite-bearing peridotites are
consistent with the diamond-graphite transition (Fin-
nerty and Boyd 1984, 1987). This approach has pre-
viously suffered from the scarcity of data for graphite-
bearing peridotites. Moreover, it is necessary to show
that the graphite equilibrated with the host silicate as-
semblages at depth in the mantle and did not form by
secondary processes within the crust.

This study aims to address the above problems by
detailed petrological study, X-ray and Raman character-
isation of graphite, mineral thermobarometry and car-
bon isotope analyses of graphite in peridotite, eclogite
and pyroxenite xenoliths from kimberlites. Graphite-
bearing samples were obtained from large xenolith col-
lections at the University of Leeds, the University of
Massachusetts and the Geophysical Laboratory with
supplementary material from the Institute of Mineralogy
and Petrology, Novosibirsk. An extensive collection of
xenoliths from the Premier kimberlite and the Kimberley
Pipes, R.S.A., were also examined in order to estimate
the frequency of occurrence of graphite in the lithospher-
ic mantle.

Occurrence

Graphite is described from 26 xenoliths from various kimberlite
localities; 24 samples arc from southern Africa and 2 arc from
Siberia. Of these, 19 are lherzolites or harzburgites, 3 are pyroxen-
ites, 2 are megacrysts and 2 are eclogites (Appendix 2). All the
peridotites are of the coarse, low-temperature variety, believed to
be derived from the lithospheric mantle (Nixon and Boyd 1973b).
The graphite-bearing xenoliths were collected from kimberlites
erupled along the southern margin of the Kaapvaal craton (Kim-
berley, Jagersfontein and northern Lesotho), the Premier pipe in
the ceniral part of the Kaapvaal craton and from the Udachnaya
and Obnazhennaya kimberlites in the Siberian craton. There ap-
pear to be no recorded occurrences of mantle-derived xenoliths
containing macrocrystalline graphite of primary appearance in ei-
ther kimberlites or alkali basalts crupted in circum-cratonic areas.
No mantle graphitc has been recorded in exiensive kimberlite xeno-
lith collections from off-craton arcas in southern Africa, including
East-Griqualand, the Karoo and Namibia. Moreover, we know
of no description of primary appearing graphite in peridoties from
basaltic volcanoes in western North America (H. Wilshire and A.J.
Irving personal communication, 1991), Europe, southeastern Aus-
tralia, or clsewhere. Additionally, graphite has not been found in
any high-temperature (sheared) peridotites, although in off-craton
areas some of these high-temperature peridotites appear to have
originated within the graphite stability field (Finnerty and Boyd
1987). The only known occurrences of macrocrystalline, highly or-
dered graphite in rocks of undisputed mantle derivation other than
xenoliths from cratonic lithosphere are graphitised diamonds in
pyroxenites from the Beni Bousera and Ronda orogenic peridotite
massifs (Pearson et al. 1989; Pearson et al. 1991a; Davics et al.
in press). In these occurrences the graphite is restricted to the pyr-
oxenites.

Girod (1967) and Kornprobst et al. (1987) reported macrocrys-
talline graphite of apparently primary origin in ultramafic xenoliths
from an alkali basalt in the Tissemt area, Hoggar, Algeria. Petro-
logical and geochemical data from the Hoggar samples, however,



indicate that they were probably entrained from a deep crustal
layered intrusion and are thus not of direct mantle origin (Korn-
probst et al. 1987). The apparent restriction of graphite to the sub-
contincntal lithospheric mantle keels underlying Archacan cratons
is similar to the strong association of diamonds with Archaean
cratons (Kennedy 1964; Boyd and Gurney 1986).

Mineralogy and Petrography
Xenoliths

Graphite-bearing peridotitcs addressed in this study include garnet
harzburgites that exhibit variable depletion in Ca, garnet-spinel
therzolites, garnet lherzolites, a spinel-facies peridotile and three
pargasite (amphibole) peridotites. Three of the graphite-bearing
harzburgites and some from the suite studied by Viljoen et al. (in
press) contain subcalcic high-chrome pyrope garnets; however,
many fall within the Ca-saturated garnet ficld indicative of lherzo-
litic paragenesis (Sobolev 1974), Table 1, Fig. 1. The widc variety
of garnet compositions and xenolith lithology suggests that there
is no specific lithological association for graphite occurrences. Dia-
mondiferous southern African peridotite xenolfiths contain both
Ca-saturatcd and undersaturated garnet (Dawson and Smith 1975;
Shee et al. 1982; Viljoen et ala. 1992), also indicating no specific
lithological bias of diamonds in xenoliths (Fig. 1). Peridotite suite
garnets included in diamonds from southern Africa show a large
compositional range, cncompassing the range for garnels from
graphite- and diamond-bearing peridotite xenoliths (Fig. 1). How-
ever, although there is much compositional variation, the majority
of diamonds of peridotite affinity from both southern Africa and
Siberia contain garnetls that are undersaturated in Ca and high
in Cr (knorringite component ; Sobolev et al. 1984; Boyd and
Gurney 1986; Boyd et al. 1993).

The scarcity of previously documented graphite-bearing perido-
tite xenoliths may in part be due lack of purposeful screening.
A meticulous search of over 200 peridotite xenoliths from the Pre-
mier mine, South Africa, yielded 5 graphite-bearing specimens, i.c.
around 2.5% of the total population. A comparable search of 63
peridotites from the Bultfontein floors, Kimberley, yiclded only

Ca0, wi%

0 2 4 6 8 10 12 14
Crn0;, wi%

O Diamondiferous xenoliths @ Graphite peridotites

Fig. 1. CaO and Cr,0; contents of garnets from graphite- and
diamond-bearing peridotite xenoliths. Lherzolite field is from So-
bolev (1974). Dashed line encloses the field for P-type diamond
inclusions. Data from this study, Dawson and Smith (1975), Shee
ct al. (1982), Sobolev et al. (1984), Radionov and Sobolev (1985),
Pokhilenko et al. (1991) and unpublished, Viljoen et al. (1992) and
Viljoen ct al. (in press)
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one containing graphite. Seven graphite-bearing xenoliths (6 peri-
dotites and an eclogite) have been found by us at Jagcrsfontein
from approximately 800 samples (< 1%). Howcver, a greater fre-
quency must be present in some portions of the kimberlite at Ja-
gersfontein because 20 graphite-bearing eclogites were described
by Wagner (1916) in the early days of mining. The recorded fre-
quency of graphite at Premier is higher than that recorded for
diamondiferous specimens at most localities, but it should be noted
that diamond has been found in over 2% of all megacrystalline
peridotites at Udachnaya, Siberia.

Of special interest is an exsolved megacrystic specimen from
southern Africa, which is possibly derived from low-temperatlure
pyroxenites. Samples of this type do not appear to be part of
the chrome-poor, discrete megacryst suite evident in some kimber-
lites (Nixon and Boyd 1973¢). Two pyroxenite xcnoliths from Pre-
mier are olivine websterites/orthopyroxenites. One from Obnazhen-
naya is a high-temperature orthopyroxenite, which has cooled to
exsolve abundant blebs and lamellae of garnet and chrome diopside
from the enstatite. Graphite has been reported previously in ortho-
pyroxene-rich websterites from Siberian kimberlites by Galimov
et al. (1989). Although much of the graphitc in the xenoliths de-
scribed by Galimov is intergrown with phlogopite, we see no rcla-
tionship to phlogopite in any of the pyroxenites studied here.
Graphite was also found in an ilmenite-rutile-bearing eclogite
(PHN 2793/8B Appendix 2). The garnet composition in this rock
(high Fe, low Ca) is indicative of a crustal origin (Table 1).

Graphite morphology

In the samples studied here, graphite most commonly occurs as
dispersed, subhedral 1o euhedral flakes and multicrystalline stacks

P—
B 5 ¢cm

Fig. 2. a Photomicrograph of graphite-bearing pargasite garnet pe-
ridotite PHIN5633 from Jagersfontein, showing coarsc grains of
enstatitc completely enclosing a lath of graphite. Width of the field
of view is 2.35 mm. b Line drawing of the distribution of graphite
in specimen JAG 84-500 showing vein-like distribution of graphite
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'Table 1. Mineral compositions of graphite-bearing xenoliths. Elements labeled <0.03 were below the detection limitl and thosc designated,
—, werc not analysed. Additional data: PHN2826B, Nixon et al. (1987); PHN1569, Boyd and Finger (1975); PHN22635, Nixon and
Boyd 1973a

FRB 888 E-8

Olivine Enstatite Garnet Spinel Olivine Estatite Garnet Spinel
Na,O — <0.03 <0.03 — — 0.04 <0.03 —
MgO 521 37.0 22.3 13.5 52.3 35.8 20.5 14.3
Al,O4 <0.03 0.75 20.4 104 <0.03 0.79 19.3 10.5
SiO, 414 58.0 42.1 0.12 40.8 57.3 41.8 0.21
K,O — — — - — - — -
Ca0O <0.03 0.32 4.63 <0.03 0.03 0.43 6.12 <0.03
TiO, <0.03 <0.03 <0.03 0.09 <0.03 <0.03 <0.03 0.03
Cr,04 <0.03 0.36 4.79 59.8 <0.03 0.36 6.04 58.3
MnO 0.08 0.11 0.36 0.32 0.12 0.12 0.33 0.26
FeO 6.69 4.09 6.41 12.8 6.93 3.84 6.13 11.3
Fe,0, — — - 2.85 - — — 3.59
NiO 0.42 0.11 <0.03 0.13 0.44 <0.03 <0.03 0.04
Total 100.7 100.9 101.1 99.8 100.6 98.6 100.2 98.5

PHN 2492 PHN 2826B

Olivine Enstatite Garnet Olivine Enstatite Garnet Spinel
Na, 0 - <0.03 <0.03 — <0.03 <0.03 -
MgO 51.65 37.0 22.6 53.8 37.0 23.68 17.5
Al,04 <0.03 0.66 19.3 <0.03 1.36 21.9 27.9
SiO, 41.3 58.2 42.5 41.9 571 43.0 0.21
K,O - - - - — - -
CaO 0.04 0.34 4.27 <0.03 0.15 3.04 <0.03
TiO, <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Cr,0; 0.03 0.38 6.65 <0.03 0.32 3.38 43.7
MnO 0.10 0.10 0.34 0.03 0.07 0.35 0.24
FeO 6.64 4.05 6.04 5.36 3.52 6.26 9.90
Fe, 0, - — - — — - 1.16
NiO 0.39 <0.03 <0.03 0.36 <0.03 <0.03 <0.03
Total 100.2 100.8 101.7 101.4 99.5 101.7 100.5

PHN 5633 PHN 2265
Olivine Enstatite Garnet Amphibole Olivine Enstatite Diopside

Na,O - <0.03 <0.03 3.64 <0.03 0.06 <0.03
MgO 51.9 373 20.6 20.42 52.3 37.0 17.9
Al,O4 <0.03 0.68 223 11.7 <0.03 0.61 1.21
SiO, 41.5 57.5 41.5 45.6 40.9 58.6 55.3
K,O - - — 0.44 — - —
CaO <0.03 0.18 5.03 11.1 0.03 0.48 21.6
TiO, <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Cr,0, <0.03 0.18 2.03 2.07 <0.03 0.36 1.56
MnO 0.08 0.09 0.49 0.05 0.09 0.10 0.07
FeO 7.58 423 7.87 2.08 7.47 0.44 1.77
Fe, 05 — — — — — — -
NiO 0.38 0.07 <0.03 <0.03 0.41 0.11 0.04

Total 101.4 100.3 99.8 971 101.3 101.8 101.8
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PHN 1569 JAG 89-5
Olivine Enstatite Garnct Diopside Olivine Enstatite Garnet Diopside
Na,O <0.03 0.04 <0.03 1.38 — 0.03 <0.03 1.49
MgO 51.9 36.5 20.2 17.2 50.8 35.6 19.3 17.06
Al,04 0.03 0.95 19.9 212 <0.03 0.8 22.9 1.78
Si0, 41.0 57.3 423 54.8 42.0 58.4 42,7 55.3
K,O — — — - — — - -
CaO <0.03 0.34 6.09 21.5 <0.03 0.15 5.01 21.7
TiO, <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03
Cr,0, 0.03 0.38 5.45 1.6 <0.03 0.21 2.30 1.32
MnO 0.10 0.11 0.44 0.08 <0.03 <0.03 <0.03 <0.03
FeO 7.08 421 6.60 1.57 7.06 4.42 8.00 1.14
Fe,0; — — — — - — — -
NiO 0.48 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Total 100.6 100.3 101.0 100.3 99.93 99.61 100.1 99.8
JAG K7-244 JAG 84-292
Olivine Enstatite Garnet Diopside Olivine Enstatite Garnet
Na,O — <0.03 <0.03 0.52 — <0.03 <0.03
MgO 50.4 35.74 18.6 17.7 52.1 36.6 20.3
Al,O4 <0.03 0.95 22.5 1.03 <0.03 0.68 21.7
SiO, 41.9 57.9 42.3 54.6 41.4 57.5 42.4
K.0 — - - - - - —
CaO <0.03 0.11 5.81 24.6 <0.03 0.15 5.09
TiO, 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Cr,05 0.06 0.24 1.99 0.7 <0.03 0.24 2.60
MnQ 0.08 0.14 0.64 0.1 0.08 0.1 0.51
FeO 7.31 4.72 8.74 1.18 6.76 4.16 7.48
Fe,0; — - — — - — —
NiO 0.34 <0.03 <0.03 0.04 0.30 0.14 0.04
Total 100.18 99.81 100.6 100.5 100.7 99.6 100.1
JAG 500 PHN 1555A PHN4258
Olivine Enstatite Garnet Olivine Enstatite Spinel Olivine Enstatite Spinel
Na, O — 0.06 <0.03 - <0.03 — — <0.03 -
MgO 52.5 36.7 20.3 532 355 15.9 51.4 36.8 17.7
Al 04 0.04 0.74 21.9 <0.03 1.05 119 <0.03 1.66 28.8
Si0, 41.1 58.3 41.4 41.2 56.9 0.16 40.7 577 0.03
K,0 - — — - - — - — —
CaO 0.03 0.17 5.19 <0.03 0.41 <(.03 <0.03 0.36 <0.03
TiO, <0.03 <0.03 <0.03 <0.03 <0.03 0.36 <0.03 <(.03 <0.03
Cr,0; <0.03 0.23 2.29 <0.03 0.37 38.2 <0.03 0.37 40.2
MnO 0.08 0.10 0.57 0.11 0.12 0.27 0.08 0.11 0.20
FeO 7.09 4.52 8.33 6.68 3.96 9.93 6.73 4.32 8.90
Fe,0; - - - — - 3.60 - - 2.93
NiO — <0.03 <0.03 0.45 <0.03 <0.03 0.40 0.07 0.05
Total 100.8 100.8 100.0 101.6 98.3 100.3 99.3 101.4 98.8
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Table 1 (continued)

K7-232 Uv404/86
Olivine Enstatite Garnet Hige-Fe Low-Fe Olivine Enstatite Garnet Diopside
diopside diopside
Na,O — <0.03 <0.03 1.05 1.13 — 0.04 <0.03 1.11
MgO 52.2 37.2 20.4 17.4 18.3 51.9 37.2 20.1 17.4
AL O, <0.03 0.71 22.6 1.59 2.10 <0.03 0.68 20.0 1.48
SiO, 41.3 58.3 41.6 55.0 551 411 577 40.7 55.0
K,O — — - - - — — — -
CaO <0.03 0.15 5.22 23.6 20.6 <0.03 0.35 5.91 224
TiO, <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.02 0.03 <0.03
Cr,0, <0.03 0.13 1.72 0.77 1.73 <0.03 0.22 4.78 1.28
MnO 0.08 0.11 0.52 0.06 0.06 0.10 0.11 0.43 0.08
FeO 6.71 4.42 8.20 1.09 1.97 7.71 4.64 7.49 1.41
Fe,0; — — — — - — — — —
NiO 0.41 0.05 <0.03 0.07 0.06 0.36 0.10 0.01 <0.03
Total 100.7 101.1 100.2 100.6 101.0 101.2 101.1 99.4 100.3
FRB 930B/2 FRB1350
Olivine Enstatite Garnet Diopside Spinel Olivine Enstatite Garnet Diopside Spinel
Na,O — 0.03 <0.03 1.1 — - 0.03 <0.03 1.23 —
MgO 51.7 36.6 20.7 17.5 14.5 51.7 36.5 20.1 17.3 13.4
Al O, <0.03 1.25 22.5 1.85 19.1 0.04 1.13 22.1 2.04 19.3
Si0, 40.7 58.1 42.2 54.7 0.29 41.0 58.0 420 54.9 0.32
K,O — — - — — - — — — —
CaO 0.03 0.32 5.05 23.1 0.05 <0.03 0.27 543 229 0.04
TiO, <0.03 <(0.03 <0.03 0.03 0.23 <0.03 <0.03 <0.03 <0.03 0.10
Cr,0, <0.03 0.25 1.67 0.80 49.8 <0.03 0.22 2.07 0.90 49.4
MnO 0.08 0.09 0.43 0.07 0.29 0.11 0.10 0.46 0.07 0.029
FeO 7.46 4.65 7.25 1.49 13.2 8.3 5.2 8.23 1.70 14.8
Fe,0, - - - - 2.96 - - - - 2.78
NiO 0.42 0.09 <0.03 0.03 0.09 0.43 0.1 <0.03 0.04 0.09
Total 100.4 101.4 99.8 100.7 100.6 101.6 101.6 100.4 101.1 100.5
FRB 1384 PHN3235
Olivine  Enstatite  Diopside  Spinel Olivine  ITigh-Al  Low-Al Garnet  Diopside  High-Al  Low-Al
enstatite  cnstatite spinel spinel
Na,O <0.03 0.05 1.15 <0.03 <0.03 0.16 <0.03 <0.03 0.68 — —
MgO 51.8 347 16.4 171 51.7 36.4 36.8 20.1 17.9 15.9 14.4
Al O, <0.03 33 3.97 371 <0.03 1.97 1.27 22,5 1.43 27.5 22.6
Si0, 41.4 56.0 53.8 0.27 41.0 57.6 57.7 42.0 55.0 0.16 0.23
K,0 - — — — — - — — — —
CaO <0.03 0.86 23.0 <0.03 0.03 0.26 0.25 5.54 242 0.06 <0.03
TiO, <0.03 0.03 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.06 0.04
Cr,0; <0.03 0.67 1.13 30.9 <0.03 0.25 0.23 1.54 0.54 42.5 471
MnO 0.11 0.14 0.09 0.18 0.10 0.10 0.09 0.50 0.06 0.29 0.25
FeO 7.85 5.09 1.46 11.2 7.63 483 4.7 7.5 141 121 13.6
Fe, 0, - — — 1.33 — — — — — 2.04 2.03
NiO 0.44 0.1 0.04 0.07 0.42 0.11 0.07 <0.03 <0.03 0.09 0.05
Total 101.6 101.0 101.1 93.2 100.9 100.7 101.1 99.7 101.2 100.7 100.3
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PHN5264 PHN 2793/8B
Olivine High-Al Low-Al Garnet Diopside High-Al Low-Al Garnet llmenite Rutile
enstatite enstatite spinel spinel
Na,O <0.03 <0.03 <0.03 <0.03 0.86 <0.03 <0.03 <0.03 - —
MgO 52.7 352 36.6 21.7 17.7 18.0 17.3 11.8 3.77 0.04
Al 04 <0.03 2.76 1.34 233 1.8 359 26.3 221 0.49 0.51
SiO, 41.0 57.4 58.6 42.4 54.8 0.13 0.27 39.0 <0.03 <0.03
K,0 — — — - — - - — — —
CaO <0.03 0.29 0.21 4.66 24.1 0.03 <0.03 1.38 <0.03 0.03
TiO, <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.13 0.03 53.9 97.5
Cr,0,4 <0.03 0.55 0.21 1.16 0.81 331 42.0 0.27 0.19 0.33
- MnO 0.05 0.09 0.35 0.04 0.13 0.18 0.42 0.22 <0.03

FeO 6.57 4.18 4,25 7.12 1.18 9.85 9.72 249 4.7 0.36
Fe,05 — — - — — 1.88 3.59 — - -
NiO 0.45 0.1 0.08 <0.03 0.03 0.08 0.11 <0.03 <0.03 <0.03
Total 100.8 100.6 101.4 100.7 101.3 99.1 99.6 99.9 100.3 98.8

of flakes with a grain size ranging up to 3 mm. In many specimens
the graphite is interstitial, but locally the flakes are fully or partially
enclosed in enstatite grains (Fig. 2a). The association of graphite
with cnstatite in the pyroxenites is similar to that observed for
the peridotites. An orthopyroxenite xenolith from Premier
(FRB1399), with minor diopside and olivinc, contains large
(> 10 mm) polycrystalline blebs of graphite as well as graphite in-
clusions in enstatite, together forming 10-20% of the xenolith.
The high abundance of graphite in this xenolith is comparable
to a lherzolite from Premier Mine containing approximately 60%
graphite (Mathias et al. 1970). It is possible that there are two
generations of graphite in FRB1399. Single, sub-mm euhedral
blades are partially enclosed by fresh enstatite grains whereas
larger, 0.5 to 2 mm graphite grains appear partially to be replacing
very altered enstatite and form multicrystalline aggregates of irreg-
ular “clots™. Although no fabric is observed in the silicates, both
types of graphite display a high degree of preferred orientation.

Two amphibole-bearing peridotites contain several multicrys-
tallinc stacks of graphite; other periodotites contain single
““stacks”. Aggregates of graphite crystals have a vein-like distribu-
tion in two specimens from Jagersfontein. In pargasite-bearing gar-
net peridotite PHNS633, the flakes of graphite are concentrated
on a flat face of the xenolith, suggesting an origin on a vein wall
that localised {ragmentation. Tn garnet lherzolite JAG 500, the
graphite is concentrated in two diffuse bands (Fig. 2b), one coinci-
dent with a zone of garet and diopside within the host harzburgitic
assemblage (Field and Haggcerty 1990); the second graphite band
is parallel Lo the first, but transects coarse olivine and cnstatitc.

Characterisation of the graphite

X-ray analyses of the graphites indicate they are well
ordered, with dyq, ~3.34 A and show well resolved (112)
and (114) lines. Graphites from the peridotites give Ra-
man spectra comparable to those of highly crystalline
graphite from granulite-facies metamorphic terrains,
where the graphite was derived either from thermal mat-
uration of an organic precursor or precipitation from
a C—O— H fluid (Pasteris and Wopenka 1991; Wopenka
and Pasteris 1993; this paper, Fig. 3a, spectrum 2). Ra-
man spectra of all the xenolith graphites analysed
(Fig. 3a, spectrum 1) have well defined first- and second-
order peaks, most of which are at or close to the normal

peak positions, indicating continuity on the order of
thousands of Angstroms within the basal plane (i.e.
thousands A <L, < o0). Such spectra are characteristic
of a high-temperature origin and are distinct from those
of either fine-grained graphite found in serpentinised
kimberlitic olivine (Pasteris 1981, 1988) or carbon pre-
cipitated in fluid inclusions where the fluids are brought
to graphite saturation at moderate temperatures and/or
pressures (Fig. 3a, spectra 3 and 4).

Raman spectra of graphites from lower crustal eclo-
gites PHN2793/8B and PHN2793/8C are similar to those
of the peridotites and indicate highly crystalline graphite
of high-temperature origin. The carbon isotopic compo-
sition of the graphite in PHN2793/8c¢ is significantly
lighter than the peridotites, indicative of a different ori-
gin for the carbon. The similarity of Raman spectra for
graphites from crustal eclogites and peridotites indicates
that, as expected, Raman spectroscopy is not capable
of distinguishing isotopically different, highly crystalline
graphite that may have crystallised from different reser-
voirs and/or carbonaceous parents. Although most of
the xenolith spectra have peak positions that are normal
for highly crystalline graphite (Fig.3a), numerous
graphite grains from pyroxenite JX-23, show deviations
from the above spectra, with downshifting of the first-
and second-order peaks that is not presently understood
(Fig. 3b, spectra 2 and 3). A recent study by Everall
et al. (1991) documents downshifting of the first-order
Raman bands for carbon fibres and graphite in response
to laser-induced heating of the sample during Raman
microprobe analysis. Although the graphites from JX-23
are as highly crystalline as those from other samples
in this study, the former may be more susceptible to
heating — an hypothesis that will be investigated in the
near future.

Thermobarometry

A principal aim of this in\}estigation has been to evaluate
the possibility of metastable crystallisation of graphite
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Fig. 3. A First-order, left, and sccond-order, right, Raman spectra
of: 1, graphite from spinel harzburgite sample PHN4258; 2, vein-
type, granulite-facies graphite from Sri Lanka; 3, graphite in man-
tle xenolith olivine from San Carlos volcanic field in Arizona, artifi-
cially induced to precipitate in CO, inclusion at about 1400° C
and 5 kbar at an fO, approximating that of the iron-wustite buffer
assemblage (see Pasteris and Wanamaker 1988); 4, graphite in
quartz from Colorado Front Range, artificially induced to precipi-
tatc in CO, inclusion at about 725° C and 2 kbar at an fH, ~ 243
bars (see Morgan et al. 1993). Note that the position and width
of the first-order O-peak are almost indistinguishable betwcen Sri
Lanka and peridotitic graphites. Minor peak on the lcft shoulder

of O-peak represents oxygen in ambient air. D-peak labelled on
other first-order spectra indicates structural disorder in those
phases. Second-order S-peak has well resolved shoulder only for
the peridotite and Sri Lanka graphites. B Comparison of first-,
left, and second-order, right, spectra of xenolith graphites from
this study: £, same as spectrum 1 in Fig. 3a; 2 and 3, graphite
grains from exsolved eclogitic megacryst JX-23. Absence of D-peak
in the first-order spectra indicatcs highly crystalline graphite. Note
peak shifts from 7 1581 cm™"' (normal graphite) to 2 1571 cm ™!
in first-order spectra and from 7 2725em™! to 2 2741 em™! in
second-order spectra



within the diamond stability field. Several studies docu-
ment the coexistence of primary diamond and graphite
in eclogite (Bobrievich et al. 1959; Sobolev 1974; Pokhi-
lenko et al. 1982; Robinson 1979; Robinson et al. 1984)
and some peridotite (Sobolev et al. 1984; Viljoen et al.
in press) xenoliths. These occurrences indicate the possi-
bility of at least limited metastability of graphite or dia-
mond. The nature of graphite crystallisation, whether
stable or metastable, is clearly relevant to an understand-
ing of the physio-chemical process by which the graphite
formed. Morcover, the possibility of graphite metastabi-
lity is of practical interest in mineral thermobarometry.
Occurrences of diamond and graphite in peridotite xeno-
liths can be used to test the methods of thermobarometry
by comparison of estimated equilibration conditions
with the experimentally determined diamond-graphite
stability curve, provided it can be shown that the dia-
mond and graphite have crystallised within their respec-
tive stability fields. In the past such tests have depended
critically on two specimens which closely bracket the
diamond-graphite curve, graphite-bearing lherzolite
PHN1569 and diamond-bearing lherzolite BD2125 (Fin-
nerty and Boyd 1984, 1987). Evidence of metastable
crystallisation of graphite would obviously limit the ef-
fectiveness of such tests in evaluating thermobarometric
methods.

Equilibration pressures for the graphite-bearing peri-
dotites, calculated from the dala presented in Table 1,
range widely, from those characteristic of shallow mantle
within the spinel-peridotite facies (<2 GPa), two well

1400 ——————T—T——rp—T—T T 1400
(;/D o G/D o
- E - o 4 1200

1200 %
V]
2 A o B . 9.8
3 100t . 1t ° 4 1000
o
I [ ]
g 8004 $ 4+ P 4 800
g L] CPX Solvus (X OLV/GAR
e 60 e Fimerty Boyd 1987H | ® ONeill-Wood 1979 600
/ MacGregor 1974 / MacGregor 1974
. . ) .

Lo

-
=
=1

! L . 400
20 30 40 50 60 70 80

e 1400
] G / D
1t o ° 12w

20 30 40 50 60 70 80

M [T T
00

1200
e S OB D g
=} - - = -
2 1000 . . 1000
51 L4 (3
2 O800F o 1 r . 7 800
15 - O'Neill-Wood 1979]
= 600 / B”Y eral 1990 / Nickel-Green 1985 600
; L1

400
ZO 30 40 50 60 70 80

Pressure Kb

20 30 40 50 60 70 80
Pressure Kb

Fig. 4 A-D. Temperaturc and pressure of equilibration for graphite-
bearing peridotites, sofid cireles and diamond-bearing peridotites,
open circles calculated using a variety of thermobarometer combi-
nations. A T by the Finnerty and Boyd (1987) pyroxenc solvus
thermometcr (FB86), P by the MacGregor (1974) barometer
(MC74); B T by Fe—Mg olivine-garnet thermometer of O’Neill
and Wood (1979), P by MC74; C T by the pyroxene solvus ther-
mometer of Brey and Kohler (1990), P by the Brey et al. (1990)
barometer; d T by O’Neill and Wood (1979), P by Nickel and
Green (1985). For a discussion and references the reader is referred
to Finnerty and Boyd (1987). Data for diamondiferous peridotites
from Boyd and Finnerty (1980); Shee et al. (1982) and Viljoen
et al. {1992}
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within the garnet stability field, some close to the graph-
ite-diamond transition (Fig. 4). Fewer points appear in
plots for which temperature was calculated from the py-
roxene solvus (Fig.4a and c), because many of the
graphite peridotites lack diopside. Additionally, the gar-
net in lherzolite PHN2265 has been completely altered
to fine-grained kelyphite, thereby preventing application
of thermometers based on Fe—Mg exchange between
olivine-garnet and orthopyroxene-garnet.

Temperatures and pressures calculated for the graph-
ite-bearing garnet peridotites, using a varicty of thermo-
barometer combinations, are consistently less than those
calculated for diamond-bearing peridotites (Fig. 4). The
consistency of the relative positions of the samples in
P—T space is evidence that the graphite and diamond
in these rocks crystallised within their respective stability
fields and provides independent support for a primary,
mantle origin for the graphite. Unfortunately we have
not been able to analyse any peridotite containing both
diamond and graphite. A point for a graphite peridotite
overlaps a point for a diamond peridotite in only one
plot (Fig. 4d); these two samples have a more consistent
relationship in Fig. 4b. The discrepancy in Fig. 4d there-
fore appears more likely to be due to a minor failure
of thermobarometry than to metastable crystallisation.
Having shown that equilibration pressures and tempera-
tures for the peridotites are consistent with the relative
stability relationships for graphite and diamond (i.e.
there is no significant metastability of either phase in
the samples studied) we can evaluate the accuracy of
the thermobarometers with respect to the experimentally
determined diamond-graphite transition. For this com-
parison we have employed the diamond-graphite transi-
tion curve determined by Kennedy and Kennedy (1976).
Their curve was obtained using a modified piston-cylin-
der apparatus and the pressure and temperature mea-
surements have a greater accuracy than those of earlier
experiments carried out with a belt apparatus (Bundy
et al. 1961).

The transition in temperature and depth from graph-
ite- to diamond-bearing peridotites that is illustrated by
the plots in Fig. 4 closely approximates the graphite-
diamond equilibrium boundary determined by indepen-
dent experiment (Kennedy and Kennedy 1976). This re-
lationship represents a significant success for peridotite
thermobarometry. Our results indicate that equilibration
conditions estimated using the diopside solvus (c.g. Fin-
nerty and Boyd 1987) combined with the Al-isopleths
of MacGregor (1974) are in best agreement with the
experimentally determined diamond-graphite curve but
other combinations are not significantly different. Fur-
thermore, the pressure-temperature estimates for the
graphite-bearing peridotites confirm their origin within
the lithospheric mantle.

Only one of the four graphite-bearing garnet lherzo-
lites from Premier (FRB1350) contains sufficiently ho-
mogeneous garnet and pyroxene to permit quantitative
estimate of the depth of origin. This rock appears to
have equilibrated at a depth of 100 km or less, well with-
in the graphite stability field. The other three lherzolites
contain fine-grained garnets with a predominantly inter-
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Table 2. Carbon isotope compositions of graphite in peridotite,
pyroxenitc and eclogite xenoliths and megacrysts. Note that
PHN 2793 is of lower crustal origin. Letters in parentheses indicatc
graphite samples extracted from different places within one xeno-

lith fragment. Carbon isotope data were obtained at the Open
University and The Geophysical Laboratory using standard tech-
niques described in Pearson et al. (19914) and Bebout and Fogel
(1990)

Lithology

Sample Locality 6'3C% PDB
Peridotites

E-8 Thaba Putsoa Garnet harzburgite —938
PHN 1555a Mothae Harzburgite —12.3
PHN 1569 Thaba Putsoa Garnet lherzolite —6.7
PHN 2492 Kao No. 2 Low-Ca Garnet harzburgitc —5.8
PHN 4258 Letseng-la-Terai Spinel harzburgite —-7.1
PHN 5633(a) Jagersfontein Pargasite bearing Garnet harzburgite —6.9
PHN 5633 (c) —6.3
PHN 5633(d) —-79
JAG 84-500(a) Jagersfontein Graphite associated with —54
JAG 84-500(b) Jagersfontein garnet clinopyroxenite in garnet harzburgite —4.3
JAG 84-500(A) Jagersfontein —4.0
JAG 84-500(B) Jagersfontein =52
K7-232 Jagersfontein Garnct harzburgite —6.9
JAG 89-5 Jagersfontein Garnet harzburgite —3.8
FRB 888 Bulfontein Garnet harzburgite —-5.0
Uv404/86 Udachnaya Garnet therzolite —6.5
FRB930/B2 Premier Spinel lherzolite —-7.0
PHN 5235 Premier Garnet-spinel lherzolite —6.9
PHN 5264 Premicr Garnet-spinel lherzolite —9.3
Megacrysts, eclogitcs and pyroxenites

JX-23 Jagersfontein Pyroxenite —6.8
JAG 89-10 Jagerstfontein Orthopyroxene megacryst —7.2
JEC 89-G Jagersfontein Eclogite —-59
FRB 1384 Prcmier Orthopyroxenite —13.6
FRB 1399(a) Premier Orthopyroxenite —18.9
FRB 1399(b) Premier Orthopyroxenite —19.4
08/89 Obnazhennaya Orthopyroxenite -93
PHN2793/8C Kao Umenite-rutile eclogite —17.1

stitial habit (Appendix 2), suggesting late-stage crystalli-
sation, perhaps by cooling across the garnet-in bound-
ary. Diopside in the three inhomogeneous Premier peri-
dotites is Ca-rich, indicating a low equilibration temper-
ature, and the orthopyroxene and spinel are Al-rich in
comparison to those in most garnet peridotite xenoliths,
suggesting a relatively shallow mantle origin. The chemi-
cal inhomogeneities in the mincrals in these Premier peri-
dotites are similar to those found in Kaapvaal spinel
peridotites and appear to correlate with low ambient
temperatures in the shallow mantle.

The combination of two-pyroxene thermometers,
with either the barometer of Brey and Kohler (1990)
or MacGregor’s (1974) Al,O; isopleths in the MAS sys-
tem give anomalously low equilibration pressures for
one of the garnet peridotites (JAG-244; ~1.2 GPa and
0.1 GPa respectively). More reasonable pressures of
about 2.2-2.3 GPa are obtained using an Fc—Mg gar-
net-olivine thermometer (e.g. O’Neill and Wood 1979)
with the barometer of MacGregor (1974), Nickel and
Green (1985), or Brey and Kohler (1990, not shown).
The irregular results obtained by using the two-pyroxene
thermometers for this specimen are probably a result
of insensitivity of the pyroxene solvus at low tempera-
tures.

Carbon isotopes
Peridotites

Carbon isotopic compositions of graphite from the peri-
dotites analysed in this study vary from §*3C= —12.3
to —3.8%o (Table 2). This range encompasses previously
reported values for graphite in peridotites (Schulze and
Valley 1991 ; Viljoen et al. in press). The total population
has a primary mode between —6 and — 7%, co-incident
with a mean of —6.7%o, ¢=2.1 (n=22), as shown in
Fig. 5a. The isotopic variation in peridotite-derived
graphite envelops the range for diamonds in diamondi-
ferous peridotites (—7.0 to —2.8%0, #n=18). Diamonds
in peridotite xenoliths show a mode between —3 and
—4%o, with a mean of —4.0, ¢ =1.0 (Fig. 5b). Although
the mean for the xenolith diamonds is almost 3% heavier
than for graphitc from peridotites, the two means are
within one standard deviation of each other and thus
are not significantly different. The isotopic range of dia-
monds from peridotites is only half that of the graphite;
no diamonds extend to the isotopically light values
(< —9%0) shown by some graphites. Thc modes of both
graphite and diamond from peridotite xenoliths differ
slightly from the mode of between —35 and —6%. for
a much larger population of P-type diamonds (see Gur-
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Fig. 5. A Histogram of carbon isotope distribution for graphite
from peridotite xenoliths, included are data for one specimen from
Schulze and Valley (1991) and two from Viljoen et al. (in press).

rr T T T rr ¥ v 1 v 1 T T L
Eclogite suite diamond
— S X
Eclogite graphite - —
Peridotite suite diamonds
Peridotite graphite
Pyroxenite xenoliths
& Megacrysts ]
Beni Bousera EEE—
Pyroxenites oB

—— MORB

i I N 1

-5

0 5

L= 1

-35 -30 -25 -20 -15-10

5'°C %

Fig. 6. Carbon isotope variation of graphite and diamond from
peridotite and eclogite suite assemblages compared to that for
graphite in pyroxenite xenoliths and megacrysts (Lhis study), graph-
ite in pyroxcnite layers in the Beni Bousera peridotite massif (Pcar-
son el al. 1991a), MORB and OIB (Taylor 1986; Exley et al. 1986).
The vertical lines across the peridotite suite diamonds and perido-
lite graphite ranges represent the modes for the distribution

ney 1991 for recent compilation). However, the xcnolith
populations are small and the total isotopic range for
graphite in xenoliths is similar to that for P-type dia-
monds (Fig. 6). There is no consistent relationship be-
tween equilibration pressures of the peridotites and car-
bon isotopic composition of their graphite, as suggested
for diamonds by Deines et al. (1991).

Three graphite flakes extracted from within 3 cm of
each other in the amphibole-bearing peridotite
PHN35633 show a total 1sotopic variation of 1.6%. and
four different flakes of the ““vein-like” graphite from
garnet lherzolite JAGS00 show a variation ol 1.4%.
Graphite from pyroxenite FRB1399 shows a 5.6%. varia-
tion from flakes several cm apart. Galimov ct al. (1989)
reported  13C values of —7.6 to —8.1% in four separate
flakes from a pyroxenite xenolith from the Udachnaya
kimberlite. Such small-scale carbon isotope variation has

B Histogram of carbon isotope distribution for diamond from peri-
dotite xenoliths, data from Deines et al. (1984), Jaqucs ct al. (1990),
Viljoen et al. (1992), Viljoen et al. (in press)

also been described by Rumble and Hoering (1986) for
graphite veins in regionally metamorphosed crustal
rocks in New Hampshire, U.S.A. These authors attrib-
uted the variations in isotopic composition to differences
in graphite precipitation conditions caused by mixing
of isotopically different fluids, mixing of fluids with dif-
ferent CO,/CH, ratios and/or changing temperature.
Similar processes operating within the mantle could have
caused some of the small-scale isotopic variation ob-
served in the xenoliths studied here, i.e. progressive
isotopic evolution of C-bearing fluid moving through
fractures in the lithosphere.

Pyroxenites and eclogites

Graphite from the Obnazhennaya pyroxenite, O8/89 has
a 0 '3C value within the range of the peridotites (—9.3%o)
but that from the two pyroxenites from Premier is more
depleted in '*C than any graphite from a peridotite
(—18.9 to —13.5% in FRB1399 and —19.4%. in
FRB1384). The mean for the three pyroxenites studied
here is —15.3%o, 0 =4.8. Galimov et al. (1989) reported
§'3C values of graphite in metasomatised websterites
from Siberian kimberlites ranging from —7.4 to
—22.7%o. Isotopically light graphite (—27 to —16%)
has also been reported from pyroxenite layers within
the Beni Bousera orogenic peridotite massif (Pearson
et al. 1991; Fig. 6). It thus appears that graphite from
pyroxenites is more isotopically variable than peridotitic
graphite. Graphite from the one mantle eclogite analysed
in this study has a §13C value of —5.9%., similar to
the mean value of —6.2%o (6 =2.6%0, n=47) for graphite
in eclogite xenoliths analysed by Deines et al. (1987,
1991) and Schulze ct al. (1991). The range for all graph-
ite from eclogites (6'3C=—~20.3 to —2.8%0) is more
variable than that of the peridotites (Fig. 6). The wider
isotopic variation shown by graphitc from eclogites and
pyroxenites is consistent with the more variable isotopic
compositions of E-type diamonds compared to P-type
diamonds (Fig. 6). Graphite in the exsolved enstatite me-
gacryst from Jagersfontcin lies within the range for peri-
dotites and pyroxenites (Fig. 4a; 61°C= —7.2).
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The isotopic composition of graphite in the lower
crustal eclogite, PHN2793/8C, from Kao is depleted in
13C (—17.1%o), comparable to some graphite from other
lower crustal lithologies (e.g. Pearson et al. 1991a) and
may represent metamorphosed organic matter.

Discussion
Pyroxenites and eclogites

The carbon isotopic range of graphite in the pyroxenites
and eclogite is much greater than for graphites in perido-
tites (Fig. 6). Graphite in these rocks is generally sparsely
distributed, as in the peridotites, except for an orthopyr-
oxenite from Premier, FRB1399, which contains be-
tween 10 and 20 vol.% graphite. This xenolith petro-
graphically resembles the pyroxenite cumulates from the
Bushveld intrusion. The Premier kimberlite erupted
within the outcrop ring of the Bushveld intrusion and
thus might have incorporated inclusions from this body.
However, graphite in the Bushveld samples is commonly
associated with hydrous silicates such as amphibole and
phlogopite (Ballhaus and Stumpfl 1985), whereas the pri-
mary minerals in FRB1399 are anhydrous. Much of the
graphite in FRB1399 appears to show a replacement
texture after very altered enstatite and appears to be
texturally younger than the more euhedral graphite par-
tially enclosed by fresh enstatite grains. The very altered
nature of most of the enstatite in this xenolith prevents
estimation of its depth of origin. It is significant that
graphite from this xenolith has the lightest carbon
isotope composition of the those analysed (6'3C= —
18.9 to —19.4%0), similar to the lower crustal eclogite
from Kao (—17.1%0). The isotopic composition of
FRB1399 is in the range found for graphite in orthopy-
roxene-rich pyroxenite cumulates of lower crustal origin
from the FEggéré region of the Sahara (—24.6 to
—14.4%o; Pineau et al. 1987). Hence, FRB1399 and pos-
sibly the other pyroxenite from Premier FRB1384) with
comparably light carbon isotopes ( —13.6%0) may be de-
rived from a lower crustal ultramafic intrusion. In con-
trast, the orthopyroxenite from Obnazhennaya, O8/89
shows petrographic features such as high-temperature
exsolution of garnet and diopside from enstatite that
are consistent with a mantle derivation (Appendix 2).
A §13C value of —9.3%0 for the graphite from O8/89
is heavier than the other pyroxenites and within the
range of “typical mantle carbon” as characterized by
MORB and OIB (Fig. 6).

Peridotites

Graphite crystallisation. The occurrence of multiple
graphite flakes of vein-like form in several Jagersfontein
peridotites suggests a metasomatic origin, as advocated
by Field and Haggerty (1990). Deposition of graphite
in the peridotites could have occurred from high-temper-
ature carbonaceous fluids, slightly undersaturated with
respect to graphite, that underwent cooling during flow

through f{ractures. C—H—O-bearing mantle fluids in
contact with peridotite are likely to have high dihedral
angles and high interfacial energies which prevent them
from forming three-dimensionally interconnecting net-
works along grain boundarics (Watson et al. 1990). Such
fluids favour channelised infiltration along fractures
rather than pervasive penctration of solid peridotite
along grain boundaries. Experiments involving the infil-
tration of CO, into synthetic dunite (Brenan and Watson
1990) suggest that fluid-driven crack propagation is pos-
sible in mantle environments. Hence, native carbon may
crystallisc predominantly in restricted regions close to
fractures opened by supercritical fluids infiltrating the
lithosphere, Such behaviour is compatible with the lo-
callised, vein-like distribution of graphite in some of the
peridotite xenoliths and may account for the overall
scarcity of graphite (and diamond) in xenoliths. Single
graphite flakes or solitary stacks of flakes found within
some peridotites may represent local precipitation within
an cphemeral crack that later anneals.

The reason for the association of graphite with ensta-
tite grains in numerous peridotite xenoliths and in ensta-
tite-rich pyroxenites is not clear but could be related
to surface energies. It is also relevant to note that in
mantle-derived rocks there is a marked association of
fluid inclusions with pyroxenes (Pasteris 1987). The asso-
ciation of trapped fluids with pyroxenes is supported
by the high concentration of CO, releascd from pyrox-
enes relative to other mantle minerals during step-heat-
ing for isotopic analysis (Mattey et al. 1989). The more
brittle response of pyroxene compared to olivine during
high-temperature deformation may allow fracturing and
ingress of fluids which may be trapped cither as fluid
inclusions or may precipitate graphite in some circum-
stances.

Isotopic constraints. There are several possible explana-
tions for the isotopic range of the graphites. Schulze
(1986) has argued that lithospheric peridotites contain-
ing subcalcic high-chrome pyrope garnets are the prod-
ucts of subduction of serpentinised abyssal peridotites.
Subduction of oceanic peridotites may entrain marine
carbonate and organic matter which could re-crystallise
or be re-mobilised and deposited as graphite or diamond
(Schulze 1986; Schulze and Valley 1991). The composi-
tions of most peridotites forming the lithospheric keel
beneath the Kaapvaal craton differ in composition from
oceanic peridotites and may be residucs of partial melt
extraction at depth during the Archaean (Boyd 1989;
Boyd ctal. 1993; Walker eta. 1989; Pearson et al.
1991 b; Canil 1992) with subsequent modification by me-
tasomatic processes. The subduction hypothesis of
Schulze and Valley (1991) appears improbable because
of these compositional differences (Boyd et al. 1993).
Other mechanisms for generating isotopic 'variation in
the peridotite graphite include reduction-oxidation reac-
tions of carbonaceous fluids which result in fractiona-
tion of carbon isotopes between various carbon-bearing
phases and species, formation from isotopically variable
fluids emanaling from a heterogeneous source region,
or a combination of these mechanisms.



The similarity in carbon isotopic compositions be-
tween graphite in peridotites and P-type diamonds sug-
gests a genetic link between the two forms of carbon.
The modes of the peridotite graphite and P-type dia-
monds are within 1%, their isotopic ranges are similar
(—12.3to —3.8%0 and — 13 to — 1% respectively, Fig. 6)
and less than 10% of both populations lie outside the
range of —10 to —2%.. Furthermore, these ranges en-
compass the isotopic compositions of CO, included in
minerals from peridotite xenoliths from post-Archaean
mantle (Nadeau et al. 1990). Theoretical CO,-diamond-
graphite fractionation factors are such that both dia-
mond and graphite are depleted in 3C relative to a
CO, phase (Bottinga 1969). Additionally graphite is
slightly depleted in '*C with respect to diamond. At
the ambient temperatures of the lithospheric mantle
(>800° C), these fractionation factors are less than 2%e.
If graphite in peridotites crystallises from fluids geneti-
cally related to those that crystallised diamond at greater
depth, at the base of the lithosphere, and if the fluids
fractionate during flow through the lithosphere, then
the magnitude of the calculated fractionation factors is
probably adequate to account for minor differences in
the isotopic character of the different peridotitic carbon
populations. Theoretical calculations by Deines (1980)
indicate that fractionation induced by mixing of fluids
with differing speciation together with cooling can result
in isotopic variations of at least 5%.. Moreover, there
is the possibility that some peridotite asscmblages have
equilibrated with carbonate at some stage in their history
(Canil 1990; Boyd etal. 1993), further complicating
isotopic fractionation. Hence, we conclude that the
fluids that precipitate graphite and diamond in the litho-
sphere probably share the same source.

The modes and overall isotopic ranges for graphite,
diamond and CO, in peridotite are very similar to the
those of carbon in MORBs and OIBs (Fig. 6). This sug-
gests that the source of the peridotitic carbon now pres-
ent in the lithosphere may have been fluids derived from
the convecting mantle. S.R. Boyd et al. (1992) propose
that the worldwide uniformity of carbon and nitrogen
isotope distributions in MORB-OIB magmas and in the
coats of coated diamonds is the result of an isotopically
uniform source of volatile-rich fluids benecath the litho-
sphere. We suggest that the carbon associated with peri-
dotitic lithologies in the cool, non-convecting lithospher-
ic mantle is derived from fluids emanating from the de-
gassing asthenosphere which cool and crystallise graph-
ite or diamond depending on depth. The slightly wider
isotopic range for graphite compared to diamonds in
peridotites may be due to the shallower crystallisation
of graphite, allowing more opportunity for isotopic frac-
tionation of the carbonaceous fluid.

Tectonic association. One constraint on the origin of car-
bon in the lithospheric mantle that must be addressed
is its almost exclusive restriction to Archaean subcraton-
ic lithosphere. This tectonic restriction suggests that the
genesis of these two forms of carbon is closely related.
Tt also indicates that either the physio-chemical condi-
tions prevailing in cratonic lithospheric roots are more
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conducive to the stabilisation of native carbon than else-
where, or that the source of the carbon is uniquely be-
neath or within cratons. The f,, conditions recorded
in many mantle xenoliths indicate that carbon-fluid
equilibria may be important in controlling the oxidation
state of the mantle (Blundy et al. 1991). However, Wood
(1991) emphasises that in most cases mantle f,  is prob-
ably controlled by the interplay of carbon-fluid and
Fe?* —Fe*" solid-solid equilibria. The presence of ele-
mental carbon in mantle assemblages, as either graphite
or diamond, is not in itself indicative of exceptionally
reduced conditions, only that the assemblage was at,
or below the CCO (carbon-CO-CO,) buffer (e.g. Woer-

.mann and Rosenhauer 1985). The CCO buffer is much

more pressure sensitive than the typical solid-solid /i,
buffer. Thus, along most oceanic and continental geo-
therms, carbon-fluid buffered equilibria are close to the
FMQ (fayalite-magnetite-quartz) buffer (Blundy et al.
1991), effectively providing an upper limit for f; in
graphite/diamond-bearing assemblages. Oxygen fugacity
estimates for many non-cratonic-continentally derived
peridotite xenoliths (e.g. those from Kilbourne Hole and
San Carlos) and those for oceanic peridotites are close
to or below the stability limit of elemental carbon as
defined by the CCO buffer (Blundy et al. 1991). The
Jo, estimates of these samples range as low as 2.3 log
units below the FMQ buffer and thus overlap estimates
for cratonic mantle (Luth et al. 1990). These observa-
tions indicate that the restriction of both diamond and
graphite to peridotites from the cratonic lithosphere is
unlikely to be due to unique f;,, conditions in cratonic
lithospheric mantle. Possibly the sources of fluids capa-
ble of precipitating elemental carbon are localised in
some way benecath cratons. Subduction cannot in itself
be the answer because peridotite xenoliths derived from
the mantle wedge overlying Cenozoic subduction zones,
such as those from western North America, do not con-
tain primary graphite.

Brey et al. (1991) have shown that the solubility of
CO, in kimberlitic liquids greatly decreases at pressures
from 5 to 3 GPa such that a kimberlite ascending from
below may degas large amounts of CO, on reaching
the base of the cratonic lithosphere. Such a magma
might eventually precipitate carbon under favourable f;,,
conditions (D. Canil, personal communication 1993).
However, there are many kimberlites that have erupted
through the lithosphere off the craton in southern Afri-
ca, in Namibia, East Griqualand and in the Karoo, south
of the craton. As yet no graphite has been found in
xenoliths from these areas.

The overlap of physio-chemical conditions prevailing
in cratonic and non-cratonic lithosphere suggests that
the concentration of carbon in cratons is most likely
to have resulted from a process localised by cratons,
or a process that was operative during the ancient stabil-
isation of cratons and their lithosphere. Pollack (1986)
has suggested that cratons may originate by localisation
of extensive volatile degassing from the early mantle,
mechanically stiffening the mantle and forming the
chemically buoyant lithosphere. Similarly, Taylor and
Green (1989) suggest that redox interactions between
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deep mantle-derived, reduced, CH,-rich fluids
(/o, <iron-wiistite) and oxidised regions of the pre-cra-
tonic upper mantle (f,, ~magnetite-wiistite-FMQ) re-
sulted in a progressive increase in fy o in the fluid phase.
This process eventually caused partial melting leading
to stabilisation of depleted lithosphere, accompanied by
diamond or graphite precipitation. In their model, a
CH,-rich fluid phase may have expanded the olivine
phase ficld relative to enstatite, leading to the generation
of enstatite-rich residua (Taylor and Green 1989). This
is comnsistent with the enstatite-rich nature of the Kaap-
vaal lithospheric mantle compared to oceanic mantle
(Boyd 1989). It is not consistent, however, with the oc-
curtences of P-type diamonds in the Siberian craton
where the predominant host rocks are megacrystalline
dunites.

A model involving generation of the carbon in lith-
ospheric peridotites via “redox melting” during craton
formation requires that graphite and diamond in lithosp-
heric peridotites be as old as the cratonic lithosphere
itself. The Sm—Nd and Rb—Sr isotope systematics of
diamond inclusions indicate that: (1) at the time of dia-
mond crystallisation, garnets in the host peridotites had
experienced light rare earth element (LREE) enrichment,
subsequent to melt depletion; (2) this enrichment possi-
bly occurred several hundred million years prior to dia-
mond crystallisation (Richardson et al. 1984). Hence, it
appears that some southern African P-type diamonds
crystallised after the formation of the garnets that they
enclose. Additionally, high resclution ion microprobe
techniques have recently revealed that some diamonds
grow in'multiple stages, over periods of up to 2 Ga (Rud-
nick et al. 1992) and over temperature intervals as large
as 400° C (Griffin et al. 1993). Moreover, isotopic stu-
dies indicate that diamonds crystallised within eclogites
and pyroxenites during the Proterozoic (Richardson
1986; Smith et al. 1991), possibly associated with later
subduction events. These data indicate that carbon-bear-
ing fluids/melts have infiltrated the lithosphere over con-
siderable periods of time following its stabilisation. It
should be noted that although the Sr isotope data for
the Kaapvaal diamond inclusions studied by Richardson
et al. (1984) suggest the possible formation of harzbur-
gitic garnets up to 200 Ma before diamond crystallisa-
tion, the ages of the diamonds are close to the likely
age of stabilisation of the Kaapvaal lithospheric mantle
(Pearson et al. 1993). Thus, some lithospheric carbon
appears to have crystallised close to the formation age
of the lithosphere itself allowing a link between lithosp-
heric stabilisation and carbon crystallisation.

Unfortunately, at present we have no means of dating
graphite crystallisation. However, the vein-like distribu-
tion of graphite in some samples examined in this study
indicate subsolidus crystallisation from an infiltrating
fluid phase. Other peridotites containing single flakes
of graphite may have been produced during melting.

In summary, diamond and graphite appear to be con-
centrated in the mantle lithosphere beneath cratons. Ra-
diogenic isotope systematics of diamond inclusions sug-
gest that diamond crystallisation was not directly related
to the melting cvents that formed lithospheric perido-

tites. However, some diamond (and graphite ?) crystalli-
sation occurred within the time span associated with
the stabilisation of the lithospheric mantle (Pearson et al.
1993). The restriction of graphite and diamond to within
cratonic mantle remains incompletely understood.
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Appendix 1
Documentation of X-ray and Raman spectrascopy

X-ray diffraction measurements were made using a Debye-Scherrer
powdcr camera with the Siraumanis mounting arrangement. To
avoid preferred orientation effects several crystals of graphite were
ground with a small amount of quartz.

Onge to six grains of graphite from each of the xenolith samples
PHN 1555a, PHN 4258, JAG 89-5, JAG 89-10, JX-23, PHN2793/
8B and PHN2793/8c werc analysed by Raman microsampling spec-
troscopy, using an Instruments SA (Jobin-Yvon) RAMANOR U-
1000 equipped with an Olympus BH-2 research-grade microscope.
This is a scanning instrument in which single-channel dctection
is provided by a thermoelectrically cooled RCA C31034 photomul-
tiplier tube. The grains were placed on a glass slide and irradiated
with the 514.5 nm line of a 5-Watt Ar-ion laser (Coherent Innova
90-5). The laser was focused with a Nachet 40X objective (numeri-
cal aperture=0.75), providing about 15 mW laser power at the
sample surface; the beam was approximately perpendicular to the
basal plane of the graphite. The spectral regions 1200-1700 and
2350-3350 R cm ™! were scanned at a resolution of about 5 cm™?,
The spectral step size was 1 cm™?, and the counting time was 10
seconds per step. In somc cases, it was necessary to sum muliiple
scans in order to obtain an appropriate signal-to-noise ratio.

Appendix 2
Petrography of graphite-bearing ultramafics

E-8 Thaba Putsoa. Coarse harzburgite with sparse, lilac coloured
garnet and relatively abundant graphite in discrete flakes between
grains of olivine and enstatite. Graphite forms approximately 0.03
wt% of the rock. Rounded granules of chromite are included in
olivine.

PHN 1555a Thaba Putsoa. Coarse spinel harzburgite, with scveral
1-2 mm diameter graphite clusters interstitial between weathered
olivinc and enstatite crystals. Graphite crystallitecs within clusters
arc euhedral.

PHN 1569 Thaba Putsoa. Coarse, fresh-appearing garnet lherzolite
with olivine and enstatite grains ranging up to 5mm. Smaller,



scattered garnets exhibit extensive reaction to kelyphite. Grains
of diopside, 1 mm or less in diametcr, arc dispersed, commonly
in association with garnet. Graphite is widely dispersed in crystals
that are one to several tenths of a mm in maximum dimension.

PHN 2265 Kao. Coarse lherzolile, (resh-appearing with slightly
strained olivine ranging up to 0.5 cm. Garnet has been wholly al-
tered to kelyphite. Single mm size graphite crystal stack.

PHN 2472 Kao. Low-Ca garnet harzburgite with dispersed multic-
rystalline stacks of graphite. Texture is coarse but both olivine
and enstatitc have markedly undulose extinction. Irregularly
shaped garnets are rimmed with kelyphite and discontinuous man-
tles of strongly pleochroic phlogopite.

PHN 2793-8B Bellsbank, N. pipe. Chip (1 cm) that is rich in coarse
(1-3 mm), pale pink garnet interspersed with pale gray alteration
products, graphite flakes (1 mm), ilmenite and rutile. Some graph-
ites are eubedral and partially included in garnct, suggesting syn-
chronous, high-tcmperature growth. The garnet is richer in Fe than
pyropes from peridotites and has less Ca than most garnets from
mantlc cclogites. Its composition is similar to some garnets in gncis-
ses and granulites (Deer et al. 1982, p 541) and therefore the rock
may be of crustal origin.

PHN 2826B Lighobong, NW Blow. Low-Ca garnet harzburgite.
Texturc is coarse with olivine grains ranging up to 1 cm. Minor
strain features include undulose cxtinction and sparse kink bands.
Garnets with irregular shapes have inhomogeneities in Ca and Cr
within and between grains; ranges are 2.44-4.12 Cr,0; and 2.73-
3.21 CaO, wt%. Therc arc sparse grains of red-brown, Al-rich
spinel and widely dispersed crystals of graphite.

PHN 4258 Letseng-la-Terai. Coarse spinel-facies peridotite with
fresh-appearing, little strained olivine and enstatite in grains rang-
ing up to 1 cm. The enstatite contains 1.66 wt% Al,0,, indicative
of spinel rather than garnet facies. Therc arc numerous scattered,
irregularly shaped grains of red-brown, aluminous spinel. Crystals
of graphite are sparsely distributed.

PHN 5633 Jagersfontein. Coarse, pargasite-bearing garnet perido-
tite with multiple platelets of graphitc concentrated on a planar
face of the xenolith. The planar face may be one wall of a broken
vein. Several of the graphite flakes, up to 1 mm long, are included
within orthopyroxene porphyroclasts. Olivine crystals range up to
6 mm and exhibit little sign of strain. Pargasite has partially re-
placed orthopyroxene and there is much fine-grained interstitial
mica. Granules of reddish spinel are included in olivinc and garnet.

FRB 888 Bulifontein. Coarsc garnct harzburgite containing a flake
of graphite 0.5 mm in diameter. Olivine and enstatite ranging to
over 0.5 cm are fresh appearing, but exhibit minor strain. Garnets
have extremely irregular contorted grain boundaries partially en-
closing enstatite. They are Ca saturated, but strongly zoned with
margins enriched in Ca and Cr. The centre to edge compositional
variation in one grain is 4.32-4.67 CaO and 3.86-4.95 Cr,0;, wt%.
There are sparsc grains of primary chromite. This specimen is from
the Sampson collection at Princeton and has the original number
7429,

FRB 1399 Premier. Orthopyroxenite nodule 5 cm in maximum di-
mension that contains 10-20% graphite. Two types of graphite
are evident, irregular, multicrystallinc clots up to 5 mm, associated
with, or partially replacive of very altered enstatite. More euhedral,
sub-mm blades of graphite are partially enclosed by relatively fresh
enstatite. All graphite crystals have a strong preferred orientation
that is not evident in the silicate grains. Orthopyroxene grains
ranging up to 1 cm are entirely altered to serpentinc that is relative-
ly rich in Fe and Al. Accessory diopside and olivine are dispersed
as grains ranging up to 1 mm. The diopside is markedly inhomo-
genous in Al, Na, Ti and Cr.

463

JAG 89-3 Jagersfontein. Coarse garnet lherzolite with approximate-
ly 50 vol.% enstatite. The olivine is unstrained and ranges to 1 cm.
The enstatite contains abundant lamellae of garnet and spinel with
less common diopside. Graphite occurs as scarce multicrystalline
stacks. The diopside and garnet alse occur as discrete grains inter-
stitial to olivinc and enstatite.

K7-232 Jagersfontein. Coarse (3-5 mm) garnet lherzolite with nu-
merous dispersed flakes of graphite ranging up to 2 mm. The
graphite cross-cuts olivine and cnstatite grain boundaries and some
flakes are mantled with fine-grained phlogopite. Garnet has an
unusual clongate habit and spinel is ¢lustered in rounded, irregular-
ly shaped grains. There is a singlc small (0.2 mm) grain of diopside
included in enstatite. The diopside is not suitable for thcrmobaro-
mctry because of severe inhomogeneities.

K7-244 Jagersfontein. Coarse garnet lherzolite with a grain size
ranging up to 1 cm. Diopside and garnet are relatively poor in
Cr and some diopside is intergrown with and included in enstatite.
The xenolith contains many platelets of graphite that are a few
tenths of a mm in diameter. These appear to be preferentially
mncluded in garnet.

JAG 84-292 Jagersfontein. Amphibole-bearing garnet harzburgite
with coarse olivine, ranging to 6 mm, surrounding clusters of equal-
ly coarse enstatite intergrown with more fine-grained garnet and
spinel. The enstatite contains abundant lamellae of diopside and
spinel. Garnet grains mantle enstatitc. Pargasitc is spatially asso-
ciated wilth enstatite both as intergrowths and interstitial grains.
Graphitc predominantly forms interstitial platelets ranging io
1.5 mm.

JAG 84-500 Jagersfontein. Coarse harzburgite transected by a centi-
meter-wide band that is rich in diopside and garnet. The xenolith
contains two parallel bands of graphite crystals (Fig. 2b), one inter-
grown with the diopside and garnet and the other isolated in olivine
and enstatite. Within these bands there are numerous graphite crys-
tals, ranging to 3 mm, some interstitial and others included in gar-
net or olivine and enslatite.

JEC 89G Jagersfontein. Coarse equigranular eclogite with accesso-
ry rutile, associaled ilmenile and sparse polymineralic sulphides.
Euhedral to subhedral and blocky graphite (1-3 mm x 2 mm) crys-
tals are typically at garnet and clinopyroxene grain boundaries
but Jocally penetrate clinopyroxene and rarely garnet. Graphite
crystals exhibit wavy optical cxtinction and unusual sigmoidal pods
of recrystalised graphite within larger optically homogenous grains.

JX-23 Jagersfontein. A pyroxenite of approximately equal propor-
tions of ortho- and clinopyroxene, a trace of olivine and attached
kimberlite. Graphitc is in coarsc flakes and is confined to a promi-
nent veinlet (0.5-1 mm wide and 2 cm in length) in the orthopyrox-
ene segment of the xenolith. Graphite is not identified in the kim-
berlite.

JAG 89-10 Jagersfontein. A complex pyroxene megacryst composed
of clinopyroxene and finely exsolved orthopyroxene, and an ortho-
pyroxene-dominant part of the xenolith with coarsely exsolved cli-
nopyroxene and garnet. Thin (10-20 um) filamental graphite is
present along clinopyroxene-orthopyroxene exsolution contacts,
and coarser (0.5-1 mm) plalelets of graphite are conflined to the
coarser grained silicatc asscmblage along cxsolution interfaces.
Kimberlite coats a part of the xenolith and some graphite appears
to be related to the kimberlite.

UV 404/86 Udachnaya. Peridotite chip with the mineral assemblage
of a garnet lherzolite but with marked variations in grain size
and heterogeneities in the distribution of minerals. An ultra coarse
grain of orthopyroxene (3 cm) is bordered by more fine-grained
orthopyroxene and olivine together with a crude vein of diopside
flanked by garnet. Garnet has exsolved from the coarsc orthopy-
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roxene in 0.1 mm lamellae that parallel the cleavage trace as well
as in elongate blebs that are predominantly perpendicular to cleav-
age. The latter may have been localised by kink bands and subse-
quently annealed. Flakes of graphite are included in the orthopy-
roxene, up to 0.5 mm diameter. Fine-grained red-brown spinel is
spatially associated with diopside and has also crystallised in sym-
plectites.

08/89 Obnazhennaya. High-tcmperature orthopyroxenite with gar-
net and Cr-rich clinopyroxene exsolved from the enstatite; minor
olivine also present. Two multicrystalline stacks of graphite partial-
ly included within coarse enstatite crystals.

FRB 930/B2 Premier. Coarse garnet lherzolitc with olivine and
relatively abundant enstatitc ranging up to 6 mm. The enstatite
has fine exsolution, like that in many Kauapvaal spinel peridotites.
Sparse, fine-grained interstitial garnet is clustered with spinel and
diopside. Red spinel occurs in granules with irregular shapes as
well as in symplectites. The alumina content of the enstatite varies
from 1.10 to 1.57 wt% and the spinel exhibits moderate inhomo-
geneities in Mg, Fe, Al and Cr. Analyses for these minerals in
Table 1 are averages. There are four multicrystalline aggregates
of graphite of interstitial habit.

FRB1350 Premier. Fresh appearing, large (20 x 14 x 5.5 cm) garnet-
spinel lherzolite with ultra coarse olivine that cxhibits little strain.
Relatively abundant grains of diopside and garnet (~2 mm) that
are clustered and possibly exsolved from the enstatite. Scarce, pri-
mary-appearing granules of spinel (<0.2 mm) are dark red to
opaque. Graphite flakes up to 1 mm long are widely dispersed
and interstitial.

FRB1384 Premier. Ultra coarse, little altered spinel websterite/
orthopyroxenite, with enstatite grains ranging up to 2 cm. Irregular
small grains of diopside and dark red spinel are predominantly
interstitial. The enstatite has cxsolved diopside on a fine scale.
Accessory olivine is present in patches of serpentine. Three 0.6 mm
interstitial aggregates of graphite crystallites.

PHN5235 Premier. Coarse garnet-spinel lherzolite with slightly
strained olivine grains ranging to 6 mm. Abundant enstatite crys-
tals exhibiting fine exsolution arc mantled by alteration that has
the appearance of kelyphite. Many grains of dark red spinel have
a cuspate form and some are intergrown with diopsidc. Sparse
lenticles of garnet, 0.1 to 0.2 mm in width transect olivine and
appear to fill fractures. The enstatite and spinel in this peridotite
are inhomogeneous (see Table 1) and there is significant variability
of Fe in the olivine. Flakes of graphite up to 2 mm in length are
dispersed in a crude band that can be seen in hand specimen.

PHN3264 Premier. Strongly serpentinised coarsc garnct-spinel
Therzolite with olivine and abundant enstatite ranging up to 1 cm.
Garnet is also abundant as irregularly shaped grains, some intersti-
tial. Dark red cuspate spinel is included in garnet as well as intersti-
tial to olivine and may rcpresent a reaction relationship. Sparse
diopside is associated with garnet. The enstatite and spinel are
markedly inhomogeneous (Table 1) and the garnet has variable
Ca and Cr. Two aggregates of graphite seen on the xenolith surface
arc associated with enstatite.
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