Contrib Mineral Petrol (1996) 124:111-125 © Springer-Verlag 1996

G.P. Bulanova- W.L. Griffin - C.G. Ryan
O.Ye. Shestakova S.-J. Barnes

Trace elements in sulfide inclusions from Yakutian diamonds

Received: 5 July 199% Accepted: 21 February 1996

Abstract Sulfide inclusions in diamonds may provideAs and Mo. The Mo and Se contents range up to 700 and
the only pristine samples of mantle sulfides, and th&p0 ppm, respectively; the highest levels are found in
carry important information on the distribution angeridotitic diamonds. Among thim-situ SDIs, signifi-
abundances of chalcophile elements in the deep litheant Zn and Pb levels are found in those connected by
sphere. Trace-element abundances were measuredctacks to diamond surfaces, and these elements reflect
proton microprobe in~50 sulfide inclusions (SDI) from interaction with kimberlitic melt. Significant levels of
Yakutian diamonds; about half of these were measiuredRu (30-1300 ppm) and Rh (10-170 ppm) are found in
situ in polished plates of diamonds, providing informamany peridotitic SDIs; SDIs in one diamond with
tion on the spatial distribution of compositional variawustite and olivine inclusions and complex internal
tions. Many of the diamonds were identified as perstructures have high levels of other platinum-group ele-
dotitic or eclogitic from the nature of coexisting silicatenents (PGEs) as well, and high chondrite-normalized
or oxide inclusions. Known peridotitic diamonds contaitr /Pd. Comparison with experimental data on element
SDIs with Ni contents of 22—-36%, consistent with equilipartitioning between crystals of monosulfide solid solu-
bration between olivine, monosulfide solid solutiotion (MSS) and sulfide melts suggests that most of the
(MSS) and sulfide melt, whereas SDIs in eclogitic didnclusions in both parageneses were trapped as MSS,
monds contain 0-12% Ni. A group of diamonds withouthile some high-Cu SDIs with high RgRh may repre-
silicate or oxide inclusions has SDIs with 11-18% Ngent fractionated sulfide melts. Spatial variations of SDI
and may be derived from pyroxenitic paragenesesomposition within single diamonds are consistent with
Eclogitic SDIs have lower Ni, Cu and Te than peridotitigrowth histories shown by cathodoluminescence images,
SDIs; the ranges of the two parageneses overlap for 8ewhich several stages of growth and resorption have
occurred within magmatic environments that evolved
during diamond formation.
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Sulfides in mantle-derived xenoliths and ophiolit
massifs almost certainly have experienced recrystalliZ22mples
tion and reequilibration with silicates during and aftefhe diamonds used in this study were recovered from the Mir and
their transport to the Earth’s surface. Syngenetic suIfiGéfthgfbydacgh”nggeaSS ikign?ggilge rﬁ’igie;?ri((':\{')a|%ﬁe°;g?gi3éa Sjéfgi]cign
inclusions in diamonds, on the other hand, have befffi Clicc (Davis 1677) li in the middié of the Siberian Plat
shielded from interaction with the environment, providegm.
ed the diamond has not cracked sufficiently to allow ex- Twenty-five inclusions were extracted by crushing diamonds
change between the inclusion and the surrounding enfyfpm the Mir and Udachnaya pipes. For more detailed study of

ronment. Analysis of sulfide inclusions in diamondg‘CIUSionSin situ, octahedral diamonds from all three pipes were
: Sawn into plates parallel to the (110) plane, and the plates polished

therefore can provide information on the primary comp expose the sulfide inclusions. The internal masiogy and
positions of mantle sulfides, and on the distribution angfowth history of each diamond were revealed by studying these
abundances of the chalcophile elements in the mantates with UV photoluminescence, cathodoluminescence and po-

Both are directly relevant to understanding the genesis'®fzed light (Bulanova in press). In the plates, it also was possible
(%é)check in detail for the presence of cracks connecting the inclu-

magm,atic Su”ide, deposits in gabbros, kpmatiites aé n to the surface of the diamond. Inclusions without such con-

ophiolites, and ultimately to an understanding of elemegdcting cracks are considered to be syngenetic with the diamond

fractionation in the early history of the Earth. growth zone in which they are located. Those with surface-con-
Iron-nickel-copper sulfides are the most widespred@cted cracks may be epigenetic, or at least altered by epigenetic

S . . . . cesses. This is especially the case with SDIs near the rims of
syngenetic inclusions in Yakutian diamonds (Bulanova géome diamonds. The syngenetic or epigenetic nature of the ex-

(Harris and Gurney 1979; Gurney etal. 1979). These Syngenetic inclusions are between 10 and A&0in diameter
sulfide inclusions (SDIs) are believed to have formed ®pd typically have the shape of negative diamond crystals, which is

; ; - ; onsistent with their having grown synchronously with the dia-
the trapping of a primary liquid sulfide melt or CryStal#nond. Thereis no independent evidence regarding the temperature

of monosulfide solid solution (MSS) during the growtfy which these sulfides were trapped in the diamonds studied here.
of the diamond. Whereas the major-element composiewever, Griffin et al. (1993) have used the Ni contents of
tions of SDIs have been studied extensively, trace-eldwome-pyrope inclusions, and the Zn contents of chromite inclu-
ment data are scarce, due to the small size of the incfins, to measure trapping temperatures of 900-1&0@ other

. e . . _Slberian diamonds. In some of these diamonds, multiple inclu-
sions and the difficulty of extracting them from the diag;; 5 show ranges of 200-400, and those diamonds were in-

monds. Erasmus et al. (1977) carried out NAA analys@$red to have grown during relatively short lived thermal events
of impurities in natural diamonds, and explained thgriffin et al. 1993). Other studies of in-situ inclusions of
presence of platinum-group elements (PGES) in théfromite and eclogitic minerals indicate that in general, tempera-

: : : : : ires decreased during the growth of the diamonds from core to
data by the presence of microinclusions of sulfide mlneﬁlijm (Bulanova in press). Most diamond-inclusion temperatures

als. Rudnick et al. (1992) presented ion-microprobe dai@ster between 900-120C (Griffin et al. 1992, 1993), and at
on the S and Pb isotopic composition and Pb contentstbése temperatures monosulfide solid solution (MSS) and sulfide
some of the SDIs analyzed here, and Eldridge et Hlelt coexist over a wide compositional range (Craig and Kullerud

(1991) gave similar data on African SDIs. McDonald t?89: Leontievsky, personal communication). .
The syngenetic SDIs therefore may have been trapped original-

al. (1995) have carried out ICPMS (i_nductively COUpleg as sulfide melt, monosulfide solid solution (MSS) or pyrrhotite.
plasma-mass spectrometry) analysis of separated &n€ome of the lowefF diamonds, the MSS inclusions may have
dissolved inclusions from Orapa diamonds. There amrxést?lliztfdhd_ug%% slost-deng%pment gooblling- Most Of_thté_diaﬁ
some comparable data on trace-element composition%@!‘ s (and their SDls) studied here probably were entrained in the
. . - - D imberlite at ambient temperatures900-1200 C, and may have

sulfides in kimberlitic r_ocks, Rivers et al. (1990) an{oon further heated in the ascending magma before being
Paul etal. (1979) published trace-element analysesoggnched by rapid eruption to the surface.

sulfides in mantle-derived xenoliths from South African Petrographically, sulfide inclusions as now observed may con-

kimberlites. The trace-element compositions of sulfidé‘>§st c()jlf/g/l dech or I\(/)IfSaS f:j”uer}géag%es? Qmﬂgenfoima%‘gcs)rgihnzsfosthe
in xenoliths from basalts, and in ophiolites, have be%ﬁell-known phase relations of the F&li—Cu—S :system (Craig

studied by Mitchell and Keays (1981), Page and Talkingnd Kullerud 1969). The Ni-poor SDIs consist mainly of
ton (1984), Stockman and Hlava (1984), Page et akrrhotite with or without lamellae or thin rims of pentlandite;
(1986) and Lorand (1989). Ni-rich inclusions consist of Ni-rich MSS or of pentlandite with

We have used the proton microprobe to analyze tHgy inclusions of pyrrhotite. Chalcopyrite is rare, and may occur
| of50 individual sulfide incl as a thin rim around pyrrhotite inclusions, or as small blocks and
trace-element contents Inaviaual sultide InClu- needles in the FeNi sulfides. Observed multiphase intergrowths

sions in Yakutian diamonds. Twenty-nine of these SDlge very fine grained, and in general it seems unlikely that section-
were analyzedh situin polished plates of diamond; thising effects have seriously distorted observation of the relative
approach allows each inclusion to be related to ﬂtqéllljyndeir;ﬁ’gsir?(letl:]seio%f'es_e’\g ng‘osvs)sé T]gley'zaefgebyomg‘%srégsnsen?{_
growth p"’?“em Ofthe diamond (BUI.anova 199.5)’ and thggaprobe also tend to e{verage out these effects in terms of estimat-
provides information on the evolution of sulfide compoing the bulk composition of the original sulfides. However, some
sition with time. We also have analyzed inclusions thateferential sampling may be unavoidable, and the effects of this
were extracted by crushing the diamonds; these d&t considered below.

: ; PO Diamonds can be divided into eclogitic and peridotitic parage-
provide a broad background view of the variation in thﬁeses, depending on the nature of their silicate inclusions, and the

contents of specific elements, relative to diamond parigsik compositions of SDIs in these two parageneses differ broadly
genesis. in their Ni contents. Yefimova et al. (1983) suggested that peri-
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dotitic SDIs contain>8% Ni, and eclogitic SDIs<8%. Two-phase nor mixtures of pyrrhotite and pentlandite; in low-Ni SDI
inclusions of sulfide-comphacite and sulfidecoesite have been the PMP Ni tends to be higher than the EMP values,

identified in eclogitic diamonds studied here, and the intergrowth, .. : : ENT :
of the sulfides with these typical syngenetic silicates further co vhile in the higher-Ni SDI the PMP Ni data tend to be

firms the trapping of the sulfide during the growth of the diamondOWer. These differences are be“_eVEd to be caused by t_he
Two sulfide inclusions from the central zone of one diamonheterogeneous nature of some inclusions, coupled with
(3648) were intergrown with wustite, and one coexisted with

olivine (Fa,5); these are typical phases of the peridotitic paragen-
esis. Several inclusions located in the rims of diamonds, as well as
some of the extracted ones, contain chalcopyriteagnetite; Mo, ppm
these inclusions may be epigenetic.

TTTTTNNN

Analytical method

0
The inclusions were analyzed for Fe, Ni and trace elements using T 7172 I 7 S N i E N
the HIAF proton microprobe at CSIRO Exploration and Mining, 100 200 300 400 500 600 700
North Ryde. The instrument, analytical methods and data reduc-
tion have been decribed in detail by Ryan et al. (1990). The proton
microprobe (PMP) is based on a tandem electrostatic accelerator, Se, ppm
which provides a beam of 3 MeV protons. The proton beam is
focused onto the sample by an electrostatic lens. In this work, the
typical size of the beam spot on the sample was 30-50 microns,
and beam currents were 7-12 nA. Samples were counted to a uni-
form accumulated live charge ofuy®, corresponding to analysis
times of 5-10 minutes. The characteristic X-rays generated by the | 'l
proton bombardment are collected by a Si(Li) energy-dispersive 50 100 15
detector and displayed as spectra. A 309 Al filter was placed
between the sample and the detector to attenuate the Fe lines an
thus reduce the overall count rate into the detector. Quantitative
concentration data are extracted from the spectra as described by
Ryan et al. (1990).
In most PMP analysis, normalization to known values for one
.
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element (for example, EMP data for Fe) is used to correct for
differences in sample conductivity; otherwise the method is inde- . } 1 H )
pendent of external standards. In the present case, comparison 5 10% 0 5 10%

with the EMP data was complicated by the heterogeneous nature [TPeridotite ([8]=EMP)

of some inclusions. The proton beam analyzes to a depth of at least DEclogite Ni, %
30um; the volume sampled thus is considerably greater than that
analyzed by the electron probe, and may include subsurface inclu-
sions, e.g., of chalcopyrite or associated Ni-rich or Ni-poor
phases. The analyses therefore were normalized to {NeS H
+CuS)=100%. This correction accounts for any overlap of beam % Dan ﬁ MmO -
onto the surrounding diamond or epoxy, but removes any possibil- 10 ‘ y

ity of calculating the stoichiometry of the original sulfides. To the

extent that the stoichiometry deviates significantly from (Fe,Nigjg 1 Histograms of element distribution in sulfide inclusions in
Cu)S, this normalization also introduces an equivalent percenta@&monds

error in the Ni and Cu contents. In several cases, analyses are

believed to be mixtures of FeNi sulfide with wustite or mag-

netite; these are noted as such in the tables.

II-II;IHHI
30 35%
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Typical analytical precision and accuracy are believed to be o
better than+10% for most elements discussed here, with the 12 EEﬁE‘é‘a’t‘i?c
reservation noted above with regard to stoichiometry. In the data | High Zna m 42 100 ppm Pb
tables, the concentration of each element is accompanied by esti-, |
mates of precision{1 SD) and minimum detection limit (MDL;
99% confidence limit). I
8- n
High Zno
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Results ; 6l
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The analytical data are presentedin Table 1and Figs. 1-4. ,1. ., * .
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There is a good overall agreement between the EMP and

PMP data for Ni. In general, where significant differgig 2 cuversus Ni (PMP data unless otherwise noted) for sulfide
ences occur, they are in the direction expected from nmielusions
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Table 1 Peridotite sulphide inclusions in diamondPr) pent- ple localities: nos. 1-1999, Mir pipe; 3000-3999, Udachnaya pipe;
landite, Wus wustite, MSS monosulphide solid solutionPo 4000-4999, 23rd Party Congress pipe; extracted inclusions, Mir
pyrrhotite,Mgt magnetite NF not found,NA not analysed). Sam- and Udachnaya pipes

In-situ inclusions

Sample 3629 3629 3629 3648 3648 3648 3468
Inclusion no. 1.1 2.1 3.1 2.1 1.1 3.1 4.1
Diamond zone Core Core Core Core Core Core Inermediate
Diamond morpblogy Octahedral Octahedral Octahedral Cubo-octahedral Cubo-octahedral Cubo-octahedral Octahedral
Luminescence color Blue Blue Blue Blue Blue Blue Blue
of zone

Observed phases Pn Pn Pn Pn +HRYus Pn+tWus Pn
Coexisting phases, Olivife  ++P°

notes

Crack to surface No No No No No No No
%Fe (emp) 33.4 35.4 36.3 38.3 43.8 41.3 38.1
%Fe (pmp) 31.7 37.2 38.9 46.0 47.9 39.5 37.4
%Ni (pmp) 31.2 25.3 23.8 16.5 14.5 22.8 25.1
%Ni (emp) 29.5 25.9 25.2 30.9 28.2 25.6 28.6
%Cu (pmp) 0.96 1.32 1.05 1.31 1.39 1.62 1.41
Zn <60 <55 <51 NA NA NA NA

As <13 <13 <12 NA NA NA NA

Se 254+14 299+ 16 301+ 16 45+ 6 43+7 58+ 6 45+4
Mo 10+2 <8 8+2 590+ 17 571+19 679+17 704+23
Te <24 57+12 41+10 <22 <39 21+10 27+10
Os 75+21 110+37 69t 15 80+ 20
Ir 92+17 153+21 170+ 20 99+ 15
Ru <9 <9 <9 233t13 195+13 311+15 90+5
Rh <10 <10 <9 23+4 28+7 28+4 10+3
Pt <55 <74 <48 <43

Pd 28+4 30+4 36+4 18+4 <18 23+4 <10

Pb <30 <28 <27 <34 <47 <30 <25
Extracted inclusions

Sample 3.1 4.5 5-4.1 55 51 9-4.1 9-6.1
Observed phases MSS MSS MSS MSS Pn Po Pn
%Fe (emp) 27.5 26.1 36.1 40.5 35.3 47.7 27.5
%Fe (pmp) 29.8 23.9 38.9 40.0 31.4 48.0 29.4
%Ni (pmp) 26.7 36.2 23.6 22.8 32.3 12.7 34.4
%Ni (emp) 31.0 24.0 22.0 24.0 25.5 11.5 32.0
%Cu (pmp) 3.41 4.29 1.56 1.21 0.45 0.03 0.21
Zn 435+ 50 37970 <45 <59 2400+ 250 <39 1130+118
As <9 90+25 <10 41+9 15+4 <12 <12

Se 144+7 250+ 30 208+12 34+4 53+4 73+7 113+7
Mo 26+2 100+13 88+5 154+24 9+2 32+3 1142
Te 27+ 8 65+ 33 36+ 10 <40 <30 <21 <19

Os <97 <90 <100 <92

Ir <65 <64 <73 <61

Ru <8 <24 <8 1313+43 <8 <7 <7

Rh <8 <27 <9 169+9 <9 <8 <7

Pt <49 <55 <55 <48

Pd 18+4 <29 50+5 <12 <9 <8 13+3
Pb 130+10 880+71 <23 34+ 14 119+12 <27 1200t70

2Very small grain
P Intergrowth, mixed analysis

the much greater volume analyzed by the proton beam.The Ni contents of the peridotitic SDIs fall into two
However, the good agreement between EMP and PMRin groups: 11-17.5% and 22—-37%; the distribution in
values for Niin 31 of the 40 SDIs for which both analysethe latter is stronglylewed (Fig. 1)which may in part

are available emphasizes the homogeneous natureraffect error introduced by normalization of metal-defi-
most inclusions on the scale of EMP and PMP analysisgient MSS to FeS stoichiometry. In constructing this fig-
also suggests that deviations from FeS stoichiometry ane, the EMP data have been used for two analyses
(3648/6-2.1, 6-1.1) where mixture with olivine or

generally small.
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3648 3648 3648 3648 3648 2016
1.1 2.1 3.1 8 9 3
Peripheral Peripheral Peripheral Peripheral Peripheral Peripheral
Octahedral Octahedral Octahedral  Octahedral Octahedral Octahedral
Blue Blue Blue Blue Blue Blue
Pn Pn Pn P#Mgt Pn Pn
Yes Yes Yes Yes No No
42.4 29.9 35.7 56.5 NA 40.0
44.8 26.2 35.7 58.0 34.9 43.3
17.5 25.4 25.7 5.3 23.8 19.4
22.2 25.7 31.2 10.0 21.5
1.54 7.72 0.28 0.4 2.27 1.26
NA NA NA NA 3.74% <40
NA NA NA NA <15 NA
6516 58+7 49+9 25+4 53+17 205+12
180+6 163+6 111+5 370+8 114+4 173+9
27+8 <24 <23 19+6 <19 29+10
<45 <52 59+ 20 44+16 <119 <70
99+22 <121 <81 <40 <83 <51
38+4 53+4 133+8 123t5 41+3 55+5
<9 <10 <11 13+2 <7 8+3
<49 <86 <61 <33 <58 <39
9+3 12+4 <12 <7 7+2 31+5
62+9 342+27 208+16 <22 238+18 <24
9-9.1 9-13.1 9-14.1 9-16.1 10-1.1 10-20.1 10-6.1 10.12 10-3.5
MSS Pn Pn MSS MSS Pn Po MSS Po
49.6 42.5 26.8 44.0 NA NA NA NA NA
40.6 40.4 23.8 44.6 20.3 35.6 51.8 49.7 48.9
22.5 22.1 33.2 16.8 43.8 27.1 11.8 14.0 14.9
14.0 15.9 36.4 19.0 43.0 25.0 NA NA NA
0.86 1.44 7.38 2.54 0.14 1.36 0.06 0.06 0.03
<75 <77 260+ 69 <59 <45 <64 188+ 36 <42
<17 <17 <18 <14 <10 <14 <22 <13
17+4 29+4 121+9 128+8 32+3 145+9 138+9 153+18 223+13
62+5 96+6 13+4 44+5 80+5 210+10 86+5 5245 16+2
<24 <28 <27 <30 <16 28+10 23+9 <27 <25
<98 <50
<67 <55
13+3 <11 16+5 86+7 <7 9+3 60+7 60+6 <8
<11 <10 <12 <12 <7 <10 <9 14+4 <7
<51 <47
<12 18+4 17+4 19+5 <7 <11 <10 <12 17+3
<38 <38 <33 <31 <22 <32 <31 <48 <28

wustite is suspected in the PMP data, and for one low-Bind coesite inclusions and therefore is definitely identi-
inclusion from the same diamond (364 which is sus- fied as eclogitic. These data suggest that a 12% Ni
pected of having suffered secondary alteration. One ipeundary between eclogitic and peridotitic sulfides may
clusion is an outlier, with~44% Ni. About half of the be more appropriate than the 8% Ni value used by Yefi-
eclogitic SDIs contair=1% Ni; there is a nearly continu-mova et al. (1983), but this boundary probably is transi-
ous range up to-11% Ni, which overlaps the Ni contentstional rather than sharp. It also is possible that a third,
of the peridotitic suite. Two of these high-Ni inclusionpyroxenitic paragenesis is represented: this will be dis-
occur in a diamond (4173) that also contains omphacitassed below.
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700 5 pergotitic in the eclogitic SDIs there is_ an overall _positive correla-
= > 100 ppm Pb tion between Ni and Cu (Fig. 2). This is regarded as a
600l 4 Eclogitic primary feature, because sampling effects on pyrrhotite-
3648 Core-Interm pentlandite-chalcopyrite mixtures would produce a neg-
ative correlation.
500_
L 400} Zinc, cadmium, lead
E A
& aoof * Zinc generally is below detection (ca. 30 ppm) in the
in-situinclusions of the peridotitic group; the exceptions
200 3648rm are several in outer zones, where interaction with the
X nﬁﬂ surrounding environment may have occurred. High val-
100 4 “ a o ;4' =t uesofZn 300 ppm) typically are associated with high
fae o g “ Pb contents 100 ppm). Among thén-situ SDIs, Pb
A : g ; no® . osow, contents>50 ppm are found mainly in those near the
0 5 10 15 20 25 30 35

% Ni

rims of diamonds, antbr associated with fractures con-
nected to the surface (Tables 1, 2). These high Pb con-

Fig. 3 Mo versus Ni (PMP data unless otherwise noted) for sutents (and by analogy the high Zn contents) therefore are

fide inclusions

/
1000 - //

100 |- N

Sample/ Chondrites
/
/

10

0 3648 Core (n=3)
4 3648 Int

O 3648 Rim

u5/5

+2016

1 1 1 1 ]

]
Os Ir Ru Rh Pt
Chondrites = (514)  (540)  (690)  (200) (1020)

Fig. 4 Chondrite-normalized PGE patterns in diamonds from di
ferent growth zones of diamond 3648 (see Fig. 5), and inclusi
5/5. Arrowsshow MDL for Pt (all samples) and Pd (3648-Int.); se

also Table 1

Copper

Pd
(545)

regarded as the result of contamination with material
from the surrounding kimberlite. Zinc is present at levels
of 25—-200 ppm in several of the eclogitic SDIs, without
accompanying high levels of Pb. Mantle olivine typically
contains~55 ppm Zn (Ryan et al. 1996) and eclogitic
garnet and pyroxene commonly contain 50-150 ppm Zn
(O’Reilly and Griffin 1995). The low values of Zn in
most SDIs therefore are consistent with py'fide/silicate
values of<1-2, and suggest that Zn behaves primarily as
a lithophile element in the mantle environments where
diamond formed. Cadmium was detected in several in-
clusions with percent levels of Zn; the Z@d ratio
ranges from 90-250.

Selenium

Selenium is present in all inclusions analyzed. In the
eclogitic SDIs it ranges from 16-106 ppm, with a pro-
nounced peak at about 50 ppm (Fig. 1); Pactunc et al.
(1990) report a similar range of 10-200 ppm in
pyrrhotite from magmatic sulfide deposits. In the peri-
dotitic SDIs Se ranges from 17-300 ppm, with one pro-
nounced peak near 50 ppm (as in the eclogitic SDIs) and
another from 110-160 ppm. The highest Se contents
(255-300 ppm) are found in sulfides from the central
zone of peridotitic diamond 3629. The ranges seen here
are similar to those reported in sulfides from mantle-

derived xenoliths in kimberlites (Rivers et al. 1990).
?actunc et al. (1990) report an even larger range&0~

>900 ppm) in pentlandite from magmatic sulfide de-
posits.

Arsenic

Seventy five percent of the peridotitic SDIs cont&i2%

Cu, and there is no correlation between Cu and Ni coArsenic is below detection in all of the eclogitic SDIs;
tents. Over half of the eclogitic SDIs contail% Cu, this contrasts with the concentrations of up to 1% found
but there is a significant group with 3—5% Cu, all ofnh sulfides from eclogitic xenoliths (Rivers et al. 1990).
which also are in the higher-Ni group noted above. Witha the peridotitic SDI, As was not found in tha-situ
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SDIs, but significant values were found in three of theolumes, a positive correlation between Ni and Pd
extracted inclusions, some of which may be epigenetimight be expected. This is not observed in the data in
judging from their high Zn antr Pb contents (seeTable 1.
above). Arsenic levels of 0.1-1 ppm have been reportedin diamond 3648 Os, Ir, Ru,Rh and Pd are present at
in Norilsk ores (Zientek et al. 1994). levels 10—-40& chondrites in several inclusions, in both
core and rim, but Pt is below detection in all. The SDIs
from the core of the crystal show a chondrite-normalized
Tellurium PGE pattern that is enriched in Os, Ir and Ru relative to
Pd. The inclusions from the outer part of the crystal have
but three of the eclogitic SDIs, but range from 20Rh and Pd progressively depleted relative to Os and Ir.
65 ppm in many of the peridotitic SDIs. Pactunc et afzopper and Ni remain essentially constant through the
(1990) reported a few pyrrhotites with 10-30 ppm, and@@'e and intermediate zones, but vary irregularly in the
few pentlandites with 20-80 ppm Te, while most of theeripheral zone. _
sulfides they analyzed did not contain detectable Te. The Thein-situ inclusion in diamond 2016 has relatively
MSS in Norilsk ores contains ca 1 ppm Te, rising tfigh Pd and Ru contents, with Rh near the MDL (Fig. 4).

20 ppm in Cu-rich ores (Zientek et al. 1994). The levelEhe extracted inclusion/5 has even higher Ru and Rh
of Te in mantle and crustal sulfides therefore may g@ntents, butthe other PGEs are below detection. Several

comparable. other inclusions also show measurable levels oftfh

but not of the other PGEs. A third class is represented by
inclusions such as/@ and 914, which contain low but
significant Pdt Ru, although none of the other PGEs are
above detection.

The Ir/P ios of the SDIsf i 4
In the eclogitic SDIs Mo ranges from 50-424 ppm, witl, ¢ I/Pdratios of the SDIs from diamond 3648 range

most values between 50100 ppm and a median &?m 5-11. These ratios are markedly higher than those

. : . 2 ofmost mantle-derived garnet peridotite xenoliths. How-
~80 ppm (Fig. 1). The range is greater in the peridotitig,, S [veed Peraotiie X S: FOW

ith val but th ai | er, similar values are found in spinel lherzolite xeno-
SDIs, with values up to 700 ppm, but the median valyghg ang alpine peridotites; the closest analogues to the
for this group also is~x80 ppm. The highest values ar

found in the core.zone SDIs of diamond 3648: if this 0%DI patterns are found in the chromitite layers of alpine

X o eridotite complexes. The humped Ru-Rh-enriched pat-
stone is excluded, the mean Mo value of peridotitic SDIS ., of inclusions 85 is similar to that shown by some

drops from 160 ppm to 58 ppm. Those SDIs Wit fijes from komatiites and from the marginal zones of

Ni>30% generally have very low Mo contents. In thg,e gyshveld intrusions, which are enriched in Ru and
interior parts of diamond 3648 there is a good correlati but depleted in Os, Ir and Pt. However, all of these
between Mo contents and the Ni contents determined ¥mples also show enrichment in Pd. which is not ob-

the proton microprobe (Fig. 3), but not between M@g\ed in the SDIs.

(PMP) and Ni from the electron probe. This discrepancy the pGE patterns of these SDIs are quite different
is believed to reflect the larger volume (essentially thegy those of kimberlites (McDonald et al. 1995;
whole inclusion) analyzed by the proton probe. The Niaminsky et al. 1974 lina out an oriain by contami-
Mo variations seen in the PMP data for diamond 36 phad ' ), ruling ou gin Ly !

Molybdenum

ed Mo values up to 50 ppm in sulfides from Roberige,sits by nearly 19. The highest PGE levels in dia-
Victor eclogite xenoliths, augite megacrysts and a Ve'n‘?l‘i)nd 3648 are found in SDIs in the core of the stone, and
Iherzolite xenolith from Bultfontein Mine. the low Pb and Zn contents of these inclusions argue
against the influence of any secondary processes. The
high PGE levels and their variations across diamond
Platinum group elements (PGE) 3648 therefore are regarded as primary features.

All of the PGEs are below detection in all of the eclogitic

SDIs. However, a range of PGEs is present at levels $patial variation within single diamonds

tens to hundreds of ppm in some peridotitic SDIs. Pent-

landite typically can take up significant levels of PdSeveral of the diamonds studied here contaihinclu-
Pactunc et al. (1990) report many values in the rang®n, allowing us to study the variation of sulfide chem-
100-300 ppm, with some up to-550 ppm, while Li istry with time, during growth of the enclosing diamond.
et al. (1993) report an average of 1.7 ppm Pd in penfhe internal structure of the diamonds, and hence the
landite from the Sudbury ores. If the observed variatiaelative position of the inclusions in the growth history,
in PGE contents were a sectioning effect reflectingan be revealed by images of UV photoluminescence or
different pentlanditépyrrhotite ratios in the analyzedcathodoluminescence.
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Table 2 Compositions of eclogite-paragenesis sulphides. (Abbreviations as for Table 1Capd;halcopyrite,Coes coesite,cpx
omphacite). Sample localities: 1153-1607, Mir pipe; 4173, 23rd Party Congress pipe; extracted inclusions, Mir and Udachnaya

In-situ inclusions

Sample 1153 1153 1153 1584 1591 1594 1594
Inclusion no. 2.1 1.1 1 1 1 4 5
Diamond zone Intermediate Intermediate Peripheral Intermediate  Peripheral Peripheral Peripheral
Morphology of zone Rounded Rounded Octahedral Octahedral Octahedral  Octahedral Octahedral
Luminescence color of zone Yellow Yellow Blue Blue Blue Blue Blue
Observed phases Po Po Po Po +HRigt Po+Mgt Ccp*Mgt
Coexisting phases, notes CaeBpx a

Fe (emp) 48.3 51.5 53.0 51.3 55.9 58.4 60.3
%Fe (pmp) 53.0 55.5 56.9 52.6 59.5 61.9 62.5
%Ni (pmp) 6.04 4.4 3.00 6.70 2.73 0.96 0.08
%Ni (emp) 2.75 5.01 4.84 6.70 2.79 0.97 0.39
%Cu (pmp) 4.86 3.92 3.86 4.5 1.42 0.74 0.98
Zn <90 120+ 63 197+ 81 127+24 <39 <33 25+12
As <19 <15 <23 <15 <11 <11 <8

Se 60+ 6 56+5 45+8 50+6 97+6 53t+4 52+4
Mo 354+18 424+ 21 117+8 318+11 <8 86+4 56+3
Te <42 <24 <55 <27 <23 <20 <14

Ru <16 <10 <15 <11 <8 <7 <5

Rh <18 <10 <16 <10 <8 <7 <5

Pb <43 <33 <52 <35 <24 <24 202+14
Extracted inclusions

Sample 10.8.1 10.15 10.16 9.3 9.7.1 9.8.1 9.10.1
Inclusion no. 8.1 15 16 3 7.1 8.1 10.1
Assemblage Ccp Po Po Po Po Rocp Po

%Fe (emp) NA NA NA 62.8 62.0 24.8 50.0
%Fe (pmp) 26.0 61.1 62.7 63.0 62.3 20.6 55.5
%Ni (pmp) 0 1.56 0.45 0.41 0.3 8.06 8.18
%Ni (emp) 0 1.56 0.44 0.44 0.4 8.72 8.18
%Cu (pmp) 39.3 0.94 0.37 0.08 0.96 36.7 0.04
Zn 1075+200 55+21 <37 35+8 3780+380 3.10% 28541
As <10 <13 <13 <11 <11 <25 <25

Se 73t3 106+7 55+6 51+4 71+5 78+17 <16

Mo <7 110+£5 90+5 91+4 134+5 53+10 62+10
Te <20 <26 <25 <21 <21 <124 <43

Ru <7 <8 <9 <8 <7 <29 <16

Rh <7 <8 <9 <8 <7 <30 <17

Pb 31+5 <30 <30 <24 115+9 796+ 56 74+ 14

2Intergrowth, mixed analysis?

b Crack to surface

Diamond 3648 (peridotitic paragenesis)

This stone has the most complicated internal morpholo-
gy and the most unusual sulfide geochemistry of those
examined here. The cathodoluminescence image of the
central plate from this diamond shows that it consists of
three areas (Fig. 5). The central area is cubo-octahedral
and luminesces blue; this zone contains three sulfide in-
clusions (6-1.1, 6-2.1, 6-3.1), wustite and a small inclu-
sion of olivine (FQy). The intermediate part of the crystal

is octahedral, and the truncation of the zoning pattern
shows evidence of intensive non-uniform resorption of
two parallel faces of the octahedron. This is especially

clear on two sides, on one of which another inclusion g[
pentlandite (7-3.1) is located. This picture of selecti

6-3
U

olivine

*6-1

resorption in the intermediate zone is not common; nagbls. Width of crystal 4.2 mm

g.5 Sketch of cathodoluminescence image of diamond plate
V§548, showing growth zones, resorption features, and location of
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1607 1607 1607 1607 1607 1607 1607 4173 4173
1.2 2.1 2.2 3.1 3.2 4.1 4.2 1.1 2.1
Core Core Intermediate Intermediate Intermediate  Peripheral Pheripheral Intermediate Peripheral
Octahedral Octahedral Octahedral Octahedral Octahedral Octahedral Octahedral Octahedral  Octahedral
Blue Yellow Blue Blue Blue Blue Blue Blue Blue
Po Po Po P& Ccp Po Po Po Po Po
Cpx e Coes+Cpx
59.0 59.3 58.4 NA 59.3 58.8 48.0 NA NA
62.0 61.8 61.4 21.8 62.0 62.0 49.1 49.0 49.0
0.85 0.98 0.82 8.7 0.74 0.83 14.3 11.2 11.1
1.14 NA NA 1.83 NA 1.06 NA 9.37 9.19
0.68 0.87 1.29 35.7 0.8 0.72 0.45 3.69 3.75
79+15 <58 94+ 42 3.16% 5318 <38 166+38 69+18 304+68
<12 <17 NA <41 NA <12 NA <14 <24
59+4 5645 72+6 82+18 60+6 69+5 2447 95+7 106+ 1
86+5 7945 88+5 55+11 82+5 94+4 4547 60+ 4 57+6
21+8 <26 <21 <130 <24 <22 <53 <22 <62
<8 <9 <7 <30 <8 <8 <15 <9 <17
<9 <10 <7 <32 <8 <9 <17 <10 <18
<27 <37 <22 808+ 60 38+12 <27 135+ 28 <31 <53
6151 9.9 reequilibration of the sulfides with fluids from the sur-
. : rounding environment.
15.1 20.1 The compositions of the SDIs in the outer rim are
Po Po widely variable, and this may reflect different degrees of
27-3 50-2 interaction between the sulfide inclusion and the sur-
(:)Lgl Sé'72 rounding medium. In general, the Mo contents of the
061 91 SDIs increase from the core to the intermediate zone, and
11.1 6.90 then decrease sharply to the rim (Fig. 3), whereas the
49+15 101+30 overall PGE contents of the SDIs decrease steadily from
<ég+5 <ég+6 core to rim (Fig. 3). There is a clear fractionation of the
91+8 68+ 4 PGE relative to one another from core to rim, with the
<24 <27 Ir/Rh ratio increasing as the total PGE contents decrease
<9 <10 (Fig. 4).
<9 <10
<41 <34

Diamond 1153 (eclogitic paragenesis)

mally the points and edges of the octahedron being e cathodoluminescence image of this diamond shows

resorb first. This may indicate either some non-isometrigree main stages of growth (Fig. 6). The very small cen-

fluid flow pattern, or that the crystal was broken on twéral area of the stone is cubic and shows bright yellow

sides of the octahedron before the resorption. luminescence. The intermediate zone has a rounded
The outer or peripheral area of the crystal consists sfiape and a weak yellow luminescence, while the outer

several thin zones, which also show signs of dissolutiopart consists of three octahedral zones with blue lu-

especially at the points of the octahedron. Five incluminescence. Two sulfides from the intermediate zone

sions of sulfides occurred in this zone, some of whicknd one from the outer part have been analyzed. The

(5-1.1 to 5-3.1, 8) showed cracks leading to the surfagein difference in composition is in Mo, which drops

of the diamond. This is consistent with the high Pb cofitom 350-430 ppm in the intermediate zone SDIs to

tents of inclusions 5-1.1 to 5-3.1; however, inclusion 17 ppm in the outer zone.

had no obvious cracks connecting it to the surface, but

still has high Pb. A recent detailed cathodoluminescence

study of this diamond by Taylor et al. (1995) suggesBiamond 1607 (eclogitic paragenesis)

that the diamond has undergone several episodes of brit-

tle fracture and regrowth, especially in the outer part, afithis octahedral diamond shows no change in morpholo-

that the SDIs in the outer part lie on healed fracturegy during growth. The central area luminesces yellow,

This fracturing may therefore have allowed partiakhile the other zones luminesce blue. Inthe intermediate
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Fig. 6 Photoluminescence) and birefringencel) images of di- — )
amond plate 1153, showing location of SDIs, and evolution of tHliscussion
diamond morpblogy from cube to rounded form to octahedron.

Width of crystal 4 mm Eclogitic versus peridotitic parageneses

here are major differences between the sulfides
rapped in eclogitic diamonds and those in peridotitic
lamonds. The eclogitic SDIs are distinctly lower in Ni,
and Te; the ranges of the two parageneses in Se, As
Mo overlap, but the highest values are found in the
peridotitic SDIs. The peridotitic SDIs also show a very
wide variation in Se and Mo contents in comparison with
the eclogitic SDIs. Figure 1 suggests that peridotitic
SDIs can be divided into two groups with high and low
contents of Se and Mo. The PGEs have been found at

zone, one sulfide inclusions coexists with omphacit
Tellurium was detected only in one of the core-zone i
clusions; on average, Se is higher in the inclusions fro
the intermediate and peripheral zones, but Mo shows #d
consistent pattern.

Diamond 4173 (eclogitic paragenesis)

This stone consists of two growth zones, a cubo-octahg- ; oo
dral central zone and an octahedral outer zone. Both gtectable levels only in the peridotitic SDIs.

; . ; . . “The compositional similarities and differences be-
minesce blue, but with different intensity. In the outet_r een the two suites mirror in general those between

zone, two separate inclusions of omphacite and coes %gmatic sulfide deposits associated with ultramafic

coexist with the sulfides. There is no significant differ- . ; . .
ence between the two sulfide inclusions analyzed. and mafic magmas. Magmatic sulfide deposits of all

N . types typically have BSe ratios of 2000—10000 (com-
As a generalization it appears that SDIs from di ared to>20000 for sediment-hosted deposits; Naldrett
monds with simple internal structures, consistent wi 81). Both types of SDI show a pronounced peak in Se
continuous single-stage growth, show little variation i onteﬁts nea)r/pSO m. corres oFr)1din 66 ~p7000
chemistry, whereas those with complex internal stru figher values fror[rjlp10,0—150 P m cc?rres o;d t/(Sé
tures contain SDIs with a relatively wide range in trac 'a'gos of ~ 2500—3500 ppm, P
element composition. A similar observation linking in- S : . s
ternal structural complexity and variable inclusion I\giscég%lgfoiz:;tg?jvfnzgr?w;?igossuvx‘li?énc}zg c:giTg,ein-
gr;enrg'f‘éﬁfl ahn%f/abiggsr;‘ade for silicate and oxide inClfiy, 4ing" Sudbury (Naldrett 1981). The peridotitic SDI
) have NjCu ratios higher than most crustal sulfide de-
posits, but similar values are found in deposits associated
with some Archean komatiites. The Zn and Pb contents
of komatiite-related sulfides typically are low
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The analysis of compositional differentiation in mag-
matic sulfide deposits, combined with empirical esti-
mates of element partitioning between sulfide melts and
MSS, has produced successful models of such ore de-
posits based on fractional-crystallization models (e.qg.,
Hawley 1962; Naldrett et al. 1994; Zientek et al. 1994).
Experimental studies of MSS-melt partitioning are now
providing more precise data, and elucidating the effects
of melt composition and temperature on element distri-
bution between sulfide melt and MSS (Barnes et al.
1995; Li et al. 1995).

These empirical and experimental studies suggest that
during fractional crystallization, Os, Ir, Ru and Rh are
concentrated in MSS, while elements such as Cu, Se, Te,
Pt and Pd remain in the residual liquid. Thg,fySs/melo
is generally<l, with most experimental values in the
1000-1100C range lying between 0.3 and 0.8, so that
Ni also is concentrated in melt, though weakly. Fraction-
al crystallization from immiscible sulfide melts therefore
would be expected to produce MSS crystals with low Ni,
Eig(-ﬂ? SCh%thQndo!;ltrgirrr\]?cgrrl]g?oirr]nasgeee?glsoﬁ}vmeF;'affedgfnoglagg@u and high IfPd, while the residual melts would be

y W1 | z on. \/ uiti | usli H H H

are visible asgdark spots, especially in the outer zone. Width ”(.:hed in Ni, Cu, Se, TG.’ a.nd Pd. SO”?? of the SDI data

crystal 3.6 mm itthis general pattern. Within the eclogitic SDI these are
essentially two groups, one with low Ni and Cu (within
which Ni and Cu are positively correlated), the other

(<200 ppm Zn<15 ppm Pb) and both elements are sinwith higher Ni and Cu. The highest Se and Mo contents

ilarly low in the peridotitic SDIs. Higher values (100-are found among the sulfides with €1%; these may

>2000 ppm Zn, 14>200 ppm Pb) are characteristic ofepresent trapped melts, while the low-Ni,Cu group

gabbro-related magmatic sulfides, and similar rangesuld then represent the corresponding MSS.

are seen in the eclogitic SDIs that are inferred to be Among the peridotitic SDIs, we find a low-Ni popula-

pristine. tion (12-17% Ni) with very low Cu, and a higher-Ni

Copper,Se,Te, As and Mo are all elements typical gfoup with generally higher Cu. Among the peridotitic
crustal sulfide deposits. The lower abundances of thaselusions with C>3% are a number with high Se, Te,
elements in the mafic (eclogitic SDIs), and their generdi4do and Pd, which may represent trapped melts; most of
ly higher abundances in the sulfides from the ultramaftbe SDIs that contain Pd or R&Rh, as the only de-
paragenesis, therefore were unexpected. The lower abtettable PGES, fall into this group.
dances of the chalcophile elements (and PGESs) in theThe unusually PGE rich inclusions in diamond 3648
eclogitic sulfides suggest that the eclogites may be ciave mantle-normalized Os,Ir-enriched PGE patterns
mulates, or residues, from which chalcophile elemertisat set them apart from other mantle-derived sulfides,
have been removed in a previous magmatic or metasoest of which have been interpreted as representing sul-
matic episode. The fluids from which the eclogitic diafide melts (Fig. 8). However, the overall shape of this
monds later grew therefore had low chalcophile-elememdttern corresponds to that predicted for MSS crystalliz-
contents, even though they must have been sulfur satuiag from sulfide liquids (Fig. 9) using the partition coef-
ed. ficients of Barnes et al. (1996) and Li et al. (1996). This

similarity of pattern strongly suggests that these particu-
lar SDIs were trapped as MSS crystals, rather than as
MSS-sulfide melt fractionation? sulfide melts. The quantitative difference between the
predicted pattern and the observed ones suggests either
The temperature range previously established for silicateat there is an overall pressure effect on PGE partition
and oxide inclusions in diamonds from Siberia (Grifficoefficients, or that the sulfide melt from which these
et al. 1993) spans the range of coexistence of sulfilSS crystals formed had PGE contents ca<lthose
melts and MSS crystals. This suggests that sulfidebserved in sulfides from spinel lherzolite xenoliths.
might be trapped either as droplets of immiscible sulfidEhe latter interpretation seems more probable, especially
melt, such as those described from many silicagénce the diamonds and the spinel Iherzolites come from
megacrysts in basalts (see Andersen et al., 1987, for geite different depths and tectonic environments.
view), or as crystals of MSS crystallized from such
melts. The presence of both types of sulfide could help to
explain some of the large ranges in element concentra-
tions seen in these inclusions.
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er Ni content of the eclogitic environment. Sulfide melts
in equilibrium with an eclogitic bulk composition there-

fore will have lower Ni than those in ultramafic environ-

ments.

The SDIs known or believed to be from the peridotitic
paragenesis range from 22% to 35% Ni. Within single
diamonds, ranges of 24-31% have been observed; this
may be an artifact of sectioning heterogeneous inclu-
sions, but the agreement between EMP and PMP values
in most cases suggests the variation is real, and reflects
changes in the environment in which the diamond grew.

Fleetetal. (1977) and Fleet and MacRae (1987, 1988)
Ni Os Ir Ru Rh Pt Pd Cu studied the controls on NiFe exchange between olivine
and MSS. The distribution coefficient defined by these

= 3648 ~*+= Mantle sul —*= Komatiite sul experiments is essentially constant overTrange 900—

—8- Picritic sul —>— Flood basalt sul ~&— Ophiolite sul 1400 C and awide range 662 andeZ: including compo-

sitions controlled by the IW (iron-wustite) buffer. Given

Fig. 8 Comparison of mantle-normalized metal patterns of SD& range in peridotitic olivine from Fg-Fo,, and 2500—
<Ulfides, believed 16 be immiscipie mels in mari to ultramafigo00 bpm Ni, the coexisting MSS will range from 30—
rocks. “Mantle sulfides” are from Pattou et al. (1996). Other dat?315 mol% NiS (25_.3.5 wt% Ni). Equilibrium with the av-
from Barnes et al. (1988) erage mantle olivine should produce a MSS with
~50 mol% NiS (=32 wt% Ni). This range in composi-
tion corresponds approximately to one of the Ni popula-
tions defined above, with 22—-36.5% Ni and a median
value of 26 wt% =19); the difference from the experi-
mentally predicted mean probably is within the respec-
tive experimental and analytical errors, and also may be
influenced by the Cu content of the system. However, it
also may be real, and indicate that many of the SDIs are
in fact MSS that crystallized from sulfide melts in equi-
librium with mantle olivine. As noted above, 3%
melt) is generally<1 in the relevant interval (Barnes et
al. 1995). In diamond 3648, inclusion 2.1 coexists with
an olivine FQ@,, which has not been analyzed by proton
probe but probably (by analogy with many other analy-
ses) contains ca 3000 ppm Ni; the sulfide contains 31%
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038 & Bu Bh B Pd Cu Ni, as predicted by these experiments. Our data therefore
suggest that these peridotitic SDIs (either as sulfide
—=— 3648 —+— Mantle MSS  —*— Komatiite MSS ‘ melts or as crystals forming from those melts) were ap-

proximately in equilibrium with mantle olivine at the
Fig. 9 Comparison of mantle-normalized metal patterns of Sdime of their trapping in the diamonds.
from core of diamond 3648 (Fig. 4) with model MSS in equilibri- ~ Similar experimental work by Boctor (1981) and
um with mantle sulfide (liquid) and komatiite sulfide liquid Boctor and Yoder (1983) measured Ni distribution be-
tween olivine and sulfide melt, under conditions with
controlled oxygen and sulfur fugacity and B1300—
Ni content of sulfides 1400 C. These experiments yielded distribution coeffi-
cients roughly half those of Fleet et al. (1977); it would
The broad differences in Ni content between eclogititot be possible to produce Ni contents like those of the
and peridotitic sulfides are easily understood in terms pfesent peridotitic SDIs by equilibrium between sulfide
the general differences between the Ni contents of mafitelt and mantle olivine using these distribution coeffi-
and ultramafic environments, and partitioning betweeaments. The problem is exacerbated if,S¥MeV js <1,
sulfide and coexisting silicates. The peridotitic sulfideShis contradiction suggests that the coexistence of the
probably equilibrated with large volumes of mantléigh-Ni SDIs with typical mantle olivine (which is the
olivine, which typically contains 2500-3000 ppm Nhnhext most common inclusion in diamonds worldwide)
(Griffin et al. 1989; Ryan et al. 1996), and controls theeflects a strond effect on K, so that the low K values
Ni content of the peridotitic environment. The eclogitiobserved by Boctor (1981) and Boctor and Yoder (1983)
SDIs probably equilibrated with eclogitic garnet andt 1300-1400C increase to values similar to those re-
clinopyroxene, which typically contain a few hundregorted by Fleet et al. (1977) and Fleet and MacRae
ppm Ni (O’Reilly and Griffin 1995), and define the low-(1987, 1988) ag drops to 1000-110CC.
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The inclusions with~12-19% Ni may represent aRu and Rh at levels 0 those of the SDIs in diamond
third diamond paragenesis, derived from magnesian (8648, but no other PGEs, while Ni and Cu concentrations
roxenitest garnet; none are from diamonds that corare similar to the SDIs in diamond 3648.
tained olivine inclusions, while one is from an omphac- The main difference between the SDIs of the outer
ite-bearing stone. This diamond paragenesis was recagne and those of the core and intermediate zones is in
nized by Griffin etal. (1992) on the basis of garnet incluthe high Pb content of most of the outer-zone SDIs. This
sions with abnormally low Ni and Cr contents, and elevasuggests that Pb leaked into some outer-zone SDIs via
ed Fe contents. The SDIs in such diamonds might hameacks to the surface, without affecting the abundance of
equilibrated with relatively low Ni pyroxene in olivine-the other elements. This may have occurred during the
free rocks. Alternatively, some lower-Ni SDI may hav&imberlite event, but in this case the inclusions are not
been modified by post-crystallization processes, perhagisictly syngenetic, and their Pb-isotopes do not neces-
by cracks to a paleosurface. Further work to correlasarily reflect diamond growth during the kimberlite
sulfide compositions with coexisting silicates will bestage, as suggested by Rudnick et al. (1992). The radio-
necessary before this paragenesis can be recognigedic Pb-isotope composition of the intermediate-zone
solely on the basis of sulfide chemistry. inclusion (no. 7.3; Fig. 5) suggests that it was opened to

a fluid via a crack to the paleosurface of the crystal,

during resorption and regrowth of the diamond, as de-
Diamond growth scribed by Taylor et al. (1995). It has a low Pb content,

and its isotopic composition could have been easily mod-
The complex diamond 3648 shows at least three distinfied, apparently without affecting the trace-element
zones; the SDIs in these zones show similar S-isotopentent of S-isotope composition of the sulfide.
compositions but different Pb-isotope compositions. We therefore suggest that the growth of this diamond
Rudnick et al. (1992) have interpreted the Pb-isotopeok place in a peridotitic environment, in several stages.
data as showing a three-stage growth history: (1) forma-change in physical conditions caused resorption of
tion of the diamond core in a peridotitic environment ghe diamond between the intermediate and rim stages,
about 2 Ga; (2) formation of the intermediate zone inltaut the diamond apparently continued to grow from
high-U/Pb environment similar to that of some eclogitithe same chemical environment after this resorption had
diamonds; (3) formation of the outer zone during a shortaken place. Some of the inclusions in the intermediate
ly before eruption of the host kimberlite. The cathodolwsuter part of the diamond were open (via fractures) to
minescence studies of this diamond (Bulanova 199&n environment with a high time-integrated'Rb ratio
Taylor etal. 1995) and the trace-element data on the SRISer their formation, but only their Zn and Pb contents
added further constraints to this history. The intermedjand Pb isotopic compositions) were significantly affect-
ate-zone SDI shows the same high Mo, Te, PGE and &d. The diamond apparently was able to anneal at least
contents as the core-zone SDIs, indicating that it formedme of these fractures prior to eruption (Taylor et al.
in a peridatitic, rather than an eclogitic, environment.995).
The Se and Mo levels of the outer-zone SDIs are not Naldrett (1969) showed that Fe-S melts can dissolve
diagnostic of either the eclogitic or the peridotitic envisubstantial amounts of oxygen, and this typically appears
ronment, but their PGE contents are significantly highas exsolved magnetite in quenched magmatic sulfides,
than those of any clearly eclogitic inclusions. such as those in basalts. In the SDIs studied here mag-

The PGE contents of the low-Pb SDI decreagseetite is rare, and most cases are in inclusions that show
rimward, but are high in all zones relative to most othavidence (high Pb ardr Zn) of interaction with the ex-
diamonds we have analyzed. There is a continuotesnal environment via cracks in the diamond. The gen-
change from core to rim, with Pd, Rh and Ru decreasimgal absence of oxides even in the high-Cu SDIs that
relative to Ir and Os as total PGEs decrease, while Ni andght be interpreted as trapped melts may reflect the
Cu contents stay essentially constant at 12—-15 timestremely reducing conditions of diamond growth (IW
chondrites (Ni) and 75-95 times chondrites (Cu). Thisuffer; Bulanova 1995), and also may indicate that the
variation is consistent with a simple (closed-system8plubility of oxygen in Fe-Ni—S melts is significantly
fractionation during the growth of the diamond, rathdower at B=40 kbar than under low* conditions.
than any marked change in the chemical environment.

We argued above that the SDIs in diamond 3648 probably

were trapped as MSS crystallizing from a sulfide melBrimitive mantle sulfides?

Continuous fractional crystallization of MSS would de-

plete the meltin Os and Ir relative to Ru and Rh, and thihe high levels of PGEs recorded in several peridotitic
would be reflected in a drop in ARh and in I/Cu, in SDIs appear to reside in the MSS structure; examination
successive MSS compositions. Neither effect is obf these inclusions by SEM has failed to reveal the pres-
served. The depletion of Rh and Ru relative to Os and &nce of discrete PGE-bearing minerals. This does not
while Cu and Ni remain essentially constant, may requirale out the presence of discrete PGE phases below the
fractionation of a third phase enriched in Rh and Ru. Thisirface of each inclusion, where they would still be ana-
phase may reseble theunusual SDI 35, which contains lyzed by the proton beam. However, if this is the case, the
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rimward decrease in total PGE in the SDIs of diamoratoposing a two-stage melting process. In the first stage,
3648, and the associated changes in the PGE pattenwsresponding to the extraction of basaltic melts, rela-
would have to reflect changes in the abundance and catinely low degrees of partial melting allowed retention of
position of such phases. This would still suggest that thery small volumes of sulfide in the residual mantle.
PGE abundances are a primary feature of the sulfiMagma/sulfide partitioning would tend to remove base
melt, with the PGE phases either nucleating within theetals and Se, concentrating PGEs in the mantle sulfide.
melt or exsolving from the MSS during cooling. Thelhis also would lead to enrichment of the Os, Ir end of
high PGE levels are found in the sulfides with intermedthe PGE group. The second stage of the process, involv-
ate Ni contents (25—-30%) and Cu contents of 1-2%. Thisyg high degrees of partial melting, would leave no sul-
are not found in the high-Ni>*¥30%), low-Cu SDIs. fide in the residue, and would produce low-Ti magmas
These data suggest that the PGE-rich SDIs may represeith low S contents but relatively high PGE levels. In this
a distinct class of primitive lithospheric sulfides. Theynodel, peridotitic SDIs, and especially ones like those in
also may be restricted to a group of diamonds with udiamond 3648, might conceivably represent residual sul-
usually complex internal structures though the presdides from the first stage of melting. However, these
data are very limited. The highest PGE levels are found‘inesidual” sulfides also should be depleted in elements
diamond 3648, which is unusual in having inclusions @&fuch as Cu, Se and Te, which would be partitioned into
wustite. Harte and Harris (1994) have suggested that dihe melt (Barnes et al. 1995). Since they are not, it ap-
monds with the inclusion assemblage magnesiowustfiears improbable that many of the peridotitic SDI are
+enstatite-garnet are derived from sublithosphericesidual from basalt extraction, and more likely that they
depths. By analogy, the unusual inclusion assemblagee primitive, if not primordial, mantle sulfides.

internal structure and sulfide chemistry of this diamond
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