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Fe-rich dunite xenoliths within the Kimberley kimberlites comprise oli-

vine neoblasts with minor elongated, parallel-oriented ilmenite, and

rarely olivine porphyroclasts and spinel. Compared with typical mantle

peridotites, olivines in the Fe-rich dunites have lower forsterite (Fo87^89)

and NiOcontents (1300^2800 ppm), which precludes a restitic origin for

the dunites. Chrome-rich spinels are remnants of a metasomatic reaction

that produced ilmenite and phlogopite.Trace element compositions differ

between porphyroclastic and neoblastic olivine, the latter having higherTi,

V, Cr and Ni and lower Zn, Zr and Nb contents, documenting their

different origins.The dunites have high 187Os/188Os ratios (0�11^0�15)

that result in young model ages for most samples, whereas three samples

show isotopic mixtures between Phanerozoic neoblasts and ancient por-

phyroclastic material. Most Fe-rich dunite xenoliths are interpreted to be

recrystallized cumulates related to fractional crystallization of Jurassic

Karoo flood basalt magmatism, whereas the porphyroclasts are inter-

preted to be remnants from a much earlier (probably Archaean

Ventersdorp) magmatic episode.The calculated parental magma for the

most primitive olivine neoblasts in the Fe-rich dunites is similar to low-Ti

Karoo basalts. Modelling the crystal fractionation of the inferred

parental magma with pMELTS yields element fractionation trends

that mirror the element variation of primitive low-Ti Karoo basalts.

KEY WORDS: dunite xenoliths; fractional crystallization; Karoo;

large igneous province; pMELTS; Re^Os; trace elements

I NTRODUCTION
Kimberlites of the Kaapvaal craton in southern Africa
contain large quantities of mafic and ultramafic xenoliths

that have been intensively studied over the last 40 years
(Carswell & Dawson, 1970; Nixon & Boyd, 1973; Gurney
& Harte, 1980; Boyd, 1989; Gurney et al., 1991; Pearson
et al., 2003). Eclogite and peridotite xenoliths in particular
have been targeted for investigation in order to study the
lithospheric mantle of the Archaean Kaapvaal craton
(e.g. MacGregor & Carter, 1970; Gurney & Harte, 1980;
Erlank et al., 1987; Taylor, 1993; Shirey et al., 2001; Jacob
et al., 2003; Schmickler et al., 2004; Dawson, 2004). With a
few exceptions, these studies have neglected dunite xeno-
liths, whose depth of origin and temperature of equilibra-
tion are difficult to constrain because of their simple
mineralogy.
Dunite xenoliths are found in numerous localities world-

wide (e.g. Boyd & Nixon, 1975; Rudnick et al., 1993;
Neumann et al., 1995; Kubo, 2002; Rehfeldt et al., 2006).
Gurney & Harte (1980) classified dunites into two sub-
groups, a high forsterite group (IIIa) with olivines of
Fo93^95, which are the most refractory xenolith type found
in kimberlites, and a low forsterite group (IIIb) with oliv-
ines of Fo88^90, which are interpreted as magnesian cumu-
lates. Some group IIIa dunites have experienced a
metasomatic overprint that introduced Fe, Ti, Al, Ca, K,
Na and Cr (Harte et al. 1975; Boyd et al., 1983; Rudnick
et al., 1993). Group IIIb dunites with low forsterite contents
of Fo87^89 and a sheared texture have been described from
northern Lesotho and the Frank Smith kimberlite near
Kimberley, RSA (Boyd & Nixon, 1975) and interpreted to
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be of cumulate origin because of their Fe-rich nature.
Abundant dunite xenoliths have also been described from
western Greenland (Scott, 1981; Scott Smith, 1987), and
have been interpreted as metasomatically overprinted
cumulates. An origin for the Fe-rich dunite xenoliths of
the Kaapvaal Craton as cumulates of Karoo basalts was
first suggested by Dawson et al. (1981).
Here, we report major and trace element, and oxygen

isotope compositions of constituent minerals and Re/Os
isotope systematics of olivine separates and whole-rocks
from Fe-rich dunite xenoliths from Kimberley to assess a
possible cumulate origin and the age of formation.
Integrating these data with calculations of the compositions
of the magma in equilibrium with the olivine neoblasts in
the dunite xenoliths, we test the hypothesis that the origin
of these dunites is linked to Karoo basalt magmatism.

SAMPLE LOCAL ITY
The dunite samples are part of a new collection from the
Boshof Road dump, Northern Cape Province, South
Africa. Sample AJE410 was provided by the University of
Cape Town (RSA) and is part of the A. J. Erlank collec-
tion. The samples are by-products of diamond mining
at the DuToitspan, Bultfontein and Kimberley kimberlite
pipes. The Kimberley group of kimberlites is found close
to the town of Kimberley, RSA, within the southern
low-Ti part of the Jurassic Karoo basalt province
(183�1Ma; Cox et al., 1967; Duncan et al., 1997) and adja-
cent to the ArchaeanVentersdorp volcanic series (�2�7Ga;
Crow & Condie, 1988; Fig. 1). The kimberlites were
emplaced during the Cretaceous at 86�3Ma (Allsopp &
Barrett,1975; Davis,1977). All kimberlites of the Kimberley
cluster are Group I kimberlites and originate from an
undifferentiated to slightly depleted mantle source
(Smith, 1983; Le Roex et al., 2003). These kimberlites con-
tain xenoliths of both dunite types (Gurney & Harte,
1980): Group IIIa and Group IIIb. The former Group
IIIa dunites contain highly forsteritic olivine, and are
coarse-grained granular rocks similar in appearance to
peridotite xenoliths. The second type, Group IIIb, contain
olivine with lower forsterite contents and are fine-grained,
recrystallized, granular to porphyroclastic dunites. This
study concentrates on the Group IIIb dunites (Table 1).

ANALYT ICAL METHODS
Major element compositions of olivine, spinel, ilmenite and
phlogopite in the dunite xenoliths were analysed with a
JEOL JXA 8900 RL electron microprobe at the
Department of Geosciences, Johannes Gutenberg-
University, Mainz, Germany, using wavelength-dispersive
analysis and a range of natural and synthetic standards
(Table 2). The data were corrected using the CITZAF pro-
cedure (Armstrong, 1995); detection limits were between

0�01 and 0�07wt %. Fluorine in phlogopite had detection
limits of 0�17wt %.
Trace elements were analysed in situ by laser ablation^

inductively coupled plasma mass spectrometry (LA-ICP-
MS) in the same department using an Agilent 7500ce
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Fig. 1. Map of the Archaean Ventersdorp Supergroup and Jurassic
Karoo flood basalt province in southern Africa showing Karoo low-
Ti and high-Ti basalt sub-provinces (modified after Ellam & Cox,
1991; Eglington & Armstrong, 2004; Jourdan et al., 2004). The Fe-rich
dunite xenolith locality is Kimberley, indicated with a black star.

Table 1: Modal compositions of Fe-rich dunite xenoliths

determined graphically with the ScionImage program

Sample ol-pc ol-nb phl spl ilm other

Fine-grained texture

AJE410 – 98 – 1 1 –

DJ0267 – 98 1 – 1 –

DJ0268 – 99 – – 1 –

DJ0269 – 99 – – 1 –

Porphyroclastic texture

DJ0270 1 98 – – 1 –

KP0403 1 76 1 5 17 –

GB0402 55 42 2 0�5 0�5 clinopyroxene

spl, spinel; ilm, ilmenite; nb, neoblasts; ol, olivine; pc,
porphyroclasts; phl, phlogopite.
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Table 2: Average major and trace element compositions (and 1s standard deviation) of the constituent minerals in Fe-rich

dunite xenoliths

Sample: AJE410 DJ0267

Mineral: ol ilm spl ol ilm ilm phl

Comment: neoblasts Type II neoblasts Type I Type II metasomatic

Major elements (wt %)

n¼ 6 1s n¼ 4 1s n¼ 3 1s n¼ 9 1s n¼ 6 1s n¼ 1 n¼ 4 1s

Na2O 5dl 0�08 �0�03 5dl 5dl 5dl 5dl 0�22 �0�05

SiO2 39�69 �0�17 5dl 5dl 39�72 �0�27 5dl 5dl 40�62 �0�84

K2O 5dl 5dl 5dl 5dl 5dl 5dl 10�52 �0�39

TiO2 5dl 52�52 �0�78 7�03 �0�36 5dl 49�55 �0�43 50�20 2�66 �0�58

FeOt 13�13 �0�18 29�68 �0�47 33�09 �0�88 12�92 �0�52 29�69 �0�29 31�03 5�09 �0�04

Al2O3 5dl 0�16 �0�03 5�82 �1�59 5dl 0�16 �0�04 0�12 11�38 �0�91

MgO 46�28 �0�17 12�79 �0�43 10�38 �0�43 46�83 �0�41 11�91 �0�42 12�91 23�10 �1�06

CaO 5dl 0�06 �0�02 5dl 0�05 �0�02 0�05 �0�02 0�15 5dl

Cr2O3 5dl 3�80 �0�41 41�39 �0�57 5dl 6�92 �0�32 3�20 0�81 �0�54

MnO 0�13 �0�03 0�23 �0�03 0�22 �0�04 5dl 0�24 �0�03 0�29 0�04 �0�01

NiO 0�31 �0�02 0�25 �0�03 0�26 �0�04 0�29 �0�05 0�22 �0�04 0�15 0�19 �0�03

Cl nd nd nd nd nd nd nd nd nd nd nd 0�02 �0�01

F nd nd nd nd nd nd nd nd nd nd nd 0�77 �0�56

Total 99�54 99�57 98�19 99�92 98�74 98�05 95�42

Mg-no. 0�87 0�42 0�45 0�88 0�42 0�43 0�89

d18O (ø) nd nd nd 5�22 nd nd nd

Trace elements (ppm)

n¼ 6 1s n¼ 4 1s n¼ 2 1s n¼ 8 1s n¼ 4 1s

Sc 3�190 �0�520 29�8 �0�4 4�51 3�45 �0�62 35�8 �2�3

Cr 196 �9 29600 þ3700 IST 156 �18 46800 �2200

Co 138 �1 315 �8 395 �27 135 �4 224 �19

Ni nd 2790 �90 3060 �10 2260 �80 1980 �220

Cu 2�47 �0�69 61�5 �7�0 104 �11 4�81 �2�22 33�6 �9�2

Zn nd 472 �1 2240 �70 79�5 �5�2 253 �49

Y 5dl 0�615 �0�099 2�55 5dl 0�301 �0�336

Ti 125 �14 IST 35400 �200 110 �22 IST

V 3�43 �0�21 1060 �60 1510 �100 3�25 �0�84 1180 �50

Zr 0�284 �0�094 858 �9 15�0 �5�5 0�533 �0�216 601 �79

Nb 5dl 552 �23 2�96 �1�64 5dl 796 �25

Hf 5dl 25�6 �1�6 1�62 5dl 22�7 �3�2

Ta 5dl 77�0 7�9 5dl 5dl 116 �8

Ca 407 �78 1100 �250 5dl nd nd

Li 4�03 �0�42 5�03 �1�07 5dl 3�72 �0�52 3�60 �0�85

B 5dl nd nd 5dl nd

Rb nd nd nd nd nd

Sr 5dl nd nd 5dl nd

Ba 5dl 40�8 5dl 5dl 5dl

Ga 5dl 8�05 �2�62 78�9 �2�6 5dl 7�46 �1�19

Ge nd 5dl 5dl nd 5dl

Sn nd 5�95 5�67 �1�56 nd 7�96 �1�25

Sb nd 5dl 5dl nd 5dl

Pb nd 1�26 5dl nd 4�41 �1�77

U nd 0�164 �0�019 5dl nd 5dl

Abbreviations as in Table 1, plus: dl, detection limit; FeOt, total iron as ferrous iron; IST, internal standard;
Mg-number¼Mg/(Mgþ Fe2þ); n, number of measurements; nd, not determined.

(continued)
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Table 2: Continued

Sample: DJ0268 DJ0269 DJ0270

Mineral: ol ilm ol ilm ol ol

Comment: neoblasts Type I neoblasts Type I porphyroclasts neoblasts

Major elements (wt %)

n¼ 6 1s n¼ 6 1s n¼ 6 1s n¼ 3 1s n¼ 2 1s n¼ 5 1s

Na2O 5dl nd 5dl nd 5dl 5dl

SiO2 40�81 �0�28 5dl 39�82 �0�14 5dl 40�04 �0�01 39�64 �0�11

K2O 5dl nd 5dl nd 5dl 5dl

TiO2 5dl 48�86 �0�11 5dl 48�01 �0�16 nd nd

FeOt 11�59 �0�12 30�32 �0�80 11�81 �0�31 30�84 �0�20 10�46 �0�12 11�98 �0�14

Al2O3 5dl 0�60 �0�09 0�03 �0�01 0�58 �0�09 5dl 5dl

MgO 47�48 �0�19 11�96 �0�30 47�71 �0�34 11�73 �0�14 49�21 �0�04 47�63 �0�21

CaO 5dl 0�03 �0�01 5dl nd 5dl 5dl

Cr2O3 5dl 7�23 �0�59 5dl 6�73 �0�26 5dl 5dl

MnO 0�14 �0�02 0�20 �0�02 0�12 �0�02 0�20 �0�01 0�14 �0�04 0�13 �0�02

NiO 0�33 �0�07 0�25 �0�03 0�32 �0�07 0�23 �0�03 0�22 �0�01 0�35 �0�04

Cl nd nd nd nd nd nd

F nd nd nd nd nd nd

Total 100�35 99�45 99�81 98�32 100�07 99�73

Mg-no. 0�88 0�41 0�89 0�40 0�91 0�89

d18O (ø) nd nd nd nd 5�14 nd

Trace elements (ppm)

n¼ 6 1s n¼ 5 1s n¼ 6 1s n¼ 3 1s n¼ 4 1s n¼ 6 1s

Sc 5�79 �0�86 26�6 �4�0 5�13 �0�09 34�2 �6�7 2�36 �0�21 2�75 �0�15

Cr 236 �4 47000 �6300 258 �5 51000 2900 66�0 �7�5 234 �16

Co 145 �2 223 �19 163 �3 212 �6 116 �8 130 �6

Ni 2340 �90 2420 �360 2790 �100 2200 �70 nd nd

Cu 3�17 �0�21 41�4 �8�1 3�55 �0�15 26�9 �1�1 1�10 �0�33 2�87 �0�22

Zn 78�3 �2�7 273 �63 131 �3 191 �9 67�8 �7�1 73�8 �4�3

Y 0�024 �0�007 0�171 �0�106 nd 0�294 �0�235 5dl 0�023 �0�010

Ti 304 �6 IST 296 �11 IST 151 �9 246 �23

V 5�29 �0�03 1160 �90 5�47 �0�10 1380 �110 4�43 �0�36 4�79 �0�49

Zr 0�230 �0�038 389 �56 0�224 �0�016 597 �192 0�302 �0�050 0�160 �0�031

Nb 0�024 �0�007 244 �10 0�029 �0�009 312 �55 0�101 �0�015 0�041 �0�007

Hf 5dl 12�3 �0�6 0�013 �0�002 17�8 �4�3 0�020 �0�007 5dl

Ta 0�004 �0�013 42�0 �5�1 0�004 �0�002 52�4 �2�2 0�008 �0�001 5dl

Ca 367 �27 nd 320 �13 5dl 192 �13 351 �35

Li 2�66 �0�07 2�85 �0�19 nd 1�68 �0�45 2�02 �0�14 2�49 �0�08

B 0�920 �0�069 nd nd nd 0�738 �0�171 0�556 �0�107

Rb nd nd 5dl nd nd nd

Sr 5dl nd 0�007 �0�001 nd 0�045 �0�035 5dl

Ba 5dl 5dl 5dl 0�750 �0�608 5dl 5dl

Ga 0�154 �0�021 15�4 �2�6 nd 16�0 �1�5 0�097 �0�023 0�136 �0�020

Ge nd 5dl nd 2�06 �1�79 nd nd

Sn nd 5�51 �3�36 nd 8�28 �1�65 nd nd

Sb nd 5dl nd 0�611 �0�433 nd nd

Pb nd 3�01 �1�40 nd 75�8 �50�5 nd nd

U nd 0�036 �0�028 nd 0�088 �0�069 nd nd

(continued)
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Table 2: Continued

Sample: DJ0270 GB0402

Mineral: ilm ol ol ol ilm spl spl phl

Comment: Type I porphyroclasts pc rim neoblasts Type II

Major elements(wt %)

n¼ 3 1s n¼ 4 1s n¼ 1 n¼ 3 1s n¼ 7 1s n¼ 1 n¼ 1 n¼ 2 1s

Na2O nd 5dl 5dl 5dl 5dl nd nd 0�40 �0�002

SiO2 5dl 40�17 �0�22 40�46 40�53 �0�16 5dl 0�07 0�08 39�45 �0�04

K2O nd 5dl 5dl 5dl 5dl nd nd 9�95 �0�01

TiO2 47�74 �0�77 5dl 5dl nd 52�89 �0�31 16�08 4�00 3�37 �0�08

FeOt 30�51 �0�30 12�95 �0�84 11�77 12�61 �0�27 30�85 �0�52 47�10 29�39 5�57 �0�57

Al2O3 0�66 �0�08 5dl 5dl 5dl 0�12 �0�02 1�91 1�05 12�43 �0�12

MgO 11�64 �0�31 46�83 �0�60 47�54 46�98 �0�16 12�51 �0�49 9�58 8�77 23�97 �0�15

CaO nd 5dl 5dl 0�08 �0�02 0�10 �0�02 5dl 5dl 5dl

Cr2O3 7�15 �0�77 5dl 5dl 5dl 2�04 �0�40 22�63 54�81 0�54 �0�14

MnO 0�20 �0�05 0�20 �0�03 0�17 0�14 �0�01 0�32 �0�05 0�27 0�20 5dl

NiO 0�23 �0�02 0�17 �0�08 0�28 0�30 �0�11 0�15 �0�04 0�36 0�16 nd

Cl nd nd nd nd nd nd nd 5dl

F nd nd nd nd nd nd nd 0�76 �0�07

Total 98�13 100�32 100�22 100�64 98�98 98�00 98�46 96�44

Mg-no. 0�40 0�87 0�88 0�87 0�38 0�35 0�42 0�89

d18O (ø) nd 4�83� nd 4�95 nd nd nd nd

4�59�

Trace elements (ppm)

n¼ 8 1s n¼ 4 1s n¼ 1 n¼ 5 1s

Sc 26�4 �2�4 5�60 �0�28 5�44 5�24 �0�19

Cr 48200 �4200 34�7 �3�8 217 249 �20

Co 233 �14 158 �3 173 176 �2

Ni nd 1280 �10 2610 2820 �140

Cu 41�4 �1�8 5dl nd 5�41 �5�31

Zn 270 �54 154 �6 142 140 �6

Y 5dl nd nd nd

Ti IST 115 �3 269 217 �12

V 1210 �60 2�74 �0�76 4�72 3�81 �0�27

Zr 440 �80 0�592 �0�062 0�291 0�232 �0�036

Nb 265 �20 0�779 �0�079 0�062 0�034 �0�017

Hf 13�2 �2�2 0�021 �0�001 0�012 0�023 �0�014

Ta 46�6 �4�4 0�058 �0�023 0�003 5dl

Ca 469 �99 110 �8 392 353 �16

Li 2�94 �0�93 nd nd nd

B nd nd nd nd

Rb nd 5dl 5dl 5dl

Sr nd 5dl 0�039 0�029 �0�009

Ba 5dl 0�198 �0�021 5dl 0�142 �0�082

Ga 15�3 �1�8 nd nd nd

Ge 5dl nd nd nd

Sn 6�19 �1�06 nd nd nd

Sb 5dl nd nd nd

Pb 1�21 �0�18 nd nd nd

U 5dl nd nd nd

�Oxygen isotope replicate measurements with 1s reproducibility of �0�12ø.
(continued)
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Table 2: Continued

Sample: KP0403

Mineral: ol ol ilm spl phl

Comment: porphyroclasts neoblasts Type I

Major elements (wt %)

n¼ 2 1s n¼ 4 1s n¼ 8 1s n¼ 6 1s n¼ 6 1s

Na2O 5dl 5dl 5dl 5dl 0�43 �0�03

SiO2 40�76 �0�28 40�64 �0�06 5dl 5dl 39�53 �0�19

K2O 5dl 5dl 5dl 5dl 9�90 �0�12

TiO2 5dl 5dl 46�83 �0�32 6�87 �1�39 2�98 �0�15

FeOt 11�78 �0�02 11�92 �0�27 31�14 �0�32 31�55 �2�42 4�95 �0�13

Al2O3 5dl 5dl 1�10 �0�08 10�81 �2�22 13�97 �0�25

MgO 47�79 �0�08 47�41 �0�48 11�02 �0�31 11�61 �0�10 23�29 �0�26

CaO 5dl 5dl 5dl 5dl 5dl

Cr2O3 5dl 5dl 9�16 �0�29 38�32 �2�15 1�43 �0�10

MnO 0�16 �0�02 0�14 �0�01 0�15 �0�01 0�17 �0�03 5dl

NiO 0�16 �0�004 0�31 �0�13 0�23 �0�02 0�27 �0�02 nd

Cl nd nd nd nd 0�03 �0�003

F nd nd nd nd 0�44 �0�06

Total 100�65 100�42 99�63 99�60 96�95

Mg-no. 0�88 0�88 0�39 0�49 0�89

d18O (ø) nd nd nd nd nd

Trace elements (ppm)

n¼ 3 1s n¼ 3 1s n¼ 7 1s n¼ 6 1s n¼ 5 1s

Sc 5�00 �0�23 5�58 �0�05 30�2 �1�2 5dl 3�28 �0�29

Cr 34�6 �2�5 285 �26 65600 �2400 IST nd

Co 130 �6 175 �6 211 �6 338 �56 nd

Ni 1270 �70 2850 �50 nd nd 1290 �150

Cu nd 3�72 �0�35 29�3 �2�6 63�0 �3�6 nd

Zn 98�5 �4�6 112 �8 149 �14 1780 �300 nd

Y nd nd 0�097 �0�008 5dl 5dl

La nd nd nd nd 0�198 �0�088

Ce nd nd nd nd 0�404 �0�261

Nd nd nd nd nd 0�678 �0�306

Ti 98�3 �4�5 180 �64 IST 34500 �7200 nd

V 3�03 �0�06 6�20 �2�58 1560 �40 1420 �110 128 �5

Zr 0�550 �0�023 0�532 �0�309 515 �24 8�81 �4�57 7�18 �1�11

Nb 0�333 �0�055 0�148 �0�066 430 �21 1�53 �0�69 11�1 �2�8

Hf 0�018 �0�008 5dl 18�3 �0�5 5dl 0�607 �0�231

Ta 0�029 �0�009 0�025 �0�012 72�6 �8�8 1�18 �0�21 1�66 �0�94

Ca 192 �50 395 �74 5dl 5dl 279 �47

Li nd nd 1�83 �0�14 2�60 �1�63 2�04 �0�78

B nd nd nd nd nd

Rb 5dl 5dl nd nd 576 �66

Sr 5dl 0�218 �0�060 nd nd 26�0 �3�2

Ba 5dl 5dl 5dl 5dl 476 �42

Ga nd nd 19�8 �1�0 115 �6 nd

Ge nd nd 0�817 �0�246 5dl nd

Sn nd nd 6�72 �0�55 5dl nd

Sb nd nd 0�120 �0�039 5dl nd

Pb nd nd 14�2 �3�3 21�5 �5�6 6�54 �2�07

U nd nd 0�039 �0�008 5dl 5dl
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quadrupole ICP-MS system coupled to a New Wave
Research UP-213 laser ablation system. Measurements
were carried out with laser energy densities of �6�5 J/cm2

and helium was used as carrier gas. All measurements
were performed on polished thin sections of 100 mm thick-
ness. In olivine, spot sizes were mostly 100 mm in diameter,
whereas spots as small as 30 mm were used for the smaller
ilmenite grains. Electron microprobe measurements of Si
for silicate minerals, Ti for ilmenite and Cr for spinel were
used as internal standards to calculate concentrations from
LA-ICP-MS data; external standards were NIST SRM 612
glass for silicate minerals and NIST SRM 610 glass for
oxide minerals (Pearce et al., 1997). US Geological Survey

(USGS) reference glass BCR-2G was measured as an
unknown after every seventh sample spot and is in agree-
ment with literature data (Table 3). Data reduction was
carried out using GLITTER version 4. Average detection
limits in olivine, ilmenite and spinel are summarized in
Table 3. Detection limits were generally higher in ilmenite
and spinel than in olivine.
Optically clean mineral separates of olivine neoblasts

and porphyroclasts were prepared for oxygen isotope mea-
surements by handpicking under a binocular microscope.
The grains were rinsed in water and ethanol, and analysed
by laser-assisted fluorination mass spectrometry at the
Department of Geology, Royal Holloway University of

Table 3: Average LA-ICP-MS detection limits (ppm) in olivine, ilmenite, spinel, phlogopite and clinopyroxene and trace

element composition of BCR-2G measured as unknown, �1s standard deviation of n measurements

Detection limits BCR-2G

olivine ilmenite spinel phlogopite this study 1s n literature

Sc 0�523 1�49 4�68 1�51 34�1 �2�8 57 32�2 1

Cr 2�91 7�57 nd nd 20�4 �10�1 57 17 2

Co 0�115 0�610 3�81 nd 38�6 �3�6 43 35�8 1

Ni 0�547 1�78 5�97 1�72 13�3 �2�0 57 11�23 1

Cu 1�05 3�34 11�2 nd 19�2 �2�8 43 18�74 3

Zn 1�53 3�97 11�7 nd 167 �25 43 163 2

Y 0�061 0�262 0�365 0�122 30�4 �2�8 49 34�3 1

La nd nd nd 0�103 24�3 �1�3 14 25�2 1

Ce nd nd nd 0�138 50�7 �2�1 30 53�0 1

Nd nd nd nd 0�378 27�7 �1�3 14 29�8 1

Ti 2�48 nd 16�0 nd 14300 �1700 57 14090 1

V 0�184 0�756 1�56 0�542 436 �31 49 419 1

Zr 0�101 0�488 0�718 0�295 164 �16 57 190 1

Nb 0�062 0�290 0�768 0�160 12�2 �1�0 57 13�32 1

Hf 0�080 0�368 0�628 0�208 4�41 �0�49 57 5�06 1

Ta 0�033 0�153 0�256 0�105 0�758 �0�137 57 0�82 1

Ca 100 244 660 267 51200 �3500 57 48600 3

Li 0�197 0�652 2�08 0�453 10�4 �1�0 41 9�67 1

B 3�35 nd nd nd

Rb 0�025 nd nd 0�400 45�2 �4�1 22 49�6 1

Sr 0�076 nd nd 0�199 321 �18 30 346 1

Ba 0�311 1�14 nd 1�91 660 �44 57 684 1

Ga 0�157 0�587 1�55 nd 39�2 �4�9 39 22�2 1

Ge nd 3�81 13�7 nd 2�26 �0�21 27 1�49 4

Sn nd 1�34 4�55 nd 2�29 �0�25 27 4�3 2

Sb nd 0�681 2�03 nd 0�446 �0�122 27 0�303 4

Pb nd 0�433 nd 0�420 11�6 �1�4 41 11�3 1

U nd 0�189 0�762 0�112 1�86 �0�20 41 1�93 1

Literature data: 1, Neumann et al. (2002); 2, Barth et al. (2001); 3, Halter et al. (2002); 4, Zack et al. (2002).
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London following the method of Mattey & Macpherson
(1993) and Mattey (1997). All values are reported as d18O
relative toVienna^Standard Mean OceanWater (Table 2).
San Carlos Olivine (SC OL) and Gore Mountain Garnet
(GMGII) were measured as standards and were reproduc-
ible within� 0�08ø (1s, n¼ 21). Replicate measure-
ments on one sample of this study yielded an external
precision of 0�12ø.
Whole-rock powders for Re/Os isotope analyses were

prepared with a corundum ring mill from representative
sample fractions that were free of vein and rim material.
Olivine separates were prepared from two samples
(GB0402 and AJE410) and analysed for Re^Os isotopes
for comparison with whole-rock powder analyses. Olivine
separates were obtained by a four-step procedure including
magnetic separation, heavy liquid separation from
the 300^500 mm grain fraction using methylene iodide
(3�3 g/cm3), and hand-picking to remove remaining oxide
grains under a binocular microscope, followed by rinsing
with water and ethanol. The olivine separates were a mix-
ture of neoblasts and porphyroclasts, because after crush-
ing the porphyroclasts broke into smaller pieces and could
not be distinguished optically from smaller neoblasts.
Re and Os analyses were carried out at the Department

of Terrestrial Magnetism, Carnegie Institution,
Washington, USA. The analyses were performed on 2 g of
whole-rock powder or 1g of olivine separate, following the
procedure of Carlson et al. (1999). The whole-rock powder
was dissolved in 3ml concentrated HCl and 6ml concen-
trated HNO3. These large quantities of acids are necessary
to avoid sample loss in the Carius tube as a result of the
high viscosity of the Si-gel produced by olivine dissolution.
Dissolutions of whole-rock powders contained no visible
grains, whereas dissolutions of olivine separates produced
residual grains that were intensely altered by the dissolu-
tion procedure. Because both sulphide and chromite are
soluble in the acids used, it is likely that these residual
grains were spinel or ilmenite formerly included in the
olivines. After extracting Re by column chemistry and Os
by extraction with CCl4 followed by microdistillation
(Carlson et al., 1999), the samples were analysed by nega-
tive thermal ionization mass spectrometry using a 15 inch
single-collector mass spectrometer for Re and a Finnigan
Triton multicollector mass spectrometer for Os.
Laboratory blanks of 2 pg Os and 1pg Re were obtained
during the course of the project.

RESULTS
Petrography and mineral chemistry
Most xenoliths studied here are fine-grained foliated rocks
(samples AJE410, DJ0267, DJ0268, DJ0269; Fig. 2a and b):
three samples (DJ0270, KP0403, GB0402; Fig. 2c and d)
contain porphyroclasts but only sample (GB0402) is por-
phyroclast-rich (55%; Table 1). The fine-grained samples

comprise olivine neoblasts (30^720 mm), with minor
amounts of acicular ilmenites (5^280 mm) oriented parallel
to the foliation, in some samples intergrown with spinel
(Fig. 3). Phlogopite occurs in three samples as small, single
crystals (750^140 mm) within the neoblast groundmass, in

(a) 2 mm

ol-nb

ilm

(b) 2 mm

(c) 2 mm

phl

ol-pc

ol-nb

2 mm

ol-pc

ol-nb

ilm+spl

phl(d)

Fig. 2. Photomicrographs of representative Fe-rich dunite xenoliths:
(a) granular, fine-grained olivine with parallel-oriented ilmenite
(DJ0269); (b) granular, fine-grained olivine (AJE410); (c) heterogra-
nular dunite with fine-grained olivine neoblasts and coarse olivine
porphyroclasts (GB0402); (d) porphyroclastic dunite with fine-
grained olivine neoblasts, coarse olivine porphyroclasts, as well as
ilmenite and spinel schlieren (KP0403). Abbreviations as inTable 1.
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cracks within porphyroclasts (Fig. 2b) or together with
ilmenite overgrowing spinel (Figs 2d and 3b). These tex-
tural features indicate that spinel is a pre-metasomatic
phase, so that the original mineralogy was a spinel-bear-
ing dunite. The olivine porphyroclasts are 3�5^1�1mm in
size with irregular margins that merge into the fine-
grained olivine neoblast groundmass (Fig. 2c and d) and
are oriented parallel to the foliation. Porphyroclasts are
intensely cracked and turbid as a result of minute inclu-
sions of oxide minerals and glass.
Porphyroclasts and neoblasts have comparable major

element compositions, with forsterite contents ranging
from 87 to 91. NiO contents are low (0�2^0�3wt %) com-
pared with olivines in typical mantle peridotites, with
porphyroclastic dunites having olivine with more variable
and lower NiO contents than olivine in fine-grained
dunites. As a result, olivines plot away from the mantle
olivine array (MOA) defined byTakahashi (1986; Fig. 4).

Both fine-grained and porphyroclastic samples contain
elongated ilmenite (average 20 mm width and 3mm to
1�5 cm length) within the olivine neoblast groundmass.
They often surround olivine and show reaction boundaries
with it. Ilmenites have an anhedral, amoeboid appearance
and are oriented parallel to the foliation (Fig. 2a and d).
KP0403 is unique in having a very high modal ilmenite
content (17 vol. %), which is accompanied by layers of
fine-grained phlogopite oriented parallel to the ilmenite
grains. In all samples, ilmenite can be divided into two
types on the basis of chemical composition (Fig. 5). Both
have similar MgO contents (10�5^12�9wt %), higher than
is typical for mantle-derived ilmenite (4�5^8�7wt %; Hills
& Haggerty, 1989; Zack & Brumm, 1998). Type I ilmenites
have higher Al2O3 (0�5^1�2 vs 0�1^0�3wt %) and Cr2O3

(6�3^9�5 vs 1�7^7�2wt %), and lower TiO2 contents
(46�5^49�0 vs 49�2^53�4wt %) than Type II ilmenites.
Type II ilmenites plot in the field defined by ilmenites
from Group I kimberlites (Wyatt et al., 2004), supporting
a secondary origin by kimberlite infiltration into the xeno-
liths. Both ilmenite types are distinct from ilmenites in
Karoo basalts (Fig. 5), which have lower Cr2O3 and MgO
contents. Textural evidence suggests that Type I ilmenite
grew at the expense of spinel (Fig. 3), explaining the ele-
vated Al2O3 and Cr2O3.
Spinels are remnant primary phases commonly showing

reaction coronas of ilmenite and occasionally also phlogo-
pite. They also occur as inclusions in ilmenite. Chemically,
they have low Mg-number [Mg/(MgþFe2þ)] of
0�36^0�50, high Cr-number [Cr/(CrþAl)] of 0�67^0�97
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Fig. 4. NiO (wt %) vs forsterite content in Fe-rich dunite olivines
compared with olivine in mantle peridotites, ophiolitic channel
dunites and Hawaiian dunite cumulates (Kaapvaal peridotite:
Carswell et al., 1979; Simon, 2004; ophiolitic channel dunite: Suhr,
1999; Koga et al., 2001; Hawaii: Clague, 1988); grey shaded field
(MOA) indicates mantle olivine array of continental peridotites after
Takahashi (1986).
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Fig. 3. Back-scattered electron images of oxide phases in Fe-rich
dunite xenoliths: (a) ilmenite intergrown with chromian spinel
(AJE410); (b) chromian spinel (light grey) surrounded by ilmenite
(darker grey), that is formed in association with fine-grained phlogo-
pite (KP0403). Abbreviations as inTable 1.
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and highTiO2 contents (4^16wt %), compared with spinel
in mantle spinel peridotites of the Kaapvaal craton
(Mg-number 0�48^0�78, Cr-number 0�27^0�88,
TiO253wt %; Carswell et al., 1979; Fig. 6). Their composi-
tions overlap with the high-Cr-number end of the
Kaapvaal peridotite array, whereas olivines lie conspicu-
ously to lower Fo, showing no overlap (Fig. 5). However,
the reaction rims around spinels indicate that spinel com-
positions may not reflect their original chemistry. Ilmenite
and phlogopite crystallize at the expense of spinel during
metasomatism, but not all the Cr from the spinel can be
incorporated into ilmenite or phlogopite, so that the

remaining spinel is enriched in Cr. The Type I ilmenites
are very rich in Cr2O3 (6�3^9�5 wt %) with high
Cr-number, so that the Cr-number of spinels may have
increased during the metasomatic reaction, but probably
only by a few per cent Cr-number (maximum 8^10%).
There is no systematic compositional difference between
spinels from fine-grained or porphyroclastic dunite
xenoliths.
Phlogopite occurring with ilmenite in the Fe-rich dunite

xenoliths has slightly lower Mg-number (0�88^0�90)
and higher TiO2 contents (1�8^3�4wt %) compared with
phlogopite in mantle peridotites (Mg-number 0�90^0�95
andTiO2 0�1^1�9wt %; Erlank et al., 1987).
All dunites are slightly serpentinized along grain mar-

gins and in cracks within olivine porphyroclasts.
Serpentine occurs with small magnetite and sulphide
minerals. Only the porphyroclastic sample GB0402 con-
tains clinopyroxene (�1%) and secondary phases such as
apatite, perovskite and calcite, which are probably intro-
duced by the kimberlite host, as they occur together with
serpentine along olivine grain margins. Overall, the
mineralogy of the Fe-rich dunite xenoliths is typical for
dunite xenoliths from the Kaapvaal Craton (e.g. Boyd &
Nixon, 1975) that are often described to contain ilmenite
and other metasomatic minerals. In contrast to the dunites
of theTanzania Craton (Lee & Rudnick, 1999), the Fe-rich
dunite xenoliths of this study are generally poor in chro-
mian spinel, and chrome diopside has not been found in
any thin sections.

Oxygen isotope compositions
Oxygen isotope ratios were analyzed to check the possibil-
ity that the dunite xenoliths could originate as ultramafic
cumulates in the lower reaches of ocean crust or oceanic
plateaux (Foley et al., 2003a, 2003b). This would mean that
the dunites and pyroxenites would be related to the eclo-
gite suite xenoliths, which commonly show oxygen isotope
values differing from mantle values (Jacob, 2004). It has
recently been shown that fluids can circulate through
cracks to very deep levels in the oceanic lithosphere and
that oxygen isotopes may be influenced at much deeper
levels than expected (Hart et al., 1999). Olivines from the
dunite xenoliths exhibit a small range of d18O values
(5�14^5�22ø; Table 2) that overlaps with the d18O
range of mantle peridotite olivine (5�18� 0�14ø;
Mattey et al., 1994). These data provide no evidence
for exchange with seawater, but do not discount an
origin as mantle samples or as cumulates from mantle-
derived melts, either continental or oceanic. Sample
GB0402 has a slightly lower d18O value than the
average for peridotitic olivine (4�83) and duplication
yielded a higher value outside the analytical uncertainty
(Table 2). This is most probably the effect of minute
chromite inclusions that are visible in the olivine
porphyroclasts. Chromite has lower oxygen isotope
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values than olivine (average spinel d18O 52�5ø;

Lowry et al., 2003) decreasing the d18O value of the

olivine.

Trace elements
Although they have Mg-number different from those of
mantle peridotites, olivines in the dunite xenoliths exhibit
similar trace element compositions (Fig. 7). The composi-
tional range within the dunite xenoliths fully overlaps for
V, Nb, Zr and Cr, whereas Ti contents extend to higher
values than found in olivines from mantle peridotites.
Ni contents in olivine porphyroclasts are lower than in
mantle peridotites, whereas those of the neoblasts overlap
with the peridotite field. Some trace element compositions
differ between porphyroclasts and neoblasts: neoblasts are
enriched in Sr, Co, Ni andTi as well as in Ca, but depleted
in Mn, Zr, Ta and Nb compared with porphyroclasts
(Table 2; Fig. 7). Olivine porphyroclasts in sample
GB0402 have rims that are closer in composition to neo-
blast compositions than the cores (Fig. 7). Olivine neoblasts
have Cr and Ni contents within the compositional range of
olivine in large igneous province basalts (Fe-rich dunite
olivine neoblasts Cr 290^160 ppm and Ni 2850^2070 ppm
compared with, for example, Etendeka olivine Cr
1200^70 ppm and Ni 4870^630; Gibson et al., 2000;
Thompson et al., 2001), whereas porphyroclasts plot to
lower values (Cr 66^35 ppm and Ni 1300 ppm; Fig. 7e).
Trace element patterns of ilmenites are compared with

those of ilmenite megacrysts from kimberlites (grey field)
and mantle-derived ilmenites (black field) in Fig. 8a.
Ilmenite incorporates predominantly high field strength
elements (HFSE) and Sc (Zack & Brumm, 1998).
Compared with mantle-derived ilmenites, both types of
ilmenite in the dunite xenoliths are strongly enriched in
Cr. Type I ilmenites are more enriched in Cr and Ga,
consistent with their growth at the expense of chromian
spinel. Additionally, they are enriched in Sc and V, but
depleted in Y, Cu and Zn. Both Type I and II ilmenites
are characterized by higher Ni at comparable Cr than
megacrystic ilmenites that are interpreted to be the
cumulates of kimberlitic melts (e.g. Nowell et al., 2004).
Spinels (Fig. 8b) have lower HFSE and higher Zn, Cr and
Ga contents than ilmenite. Their HFSE concentrations are
higher than those in spinels in abyssal peridotite xenoliths
(Gre¤ goire et al., 2000, 2001; Moine et al., 2001), whereas
the Cr contents are similar. The former may indicate
overprinting by the HFSE-enriched melt or fluid from
which the ilmenite crystallized.
Phlogopites have trace element compositions typical of

metasomatic phlogopite in mantle peridotites (Gre¤ goire
et al., 2002; van Achterbergh, 2004) with high Ba, Rb,
Nb, Ta and Ti and low Ni, V, Zr, Hf, Sr, Pb and Th
contents (Table 2).

Re^Os isotope systematics
The Os concentrations and isotope compositions of most
dunite xenoliths are readily distinguished from those of
mantle peridotites (Fig. 9). Whole-rocks have similar
Re contents to Kaapvaal mantle peridotites (mostly
50�4 ppb, Fig. 9; Table 4), but on average lower Os contents
(mostly51ppb in Fe-rich dunites, �4 ppb in mantle peri-
dotites). The one exception is sample GB0402, which has
the high Os concentration typical of cratonic peridotites.
South African kimberlites have a wider range in Re
content (0�02^0�7 ppb with a mean 0�3�0�2 ppb;
Pearson et al., 1995a) than the Fe-rich dunites and a similar
range in Os content (0�7^3�1ppb with a mean
1�3�0�8 ppb). The 187Os/188Os ratios of most Fe-rich
dunites calculated back to the age of kimberlite eruption
at 86Ma (Table 4) have a wide range and are more radio-
genic than Kaapvaal mantle peridotites (gOs from �12 to
14 in dunite xenoliths vs �18 to 3 with most below �12 in
mantle peridotites; Fig. 9e;Walker et al.,1989; Pearson et al.,
1995b; Carlson et al., 1999; Menzies et al., 1999; Irvine et al.,
2001; Meisel et al., 2001; Carlson & Moore, 2004; Simon,
2004). Again, sample GB0402 is exceptional, showing the
lowest 187Os/188Os of the dunites. In contrast, kimberlite
has gOs of �10 to 7 (Pearson et al., 1995a), which is higher
than Kaapvaal mantle peridotites, but not as high as the
most extreme values for Fe-rich dunites. The olivine sepa-
rate analyzed from GB0402 is distinguished from the
whole-rock by lower Re, but higher Os concentrations
(30%) with a slightly lower 187Os/188Os ratio (0�1134 vs
0�1144, respectively). In contrast, the olivine from sample
AJE410 has dramatically lower Re and Os concentrations
and 187Os/188Os ratio compared with the whole-rock.
The tie-line connecting the Re/Os and Os isotope ratios
of the olivine and whole-rock analysis from AJE410
(not shown) corresponds to an apparent ‘age’ in excess
of 8Ga. This must reflect the presence of an extraneous
component introduced into the whole-rock that did not
reach chemical and isotopic equilibrium with the constitu-
ent minerals. Along with AJE410, the ilmenite-rich sample
KP0403 is the only other dunite to have an age-corrected
187Os/188Os ratio higher than the model primitive mantle.
Overall, the samples show little or no correlation between
Re/Os and Os isotope composition.

DISCUSS ION
Metasomatic overprint
A fundamental problem frequently discussed for mantle
peridotites from the Kaapvaal craton is the degree of
metasomatic overprinting (Konzett et al., 2000; Gre¤ goire
et al., 2003). Kimberley is a particularly well-studied
locality for mantle metasomatism (Erlank et al., 1987;
Simon et al., 2007): mantle peridotite xenoliths retrieved
from kimberlites of the Kimberley cluster are strongly
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metasomatized, resulting in enrichment of the rocks inTi,
Fe, K, light rare earth elements (LREE) and other large
ion lithophile elements (LILE) (Menzies et al., 1987). This
metasomatic overprint can change the chemical composi-
tion of the primary minerals (cryptic metasomatism;
Dawson, 1984) and, at higher degrees of metasomatism,
change the modal composition of a rock (modal metaso-
matism; Harte, 1983) by adding phlogopite and amphibole
(e.g. Carswell, 1975; Winterburn et al., 1990), ilmenite and

rutile (Mitchell, 1973; Harte et al., 1987), and/or pyroxene
and garnet (e.g. Hawkesworth et al., 1990; Simon et al.,
2002, 2003; Gre¤ goire et al., 2003) that grow at the expense
of the primary minerals.
The exact composition of these metasomatizing agents is

highly debated, as is their nature (melt or fluid) and the
timing of metasomatism (Erlank et al., 1987). Often a com-
bination of metasomatic fluids and melts of different com-
positions are proposed, resulting from fractionation of the
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original metasomatizing agent (Dawson & Smith, 1977;
Stachel et al., 1998; Moine et al., 2001) or from different epi-
sodes of metasomatism (Dawson, 1984; Carlson et al., 1999;
Griffin et al., 2003). In the case of the Kimberley kimberlite
cluster, a range of metasomatizing processes related to late
Archaean subduction (Griffin et al.,1999; Simon et al., 2003,
2007; Schmitz et al., 2004; van Achterbergh, 2004),
Mesozoic Karoo basalt magmatism (Erlank et al., 1980;
Hawkesworth et al., 1990; Griffin et al., 2003), and later
Cretaceous kimberlite events (Dawson, 1987; Konzett
et al., 2000; Gre¤ goire et al., 2003; Simon et al., 2003, 2007)
have been suggested.
Kimberlite infiltration leads to enrichment in incompa-

tible trace elements and MgO in the whole-rock.
Additionally, post-emplacement weathering and reaction

with percolating groundwater results in serpentinitization
of olivine rims (average 10 vol. % serpentine in the Fe-rich
dunite xenoliths). The analysis of unmetasomatized pri-
mary minerals for major and trace elements often helps to
see through the metasomatic overprint and the effect of
kimberlite infiltration (Barth et al., 2001). In the Fe-rich
dunite xenoliths, secondary minerals that are not related
to near-surface alteration, such as ilmenite and phlogopite,
make up only 1^2�5% of the whole-rock (Table 1), which is
much less than typical for metasomatized peridotite xeno-
liths from the same area (Erlank et al., 1987), so that thor-
ough modification of all trace elements in the remaining
98% of the rock is unlikely.
Metasomatic phases are ilmenite, which occurs in all

samples and replaces chromite, and phlogopite, which has
been found in three samples. In contrast, serpentine is
related to weathering of the kimberlite. The elevated TiO2

contents in chromite and phlogopite and the metasomatic
nature of ilmenite and phlogopite in the Fe-rich dunites
document both a modal as well as cryptic metasomatic
overprint. If all ilmenites replace spinel, most dunite xeno-
liths would have had �1% primary spinel, probably with
slightly lower Cr-number than analyzed. The high modal
content of olivine argues that its uniform Mg-number is
unlikely to result from metasomatic alteration from an ori-
ginally higher Mg-number.The highTi contents in olivine,
however, might indicate cryptic metasomatism by equili-
bration with aTi-rich percolating melt (not the host kim-
berlite, as it is low inTiO2; Le Roex et al., 2003).
The timing of the metasomatism is difficult to

constrain, but it must have taken place before kimberlite
entrainment. Type I ilmenites probably crystallized
from a Ti- and Fe-rich melt as commonly proposed to
cause Fe^Ti-rich metasomatism in peridotites of the
Kaapvaal Craton. Their Cr-rich composition and distinc-
tion in trace elements from megacrystic ilmenites (Fig. 8a)
may be due to the involvement of spinel in their formation.
In contrast, the lower Cr, V and Sc contents of Type II
ilmenites may be explained by a similar origin from
Fe^Ti-rich melts, but lacking reaction with pre-existing
spinel. Konzett et al. (2000) demonstrated that zircons in
MARID xenoliths from this area crystallized immediately
before kimberlite eruption. Despite their contrasting
mineralogy, MARID xenoliths may be related to the meta-
somatic reactions in peridotite described by Erlank et al.
(1987), as these also produce K-richterite as an end-product.
The metasomatism experienced by the dunite xenoliths is
possibly related to this event.The deformation documented
by foliation along which olivine porphyroclasts and ilme-
nites are aligned, and which led to recrystallization of the
olivines as neoblasts, is temporally related to the metaso-
matism.This is indicated by zonation of the porphyroclasts
towards compositions of neoblasts, which are themselves
recrystallized during the deformation.
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Fig. 8. Chondrite-normalized (McDonough & Sun, 1995) trace
element pattern of average oxide compositions in Fe-rich dunite
xenoliths: (a) ilmenites: Type I ilmenite (�) and Type II ilmenite (�)
are plotted together with mantle-derived ilmenites in eclogites and
garnet pyroxenites (black field; Zack & Brumm, 1998; Barth et al.,
2002) and megacryst ilmenite from South African kimberlites and
the Grib kimberlite (grey field; Kostrovitsky et al., 2004,
and references therein); (b) spinel in paragenesis with ilmenite is com-
pared with spinel from abyssal peridotites (grey field) (Gre¤ goire et al.,
2000, 2001; Moine et al., 2001).
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Origin of the dunite xenolithsçresidual
mantle, cumulates, or reaction channels
Possible origins for the dunite xenoliths include: (1) residua
of peridotite melting in the mantle after removal of a
high melt fraction and elimination of clinopyroxene and
othropyroxene; (2) reaction products produced by removal
of pyroxenes during reaction with percolating melts, as

has been described from ophiolites (Kelemen et al., 1992);
(3) liquidus cumulates from picritic melts that crystallized
in the upper mantle or crust, probably along the walls of
cracks through which the melt moved.We restrict ourselves
in this discussion to the chemical features that pre-date
metasomatism. The texture of the dunite xenoliths is asso-
ciated with the metasomatic event, probably immediately
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before eruption of the kimberlite, and consequently pro-
vides little information on the processes responsible for
initial dunite formation.

Are dunite xenoliths residual after high degrees of
melting of peridotite?

The following geochemical features of the dunite xenolith
samples contradict an origin as metasomatized mantle
peridotites that had previously experienced extensive melt
removal. These are: (1) olivine neoblasts that have lower
forsterite contents (Fo87^89) than would be expected for a
restitic dunite (Fo93^95; Gurney & Harte, 1980); advocating
later lowering of the Mg-number by Fe^Ti metasomatism
is unreasonable, as this process would need to homogenize
98% of the rock and none of the original Os isotope signal
would survive; (2) low Ni contents compared with typical
mantle peridotites (Fig 4), which could be expected to
be even higher after substantial melt loss because of the
high DNi for olivine^melt pairs (Hart & Davis, 1978); (3)
the range in gOs (86Ma) of �12 to 14 is large compared
with mantle xenoliths from the Kaapvaal craton, which
have gOs (86Ma) mostly below �12 (Fig. 9e). The main
carrier phases of Os in the mantle are sulphides and
alloys, which break down during mantle melting. Hence,
although these signatures could be interpreted to reflect
melt extraction exceeding the point of sulphide or alloy
breakdown, the Re/Os ratios of all dunites except GB0402

are higher than those of primitive mantle, which implies
interaction with a high Re/Os ratio melt, such as basalt
or kimberlite. The Re^Os data thus provide a strong
argument that the majority of the Fe-rich dunites
are not simply residua of extensive melt extraction in the
Archaean, the explanation commonly applied to the
origin of Kaapvaal harzburgites and lherzolites. The high
Cr-number of spinels could be taken to be evidence for
a restitic origin (Kurat et al., 1980), but these compositions
might not be a true reflection of the original composition
of the spinels as a result of metasomatic interaction.
Furthermore, on account of their high TiO2, these spinels
are not similar to Cr^Al spinels typical of peridotites.
There are few trace element analyses of olivine in

peridotites available for a systematic comparison to the
trace element data reported here, so that the field for
‘mantle peridotites’ in Fig. 7 should be treated with some
caution until more analyses are available. Some pointers
can nevertheless be found: if the dunites originate as resi-
dua after high degrees of melt loss from peridotite, then
the major and trace element compositions of their olivines
must correspond to clinopyroxene-undersaturated condi-
tions. Foley et al. (2006) studied trace elements in olivines
from Antarctica and described differences between
rocks saturated in clinoyproxene (lherzolite) and those
that were not. Apart from the expected low Ca contents,
olivines from the harzburgitic population have lower

Table 4: Re and Os isotope composition of Fe-rich dunite whole-rock samples and olivine separates

Sample: AJE410 AJE410 DJ0267 DJ0268 DJ0269 DJ0270 GB0402 GB0402 KP0403

Comment: WR olivine WR WR WR WR WR olivine WR

Re (ppb) 0�01720 0�00760 0�16840 0�10420 0�22240 0�10590 0�01110 0�00800 0�31540

Os (ppb) 0�12410 0�06770 0�91330 0�06400 0�04450 0�09560 3�38050 4�32910 0�68210

187Re/188Os 0�67180 0�53870 0�88890 7�83750 24�10740 5�33450 0�01590 0�00890 2�23330

2s error 0�01980 0�07850 0�00320 0�07190 0�27620 0�03760 0�00070 0�00120 0�00420

187Os/188Os 0�14790 0�13470 0�12590 0�13370 0�15160 0�12660 0�11440 0�11340 0�14380

2s error 0�00011 0�00067 0�00003 0�00032 0�00027 0�00026 0�00001 0�00002 0�00002

187Os/188Os (86) 0�14694 0�13393 0�12463 0�12246 0�11704 0�11895 0�11438 0�11339 0�14060

gOs (86) 13�93 3�84 �3�37 �5�05 �9�26 �7�77 �11�32 �12�09 9�01

187Os/188Os (183) 0�14585 0�13306 0�12319 0�10977 0�07789 0�11031 0�11435 0�11337 0�13698

gOs (183) 13�70 3�73 �3�96 �14�42 �39�20 �14�00 �10�85 �11�61 6�79

TRD (Ga) �2�44 �0�60 0�68 0�98 1�71 1�45 2�06 2�19 �1�54

2s error 0�21 0�24 0�11 0�14 0�12 0�12 0�07 0�07 0�17

TMA (Ga) 4�47 2�89 �0�49 0�03 0�05 �0�04 2�14 2�24 0�47

2s error 0�33 1�25 �0�13 �0�004 0�001 �0�01 0�07 0�06 �0�02

WR, whole-rock. Re-depletion ages (TRD), model ages (TMA) and gOs were calculated according to Walker et al. (1989),
using present-day Bulk Silicate Earth (BSE) values of 187Os/188OsBSE¼ 0�1296 and 187Re/188OsBSE¼ 0�4353 (Meisel et al.,
2001). The 187Os/188Os(t) and gOs(t) ratios are age-corrected to a mean Kimberley kimberlite eruption age of 86� 3Ma
and a Karoo eruption age of 183� 1Ma.
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Ti (535 ppm, mostly 510 ppm), V (52 ppm), Cr
(560 ppm) and Zn (average 20 ppm) concentrations than
those from the lherzolitic population. Olivines in the
dunite xenoliths from Kimberley have concentrations
of these elements that are much higher than in the
Antarctic harzburgites and correspond more closely to the
lherzolitic population. There is thus no indication that the
olivines originated as components of strongly depleted
members of the peridotite suite.

Do dunite xenoliths correspond to reaction products
between peridotite and percolating melts?

Many descriptions of dunites in the mantle sections of
ophiolites attribute their formation to a reaction process
resulting in removal of orthopyroxene by reaction with
percolating melts (Kelemen et al., 1992; Suhr et al., 1998).
Several points can be used to argue against such an origin
for the Fe-rich dunite xenoliths at Kimberley.

(1) Olivines in ophiolitic dunite channels have
Mg-number and Mg^Ni characteristics within the
mantle array, similar to Kaapvaal mantle peridotites
(Fig. 4).

(2) The Re^Os signal should reflect the in situ budget
of peridotitic material diluted by the signal from the
percolating melt. In the mantle sections of ophiolite
complexes, harzburgite has higher Os, but lower
Re contents than dunite channels and the initial
Os isotope ratio of harzburgite is more unradiogenic
than that of the dunites (Bu« chl et al., 2002; Hangh�j
et al., 2004). The Kaapvaal dunite xenoliths have
similar to slightly less radiogenic initial Os isotope
composition compared with ophiolitic dunites
(0�1144^0�1469 vs 0�1245^0�1477, respectively), whereas
the Re and Os contents of the dunite xenoliths are
lower than in ophiolitic channel dunites (0�1�0�1ppb
Re and mostly51ppb Os). Becker et al. (2006) calcu-
lated that melt/rock ratios up to 400 were required to
remove 50^70% of the osmium from a peridotite
by this process. Reduction of Os contents from the
3�5^5�5 ppb Os typical of peridotite (Becker et al.,
2006) to51ppb in Kimberley dunite olivines requires
unrealistically high melt/rock ratios (Becker et al.,
2001; Hangh�j et al., 2004).

(3) The reaction channel mechanism is documented
for low-pressure oceanic lithosphere settings in
which low-SiO2 melts react with peridotite as a result
of the pressure contrast between the depth of origin of
the melt and the reaction location. In the case of the
dunite xenoliths from Kimberley, formation of dunite
in reaction channels would occur within the thick
continental lithosphere, where this pressure contrast
is unlikely to be so great.

(4) Dunite xenoliths from ocean island basalts
(e.g. Hawaii, Kerguelen) have olivine with lower

forsterite contents and similar major element and
transitional metal element compositions to olivine
neoblasts in the dunite xenoliths from Kimberley
(Gre¤ goire et al., 2000; Moine et al., 2001). These
xenoliths have been ascribed either to crystallization
in conduits of the ascending basaltic magma
(Kerguelen; Gre¤ goire et al., 2000) or to accumulation
in magma chambers (Hawaiian dunites; Clague,1988;
Clague & Bohrson, 1991; Gaffney, 2002). However,
trace element analyses of these dunite xenoliths are
not available, so that a thorough assessment of simila-
rities to and differences from the Kimberley dunites
cannot be made.

Are dunite xenoliths liquidus cumulates of Karoo
picrite^basalt?

An origin of Kimberley dunite xenoliths as cumulates is
compatible with the similarity of the olivine compositions
to olivine megacrysts in Karoo picrites (Fo82^92) and in
kimberlites (Fo80^88), both of which are believed to be of
cumulate origin (Boyd, 1974; Cox & Jamieson, 1974;
Dawson et al., 1981; Schulze, 1987; Nowell et al., 2004).
Chromites with Cr-number up to 0�74, at the lower end
of the range for spinel in the dunite xenoliths (0�67^0�97),
are known from Karoo basalts and are interpreted as
cumulate minerals (Eales, 1979). Furthermore, they have
high TiO2 contents of 0�4^9�2wt %, offering an explana-
tion for the high TiO2 content of spinel in the Fe-rich
dunites. The Re and Os isotope compositions of the most
Fe-rich dunite xenoliths have similar Os evolution trends
to the Karoo basalts (Fig. 10; Ellam et al., 1992), yielding
Re/Os ages of 30Ma to 1�5Ga (Table 4), which overlap
with Re/Os ages obtained for Karoo basalts (Duncan
et al., 1997). Although apparently at odds with an origin
as cumulates, sheared textures have been described
for megacrysts from kimberlites that are also interpreted
as cumulates. This kind of deformation in kimberlite
megacrysts has been attributed to deformation within the
thermal aureole of the host kimberlite (Moore &
Belousova, 2005).
Several lines of evidence suggest that the olivine

porphyroclasts may be remnants of much earlier (probably
Archaean) cumulate wall rocks, which were incorporated
into, or strongly interacted with, the melt from which
the olivine neoblasts crystallized. Compared with olivine
neoblasts, the porphyroclasts have slightly higher forsterite
contents (Fo87^91) and different trace element compositions
(Fig. 7). The observation of slight chemical variation
towards neoblast composition from porphyroclast core
to rim in sample GB0402 (Table 2, Fig. 7) indicates
progressive equilibration between the magma and
the incorporated wall-rock. Sample DJ0270 has olivine
porphyroclasts with V and Nb concentrations that
plot within the compositional field of olivine in mantle
peridotites. However, the low Ni content of olivine
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porphyroclasts (1300 ppm) precludes an origin for the
porphyroclasts as peridotitic olivines. The porphyroclasts
with low Ni contents are best explained as liquidus crystal-
lization products from a slightly fractionated Mg-rich
melt, and thus also as cumulates from a magmatic event.
However, the Re^Os isotope data require that this
‘porphyroclast event’ occurred much earlier, possibly
during Archaean times. Such an Archaean event might
correspond to the Ventersdorp magmatism, whose surface
expression comprises basaltic komatiites, basalts,
basaltic andesites, andesites and felsic volcanic rocks
(Crow & Condie, 1988). The lower Ca content of olivine
porphyroclasts compared with olivine neoblasts indicates
that the olivine porphyroclasts crystallized at slightly
higher pressures (Ko« hler & Brey, 1990). This may indicate
incorporation of the older porphyroclast cumulate
component from lower lithospheric levels during ascent of
the Karoo magma and crystallization of olivine neoblasts
at higher levels.
The Os isotope compositions place some constraints

on the origin of the high Re/Os ratio of the majority of
the Fe-rich dunites. Using the measured Re/Os ratios of
the samples and correcting back to the eruption age of the
host kimberlite (86Ma), the Os isotope composition of
the dunites ranges from significantly higher than estimates
for primitive mantle [i.e. samples AJE410 and KP0403
with gOs (86Ma) between þ4 and þ14] through values
slightly lower than primitive mantle [samples DJ0267,
DJ0268, DJ0269 and DJ0270 with gOs (86Ma)¼�3 to
�9], to sample GB0402 with an Os isotope composition
approaching that typical for Kaapvaal peridotites
(�12�5�0�2; Fig. 9e). If corrected back to the �183Ma
eruption age of the Karoo basalts (Duncan et al., 1997),
however, samples DJ0268 and DJ0270 would have Os
isotope compositions within the range of most Kaapvaal
peridotites, whereas sample DJ0269, with the highest

Re/Os of the dataset, would have unrealistically low
187Os/188Os ratio, below that of the initial 187Os/188Os of
the Earth (Fig. 9f; Table 4). Clearly, for samples DJ0268,
DJ0269 and DJ0270, the high Re/Os ratio must be a fairly
recent (i.e. Phanerozoic) phenomenon. If the dunites
formed during the Karoo event and their Re/Os ratios
were not significantly perturbed by infiltration by the host
kimberlite, then the low 187Os/188Os at 183Ma of samples
DJ0268, DJ0270 and GB0402, are compatible with the sug-
gestion that the dunites formed from interaction between
Karoo melts and pre-existing ancient lithosphere.
Sample GB0402 has the lowest Re/Os and 187Os/188Os of
all Fe-rich dunites, suggesting that the bulk of the Os is
derived from an Archaean source consistent with the
high modal abundance of porphyroclastic olivine. Hence,
although most samples seem to have originated from
Phanerozoic (Karoo) magmas, the preserved porphy-
roclasts and the Re^Os isotope systematics of
samples DJ0268, DJ0270 and GB0402 show evidence
for incorporation of Archaean (possibly Ventersdorp)
cumulate material, which may indicate reactivation of old
melt channels.
The unrealistically low 187Os/188Os calculated for sample

DJ0269 at 183Ma, however, indicates modification of the
Re^Os system more recently than Karoo volcanism,
and the likely candidate here is infiltration of the xenoliths
by their host kimberlite. The significant difference in Os
isotope composition between the olivine separate and
whole-rock for sample AJE410, and the presence of ilmenite
in KP0403 with similar Os isotope characteristics to
AJE410, provide additional evidence that interaction
with the host kimberlite indeed played a role in modifying
the composition of these three dunites.

Picrite fractionation and dunite
crystallization conditions
From the above discussion, an origin of most dunite
xenoliths as metasomatically modified and deformed
liquidus cumulates from picrite^basalt melts of the
Karoo period appears most likely. To further evaluate
this hypothesis, we calculated the parental magma
compositions for olivines in the dunites and compared
them with primitive basalt compositions from the southern
low-Ti Karoo basalt province (Fig. 1) from which the
dunites may have crystallized. This hypothetical parental
magma is calculated from the olivine composition, using
published crystal^melt partition ðDol

liq ¼ Xol
element=X

liq
elementÞ

and distribution coefficients ½KD ¼ ðXol
oxide1=X

ol
oxide2Þ=

ðX
liq
oxide1=X

liq
oxide2Þ	. The olivine compositions were assumed

to represent pre-metasomatic chemistry (i.e. Mg-number
was not lowered during metasomatism): the Mg-numbers
calculated for coexisting melts are thus minimum values.
The olivine neoblasts have FeO/MgO ratios of 0�22^0�27,
corresponding to a coexisting melt composition with FeO/
MgO of 0�69^0�89 using a KD of 0�30 (Roeder & Emslie,
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1970), and lie within the lower part of the FeO/MgO range
of primitive low-Ti Karoo basalt (0�39^2�38; Cox et al.,
1967; Cox 1983; Marsh et al., 1997). Olivine porphyroclasts
have FeO/MgO ratios of 0�18^0�27, corresponding to FeO/
MgO ratio of the coexisting melt of 0�58^0�88. The paren-
tal melts calculated for olivine porphyroclasts have lower
FeO/MgO ratios than for the coexisting olivine neoblasts,
indicating a higher MgO content (Table 5), which is con-
sistent with the basal section of the Ventersdorp
Klipriviersberg Group comprising high-Mg and komatiitic
rocks progressing to later tholeiitic basalts (e.g. Crow &
Condie, 1988; Eriksson et al., 2002). This is consistent with
the interpretation that the olivine porphyroclasts are rem-
nants of an initially more magnesian, but slightly fractio-
nated melt, explaining their lower Ni contents. Following
the procedure of Eales & Marsh (1979), and using a total
iron content (as Fe2O3

�) of 11�6wt % (average low-Ti
Karoo basalt) and a Fe2O3/FeO ratio of 0�20 (Brooks,
1976) we recalculated the iron and magnesium content of
the parental melt of the olivine neoblasts and porphyro-
clasts (Table 5). The most primitive olivine neoblasts have
a parental melt composition with Fe2O3 2�1wt %, FeO
10�5wt % and MgO 15�3wt %. Additionally, it is
possible to calculate concentrations of SiO2, CaO, NiO,
MnO, Cr2O3, Al2O3 and TiO2 in the parental melt using
experimental and naturally determined olivine^basalt
melt partition coefficients. The predicted TiO2 content of
the parental magmas is 0�7^2�4wt % and lies within
the TiO2 range of primitive low-Ti Karoo basalts
(0�4^2�4wt %). The calculated parental magma composi-
tion lies within the range of primitive low-Ti Karoo basalt
composition for all major elements (Table 5). This

observation, together with the high MgO content of the
parental magma, supports the interpretation that the Fe-
rich dunites are cumulates from low-Ti Karoo picrites
that erupted in the same area in Jurassic times (Fig. 1).
To test this hypothesis and to reproduce the Fe-rich

dunite olivine composition, we modelled the fractional
crystallization of the calculated parental picrite melt of
the most primitive olivine neoblast with pMELTS
(Ghiorso & Hirschmann, 1998), which uses the same
olivine^melt FeO^MgO distribution coefficient of 0�30
used in calculating the parental magma composition
(Ghiorso & Sack, 1995). Fractional crystallization was
modelled isobarically (10 kbar) in temperature intervals of
18C, beginning at the liquidus calculated by pMELTS
(�14008C). Because Karoo basalts are hydrous, with
water contents of 0�5^2�6wt % (Eales & Marsh, 1979) oli-
vine fractionation was modelled under hydrous conditions
(2% water).This yielded 15% olivine fractionation and led
towards more tholeiitic melt compositions. Subsequently,
spinel and clinopyroxene crystallize from the melt. The
modelled fractional crystallization shows similar oxide
variation to that seen in the primitive basalts of low-Ti
Karoo basalts (Table 5) and other large igneous provinces
worldwide. At similar forsterite contents, olivine fractio-
nating from the parental melt in equilibrium with the
most primitive olivine porphyroclasts has lower NiO (0�1^
0�2wt %), MnO (0�2 wt %) and CaO (0�3wt %) contents
than olivine from the neoblast parental melt, which agrees
well with the composition of the olivine porphyroclasts.
The NiO content of the modelled olivine overlaps with
the composition of olivine in the Fe-rich dunite xenoliths
(NiO 0�3^0�8wt %), whereas MnO and CaO are slightly

Table 5: Parental magma composition (wt %) calculated from olivine trace element compositions inTable 2 and literature

partition coefficients Dol/liq, compared with primitive low-Ti Karoo basalts

Sample: AJE410 DJ0267 DJ0268 DJ0269 DJ0270 DJ0270 GB0402 GB0402 KP0403 KP0403 Karoo Dol/liq

nb nb nb nb pc nb pc nb pc nb range ref.

FeO/MgO 0�89 0�83 0�83 0�69 0�58 0�72 0�88 0�89 0�82 0�84 0�46–2�40 1

MgO 11�84 12�67 12�90 14�43 18�00 14�68 11�92 11�75 12�78 12�53 4�70–31�49 1

SiO2 43�62 43�81 44�85 43�75 44�00 43�56 44�57 44�49 44�25 44�39 42�46–53�80 2

TiO2 0�89 0�80 2�22 2�36 1�32 1�88 0�82 1�48 0�72 1�30 0�41–2�40 3

Al2O3 3�73 1�58 7�73 – 2�08 7�00 – – – – 5�97–16�49 4

CaO 6�06 – 7�39 7�63 3�69 6�37 4�86 8�42 17�38 10�80 4�36–12�60 5

Cr2O3 0�11 0�09 0�13 0�14 0�04 0�13 0�03 0�14 0�02 0�16 – 6

MnO 0�07 0�07 0�09 0�12 0�07 0�07 0�18 0�13 0�11 0�09 0�15–0�25 7

NiO 0�03 0�04 0�04 0�06 0�04 0�04 0�02 0�05 0�02 0�05 – 8

Abbreviations as in Tables 1 and 2. Primitive low-Ti Karoo basalts from Cox et al. (1967), Eales & Marsh (1979) and Cox
(1983, 1988). References for partition coefficients: 1, Roeder & Emslie (1970); 2, Beattie et al. (1991); 3, Bédard (2005);
4, Colson et al. (1988); 5, Higuchi & Nagasawa (1969); 6, Ohtani et al. (1989); 7, Dunn (1987); 8, Hart & Davis (1978).
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overestimated (0�5 and 0�3^0�4wt %, respectively).
The calculated parental melt of the most primitive olivine
porphyroclasts has lower Al2O3, TiO2 and CaO and
higher SiO2 fractionation trends (modelled hydrous,
at 10 kbar with pMELTS). This is similar to the composi-
tion of Ventersdorp volcanic rocks, which also have
higher SiO2 and lower Al2O3, TiO2 and CaO contents
than low-Ti Karoo basalts (Crow & Condie, 1988; Marsh
et al., 1989).

CONCLUSIONS
Fine-grained Fe-rich dunite xenoliths from South African
kimberlites have minerals with major and trace element
compositions differing from those in mantle peridotites.
Their low forsterite and NiO contents as well as low
Os content and high Re/Os and 187Os/188Os ratios contra-
dict an origin as restite after melting of peridotite, but
are strong evidence for an origin as recrystallized mag-
matic cumulates. Modelling of fractional crystallization
from estimated parental magma composition with
pMELTS yields up to 15% olivine fractionation followed
by spinel and clinopyroxene crystallization, which drives
the melt compositions towards tholeiitic compositions.
The composition of the fractionating olivine is similar to
that of olivine in the Fe-rich dunites. Modelled element
fractionation trends successfully reproduce the composi-
tional variation of large igneous province basalts. In con-
trast, olivine porphyroclasts have higher Fo and lower
NiO contents than olivine neoblasts, showing that these
are remnants of cumulates from different, much earlier
magmatic episodes. Re^Os isotope systematics indicate an
Archaean age for these porphyroclasts. The petrogenetic
history of the Fe-rich dunites can be summarized as
follows.

(1) �2�7Ga: fractional crystallization and accumulation
of olivine from an Archaean (probably Ventersdorp)
komatiite^picrite melt, indicated by low 187Os/188Os
at 183Ma, and now present as olivine porphyroclasts.

(2) 183Ma: Karoo magmatism results in formation of
olivine cumulates carrying the Re^Os signature
of low-Os melts at this time. Abundant olivine crystal-
lization, now represented by the neoblast population,
is accompanied by minor spinel crystallization
(1^2%). The rare porphyroclasts in the dunites are
incorporated from event (1) torn out by reactivation
of Archaean veins.

(3) �90^86Ma: metasomatic overprinting of the dunites,
resulting in reaction of spinel to form Type I ilmeni-
te�phlogopite, and readjustment of the Re^Os
system. Deformation occurred at about the same
time, resulting in growth of neoblasts and elimination
of earlier textures. Only the largest porphyroclasts
remain intact from earlier episodes. This event

corresponds to the zircon ages in MARID xenoliths
from the same area (Konzett et al., 2000).

(4) 86Ma: incorporation into the kimberlite melt.
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