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Eclogite xenolith varieties at Kaalvallei include accessory-free

bimineralic xenoliths, diamond-bearing eclogite, corundum-bearing

eclogite, garnet-websterite, alkremite and spinel-bearing eclogite. The

xenoliths can be accurately classified into previously defined Group I

and Group II varieties on both petrographic and geochemical prin-

ciples. Kaalvallei Group I eclogites (including diamond-bearing

eclogite) are considered to derive from a heterogeneous protolith.

Eclogite genesis might have been by residue formation associated

with the dehydration and partial melting of a protolith consisting

of variably mixed, subducted ocean floor basalt and sediment.

Kaalvallei Group II eclogite xenoliths are likely to have formed

through crystallization of small-volume melts within conduits in

old, enriched subcontinental lithosphere. Kaalvallei websterite xeno-

liths might be petrogenetically related to Group II xenoliths. Isotopic

data for Kaalvallei corundum-bearing eclogite and alkremite

xenoliths do not provide constraints on petrogenesis. Spinel-bearing

eclogite xenoliths are ultradepleted in virtually all trace elements,

with very low light rare earth element contents, relatively high heavy

rare earth element concentrations, extreme 87Sr/86Sr (�0�915) and
extreme 143Nd/144Nd (0�517) isotopic compositions. These xeno-
liths are considered to be the residues of a partial melting event.

KEYWORDS: eclogite xenoliths; trace elements; REE; isotopic composition;

diamonds

INTRODUCTION

Eclogites are coarse-grained rocks comprising clinopyr-
oxene and garnet.When present as xenoliths in kimberlite
they usually represent portions of the upper mantle that
have been transported to the surface of the Earth. Some
eclogites are now recognized as an important source rock
of diamond, as evidenced by the occurrence of accessory
diamond in many eclogite xenoliths (Dawson & Carswell,
1990) as well as the presence of eclogitic mineral inclu-
sions in diamond (Meyer, 1987). These fragments of the
Earth’s mantle form a significant proportion of the mantle
xenolith suite of many kimberlites and have been studied
at numerous xenolith localities in areas such as west
Africa (e.g. Hills & Haggerty, 1989; Fung & Haggerty,
1995; Barth et al., 2001, 2002; Jacob, 2004), southern
Africa (e.g. Schulze & Helmstaedt, 1988; Shervais et al.,
1988; Caporuscio & Smyth, 1990; Gurney et al., 1991a;
O’Reilly & Griffin, 1995; Harte & Kirkley, 1997; Pyle &
Haggerty, 1998; Schulze et al., 2000; Jacob et al., 2003;
Jacob, 2004; Schmickler et al., 2004), Siberia (e.g. Jerde
et al., 1993a, 1993b; Jacob et al., 1994; Snyder et al., 1995,
1997; Beard et al., 1996; Jacob & Foley, 1999; Taylor et al.,
2003; Jacob, 2004) and Canada (e.g. Griffin et al., 1999;
Pearson et al., 1999; Heaman et al., 2002; Jacob, 2004).
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A classification scheme based on the texture of eclogites
was first used by MacGregor & Carter (1970) in a study
of xenoliths from the Roberts Victor kimberlite in South
Africa. They recognized two groups: Group I in which
subhedral or rounded garnets are set in an interstitial
matrix of clinopyroxene, with occasional clinopyroxene
poikilitically enclosing rounded garnet; and Group II,
consisting of anhedral, sometimes elongate, straight-
edged garnet and pyroxene that have an interlocking
fabric. A further classification, linking textural and chem-
ical criteria, is based on the Na2O content of garnet
and the K2O content of clinopyroxene. In a study of
Roberts Victor eclogites that have unambiguous Group
I or Group II textures, McCandless & Gurney (1989)
found that most (81%) of Group I garnet contains
>0�09 wt % Na2O, whereas 89% of the Group II garnet
has <0�09 wt % Na2O. For K2O in clinopyroxene,
94% of Group I pyroxenes contain >0�08 wt % and
76% of Group II pyroxenes contains less than these
concentrations.
The apparent separation of eclogite xenoliths into

Group I and Group II varieties is an interesting and
perplexing aspect of eclogite petrology. It is now recog-
nized that diamond is confined to eclogites with Group I
textural characteristics whereas graphite occurs in both
textural types (Gurney, 1991b). The mineral composi-
tions of eclogitic inclusions in diamonds suggest that
these diamonds are derived only from Group I, and such
xenoliths have been found only in on-craton kimberlites
(Robinson et al., 1984; Gurney, 1991b). In view of these
features (as well as economic aspects), a detailed integ-
rated petrological study of both xenolith varieties from
individual localities is desirable. However, most studies
of eclogite xenoliths typically deal with specific varieties
rather than a full xenolith suite, and, as a consequence,
there are few published geochemical data available
for both Group I and Group II eclogite xenoliths from
individual localities.
Collection of eclogite xenoliths from the Kaalvallei

kimberlite was accomplished over an extended time span,
and has resulted in assembly of a suite of >1000 eclogite
specimens (Viljoen, 1994). Subsequent microprobe ana-
lysis of approximately 350 specimens, coupled with the
very fresh state of most xenoliths and the varied petro-
logical nature of the suite, allowed the selection of a set
of xenoliths for isotopic study that are fully representative
of the eclogite suite as a whole. The suite is also unique
in that Group I and Group II eclogites are easily recog-
nizable on both visual as well as chemical grounds.
Kaalvallei therefore serves as an ideal locality on which
to acquire more information on the contrasting petro-
logical characteristics of Group I and Group II eclogite
xenoliths. The purpose of this contribution is therefore to
provide a compilation of trace element and isotopic data
for a full suite of typical Kaalvallei eclogite xenoliths and

to use this dataset to further explore the genetic history of
these rocks.

LOCALITY AND SAMPLE

DESCRIPTION

The Kaalvallei kimberlite pipe is located in the Free State
of South Africa on the farm Kaalvallei 12, approximately
7�5 km from Welkom along the Welkom–Virginia road
(Fig. 1). The kimberlite occurs on the Kaapvaal craton
and intrudes sedimentary rocks of the Ecca Group.
The pipe is roughly circular with a surface area of 2 ha.
A satellite intrusion occurs 300m west of the main pipe,
and this is filled with weathered hypabyssal-facies kim-
berlite breccia. The main pipe consists almost exclusively
of two types of diatreme-facies tuffisitic kimberlite breccia
cut by a large number of internal kimberlite dykes
(Stiefenhofer, 1989). Monticellite-bearing kimberlite vari-
eties predominate and the body is classified petrograph-
ically and isotopically as a Group I kimberlite after Smith
(1983) and Skinner (1989). It has an emplacement age of
85Ma (Viljoen, 1994).
The xenolith suite contains members of most mantle

rock types, including spinel peridotite, coarse and
deformed garnet peridotite and eclogite, as well as a
suite of Cr-poor megacrysts (Schulze, 1989). The samples
analysed here (Tables 1 and 2) were all collected from
concentrates at the mine, and typically range in size from
2 cm to 5 cm. Individual specimens were carefully selec-
ted for detailed study from a much larger collection of
samples for which mineral compositional data are avail-
able. Sample selection was primarily based on mineral
compositions (to assemble a fully representative suite of
specimens) as well as specimen size and lack of alteration.
In total, constituent minerals from 23 Group I eclogites
(including four diamond-bearing samples), 10 bimineralic
Group II eclogites, four corundum-bearing eclogites, two
spinel-bearing eclogites, two garnet-websterites and three
alkremites were analysed for their trace element and Sr
and Nd isotopic composition, and the oxygen isotopic
compositions of constituent minerals were determined
on a subset of these specimens.
The majority of eclogite xenoliths from Kaalvallei are

bimineralic and are texturally identical to the Group I
eclogite xenoliths (coarse rocks with rounded garnets) and
Group II eclogites (finer-grained rocks with straight grain
boundaries) recognized at Roberts Victor (MacGregor &
Carter, 1970; Hatton, 1978). Group I eclogite xenoliths
at Kaalvallei are characterized by large (up to 8mm),
rounded, dark reddish brown garnet set in enclosing
dark, greenish-blue to black clinopyroxene, which reach
up to 1 cm or more in size (Fig. 2a). Garnet:clinopyroxene
typically ranges between 40:60 and 60:40 (Table 1).
Minute quantities of orthopyroxene (<<1 vol. %) are
present in Group I eclogite xenoliths 196 and 374. All
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of the diamond-bearing eclogite xenoliths recovered from
the Kaalvallei kimberlite are of the Group I variety (this
study; Kiviets et al., 1995; Kiviets, 2000). When present,
diamond is typically in the form of sharp-edged octa-
hedra with graphite coats and surface textures compris-
ing ribbing, serrate laminae and knob-like asperities
(Kiviets, 2000). They are therefore very similar to dia-
monds from other eclogite xenoliths; for example, those
from Orapa (Robinson et al., 1984). Minerals in the
Group II eclogite variety are generally much smaller
than in the Group I eclogite xenoliths, ranging in size up
to �2–3mm for both clinopyroxene and garnet (Fig. 2b).
The garnet colour in these eclogites is usually shades
of pink, pale purple or brown, whereas clinopyroxene
is typically bright green to olive green in colour.
Grain boundaries are straight, triple junctions common,

and garnet and clinopyroxene show an interlocking
textural relation. Clinopyroxene is typically the dominant
phase and abundances as high as 79% are observed
(Table 1).
Corundum-bearing eclogite xenoliths are character-

ized by clinopyroxene (often very cloudy and altered) as
well as transparent, very fresh, blue–white garnet and
pink corundum. Garnet and clinopyroxene are modally
dominant (Table 1) with corundum accounting for
2–14% of the rock volume. The rocks are granular with
a fine grain size (typically <1mm). Corundum is often
in the form of elongate, oriented laths and appears to
have exsolved from clinopyroxene (Fig. 2c).
Unusual spinel-bearing eclogite xenoliths at Kaalvallei

are characterized by dominant pale blue garnet
and pale green clinopyroxene with minor interstitial,

Fig. 1. Locality map of the Kaalvallei kimberlite (longitude 26�8239�E, latitude 28�0294�S).
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reddish-purple spinel (Fig. 2d). The spinel has irregular
(amoeboid) shapes and is commonly enclosed in garnet.
In the garnet-websterite (Fig. 2e) garnet is typically

<4mm and modally dominant (up to 70% of the total
rock volume). Clinopyroxene and orthopyroxene are

generally smaller (2mm) and less abundant. Garnet and
clinopyroxene are bright red and bright grass green in
colour, whereas orthopyroxene is canary yellow and most
commonly occurs on the boundary between these two
minerals. The grains show a tightly interlocking fabric.

Table 1: Mineral modal abundances and oxygen isotopic composition of selected Kaalvallei eclogite xenoliths

Sample Cpx Gnt Ilm Spi Cor Dia Opx d18O (gnt) d18O (cpx)

Group I eclogite xenoliths

164 45 55 —— —— —— —— —— —— ——

369 57 43 <1 —— —— —— —— 4.9 4.8

370 45 55 —— —— —— —— —— 5.2 5.9 � 0.0

378 45 55 —— —— —— —— —— —— ——

379 49 51 —— —— —— —— —— 5.4 � 0.1 5.6 � 0.3

380 50 50 —— —— —— —— —— —— ——

Diamond-bearing eclogite xenoliths

45 50 50 —— —— —— <1 —— 6.0 � 0.0 5.9 � 0.1

109 70 30 —— —— —— <1 —— 5.8 � 0.3 5.5

372 42 58 —— —— —— <1 —— 5.3 � 0.2 5.6

Group II eclogite xenoliths

171 79 21 —— —— —— —— —— 5.6 � 0.0 5.5 � 0.0

295 32 68 —— —— —— —— —— 5.2 � 0.1 5.0

381 56 44 —— —— —— —— —— 5.2 � 0.2 4.9 � 0.1

384 39 61 —— —— —— —— —— —— 5.0

385 51 49 —— —— —— —— —— —— 3.9

394 55 45 —— —— —— —— —— —— 3.7 � 0.1

410 74 26 —— —— —— —— —— 5.0 4.5

412 60 40 —— —— —— —— —— 5.5 5.8

413 34 66 —— —— —— —— —— 4.8 4.7

415 53 47 —— —— —— —— —— 5.2 � 0.0 4.8 � 0.1

Corundum-bearing eclogite xenoliths

323 47 48 —— —— 5 —— —— —— ——

325 46 40 —— —— 14 —— —— 5.1 � 0.2 5.4

326 32 59 —— —— 9 —— —— —— ——

349 54 44 —— —— 2 —— —— 5.6 5.0

Spinel-bearing eclogite xenoliths

306 30 60 —— 10 —— —— —— 5.0 � 0.2 4.8

307 35 59 —— 6 —— —— —— 4.4 4.8

Garnet-websterite xenoliths

276 20 69 —— —— —— —— 11 6.0 6.1

431 36 54 —— —— —— —— 10 5.9 � 0.2 5.6

Alkremite xenoliths

332 —— 46 —— 51 4 —— —— 5.4 � 0.3 ——

335 —— 83 —— —— 17 —— —— 4.9 ——

342 —— 71 —— 28 —— —— —— 5.2 ——

Modal abundances as weight percentage. Abundances determined by weighing mineral separates prepared on a
Frantz magnetic separator. Cpx, clinopyroxene; Gnt, garnet; Ilm, ilmenite; Spi, spinel; Cor, corundum; Dia, diamond;
Opx, orthopyroxene.
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Table 2: Representative electron microprobe analyses of minerals in eclogite, garnet-websterite and alkremite xenoliths

from Kaalvallei

Sample Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO NiO MgO CaO Na2O K2O Total

Group I eclogite xenoliths

164 CPX 55.03 0.41 7.69 0.08 5.03 0.02 n.a. 11.08 14.27 4.66 0.07 98.34

164 GNT 41.04 0.45 22.16 0.08 14.36 0.31 n.a. 15.28 5.80 0.14 n.a. 99.62

180 CPX 54.88 0.49 8.64 0.10 5.26 0.07 n.a. 10.19 13.83 4.96 0.10 98.52

180 GNT 39.68 0.45 22.12 0.07 16.54 0.30 n.a. 13.59 5.91 0.17 n.a. 98.83

191 CPX 55.02 0.42 6.77 0.14 7.81 0.17 n.a. 12.46 11.87 4.59 0.03 99.28

191 GNT 41.42 0.51 21.93 0.13 16.16 0.31 n.a. 15.86 3.55 0.12 n.a. 99.99

193 GNT 40.55 0.56 21.62 0.11 15.07 0.25 n.a. 13.56 7.10 0.16 n.a. 98.98

193 CPX 54.46 0.50 8.05 0.12 5.16 0.06 n.a. 11.63 14.61 4.77 0.09 99.53

196 CPX 53.29 0.42 6.35 0.04 8.11 0.08 n.a. 10.84 16.02 3.68 0.06 98.89

196 GNT 40.00 0.90 20.03 0.04 16.64 0.40 n.a. 11.01 9.55 0.21 n.a. 98.78

196 OPX 53.86 0.04 1.45 0.11 13.64 0.37 0.24 28.86 0.20 0.02 n.d. 98.79

199 CPX 55.22 0.40 5.69 0.20 7.07 0.10 n.a. 13.60 12.56 3.74 0.08 98.66

199 GNT 41.03 0.34 21.83 0.23 15.73 0.30 n.a. 16.19 3.28 0.11 n.a. 99.04

201 CPX 54.51 0.39 2.71 0.27 4.29 0.10 n.a. 18.14 17.25 1.91 0.03 99.67

201 GNT 42.24 0.81 21.50 0.49 9.28 0.26 n.a. 19.89 4.35 0.10 n.a. 98.92

358 CPX 55.52 0.49 6.16 0.24 5.32 0.12 n.a. 12.95 13.91 4.36 0.06 99.13

358 GNT 41.39 0.36 22.42 0.20 14.11 0.40 n.a. 17.65 3.40 0.09 n.a. 100.02

369 CPX 55.24 0.39 8.22 0.06 5.25 0.00 n.a. 10.62 13.63 5.50 0.04 98.95

369 GNT 40.56 0.41 21.78 0.07 14.75 0.23 n.a. 15.49 5.08 0.14 n.a. 98.51

370 CPX 55.12 0.38 5.12 0.08 5.18 0.05 n.a. 13.56 16.05 3.51 0.03 99.08

370 GNT 41.66 0.53 22.16 0.09 12.06 0.27 n.a. 18.24 5.03 0.13 n.a. 100.17

371 CPX 55.28 0.49 7.59 0.13 5.71 0.05 n.a. 10.82 14.21 5.06 0.04 99.38

371 GNT 40.03 0.54 21.43 0.11 15.09 0.27 n.a. 14.36 6.25 0.16 n.a. 98.24

373 CPX 54.82 0.40 7.84 0.07 5.18 0.06 n.a. 10.96 13.66 5.23 0.03 98.25

373 GNT 40.99 0.42 21.55 0.05 13.35 0.34 n.a. 16.41 5.13 0.17 n.a. 98.41

374 CPX 54.85 0.47 2.84 0.21 6.11 0.12 n.a. 16.36 15.89 2.30 0.01 99.16

374 GNT 40.71 0.90 20.61 0.46 12.48 0.35 n.a. 18.28 4.20 0.13 n.a. 98.12

374 OPX 56.03 0.22 0.86 0.04 8.98 0.14 0.08 32.33 0.92 0.26 n.d. 99.85

376 CPX 55.14 0.51 9.33 0.09 5.26 0.05 n.a. 9.61 13.43 5.43 0.06 98.91

376 GNT 40.10 0.46 22.03 0.05 16.63 0.25 n.a. 12.39 6.96 0.16 n.a. 99.03

377 CPX 54.34 0.41 3.09 0.16 5.35 0.12 n.a. 15.93 16.89 2.36 n.d. 98.65

377 GNT 41.49 0.71 21.64 0.09 11.19 0.28 n.a. 19.12 4.25 0.11 n.a. 98.88

378 CPX 55.11 0.41 7.75 0.11 5.00 0.03 n.a. 11.15 14.42 4.40 0.07 98.45

378 GNT 41.17 0.44 21.91 0.09 15.12 0.31 n.a. 14.97 5.89 0.13 n.a. 100.03

379 CPX 54.55 0.54 8.28 0.04 5.44 0.00 n.a. 9.88 14.96 5.03 0.05 98.77

379 GNT 40.11 0.64 21.54 0.03 15.52 0.25 n.a. 12.05 8.95 0.20 n.a. 99.29

380 CPX 54.90 0.43 6.14 0.13 5.64 0.08 n.a. 12.07 14.81 4.21 0.03 98.44

380 GNT 41.59 0.51 21.90 0.14 13.19 0.25 n.a. 16.69 5.30 0.14 n.a. 99.71

Diamond-bearing eclogite xenoliths

10 CPX 55.64 0.54 8.73 0.08 6.53 0.07 n.a. 9.64 13.05 5.65 0.08 100.01

10 GNT 40.21 0.38 21.59 0.17 20.60 0.36 n.a. 11.00 5.82 0.14 n.a. 100.27

45 CPX 56.16 0.32 8.64 0.10 3.73 0.04 n.a. 11.35 14.86 5.20 0.05 100.45

45 GNT 41.66 0.35 22.56 0.09 13.00 0.29 n.a. 15.90 6.34 0.13 n.a. 100.32

109 CPX 55.76 0.48 7.96 0.23 5.12 0.07 n.a. 11.55 14.13 4.68 0.09 100.07

109 GNT 41.20 0.44 22.17 0.20 15.32 0.30 n.a. 14.90 5.59 0.16 n.a. 100.28

372 CPX 54.69 0.51 8.99 0.09 5.09 0.03 n.a. 9.83 13.72 5.29 0.07 98.31

372 GNT 39.79 0.46 21.79 0.10 16.40 0.28 n.a. 13.03 6.48 0.16 n.a. 98.49
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Table 2: continued

Sample Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO NiO MgO CaO Na2O K2O Total

Group II eclogite xenoliths

171 CPX 55.07 0.06 1.60 0.53 2.14 0.05 n.a. 16.26 22.61 1.08 n.d. 99.40

171 GNT 42.14 0.05 22.20 1.46 9.13 0.32 n.a. 19.66 4.79 n.d. n.a. 99.75

295 CPX 53.95 0.03 7.87 0.09 1.26 n.d. n.a. 12.26 19.65 3.37 n.d. 98.48

295 GNT 40.74 0.06 22.66 0.17 5.44 0.14 n.a. 12.08 17.58 0.05 n.a. 98.92

381 CPX 54.38 0.09 3.63 0.12 2.61 0.02 n.a. 14.17 21.42 1.98 0.02 98.44

381 GNT 42.05 0.06 22.88 0.16 8.88 0.37 n.a. 16.80 8.59 0.04 n.a. 99.83

384 CPX 54.57 0.02 7.48 0.09 1.38 n.d. n.a. 12.40 19.15 3.45 n.d. 98.54

384 GNT 41.51 0.03 22.70 0.09 6.52 0.14 n.a. 17.38 9.72 0.03 n.a. 98.12

385 CPX 53.91 0.04 4.47 0.17 1.38 n.d. n.a. 13.99 22.27 1.83 0.02 98.08

385 GNT 41.22 0.02 22.48 0.19 6.97 0.28 n.a. 15.11 11.79 0.04 n.a. 98.10

394 CPX 54.41 0.05 3.99 0.06 2.31 0.02 n.a. 14.02 22.38 1.85 n.d. 99.09

394 GNT 41.01 0.06 22.53 0.12 8.49 0.38 n.a. 12.86 13.83 0.04 n.a. 99.32

410 CPX 55.86 0.07 3.89 0.21 1.94 0.04 n.a. 14.77 21.50 2.01 n.d. 100.29

410 GNT 42.03 0.08 22.87 0.38 7.80 0.23 n.a. 17.88 8.38 0.03 n.a. 99.68

412 CPX 54.83 0.03 2.86 0.24 1.73 n.d. n.a. 15.10 22.47 1.48 n.d. 98.74

412 GNT 41.50 0.05 22.58 0.49 8.15 0.26 n.a. 18.12 7.14 0.03 n.a. 98.32

413 CPX 54.64 0.05 5.47 0.17 1.58 n.d. n.a. 13.59 20.75 2.62 n.d. 98.87

413 GNT 42.42 0.02 23.28 0.22 6.58 0.24 n.a. 17.19 10.17 0.02 n.a. 100.14

415 CPX 54.92 0.03 7.82 0.10 1.34 n.d. n.a. 12.38 19.16 3.76 n.d. 99.51

415 GNT 42.08 0.03 23.68 0.13 6.08 0.14 n.a. 16.28 11.71 0.02 n.a. 100.15

Corundum-bearing eclogite xenoliths

323 CPX 53.59 0.02 16.82 0.17 0.86 n.d. n.a. 6.96 13.27 6.98 n.d. 98.67

323 GNT 40.64 0.05 22.37 0.22 4.27 0.10 n.a. 8.81 22.35 0.03 n.a. 98.84

323 COR 0.06 n.d. 100.30 0.29 0.19 n.a. n.a. n.a. n.a. n.a. n.a. 100.84

325 CPX 54.09 0.04 16.04 0.14 0.61 n.d. n.a. 7.65 14.32 6.44 n.d. 99.33

325 GNT 41.12 0.04 22.58 0.16 3.53 0.06 n.a. 10.72 20.71 0.05 n.a. 98.97

325 COR 0.04 n.d. 100.20 0.27 0.12 n.a. n.a. n.a. n.a. n.a. n.a. 100.63

326 CPX 53.67 0.04 16.69 0.18 0.88 n.d. n.a. 7.14 13.31 7.00 n.d. 98.91

326 GNT 40.63 0.05 21.86 0.22 4.29 0.09 n.a. 8.90 22.32 0.03 n.a. 98.39

326 COR 0.07 n.d. 100.00 0.31 0.16 n.a. n.a. n.a. n.a. n.a. n.a. 100.54

349 CPX 53.36 0.04 15.82 0.11 0.55 n.d. n.a. 7.82 14.41 6.53 n.d. 98.64

349 GNT 41.25 0.04 22.53 0.11 2.87 0.05 n.a. 9.62 22.82 0.03 n.a. 99.32

349 COR 0.04 n.d. 100.10 0.23 0.04 n.a. n.a. n.a. n.a. n.a. n.a. 100.41

Spinel-bearing eclogite xenoliths

306 CPX 54.69 0.02 1.24 0.11 0.32 n.d. n.a. 16.76 25.27 0.33 n.d. 98.74

306 GNT 42.05 0.01 23.03 0.32 2.94 0.21 n.a. 17.80 12.70 0.02 n.a. 99.08

306 SPI n.a. n.d. 67.05 4.39 2.54 n.d. 0.62 25.46 n.a. n.a. n.a. 99.96

307 CPX 54.71 0.02 1.33 0.14 0.31 n.d. n.a. 16.73 25.36 0.36 n.d. 98.96

307 GNT 42.05 0.00 23.16 0.35 2.89 0.15 n.a. 17.34 12.99 n.d. n.a. 98.93

307 SPI n.a. n.d. 67.45 4.02 3.36 n.d. 0.63 24.64 n.a. n.a. n.a. 100.10

Garnet-websterite xenoliths

276 CPX 55.25 0.07 2.80 0.45 2.24 n.d. n.a. 15.69 20.96 1.87 n.d. 99.33

276 GNT 42.33 0.06 22.85 0.59 8.11 0.32 n.a. 21.31 4.13 0.02 n.a. 99.72

276 OPX 58.09 0.02 0.82 0.07 5.02 0.10 n.a. 34.23 1.89 0.22 n.d. 100.46

431 CPX 56.24 0.07 2.81 0.46 2.05 0.05 n.a. 15.86 21.03 1.82 n.d. 100.39

431 GNT 42.09 0.05 22.78 0.60 7.98 0.38 n.a. 21.23 4.07 0.02 n.a. 99.20

431 OPX 57.65 0.02 0.66 0.04 4.97 0.11 n.a. 35.98 0.32 0.06 n.d. 99.81
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The xenoliths are petrographically identical to websterite
xenoliths from Orapa (Shee, 1978) and most of the
Group II garnet-websterite xenoliths from Roberts Victor
(Hatton, 1978). Hatton (1978) also described coarse-
grained orthopyroxene-bearing eclogite xenoliths (with
orange garnet and dark blue–green clinopyroxene; clas-
sified as Group I eclogites) from Roberts Victor, but the
Kaalvallei garnet-websterite xenoliths described here are
totally unlike these rocks.
Rare alkremite xenoliths occur. The specimens ana-

lysed are mineralogically variable, consisting of dominant
garnet and spinel with accessory, primary corundum.
Garnet is a pale flesh colour, spinel is typically black
(or green in thin section) and the corundum is pinkish
red. Grain boundaries are curved and the spinel usually
occurs as irregular aggregates, partially or wholly enclosed
in garnet (Fig. 2f ). The xenoliths are petrographically
identical to specimens from other kimberlites.

ANALYTICAL METHODS

Minerals were analysed for major and trace elements
with a fully automated Cameca SX-50 electron micro-
probe at the De Beers GeoScience Centre. A finely
focused 3mm diameter beam was used for all analyses.
Analytical conditions employed were: accelerating volt-
age of 20 kV; a beam current of 20 nA; 30 s counting time
for Na2O and K2O and 20 s for other elements. This
resulted in detection limits of 0�02 wt % for Na2O, K2O,
Cr2O3 and TiO2, and generally on the order of 0�04 wt%
for MnO. The data were processed using an on-line, PAP
correction procedure.
Radiogenic isotope analyses were performed in the

Hugh Allsopp Laboratory of the Bernard Price Institute
of Geophysical Research at the University of the
Witwatersrand. Samples for isotopic analysis were
crushed in a steel mortar and pestle, and sieved into
a size fraction ranging from 250 to 500 mm diameter.
Garnet and clinopyroxene were then separated on a

magnetic separator, leached in warm 6N HCl overnight
and etched in 4% HF for 30min. Final hand cleaning of
all separates was carried out under a microscope and only
clear, pristine grains with no surface or internal blemishes
were selected for analysis. Subsequently the separates
were examined at high magnification in alcohol on a
dark-field stage as a final check for purity. This aided
in the detection of minute mineral inclusions and these
grains were removed from the separates prior to analysis.
It is stressed that all grains finally dissolved were optically
pure and of uniform colour. The pure mineral separates
were dissolved in pure HF in Savillex beakers with a few
drops of added HNO3 to retard the formation of insol-
uble fluorides. After drying, the dissolved samples were
taken up in 6N HCl and split into spiked and unspiked
aliquots. Rb, Sr and the rare earth elements (REE) were
separated first using standard cation resin techniques;
further separation of Sm and Nd was performed using
HDEHP-coated Teflon powder contained in thin glass
columns (Richard et al., 1976). Total method blanks for
these procedures never exceeded 140 pg, and were gen-
erally <100 pg. Blank contributions (with the exception
of Rb), are insignificant for these samples, and blank
corrections have not been applied. Concentration meas-
urements were carried out on a single-collector Micro-
mass 30 (Rb, Sm and Nd) and a multicollector VG354
(Sr). All isotopic compositions were determined on
the VG354. Nd was analysed utilizing in situ reduction
(Noble et al., 1989). Uncertainty estimates are �0�5 relat-
ive percent for all element concentrations. 87Sr/86Sr
in the Eimer & Amend standard is 0�708008 � 32
(1 SD for 49 analyses). 143Nd/144Nd in BCR-1 basalt
standard is 0�512642 � 17 (1 SD for 10 analyses).
Long-term duplicate analyses suggest an estimated uncer-
tainty on 147Sm/144Nd of 0�28% and on 143Nd/144Nd
of 0�004%.
The routine technique used for oxygen extraction from

silicates and oxides in the Department of Geological
Sciences at the University of Cape Town has been

Sample Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO NiO MgO CaO Na2O K2O Total

Alkremite xenoliths

332 GNT 40.88 0.07 22.65 0.08 7.44 0.17 n.a. 12.88 15.07 0.03 n.a. 99.27

332 SPI n.a. n.d. 68.01 0.48 9.68 0.03 0.73 21.31 n.a. n.a. n.a. 100.24

332 COR 0.04 0.05 99.89 0.16 0.51 n.a. n.a. n.a. n.a. n.a. n.a. 100.65

335 GNT 41.25 0.07 22.61 0.07 5.18 0.09 n.a. 14.18 15.33 0.04 n.a. 98.82

335 COR n.d. n.d. 99.96 0.11 0.24 n.a. n.a. n.a. n.a. n.a. n.a. 100.31

342 GNT 41.16 0.08 22.72 0.03 8.99 0.22 n.a. 14.65 11.42 0.03 n.a. 99.30

342 SPI n.a. 0.04 67.02 0.33 10.85 0.05 1.08 20.46 n.a. n.a. n.a. 100.01

*Total Fe as FeO.
n.d., not detected; n.a., not analysed.
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described in detail by Vennemann & Smith (1990).
Hand-picked pure garnet and clinopyroxene mineral
separates were crushed in an agate mortar and pestle
of known d18O composition until finer than 200mm.

Samples were leached in 6N HCl and 4% HF prior to
grinding to remove impurities. Analyses of leached and
unleached clinopyroxenewerewithin error (1 SD¼0�1‰)
of each other, indicating that the leaching procedure has

Fig. 2. Images of bimineralic Group I eclogite 438 [a; field of view (fov) 10mm], bimineralic Group II eclogite 394 (b; fov 10mm), corundum-
bearing eclogite 325 (c; fov 7mm), spinel-bearing eclogite 307 (d; fov 7mm), garnet-websterite 431 (e; fov 10mm) and alkremite 332 (f; fov 10mm)
from the Kaalvallei kimberlite.
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no effect on d18O compositions. Approximately 10mg of
sample was loaded into seamless nickel reaction vessels,
which were overpressurized above atmospheric by dry
nitrogen. Once loaded, the reaction vessels were evacu-
ated at 200�C to 10�5 mbar for a minimum of 2 h. The
reaction vessels were then charged with about seven times
the stoichiometrically required amount of ClF3, isolated
and then heated to 550�C (clinopyroxene) or 650�C
(garnet) for c. 13 h. The extracted oxygen was converted
to CO2 by passing it over a hot platinized carbon rod.
Manometric yields were monitored relative to theoretical
values and were close to 100% for all clinopyroxene
separates. Oxygen yields for garnets were initially never
close to 100% and in some cases were as low as 77%,
with difficulty experienced in duplicating runs. This was
subsequently solved by regrinding to at least 75 mm and
reacting at 650�C for up to 16 h. CO2 was analysed for
its oxygen isotopic composition using a VG Micromass
602E, double-collector ratio mass spectrometer in
the Department of Archaeology at the University of
Cape Town. All oxygen isotope values are reported in
d-notation in per mil units relative to V-SMOW. The
average d18O of 13 analyses of quartz standard NBS-28
is 9�64 � 0�09 (1 SD; 0�93%), which is identical to the
certified value for this standard.
Concentrations of selected trace elements in garnet

and clinopyroxene were determined by laser abla-
tion inductively coupled plasma mass spectrometry
(LA-ICP-MS) analysis at the De Beers GeoScience
Centre in Johannesburg, utilizing a frequency-quadrupled
Cetac LSX200 Nd-YAG UV laser beam of 266 nm
wavelength at a 4Hz repetition rate, and operating at
maximum power (Norman et al., 1996; Norman, 1998;
Jackson, 2001). The ablated material was carried to a
Perkin Elmer Sciex ELAN 6000 inductively coupled
plasma mass spectrometer in a high-purity Ar–He
mixture gas stream. A typical analysis consists of a data
collection period of 60 s during ablation, and an addi-
tional 40 s for background counting. All analytical data
were examined in real-time to preclude incorporation of
data for mineral inclusions or alteration products.
Typical pit diameters were of the order of 100 mm. The
NIST 610 glass standard was used to calibrate relative
element sensitivities for the analyses, using the data of
Pearce et al. (1997). Each analysis was normalized using
Si or Ca values determined by electron microprobe.
Accuracy, based on LA-ICP-MS measurements of garnet
MU53388 (Norman et al., 1996; a megacryst from a
Pliocene–Pleistocene alkali basalt at Savaryn-Tscharam
in NW Mongolia) is always better than 15% and in most
cases better than 10% for all elements analysed (Table 3).
Typical detection limits are in the range 10–20 ppb for
REE, Sr, Zr, Hf, Y, Ga, and 2 ppm for Ni. The choice
of Si as an internal standard for Ni and Ga resulted in
significantly improved accuracy relative to MU53388

for these two elements when compared with Ca as
internal standard (used for all other elements analysed).
This is probably due to laser-induced elemental frac-
tionation, which may be significant for elements such as
Li, Si, V, Fe, Ni, Zn and Ga ( Jackson, 2001; Günther &
Hattendorf, 2001). Norman et al. (1996) showed that
relatively constant and reproducible Ca-normalized sig-
nals can be obtained for refractory elements such as Sr,
Nb, REE, Th and U under a variety of LA-ICP-MS
operating conditions. However, more volatile elements
such as Pb, Ni, Zn, Ga, Cu, Sn, Sb, Te, Ag, Bi, Rb and Si
are especially prone to laser-induced element fractiona-
tion. Successful determination of these elements could be
achieved by careful matching with internal standards
with similar behaviour during ablation (Fryer et al., 1995).

MAJOR AND MINOR ELEMENT

MINERAL CHEMISTRY

Averaged microprobe analyses of constituent minerals
in the eclogite xenoliths studied are presented in Table 2.
Chemical heterogeneity was not detected in garnet and
clinopyroxene in Group I eclogite xenoliths. Analyses of
individual grains from the rest of the xenoliths tend to
be more variable, with ranges up to 0�5 wt % in oxides
such as FeO, MgO and CaO in both garnet and clino-
pyroxene as well as Al2O3 and Na2O in clinopyroxene.
Variations in CaO andMgO content<3 wt% are present
in garnet from xenoliths 276 (websterite), 306 (spinel
eclogite), 325 (corundum eclogite) and 415 (bimineralic
Group II eclogite).

Garnet

Garnet from the Group I eclogite xenoliths (including
the diamond-bearing xenoliths) are Fe-rich and contain
relatively low amounts of CaO whereas those from
Group II eclogite, alkremite- and spinel-bearing eclogite
xenoliths typically show a trend away fromMgO towards
CaO enrichment at constant FeO (Fig. 3). Websterite
garnet is very magnesian (e.g. 21 wt %MgO), and garnet
from corundum eclogite xenoliths is very calcic (e.g.
22 wt % CaO). The garnet in the spinel eclogite xenoliths
has very low FeO (e.g. 3 wt %).
With respect to minor element chemistry, the garnet

from xenoliths classified visually as Group I eclogites
(including the diamond-bearing specimens) have low
Cr2O3 contents (typically<0�1 wt%), whereas those from
xenoliths classified visually as Group II eclogite, corun-
dum eclogite, spinel eclogite and websterite have higher
Cr2O3 contents, ranging up to 1�6 wt % Cr2O3 in garnets
from sample 171 (a Group II eclogite). Elevated levels of
Na2O (Fig. 4) and TiO2 are found in garnet from Group I
eclogite xenoliths, whereas the rest of the xenolith garnets
have concentrations typically <0�06 wt %.
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Clinopyroxene

Clinopyroxene compositions mirror those of garnet.
Clinopyroxenes from xenoliths classified visually as
Group I eclogites (including the diamond-bearing eclo-
gite xenoliths) are the most iron-rich but are depleted
in CaO and MgO relative to those from the rest of the
eclogite variants. Clinopyroxene from corundum eclogite
xenoliths has extremely high concentrations of Na2O
(e.g. 7 wt %) and Al2O3 (e.g. 16 wt %) whereas clinopyr-
oxene from Group I eclogites tends to have elevated
levels of Na2O relative to the rest of the xenoliths.
In terms of minor elements, the highest Cr2O3 contents

are present in clinopyroxene from xenoliths classified
visually as Group II eclogites as well as in clinopyroxene
from websterite xenoliths. Potassium and titanium levels
of clinopyroxene from most of the xenoliths are low,
with the exception of the Group I eclogites (including the
diamond eclogite xenoliths) where K2O contents ranging
from �0�04 wt % to >0�1 wt % (Fig. 4), as well as TiO2

contents of the order of 0�4 wt %, have been found.

Primary accessory minerals

Spinel in the alkremite xenoliths is aluminous (61–68wt%
Al2O3; Table 2) with up to 14 wt % FeO and 22 wt %
MgO. The primary spinel in the spinel eclogite xenoliths

is similar in composition, but the grains are comparat-
ively iron-poor (FeO up to 3�6 wt %) and magnesium-rich
(MgO up to 25 wt %). Cr2O3 concentrations in the spinel
generally vary between 0�3 and 8 wt %, whereas Ni
contents range up to 1 wt %.
Large, primary corundum grains from the corundum-

bearing eclogite and alkremite assemblages are relatively
pure (minimum 99�13 wt % Al2O3; Table 2), with only
minor amounts of FeO (up to 0�56 wt %) and Cr2O3

(up to 0�49 wt %). Corundum in the alkremite variants
are generally more iron-rich than those from corundum
eclogite xenoliths.
Orthopyroxene from Group I eclogite xenoliths 196

and 374 is iron-rich, with FeOcontents of 9 and 13�6wt%,
respectively (Table 2). Orthopyroxene from websterites
has between 0�36 and 0�82 wt % Al2O3. FeO concentra-
tions range from 5�06 to 7�08 wt %, and MgO varies
from 34�30 to 35�79 wt %. CaO contents are low
(0�12–1�11 wt %).

TRACE ELEMENT MINERAL

CHEMISTRY

Garnet

Garnet from Group I eclogite xenoliths (including the
diamond-bearing eclogite xenoliths) generally has higher
levels of Zr and Hf than garnet in most other xenolith
types (Table 3). Ga, Ni and Y concentrations show wide
scatter. The garnet is generally depleted in light rare

Fig. 3. CaO–MgO–FeO plot of garnets in Kaalvallei bimineralic
Group I eclogite (Grp I Ecl), bimineralic Group II eclogite (Grp II
Ecl), diamond-bearing eclogite (Dia-Ecl), corundum-bearing eclogite
(Cor-Eclogite), spinel-bearing eclogite (Spi-Eclogite), garnet-websterite
and alkremite xenoliths. Large symbols indicate samples selected for
isotopic study and small dots refer to all xenolith samples analysed
by electron microprobe. The diamonds indicate diamond-bearing
eclogites analysed in this study as well as the data of Kiviets (2000).

Fig. 4. Garnet Na2O vs clinopyroxene K2O contents of Kaalvallei
eclogite xenoliths. Large symbols refer to samples selected for isotopic
study [classified visually after the classification of MacGregor & Carter
(1970)] in relation to the Group I/Group II classification of
McCandless & Gurney (1989), and small dots refer to all xenolith
samples analysed by electron microprobe. The diamonds indicate
diamond-bearing eclogites analysed in this study as well as the data
of Kiviets (2000). For the sake of clarity, group II eclogite, garnet-
websterite, spinel-bearing eclogite and alkremite xenoliths are not
differentiated but are grouped together as ‘other eclogites’.
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earth elements (LREE) (Table 3; Fig. 5), with the
most extreme LREE depletion in garnet from spinel-
bearing eclogite xenoliths. The REE concentrations and
chondrite-normalized abundance patterns in garnet from
Group I and Group II eclogite xenoliths are generally
comparable. In contrast, garnets from the corundum-
bearing eclogite xenoliths are enriched in the LREE.

Clinopyroxene

Ni contents of clinopyroxene from eclogite and websterite
xenoliths are highly variable between specimens (Table 3).
Three bimineralic Group II eclogites (samples 384, 413
and 415) have unusually high Ni. Sr concentrations
in all clinopyroxene vary between �20 and 180 ppm.
Concentrations are lowest in the spinel-bearing
eclogite xenoliths. Most clinopyroxene is characterized
by chondrite-normalized LREE-enriched abundance
patterns, with generally lower concentrations of the
LREE in clinopyroxene from Group I eclogite xenoliths
(including diamond-bearing specimens), as well as spinel-
bearing eclogite xenoliths, relative to the rest (Fig. 5).

XENOLITH MAJOR ELEMENT

WHOLE-ROCK CHEMISTRY

The eclogite xenoliths collected in this study were all too
small for whole-rock chemical analysis. Consequently,
the whole-rock chemistry of each sample was calculated
by combining the chemistry of constituent minerals in
ratios according to the mineral abundance estimates.
Abundance estimates were obtained by weighing each
mineral fraction after crushing and separation on a Frantz
magnetic separator (Table 1).
The eclogite xenoliths have a wide range in modal

abundances with a bias towards garnet-rich compositions
(particularly for the Group I eclogites). This is probably
due to the preferential abrasion of clinopyroxene, both
during transport in the kimberlite and during crushing at
the mine processing plant. In addition, eclogites are often
layered rocks, with alternating garnet- or clinopyroxene-
rich bands (Dawson & Carswell, 1990). Such layering will
generally not be detectable in the xenoliths collected for
this study because of the small specimen size. The calcu-
lated whole-rock compositions are, therefore, at best only

Fig. 5. Rare earth element abundance patterns for garnet and clinopyroxene in eclogite, garnet-websterite and alkremite xenoliths from the
Kaalvallei kimberlite, determined by LA-ICP-MS. All data normalized to the C1 carbonaceous chondrite of McDonough & Sun (1995).
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crude estimates, and detailed analysis and modelling of
compositional trends are not warranted.
Group I eclogite bulk compositions are tholeiitic and

are broadly comparable with mid-ocean ridge basalts,
although the eclogite MgO contents are too high.
A much improved compositional correspondence is
obtained when Group I eclogite xenoliths are compared
with the more magnesian primary magma compositional
estimates for ocean floor basalts (Basaltic Volcanism
Study Project, 1981).
Group II eclogite and the spinel-bearing eclogite

xenoliths are characterized by consistently high MgO
and CaO contents and therefore have compositional
affinities with clinopyroxenite xenoliths in alkali basalt
diatremes (e.g. the Bou Ibalrhatene Maar in Morocco;
Moukadiri & Kornprobst, 1984).
Kaalvallei corundum-bearing eclogite xenoliths have

chemical similarities to metagabbroic and anorthositic
rocks, particularly in their high Al2O3 and CaO contents.
The average corundum eclogite major element com-
position is almost perfectly matched by metagabbroic
rocks, for example, from the Sakhakot-Qila ophiolite in
Pakistan (Ahmed & Hall, 1984).
Garnet-websterite xenoliths from the Kaalvallei

kimberlite typically contain up to 22 wt % MgO, corres-
ponding compositionally to picrite rather than komatiite,
which generally has higher MgO (e.g. 30 wt %) and lower
Al2O3.
Kaalvallei alkremite xenoliths are characterized by

very low SiO2 and extremely high Al2O3. They are
compositionally not matched by any known igneous
rock type, although they do have broad chemical simil-
arities to laterites, particularly in terms of high Al2O3

content. Alkremite specimens from Kaalvallei are
compositionally identical to alkremite xenoliths from
Jagersfontein (Mazzone & Haggerty, 1989a, 1989b).
In terms of minor elements, the highest MnO and

TiO2 contents are observed in Group I eclogite xenoliths.
Group II eclogite, spinel eclogite and websterite xenoliths
have the highest Cr2O3 contents. TiO2 and K2O con-
tents of all the xenoliths are generally much lower than in
typical ocean floor basalts but are in some cases (e.g. the
Group I eclogites) comparable with concentration estim-
ates for primitive, near-primary basalts (e.g. oceanic
primary tholeiites and picrite basalts; Basaltic Volcanism
Study Project, 1981, tables 1.4.2.1 and 1.4.2.2).

XENOLITH EQUILIBRATION

CONDITIONS

Equilibration temperatures were calculated with the
garnet–clinopyroxene geothermometer formulations of
Ellis & Green (1979), Powell (1985) and Krogh (1988)
for the Kaalvallei eclogites selected for detailed study.

All Fe is assumed to be Fe2þ, which results in minimum
temperatures ( Jacob, 2004). Calculated temperatures
obtained for an assumed pressure of 50 kbar from the
three formulations differ by up to 130�C from each
other. Application of the Krogh (1988) formulation
to the corundum eclogite and the garnet-websterite xeno-
liths results in significantly lower equilibration temperat-
ures for these xenoliths relative to temperatures produced
by the other two thermometric formulations.
Kaalvallei eclogite xenoliths exhibit a large range in

equilibration temperatures (Ellis & Green formulation at
50 kbar), extending from �800�C to 1400�C at 50 kbar
(Fig. 6).
Group I eclogite xenoliths (including the diamond-

bearing xenoliths) range from 1100�C to 1350�C, with an
average at 1260�C. Group II eclogite xenoliths exhibit
equilibrationtemperaturesrangingfrom900�Cto1300�C,
averaging at �1100�C. Therefore, on average, Group I
eclogites are characterized by equilibration temperatures
that are 160�C higher than that of Group II eclogites.
Spinel-bearing eclogite xenoliths have equilibration

temperatures in the range 800–900�C. Garnet-websterite
xenoliths are characterized by a restricted range of
temperatures, on average �1050�C. Corundum-bearing
eclogite xenoliths give the highest temperatures of equi-
libration, averaging at 1350�C. The average equilibra-
tion temperature of the Group II eclogite and websterite
xenoliths are comparable, perhaps indicating similar
levels of mantle residence for these two xenolith types
(assuming a comparable geothermal gradient).

Fig. 6. Xca in garnet [¼Ca/(Ca þ Mg þ Fe)] vs KD [¼(Fe/Mg)gnt/
(Fe/Mg)cpx] for Kaalvallei eclogite xenoliths (total Fe as FeO). Large
symbols indicate samples selected for isotopic study and small dots
refer to all xenolith samples analysed by electron microprobe. The
diamonds indicate diamond-bearing eclogites analysed in this study as
well as the data of Kiviets (2000).
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P–T estimates obtained for the two Group I eclogite
xenoliths that contain orthopyroxene are in the range
1037–1329�C and 34�5–65�4 kbar, utilizing the two-
pyroxene thermometer and the orthopyroxene–garnet
barometer combination of Brey & Kohler (1990) and
Brey et al. (1990). Garnet-websterite xenoliths yield tem-
peratures of 898�C and 939�C and pressures of 43�5 and
41�5 kbar, respectively.
Pressure calculations for eclogite xenoliths are gener-

ally not possible because of the absence of suitable
coexisting mineral phases (e.g. orthopyroxene coexisting
with garnet). The Al2O3 contents of clinopyroxene in
equilibrium with garnet in the eclogite-facies mineral
assemblage are markedly pressure–temperature depend-
ent (Gasparik, 1984). However, difficulties over the
evaluation of the quantity and activity of Ca-Tschermaks
molecule in clinopyroxene seriously impair the extra-
polation and application of this particular barometer,
based on CaO–MgO–Al2O3–SiO2 system data, to more
chemically complex natural garnet–clinopyroxene equi-
libria (Carswell & Harley, 1990).
Higher pressures and temperatures lead to increasing

solubility of TiO2 in garnet (Green & Sobolev, 1965;
Ringwood, 1975). There are also some data (Sobolev &
Lavrent’yev, 1971; Bishop et al., 1978) indicating that
the coupled substitution of Naþ in site X in garnet
(divalent cations) with Ti4þ in site Y (trivalent cations)
or P5þ in site Z (primarily Si4þ) is favoured by high
pressure (Carswell & Harley, 1990). Sodium-rich, alumi-
nium-poor garnet can also form at very high pressure as a
result of solution of clinopyroxene in the garnet structure
(Irifune et al., 1989). The higher Na and Ti content of
garnet in the Group I eclogite xenoliths relative to the rest
of the Kaalvallei eclogites could therefore indicate that
these rocks equilibrated at higher pressure (Jacob, 2004;
or it might simply be due to differences in eclogite bulk
composition; Grütter & Quadling, 1999), and this is also
in line with the higher equilibration temperatures calcu-
lated for garnet–clinopyroxene for the Group I eclogites.
The graphite–diamond stability curves of Bundy (1980)
and Kennedy & Kennedy (1976) intersect a continental
geothermal gradient of 40mW/m2 (Pollack & Chapman,
1977) at approximately 42 and 45 kbar pressure, respect-
ively. This could be a suitable minimum pressure estim-
ate for the Kaalvallei Group I eclogite xenoliths as all of
the diamond-bearing eclogites recovered from Kaalvallei
(this study; Kiviets, 2000) are of the Group I variety. If
the simple assumption is made that the 50 kbar garnet–
clinopyroxene temperature estimates can be directly
related in P–T space to a continental geothermal gradient
then Group I eclogite xenoliths derive from mantle at a
pressure of �50–80 kbar. The higher temperatures, how-
ever, could very well represent frozen mineral equilibria
from a previous high-temperature (igneous?) event, or,
alternatively are a reflection of the exposure of these

xenoliths to the underlying, hotter asthenosphere. In
the same way, Group II eclogite xenoliths are inferred
to have equilibrated over a pressure interval of �20 kbar,
ranging from 40 kbar upwards for an assumed pressure
correction in the geothermometer of 50 kbar. An assumed
pressure correction of 30 kbar gives an approximate
minimum pressure of equilibration for the Group II
eclogite xenoliths of 37 kbar. The real lower limit of
equilibration pressure for the Group II eclogites is in all
probability much lower. It is possible that a number of
these xenoliths record fossil equilibria of high-temperat-
ure events (possibly related to eclogite petrogenesis) and
that ambient thermal conditions of the mantle at the time
of xenolith sampling are not reflected at all. This could be
a consequence of faster cooling as a result of lower
ambient mantle temperatures relative to the Group I
eclogite xenoliths.
The very high equilibration temperatures of the

corundum-bearing eclogite xenoliths are compatible
with equilibration pressures of 60–80 kbar. However,
none of these xenoliths contains diamond and the garnet
is characterized by Na2O and TiO2 concentrations
comparable with that in garnet from the Group II
eclogite xenoliths (i.e. low relative to garnets from
Group I eclogites). These very high temperatures are
therefore in all probability due to the inability of all
formulations of the garnet–clinopyroxene Fe–Mg ther-
mometer to accommodate very calcic garnet, and mantle
residence in the same area as Group II eclogite and
websterite xenoliths is preferred.
Estimates of equilibration conditions for the alkremite

xenoliths are not possible but the low concentrations of
TiO2 and Na2O in analysed garnets could indicate that
they are also not spatially associated with the Group I
eclogites, but rather derived from shallower regions of
the mantle.
The relatively low equilibration temperatures of the

spinel-bearing eclogite xenoliths (�800�C) are compat-
ible with an equilibration pressure of �32 kbar on a
cratonic geothermal gradient of 40mW/m2. The miner-
als in these rocks are chemically heterogeneous, however,
and this is taken as evidence that constituent minerals did
not fully equilibrate to ambient mantle conditions prior
to sampling by the kimberlite. The estimated P–T of
equilibration is therefore viewed as a maximum and the
rocks are probably derived from the lower crust or from
shallow upper mantle.
In summary, Group I eclogite xenoliths probably

derive from well within the diamond stability field, pos-
sibly at depths ranging from at least 150 km to the base
of the lithosphere or deeper. Group II eclogite, garnet-
websterite and corundum eclogite xenoliths probably all
derive from the same region of the mantle. A shallower
depth of mantle residence relative to the Group I eclogite
xenoliths is indicated, and this region probably extends
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from the lower boundary of the diamond stability field to
the shallow upper mantle (spinel peridotite stability field)
or even the base of the crust. Alkremite xenoliths could
also possibly derive from this region, or alternatively are
crustal rocks. Spinel-bearing eclogite xenoliths appear to
have been sampled from the shallow upper mantle or
from the base of the crust.

STABLE ISOTOPIC COMPOSITIONS

Group I eclogite xenoliths (including the diamond-
bearing xenoliths) and garnet-websterite xenoliths are
characterized by garnet and clinopyroxene d18O com-
positions of 4�3–5�9‰, 4�7–7�32‰ and 5�6–6�1‰
(Table 1; Fig. 7; Kiviets, 2000). This therefore approxim-
ates to the primary mantle value of þ5�5‰ (Kyser, 1986;

Mattey et al., 1994a, 1994b; see Table 1). Group II eclo-
gite, corundum eclogite, spinel eclogite and alkremite
xenoliths typically have, on average, similar oxygen
isotopic compositions to Group I eclogite xenoliths, but
with d18O values ranging down to 3�7‰ for sample 394
(Table 1; Fig. 7).
Garnet from Kaalvallei Group I eclogite xenoliths

is generally slightly depleted in 18O relative to coexisting
clinopyroxene (negative garnet–clinopyroxene frac-
tionation), whereas most of the Group II eclogites are
characterized by 18O-enriched garnet relative to coexist-
ing clinopyroxene. Garnet–clinopyroxene oxygen iso-
topic distribution for the rest of the xenoliths shows
wide scatter, and a consistent pattern is not observed.
Oxygen isotopic data for constituent minerals in eclogite
xenoliths from the Orapa and Roberts Victor kimberlites

Fig. 7. Frequency distribution of d18O values for garnet and clinopyroxene in Kaalvallei bimineralic Group I eclogite, bimineralic Group II
eclogite, diamond-bearing eclogite, corundum-bearing eclogite, spinel-bearing eclogite, garnet-websterite and alkremite xenoliths. Data for
diamond-bearing eclogite xenoliths from this study as well as the data of Kiviets (2000).
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show that decreasing temperature favours the incor-
poration of small amounts of 18O in garnet relative to
clinopyroxene (Deines et al., 1991), and the Kaalvallei
bimineralic eclogite data therefore compare similarly.
The d13C isotopic compositions of diamonds from

Kaalvallei eclogites are in the range �4�06‰ to
�11�45‰ (Kiviets, 2000).

RADIOGENIC ISOTOPIC

COMPOSITIONS

The generally low Sr content of garnet complicates iso-
topic analysis, and high-quality Sr data for garnet were
generally not obtained. Most of the Sr isotopic data
for coexisting garnet and clinopyroxene show isotopic
disequilibrium between the two minerals, even after rig-
orous hand cleaning and leaching of garnet separates.
Most measured Rb concentrations for garnet and clino-
pyroxene are barely above the level of the analytical
blank (<100 pg) and the observed garnet–clinopyroxene
87Sr/86Sr isotopic heterogeneity is therefore not due to
the growth of radiogenic strontium through radioactive
decay. The very low Sr concentration of garnets from
mantle xenoliths makes them very susceptible to contam-
ination through the precipitation of a ubiquitous, high-Sr
contaminant (possibly related to zeolites) in cracks
within grains (Richardson et al., 1985), and Sr isotopic
heterogeneity of minerals in mantle xenoliths is there-
fore commonly observed ( Jagoutz et al., 1980). Garnet
143Nd/144Nd isotopic compositions are generally higher
than that of coexisting clinopyroxene, a consequence of
the higher Sm/Nd of garnet.
Clinopyroxene and garnet mineral separates from

Kaalvallei eclogite xenoliths selected for detailed study
show considerable variation in Sr and Nd isotope com-
position (Tables 4–6). Present-day Sr isotope composi-
tions of clinopyroxene from Group I eclogite xenoliths
(including the diamond-bearing eclogites) range from
�0�702 to 0�722 (Table 4). The 87Sr/86Sr compositions
correlate broadly with xenolith Fe content. Iron-poor
xenoliths have 87Sr/86Sr <0�704 whereas Fe-rich xeno-
liths generally are characterized by higher 87Sr/86Sr
(Fig. 8). Clinopyroxene 87Sr/86Sr compositions for
Group II eclogite xenoliths range from 0�7037 to 0�7105
(Table 5) whereas compositions for corundum eclogite
and garnet-websterite xenoliths cluster around values of
0�705 and 0�703, respectively (Table 6). The 87Sr/86Sr
isotopic compositions of clinopyroxene from spinel-
bearing eclogite xenoliths are extremely radiogenic,
with 87Sr/86Sr �0�915 (Table 6).
Clinopyroxene in most of the xenoliths is characterized

by present-day 143Nd/144Nd values that are, in most
cases, only slightly higher than that of Bulk Earth
(Tables 4–6; Fig. 9). The xenoliths show little variation

in 143Nd/144Nd isotope composition, with the exception
of the spinel-bearing eclogite xenoliths, which have
constituent garnet and clinopyroxene with extremely
high 143Nd/144Nd (e.g. 0�5174 for clinopyroxene in
xenolith 306; Table 6).
The Sr and Nd isotopic data for Group I eclogite

xenoliths from Kaalvallei (including the diamond-
bearing xenoliths) indicate that at least two populations
of xenoliths are present. One variety (population A) is
characterized by low Sm/Nd (e.g <0�3; Fig. 10), no
correlation of Sr concentration with 87Sr/86Sr (Fig. 10),
relatively Fe-poor mineral compositions (Fig. 8) and
(with one exception) have 87Sr/86Sr �0�704. The other
xenolith type (population B) is characterized by lower
Sm and Nd concentrations, higher Sm/Nd (Fig. 10),
a strong positive correlation of Sr with 87Sr/86Sr iso-
topic composition (Fig. 11), relatively Fe-rich mineral
compositions and 87Sr/86Sr >0�704 (Fig. 8).
Clinopyroxene from the Kaalvallei Group II xenoliths

defines a negative correlation of Sm/Nd with 87Sr/86Sr
isotopic composition (Fig. 10) and positive correlation of
Sr with Nd (Fig. 11). Two groups can be defined in terms
of Sr content and 87Sr/86Sr isotopic composition (Fig. 12).
The two groups differ in Ni content (Fig. 12) and can also
be separated on a plot of d18O vs 87Sr/86Sr (Fig. 13).
On the basis of present-day garnet and clinopyroxene

143Nd/144Nd isotopic compositions, it is clear that the
constituent minerals in all the eclogite xenoliths are not
in isotopic equilibrium. This is adequately explained by
radiogenic decay of 147Sm since pipe emplacement for
most of the eclogite xenoliths, as they commonly define
two-point (garnet–clinopyroxene) ages that are within
error of the pipe emplacement age (Table 7). A number
of the xenoliths, however, are characterized by extreme
garnet–clinopyroxene disequilibrium (e.g. Group II eclo-
gite xenoliths 384, 385, 394 and 410), resulting in mineral
ages that are much older than that of the host kimberlite
(Table 7). In addition, some of the xenoliths exhibit
geologically meaningless ages, which either are very old
(e.g. Group II eclogite sample 295) or are significantly
younger than the age of the pipe (e.g. garnet-websterite
sample 276). A number of negative ages are also observed
(e.g. Group II and corundum eclogite xenoliths; Table 7).
Most of the garnet has Sm/Nd higher than that of

coexisting clinopyroxene, which should result in higher
143Nd/144Nd relative to coexisting clinopyroxene with
time. The reverse, however, is commonly apparent for
eclogite samples with meaningless ages (i.e. negative
ages). This probably indicates the decoupling of trace
element and isotopic compositions prior to kimberlite
emplacement and might be due to heating and fluid
infiltration associated with a xenolith metasomatic event.
However, disturbed Nd isotopic relations in Kaalvallei
eclogite xenoliths do not correlate in any way with xeno-
lith petrography, mineral chemistry data, oxygen isotopic
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Table 4: Rb, Sr, Sm and Nd concentrations and Sr and Nd isotopic compositions for garnet and clinopyroxene separates

from Kaalvallei Group I eclogite xenoliths

Sample Rb Sr 87Sr/86Sr Sm Nd 147Sm/144Nd 143Nd/144Nd

45GNT 0.005 0.411 0.70675(10) 0.910 1.04 0.529 0.513025(38)

45CPX 0.012 93.3 0.703793(20) 0.741 2.86 0.157 0.512675(30)

0.703695(26)

109GNT —— —— —— —— —— —— 0.513083(38)

109CPX —— —— 0.704253(26) —— —— —— 0.512788(38)

164GNT 0.006 0.95 0.7053(2) 0.948 0.683 0.839 0.513083(42)

164CPX 0.023 140.4 0.704304(22) 1.14 2.80 0.246 0.512756(22)

180CPX —— 107.7 0.704302(26) 0.626 1.52 0.249 0.512815(52)

191CPX —— 113.8 0.703293(26) 1.39 5.26 0.160 0.512798(16)

193CPX —— 180.4 0.704609(28) 1.03 2.65 0.235 0.512732(74)

196CPX —— 99.46 0.703107(36) 0.835 3.50 0.144 0.512782(18)

(*) —— 99.43 0.703033(26)

199CPX —— 121.47 0.703392(24) 1.47 4.52 0.197 0.512818(16)

0.703410(38)

201CPX —— 135.1 0.703519(24) 2.45 9.68 0.153 0.512836(72)

358CPX —— 83.02 0.721546(26) 0.969 3.36 0.174 0.512601(26)

(*) 82.96 0.721464(32)

369GNT 0.012 —— —— 0.890 0.918 0.586 0.513068(72)

369CPX 0.060 93.6 0.703479(18) 1.26 4.86 0.157 0.512761(18)

0.703433(18)

370GNT —— —— —— 1.08 1.14 0.573 0.512937(38)

370CPX 0.013 133 0.703779(24) 2.10 7.93 0.160 0.512755(18)

0.703869(22)

371CPX —— 306.7 0.706083(30) 2.39 7.13 0.203 0.512521(28)

(*) 307.9 0.706031(30) —— —— —— 0.512553(22)

372GNT 0.005 0.721 0.70452(17) 0.705 0.556 0.767 0.513087(18)

372CPX 0.022 95.3 0.704253(20) 0.595 1.57 0.229 0.512800(34)

0.704237(20)

373CPX —— 91.18 0.703527(22) 1.127 4.68 0.146 0.512747(16)

374CPX —— 120.6 0.702845(28) 2.67 9.85 0.164 0.512816(24)

376CPX —— 91.1 0.704205(32) 0.588 1.37 —— ——

377CPX —— —— —— 2.49 9.86 —— ——

378GNT —— —— —— 0.634 0.484 0.792 0.513061(26)

378CPX —— 115.4 0.704218(20) 0.727 1.99 0.221 0.512793(16)

0.704210(28)

(*) 0.704175(42)

379GNT 0.006 —— —— 2.65 1.74 0.921 0.513088(40)

379CPX 0.016 175 0.704658(16) 1.50 3.60 0.252 0.512760(16)

0.704685(18)

380GNT —— —— —— 1.26 1.34 0.569 0.512959(34)

380CPX —— 134.7 0.704089(56) 2.00 7.24 0.167 0.512740(20)

0.704026(28)

(*)indicates separate dissolution.
Clinopyroxene 87Sr/86Sr compositions given for both spiked and unspiked aliquots.
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compositions or garnet–clinopyroxene equlibration tem-
peratures. Garnet–clinopyroxene pairs from Bellsbank
eclogite xenoliths exhibit 143Nd/144Nd–147Sm/144Nd
relationships that also yield both positive and negative
slopes on an isochron diagram (Neal et al., 1990). Accord-
ing to Neal et al. (1990), this lack of coherence in the
Bellsbank xenoliths probably indicates that at least
one of the conditions required for closed-system iso-
tope evolution has not been met. The variable isotopic
compositions are ascribed to differing degrees or, pos-
sibly, rates of equilibration between garnet–fluid and
clinopyroxene–fluid within the same rock. Once isotopic
equilibrium was established, further cooling could effect-
ively have eliminated elemental and isotopic exchange
between coexisting clinopyroxene and garnet, allowing
their isotopic compositions to evolve independently (Neal
et al., 1990).

Model age calculations for most of the xenoliths are
not possible because of the similarity of the garnet and
clinopyroxene 143Nd/144Nd isotopic compositions to Bulk
Earth and depleted mantle estimates. In the few cases
where model ages have been obtained (Table 7) the
resultant dates show wide scatter. The occurrence of
two-point garnet–clinopyroxene as well as mineral and
whole-rock model ages older than �500Ma suggests that
the xenoliths are unlikely to be very young, but definite
statements on the chronology of eclogite formation are
not possible.

DISCUSSION

Metasomatic overprinting

The appreciation that metasomatic processes may be
important in the mantle has led to the terms cryptic

Table 5: Rb, Sr, Sm and Nd concentrations and Sr and Nd isotopic compositions for garnet and clinopyroxene separates

from Kaalvallei Group II eclogite xenoliths

Sample Rb Sr 87Sr/86Sr Sm Nd 147Sm/144Nd 143Nd/144Nd

171GNT 0.004 0.043 0.722(4) 0.130 0.162 0.485 0.512934(34)

171CPX 0.007 51.5 0.704270(28) 0.412 2.65 0.094 0.512635(26)

0.704239(44)

295GNT 0.004 0.834 0.70741(16) 0.591 3.70 0.097 0.512048(42)

295CPX 0.007 64.2 0.704087(16) 0.815 4.11 0.120 0.512650(38)

0.704095(28)

381GNT 0.004 —— —— 0.272 0.767 0.214 0.512132(22)

381CPX 0.008 104 0.704251(18) 1.42 7.63 0.113 0.512595(30)

0.704210(44)

384GNT 0.003 0.2 0.7240(4) 0.212 0.850 0.151 0.513045(26)

384CPX 0.085 112 0.710422(24) 0.403 5.13 0.048 0.512594(20)

0.710503(24)

385GNT 0.004 0.21 0.7108(1) 0.253 0.241 0.635 0.514663(20)

385CPX —— 98.9 0.703794(54) 1.28 7.52 0.103 0.512932(18)

0.703695(24)

394GNT —— —— —— 0.655 1.39 0.285 0.513618(34)

394CPX —— 102.3 0.704754(30) 0.661 5.56 0.072 0.512876(18)

0.704807(26)

410GNT —— —— —— 0.853 1.18 0.437 0.513289(42)

410CPX 0.052 173.7 0.705386(24) 1.43 10.19 0.085 0.512522(20)

412GNT —— —— —— 0.118 0.272 0.262 0.513072(32)

412CPX 0.025 52.7 0.705118(24) 0.218 2.19 0.060 0.512997(30)

0.705217(26)

413GNT —— 0.27 0.7110(2) 0.335 1.47 0.138 0.510903(30)

413CPX 0.007 161.2 0.706212(24) 0.954 8.14 0.071 0.512104(22)

0.706212(28)

415GNT 0.004 0.33 0.71812(74) 0.296 1.14 0.157 0.512795(18)

415CPX 0.025 112.1 0.709444(40) 0.415 5.123 0.049 0.512609(20)

Clinopyroxene 87Sr/86Sr compositions given for both spiked and unspiked aliquots.
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and patent metasomatism (Dawson, 1984; Menzies &
Hawkesworth, 1987) as well as modal metasomat-
ism (Harte, 1983) being applied to mantle xenoliths.
Patent metasomatism (or modal metasomatism) is
petrographically recognizable because of replacement
textures and development of new phases within the
rocks concerned. Cryptic metasomatism has been pro-
posed for situations where trace element enrichment
occurs in xenoliths apparently unaccompanied by
mineralogical changes (Dawson, 1984). Such metaso-
matic enrichment is widespread in peridotite xenoliths
(e.g. Erlank et al., 1987) and may also occur in eclogite
xenoliths (e.g. cryptic metasomatism in the Koidu high-
MgO eclogites; Barth et al., 2002). Ancient metasomatism
by transiting melts, before kimberlite-related alteration,

can lead to increased (or decreased) Mg-number
[molar Mg/(Mg þ Fe)], Ti, Ba, Nb, Zr, K and LREE
contents of the original eclogite (Sobolev et al., 1999;
Barth et al., 2002). Ireland et al. (1994) and Jacob et al.
(1998) questioned inferences made concerning petro-
genetic models for eclogite protoliths due to metaso-
matic overprinting, although this has subsequently been
discounted for Siberian eclogites (Taylor et al., 1996;
Snyder et al., 1998). Introduction of metasomatic fluids
may even facilitate the precipitation of diamonds (Taylor
et al., 1998).
In the case of the xenoliths analysed in the present

study, there is no evidence for modal metasomatism in
the form of replacement textures and development of
new phases.

Table 6: Rb, Sr, Sm and Nd concentration data and Sr and Nd isotopic compositions for garnet and clinopyroxene

separates from Kaalvallei corundum eclogite, spinel eclogite, garnet-websterite and alkremite xenoliths

Sample Rb Sr 87Sr/86Sr Sm Nd 147Sm/144Nd 143Nd/144Nd

Corundum-bearing eclogite xenoliths

323GNT —— —— —— 0.273 2.12 0.078 0.511982(16)

323CPX —— 28.12 0.705148(26) 0.147 1.48 0.060 0.512464(32)

0.705148(24)

325GNT —— —— —— 0.571 3.09 0.112 0.512806(32)

325CPX —— 50.8 0.706353(20) 0.476 3.89 0.074 0.512657(20)

0.706416(26)

326GNT —— —— —— 0.278 2.17 0.077 0.512025(80)

326CPX —— 28.16 0.705174(22) 0.146 1.47 0.060 0.512454(24)

0.705150(26)

349GNT —— 1.757 0.745959(68) 0.309 2.81 0.067 0.512366(22)

Spinel-bearing eclogite xenoliths

306GNT 0.004 —— —— 0.120 0.025 —— ——

306CPX 0.014 20.9 0.915233(32) 0.082 0.308 0.161 0.517375(60)

0.915360(38)

307GNT 0.007 —— —— 0.128 0.034 —— ——

307CPX 0.018 20.4 0.913381(28) 0.087 0.341 0.154 0.517654(36)

0.914378(28)

Garnet-websterite xenoliths

276GNT 0.008 —— —— 0.253 0.453 0.338 0.512847(52)

276CPX 0.011 174.4 0.703675(18) 1.83 13.47 0.082 0.512839(20)

0.703690(44)

431GNT —— 0.16 0.7108(2) 0.254 0.438 0.351 0.512902(26)

431CPX —— 174.5 0.703662(22) 1.75 13.10 0.081 0.512784(16)

0.703697(28)

Alkremite xenoliths

332GNT 0.002 0.71 0.7072(6) 0.732 2.58 0.172 0.512908(58)

335GNT 0.002 0.769 0.705729(68) 2.54 5.46 0.281 0.512721(30)

342GNT 0.003 0.37 0.7065(2) 0.752 1.37 —— ——

Clinopyroxene 87Sr/86Sr compositions given for both spiked and unspiked aliquots.
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Petrogenetic history of Kaalvallei Group I
eclogite xenoliths

Lack of definitive age information of the Kaalvallei
Group I eclogite xenoliths complicates the interpretation
of Nd and Sr isotope compositional variation. If it is
assumed that these eclogites were formed shortly prior
to the kimberlite emplacement event at 85Ma, then both
calculated whole-rock as well as clinopyroxene Sr and
Nd isotope compositions indicate xenolith derivation
from a protolith with slightly depleted REE patterns
(i.e. time-averaged 143Nd/144Nd values higher than that
of Bulk Earth estimates) and generally depleted Rb/Sr
characteristics (Fig. 9).

Fig. 9. 143Nd/144Nd vs 87Sr/86Sr for clinopyroxene from Kaalvallei
eclogite and garnet-websterite xenoliths, as well as for garnet from
Kaalvallei alkremite xenoliths. The diamonds indicate diamond-bearing
eclogites analysed in this study as well as the data of Kiviets (2000).

Fig. 8. Clinopyroxene 87Sr/86Sr vs garnet Fe/(Fe þ Mg) (total Fe as
FeO) for Kaalvallei Group I eclogite xenoliths. The diamonds indicate
diamond-bearing eclogites analysed in this study as well as the data of
Kiviets (2000). Populations A and B are indicated (see text for details).

Fig. 11. Nd vs Sr (ppm) for clinopyroxene from Kaalvallei eclogite
xenoliths. The diamonds indicate diamond-bearing eclogites analysed
in this study as well as those from Kiviets (2000). Populations for
Group I xenoliths (A and B) are indicated.

Fig. 10. Sm/Nd vs 87Sr/86Sr for clinopyroxene from Kaalvallei
eclogite xenoliths. The diamonds indicate diamond-bearing eclogites
analysed in this study as well as those from Kiviets (2000). Populations
for Group I xenoliths (A and B) are indicated.
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However, these xenoliths are unlikely to be this young.
All of the Kaalvallei diamond eclogite xenoliths
examined have proved to be Group I eclogites, and
diamondiferous Group I xenoliths must therefore be
intimately related to barren Group I xenoliths. Sm–Nd
diamond formation ages obtained by the analysis of
eclogitic garnet and clinopyroxene diamond inclusion
composites from the Orapa, Premier and Finsch kim-
berlite pipes (Richardson, 1986; Richardson et al., 1990)
all indicate Proterozoic diamond formation ages ranging
from 990 to 1580Ma, and it is, therefore, not unreason-
able to assume that the Kaalvallei Group I eclogite xeno-
liths are also at least Proterozoic in age, if not Archaean in

age (Pearson et al., 1995). If this is so, then the variable
time-integrated Nd isotopic compositions of Kaalvallei
Group I eclogites provide evidence that at least two pro-
tolith compositions were involved in the genesis of these
xenoliths (Fig. 14). Population A xenoliths (with low
Sm/Nd; e.g. Sm/Nd ¼ 0�4 for xenolith 370) derive
from a source of approximately Bulk Earth isotopic com-
position (eNd values close to 0�0) whereas Population B

Fig. 13. Oxygen isotopic composition as a function of 87Sr/86Sr for
clinopyroxene in bimineralic Group II eclogite xenoliths from the
Kaalvallei kimberlite. Samples with high nickel contents are indicated.

Fig. 12. Sr content vs 87Sr/86Sr for clinopyroxene from Kaalvallei
bimineralic Group II eclogite xenoliths. Samples with high nickel
contents are indicated.

Table 7: Nd age calculations for Kaalvallei eclogite xenoliths

(all data are in millions of years)

Sample T(gnt�cpx) TDM(gnt) TDM(cpx) TDM(wrock)

Group I eclogite xenoliths

45 143 � 28 —— 1007 ——

164 84 � 16 —— —— ——

358 —— —— 1769 ——

369 109 � 32 —— —— ——

370 67 � 21 —— —— ——

372 84 � 15 —— —— ——

378 72 � 22 —— —— ——

379 75 � 13 —— —— ——

380 83 � 21 —— —— ——

Group II eclogite xenoliths

171 117 � 23 —— 541 565

295 ‘3896’ 1304 661 1131

381 ‘�697’ —— 695 807

384 666 � 68 —— 430 ——

385 497 � 11 582 —— ——

394 532 � 37 1211 —— ——

410 333 � 27 —— 633 666

412 57 � 47 —— —— ——

413 ‘�2771’ —— 1011 1572

415 263 � 54 —— 420 442

Corundum-bearing eclogite xenoliths

323 ‘�4198’ 1199 590 943

325 602 � 210 —— 442 ——

326 ‘�3817’ 1148 600 1000

Garnet-websterite xenoliths

276 ‘5’ —— —— ——

431 67 � 24 —— —— ——

T(gnt�cpx), garnet�clinopyroxene two-point age;
TDM(gnt), garnet-depleted mantle model age; TDM(cpx),
clinopyroxene-depleted mantle model age; TDM(wrock),
depleted mantle model age for calculated whole-rock com-
position. Nd model ages calculated relative to depleted
mantle with 143Nd/144Nd ¼ 0.513078 and 147Sm/144Nd ¼
0.2199 (Faure, 1986; Egglington & Harmer, 1991). Errors on
ages calculated from the maximum and minimum statistical
error (2s) on the 143Nd/144Nd ratio. Ages in quotation marks
are geologically meaningless and the xenolith isotope
systematics are disturbed.
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xenoliths (with higher Sm/Nd ratios; e.g. Sm/Nd ¼ 0�7
for xenolith 164) derive from a source with distinctively
low 143Nd/144Nd (large negative eNd values).
As the major element bulk-rock estimates for these

rocks are broadly comparable with oceanic tholeiites it
is postulated that a link with subducted basalts may exist.
Fresh mid-ocean ridge basalts, however, have present-day
143Nd/144Nd of the order of 0�5129–0�5133; 87Sr/86Sr
varies from 0�7023 to 0�7033; Sm/Nd is typically about
0�3; and absolute concentrations of Sr, Sm and Nd are
of the order of 90–150 ppm, 2�2–2�6 ppm and 7–9 ppm,
respectively (Ito et al., 1987; Floyd, 1991). The Kaalvallei
Group I eclogite xenoliths are therefore compositionally
distinct compared with these isotopic and trace element
compositional ranges, and a simple single-stage petro-
genetic model involving subducted ocean floor basalt is
probably not indicated.
Petrographically similar eclogite xenoliths from the

Orapa kimberlite in Botswana have O and Sr isotopic
compositions that can be modelled as metamorphosed
mixtures of oceanic basalt with a few percent of ocean
floor sediment (Viljoen et al., 1996). However, the Kaal-
vallei Group I eclogite data are more difficult to interpret,
as stable and radiogenic isotope trends are not as clearly
defined as at Orapa. It is evident that a component with
high 87Sr/86Sr and low 143Nd/144Nd (e.g. global sub-
ducting sediment; Plank & Langmuir, 1998) probably
did have a role to play in the petrogenesis of at least
some of the Kaalvallei Group I eclogite xenoliths. On
the basis of the evidence provided by the Orapa xenoliths
it is tempting to ascribe Kaalvallei Group I eclogite
petrogenesis also to derivation from a basalt–sediment
mixture. Such mixing could, in particular, explain the
variations in 87Sr/86Sr isotopic composition of these xeno-
liths, with the less radiogenic 87Sr/86Sr of population A

xenoliths being due to a smaller amount of sediment
admixture relative to the population B xenoliths. Sedi-
ment volumes of <5% are indicated (except maybe for
xenoliths 358 and 371 with 87Sr/86Sr of 0�722 and 0�706,
respectively) and such low sediment volumes are unlikely
to increase d18O compositions significantly.
However, sediment admixture cannot explain the

higher degree of LREE depletion of the population B
xenoliths relative to those of population A, as sediments
are typically enriched in LREE. Residue formation
resulting from dehydration and partial melting during
subduction and subsequent high-pressure metamorphism
might be the key. In this scenario the higher degree of
LREE depletion of the population B xenoliths would be
due to a larger degree of melting of the protolith. The
Kaalvallei Group I eclogite xenoliths are therefore con-
sidered to derive from a heterogeneous protolith, consist-
ing of variably mixed basalt and sediment, through a
process of residue formation associated with dehydration
and partial melting during subduction.

Petrogenetic history of Kaalvallei Group II
eclogite xenoliths

The Kaalvallei Group II eclogite xenoliths evidently
derive from a protolith with 143Nd/144Nd higher than
that of Bulk Earth (i.e. positive eNd; Fig. 14), whereas the
variable and, in some instances, low oxygen isotopic com-
positions are consistent with a crustal origin for the proto-
lith. In addition, the elevated 87Sr/86Sr and Ni contents of
some of the xenoliths (Fig. 12) could be due to interaction
with metasomatized, peridotitic lithosphere (Kesson &
Ringwood, 1989; Kelemen et al., 1998). The major ele-
ment compositions of theKaalvallei Group II eclogites are
remarkably similar to those of clinopyroxenite xenoliths
from alkali basalts (e.g. Frey, 1980; Irving, 1980). In rare
cases such xenoliths are composite, consisting of clinopyr-
oxenite, orthopyroxenite or websterite layers (up to 10 cm
thick) enclosed in spinel lherzolite (e.g. at Hawaii; Frey,
1980). Systematic mineral chemical and textural vari-
ations within the layers suggest crystallization from the
walls inward, with the magma at the layer margins being
most contaminated by wall-rock reaction (Irving, 1980).
Petrogenesis of the Kaalvallei Group II eclogites, there-
fore, might have occurred through the crystallization of
melts within the shallow continental lithosphere (at pres-
sures lower than that of the diamond stability field). These
melts were LREE-enriched and derived from altered,
subducted oceanic basalt. Infiltration and mixing of these
melts with the surrounding peridotite led to the formation
of hybrid rocks of variable Ni content as well as variable
oxygen and Sr isotopic composition.
It is, however, also important to note that some of the

trends ascribed to lithospheric interaction are identical
to those expected for metasomatic processes occurring in

Fig. 14. Whole-rock Nd isotope evolution diagram for Kaalvallei
bimineralic Group I and Group II eclogite xenoliths. Populations
for Group I xenoliths (A and B) are indicated. CHUR, Chondritic
Uniform Reservoir.
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the mantle subsequent to xenolith crystallization. For
instance, the negative correlation of Sm/Nd with
87Sr/86Sr (Fig. 10) is entirely consistent with an increased
degree of metasomatism in the xenoliths with the higher
87Sr/86Sr. In addition, as discussed above, the observed
meaningless garnet–clinopyroxene ages for several of the
Group II eclogites might also be a consequence of heating
and fluid infiltration associated with a metasomatic event
that occurred shortly prior to (or during) xenolith trans-
port in the kimberlite.

Contrasting Group I and Group II
eclogite petrology and petrogenesis

There is probably no single, universally applicable model
for eclogite petrogenesis (Ringwood, 1975; Snyder et al.,
1997).
Group I and Group II eclogite varieties at Roberts

Victor are chemically markedly distinctive (Garlick et al.,
1971; Jagoutz et al., 1984; MacGregor & Manton, 1986;
Ongley et al., 1987; Harte & Kirkley, 1997). On the basis
of major and minor element chemical trends of garnet
and clinopyroxene from Roberts Victor eclogites,
Hatton & Gurney (1987) postulated that the Group I
eclogites may represent a crystallized diapir of remobil-
ized oceanic crust, whereas the Group II eclogites formed
in the volatile-enriched thermal aureole between the
Group I eclogites and the surrounding garnet lherzolite.
MacGregor & Manton (1986) were also of the opinion
that Group I and Group II eclogites at Roberts Victor
may be related. In contrast, isotopic data ( Jagoutz et al.,
1984; Jacob & Jagoutz, 1994) provide evidence for a
model in which both eclogite varieties are related to
the upper and deeper levels of hydrothermally altered,
subducted oceanic crust.
Both xenolith varieties are evidently present in the

Bellsbank kimberlite (Smyth & Caporuscio, 1984; Taylor
& Neal, 1989; Neal et al., 1990; Viljoen, 1995). In this
instance, Group I eclogite compositions (as reflected in
the garnet compositions) are dominated by Fe-rich types
whereas Group II xenoliths span the entire Ca–Mg–Fe
compositional range. Petrological trends are complex
(Smyth et al., 1989; Neal & Taylor, 1990; Smyth et al.,
1990) with no clear petrogenetic distinctions between
Group I and Group II xenoliths (Viljoen, 1995).
Eclogite xenoliths from Orapa can be accurately

classified as Group I or Group II on the basis of petro-
graphy as well as mineral chemistry (Shee & Gurney,
1979). Isotopic data for these xenoliths (Deines et al.,
1991; Viljoen et al., 1996) are diverse and suggest that
the two eclogite varieties are not petrogenetically related.
Group I eclogite xenoliths can be modelled as meta-
morphosed mixtures of oceanic basalt, with or without
a few percent of ocean floor sediment. Chemical and
isotopic trends for Group II xenoliths from Orapa are
consistent with a process of cumulate formation from

hybrid melts that were derived from a protolith with
time-averaged LREE depletion, and that crystallized in
the shallow continental lithosphere outside the diamond
stability field.
The variable oxygen isotopic composition of the

Kaalvallei eclogite xenoliths is noteworthy. Composi-
tional ranges are comparable with those for eclogite
xenoliths from the Roberts Victor and the Orapa
kimberlites. Based onoxygen isotope data alone, it is there-
fore possible that the petrogenetic model for Roberts
Victor eclogites (Jagoutz et al., 1984; MacGregor &
Manton, 1986; Jacob and Jagoutz, 1994) in which
protoliths to both Group I and Group II eclogites are
considered to result from the alteration of oceanic crust at
variable temperatures may have universal application.
However, in view of the restriction of diamond to
Group I eclogites, and on the basis of the thermobaro-
metric evidence, it seems certain that Group I eclogites
are derived from higher pressure (i.e. greater depth) than
the Group II eclogites. Hence a shared petrogenetic
model for eclogites in which the two varieties are linked
through the simple subduction and metamorphism of
altered oceanic crust is difficult to visualize. Furthermore,
in the case of Orapa and Kaalvallei the Group I xenoliths
are LREE depleted relative to the Group II xenoliths and
this is the reverse of what is observed for the eclogites
from Roberts Victor. In addition, Sr and Nd isotopic
trends are diverse for the various localities under discus-
sion, with no consistent compositional isotopic trends
between Group I and Group II xenoliths being apparent.

The garnet-websterite suite

Garnet-websterite xenoliths are a common constituent of
many kimberlite pipes but reported numbers are small
(Dawson & Carswell, 1990). The stable and radiogenic
isotopic composition of these xenoliths has been studied
at kimberlite xenolith localities such as Bellsbank and
Obnazhennaya (Neal et al., 1990; Taylor et al., 2003). In
most cases the xenoliths are of the Group II variety, but
Group I garnet-websterite xenoliths evidently also
occur; for example, from the Roberts Victor kimberlite
pipe (Hatton, 1978; Hatton & Gurney, 1987). Garnet,
clinopyroxene and orthopyroxene occurring as inclusions
in diamonds are, in some instances, also more Fe-rich
than minerals of the lherzolite or harzburgite assemblage
but are more Cr-rich than typical eclogite compositions
(Gurney, 1989; Deines et al., 1993; Aulbach et al., 2002).
These inclusions have been assigned to the websterite
paragenesis (Gurney, 1989) and are particularly abund-
ant at the Orapa kimberlite (Gurney et al., 1984; Deines
et al., 1993).
The garnet-websterite xenoliths from Bellsbank and

Kaalvallei are virtually identical in terms of LREE
enrichment as well as stable (oxygen) and radiogenic
(Sr and Nd) isotopic composition. Neal et al. (1990)
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originally ascribed the petrogenesis of the Bellsbank
garnet-websterite xenoliths to crystallization from a kim-
berlite magma. Pearson et al. (1992) indicated on the basis
of unusually radiogenic 187Os/186Os isotopic composi-
tions for the Bellsbank garnet-websterite xenoliths that
crystallization from a kimberlite magma is unlikely, but
that they could have formed from aged, subducted ocea-
nic crust or cumulate portions thereof. Garnet-websterite
xenoliths from the Obnazhennaya kimberlite in Yakutia
were considered by Taylor et al. (2003) to have formed
through the reaction of a depleted mantle peridotite with
tonalite–trondhjemite–granodiorite melts and carbonat-
ite melts closely related to the subduction of oceanic crust.
Aulbach et al. (2002) considered that websterite inclusions
in diamonds from the Venetia kimberlite may have
formed by a mixing process in which they resulted
from the reaction of slab-derived melts with surrounding
peridotite. The O, Sr and Nd isotopic analysis of the
xenoliths from Kaalvallei has shed no new light on the
problem, and the petrogenesis of these garnet-websterite
xenoliths is left largely unexplained.

Corundum- and kyanite-bearing
eclogite xenoliths

The petrogenesis of corundum and kyanite eclogite is a
contentious issue (e.g. Neal & Taylor, 1990; Smyth et al.,
1990; Taylor et al., 1991). The xenoliths can evidently
belong to both the Group I variety [e.g. diamondiferous
corundum eclogites from Frank Smith and Newlands,
as well as a diamondiferous kyanite eclogite from
Udachnaya (Rickwood et al., 1969; Snyder et al., 1993)]
and the Group II variety (e.g. Kaalvallei). Stable and
radiogenic isotope data are limited to three kyanite-
bearing xenoliths from Bellsbank (Neal et al., 1990), one
diamond-kyanite xenolith from Udachnaya (garnet data
only; Snyder et al., 1993) and the four Kaalvallei xenoliths
analysed in this study. On the basis of O, Sr and Nd
isotopic data, Neal et al. (1990) proposed that the
Bellsbank kyanite eclogite xenoliths could have formed
from a subducted feldspathic cumulate. Smyth et al.
(1989) however, ascribed the origin of corundum- and
kyanite-bearing eclogite xenoliths to the formation of
cumulates of aluminous clinopyroxene (or pyroxene
plus corundum) followed by extensive subsolidus exsolu-
tion of kyanite and garnet. The four xenoliths from
Kaalvallei differ substantially in terms of REE content
(much higher) as well as oxygen isotopic compositions
(similar to mantle values) from the Bellsbank xenoliths.
In addition, the Kaalvallei xenoliths are LREE-enriched
relative to the LREE-depleted Bellsbank xenoliths. These
Kaalvallei xenoliths do, however, plot in the enriched Sr,
depleted Nd quadrant of the Sr–Nd diagram if the xeno-
liths are considered to be older than the pipe emplace-
ment age. It is therefore conceivable that these xenoliths
might have formed from a protolith involving altered,

subducted oceanic crust, although the oxygen isotope
data do not support this. The LREE-enriched nature of
the Kaalvallei xenoliths relative to the LREE-depleted
nature of the Bellsbank xenoliths also indicates a different
formation process for the Kaalvallei xenoliths subsequent
to protolith formation. On the basis of their LREE
enrichment, it could be argued that the Kaalvallei corun-
dum eclogite xenoliths might have crystallized from a
melt, thereby lending some support to the magmatic
cumulate model (Smyth et al., 1989). However, the
Kaalvallei corundum eclogite xenoliths do show obvious
evidence of possible open-system behaviour (as evidenced
by disturbed garnet–clinopyroxene mineral ages, which
may be associated with a phase of cryptic metasomatism)
and firm conclusions on the petrogenesis of these
xenoliths are not possible.

Alkremite xenoliths

Alkremite xenoliths are yet another xenolith variety that
defies simple explanation. These aggregates of garnet
and spinel, often with accessory corundum (Dawson &
Carswell, 1990) have been studied isotopically at
Jagersfontein (Mazzone & Haggerty, 1989a, 1989b),
Udachnaya and Bellsbank (Nowell et al., 2003). On the
basis of unusually high whole-rock Al2O3 contents, highly
radiogenic Sr in garnet (87Sr/86Sr>0�800) and modelling
of whole-rock REE patterns, it was proposed that the
Jagersfontein xenoliths formed as residues from the melt-
ing of Archaean shales (Mazzone & Haggerty, 1989b).
Oxygen isotope compositions for the Ancient Gneiss
Complex in Swaziland, as well as various Archaean
granites from southern Africa, vary from þ5 to þ11‰
(Blamart et al., 1993). Oxygen isotope compositions for
the alkremite xenoliths fromKaalvallei, however, are only
marginally lower than that of typical mantle. In addition,
the Sr isotopic composition of garnet in the Kaalvallei
xenoliths is totally unlike that of the Jagersfontein xeno-
liths (87Sr/86Sr ¼ 0�7057–0�707; Table 6), whereas
present-day Nd isotopic compositions are intermediate
between that of Bulk Earth and depleted mantle. The
Kaalvallei data therefore do not seem to support the
model proposed for the formation of the Jagersfontein
xenoliths.

Spinel-bearing eclogites

The Kaalvallei spinel-bearing eclogite xenoliths are
clearly unique in terms of petrography, mineral chem-
istry and isotope chemistry. These rocks are essentially
clinopyroxenites and, on the basis of low calculated
garnet–clinopyroxene equilibration temperatures, der-
ived from the shallow upper mantle or the deep lower
crust. The xenoliths are evidently ultradepleted as
inferred from the extreme depletion of trace elements
and the LREE-depleted pattern. These rocks therefore
either must have crystallized from a melt derived from a
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previously depleted protolith or, alternatively, represent
the residue left behind after extensive melting of the
protolith. The interpretation of these rocks as residues
from melt extraction is preferred, as these rocks have the
highest heavy REE (HREE) concentrations of all the
Kaalvallei eclogite xenoliths. The xenoliths contain very
low amounts of Rb and the Sr isotopic composition is,
therefore, a reflection of the isotopic composition of the
protolith at the time of eclogite xenolith formation. The
extremely radiogenic 87Sr/86Sr isotopic composition of
the xenoliths requires a protolith with an unusually high
Rb/Sr, and an eclogite genesis event during which the
removal of the parent Rb occurred. Alternatively, the
protolith may have consisted of a mixture of components
of variable radiogenic 87Sr/86Sr composition. For
instance, highly radiogenic Sr isotopic compositions in
abyssal peridotites were considered by Snow et al. (1993)
to be associated with the introduction of continental clay
with highly radiogenic 87Sr/86Sr, through infiltration of
seawater bearing suspended detrital particles.
The 143Nd/144Nd isotopic composition of the clinopyr-

oxene from these xenoliths is exceedingly radiogenic as
a result of the very high Sm/Nd ratio. However, Nd
isotope evolution lines for clinopyroxene in this instance
do not intersect chondritic or depleted mantle estimates
and a model age cannot be determined. The isotopic data
require a two-stage process of protolith evolution. Enrich-
ment of the protolith in Rb occurred first and was then
followed by a period of ageing in order for the radiogenic
Sr isotopic composition to develop. Subsequently the
protolith was severely depleted in LREE, possibly during
a melting event. This could have implications for
Archaean crustal formation processes. The generation
of trondhjemites and tonalites during the Archaean
marked the transition from oceanic to continental crust
generation, and represents the magmatic contribution to
early cratonization processes (Rudnick & Taylor, 1986).
Petrogenetic models for the origin of these rocks based on
their highly fractionated, HREE-depleted abundance
patterns suggest their derivation from a mafic crustal
source through a process of partial melting of amphibol-
ite, garnet-amphibolite or eclogite (Rudnick & Taylor,
1986; Ireland et al., 1994; Rudnick, 1995; Rollinson,
1997; Rudnick et al., 2000; Rapp et al., 2003). Partial
melting experiments on a series of natural basaltic com-
positions (Rapp et al., 1991) have shown that tonalitic–
trondhjemitic granitoids can be produced by 10–40%
melting of such source rocks. It is therefore concluded
that the Kaalvallei spinel eclogite xenoliths could be the
residues from such a melting process.

SUMMARY

The Kaalvallei intrusive is a typical Group I kimberlite
with a pipe emplacement age of 85Ma. Eclogite xenolith

varieties include bimineralic xenoliths, corundum-
bearingeclogite, garnet-websterite, alkremite, andunusual
spinel-bearing eclogite. Bimineralic eclogite xenoliths can
be accurately classified into the Group I and Group II
varieties on both petrographic and geochemical criteria.
Diamond is a common accessory mineral in the Group I
xenoliths. Corundum eclogite, spinel eclogite, websterite
and alkremite all have low Na2O in garnet and low K2O
in clinopyroxene, and are considered to belong to the
Group II variety.
Kaalvallei Group I eclogite xenoliths have Fe-rich

mineral and whole-rock compositions. Xenolith bulk
compositions are tholeiitic and broadly comparable with
ocean floor basalts. Kaalvallei Group II eclogite and
spinel eclogite xenoliths have mineral and bulk-rock
compositions that are characterized by consistently high
MgO and CaO contents. These rocks have composi-
tional affinities with clinopyroxenites. Websterite xeno-
liths have magnesian mineral compositions and picritic
bulk compositions. Alkremite xenoliths are exceedingly
aluminous. Corundum-bearing eclogite xenoliths have
chemical similarities to metagabbroic and anorthositic
rocks.
Kaalvallei eclogite xenoliths exhibit a large range in

equilibration temperature, extending from �800�C to
1400�C at an assumed pressure of 50 kbar. Group I
eclogite xenoliths range from 1100�C to 1350�C, with
an average of 1260�C. P–T estimates obtained for the
two Group I eclogite xenoliths that contain orthopyrox-
ene yield temperatures of 1037�C and 1329�C and pres-
sures of 35 and 65 kbar, respectively. Group II xenoliths
exhibit equilibration temperatures ranging from 900�C
to 1300�C, averaging at �1100�C. Spinel-bearing eclo-
gite xenoliths have equilibration temperatures in the
range 800–900�C. Garnet-websterites are characterized
by a restricted range of temperatures, on average approx-
imately 1050�C. P–T estimates obtained for the two
garnet-websterite xenoliths selected for detailed study
yield temperatures of 1027�C and 942�C and pressures
of 47 and 42 kbar, respectively. Corundum-bearing
eclogite xenoliths give the highest temperatures of equi-
libration, averaging at 1350�C.
Oxygen isotopic compositions of most Kaalvallei eclo-

gite xenoliths cluster around values expected for mantle-
derived rocks. However, some Group II eclogite xenoliths
have lower oxygen isotopic compositions with d18O val-
ues ranging down to þ3�7‰.
Two-point garnet–clinopyroxene Sm–Nd xenolith ages

for Kaalvallei Group I eclogite xenoliths are generally
within error of the age of pipe emplacement. This is indi-
cative of mantle residence at temperatures higher than
the clinopyroxene–garnet blocking temperature. Lower
temperature Group II xenoliths, websterite xenoliths and
corundum eclogites have a variety of ages, ranging from
666Ma to geologically meaningless, negative ages.
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Present-day 87Sr/86Sr and 143Nd/144Nd isotopic com-
positions of most Kaalvallei Group I eclogite xenoliths
are lower and higher, respectively, relative to Bulk Earth
estimates. Group II eclogite xenoliths may have lower
143Nd/144Nd but variable 87Sr/86Sr isotopic composi-
tions relative to Bulk Earth.
The variable time-integrated Nd isotopic compositions

of Kaalvallei Group I eclogites provide evidence that at
least two protolith compositions were involved in the
genesis of these xenoliths, one with approximately Bulk
Earth isotopic composition and the other with distinct-
ively low 143Nd/144Nd (large negative eNd values). The
data acquired do not provide any clear information on
the origin of the protolith. Eclogite genesis might have
been by residue formation associated with the dehydra-
tion and partial melting of a protolith consisting of vari-
ably mixed, subducted ocean floor basalt and sediment.
Kaalvallei Group II eclogite xenoliths are likely to have

formed through the crystallization of small-volume melts
in conduits in old, enriched subcontinental lithosphere.
Extensive interaction with, and assimilation of, surround-
ing peridotite occurred. Xenolith Nd isotope data
indicate that these parental melts were derived from a
protolith with 143Nd/144Nd higher than that of Bulk
Earth (i.e. positive eNd). Oxygen isotopic data provide
evidence for the involvement of altered oceanic basalt in
the source protolith of these melts.
Kaalvallei garnet-websterite xenoliths might be petro-

genetically related to Group II xenoliths. Isotopic data for
Kaalvallei corundum eclogite and alkremite xenoliths do
not provide any constraints on petrogenesis. Spinel eclo-
gite xenoliths are ultradepleted in virtually all trace ele-
ments, have very low LREE contents but have relatively
high HREE concentrations. Extreme 87Sr/86Sr (�0�915)
and 143Nd/144Nd isotopic compositions are observed.
The high 87Sr/86Sr isotopic composition suggests that
the protolith must have been enriched in Rb prior to
xenolith formation and that a significant length of time
elapsed before the depletion event. Alternatively, the pro-
tolith may have consisted of a mixture of components of
variable radiogenic 87Sr/86Sr isotopic composition, one of
whichmight have been continental clay with highly radio-
genic 87Sr/86Sr. These xenoliths might represent residues
associated with the generation of continental crust.
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