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Abstract Trace-element concentrations in eclogitic and
websteritic inclusions in diamonds from Venetia (South
Africa) were analysed using an ion microprobe (SIMS).
Garnets of both parageneses show similar, positive
LREEN/HREEN slopes, but eclogitic garnets have
higher MREE and almost flat MREEN–HREEN, and are
also different in having significantly higher Sr and Zr.
The occurrence of negative and positive Eu anomalies in
garnets and clinopyroxenes of both parageneses points
towards feldspar fractionation and accumulation in a
magmatic precursor, suggesting subducted oceanic crust
as a common protolith. Assuming equilibrium between
clinopyroxene and garnet included in the same diamond,
a bulk eclogite was reconstructed from these inclusions
plus (expected) accessory rutile. The whole rock has a
trace-element pattern lying between oceanic gabbro
and EMORB, but is depleted in highly incompatible
elements relative to these possible precursors. Quantita-
tive modelling shows that relative and absolute trace-
element abundances of the reconstructed eclogite and the
hypothetical oceanic precursor agree if the latter is
subjected to a loss of partial melts after subduction into
the eclogite stability field. Major- and trace-element

characteristics of websteritic inclusions could imply
a more mafic precursor, which may have been part of a
heterogeneous oceanic crust. However, new experimental
data show that major- and trace-element compositions of
websteritic inclusions in diamond are consistent with a
mixing model in which they result from the reaction of
slab-derived melts with surrounding mantle peridotite.
This reaction generates major element contents that are
intermediate between those of eclogitic and peridotitic
sources whereas trace-element characteristics, such as Eu
anomalies, are inherited from the melt source.

Introduction

Diamonds and their inclusions are valuable for mantle
research because they represent samples that, unlike
xenoliths, are unadulterated by reactions with the
transporting magma or by later alteration processes.
Two main inclusion suites (peridotitic and eclogitic) with
distinct assemblages and geochemical characteristics
have long been recognised (Meyer and Boyd 1972;
Sobolev 1977). In this contribution, we focus on a third
paragenesis (websteritic inclusions) and its relationship
to the eclogitic suite.

Researchers have long debated whether eclogites
represent subducted former oceanic crust or whether
they have crystallised from a primary mantle melt at
depth. We discuss the arguments used by the different
factions and present trace-element data and modelling
to elucidate the origin of the eclogitic diamond source
at Venetia.

Websteritic inclusions in diamonds are a rare and
only little studied paragenesis, which is chemically
transitional between the dominant eclogitic and peri-
dotitic reservoirs (Gurney et al. 1984; Deines et al. 1993).
We report here the first trace-element data for inclusions
of this paragenesis and discuss current models for an
igneous formation of websterites that are based on
evidence from xenoliths and orogenic massifs. An
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alternative model is presented that focuses on the in-
termediate major-element content and the trace-element
characteristics of websteritic inclusions in diamond and
that finds support in recent experimental works.

Samples and analytical methods

Mineral inclusions in 200 diamonds from the Venetia Mine were
released by crushing after visual examination (Viljoen et al. 1999).
Eclogitic inclusions were studied from 12 diamonds (19 garnets,
two clinopyroxenes) and websteritic inclusions from nine diamonds
(11 garnets, 13 clinopyroxenes, two orthopyroxenes), with one di-
amond containing a mixed paragenesis of three eclogitic garnets
and a websteritic orthopyroxene. None of the inclusions used for
the present study are in contact with another. With the exception of
diamond v163, none of the diamonds were visibly cracked and,
therefore, are assumed to represent unaltered samples of the
diamondiferous mantle. These inclusions were carefully analysed
by EPM to achieve high precision and low detection limits.
Subsequently, five websteritic and five eclogitic garnets, and five
websteritic and two eclogitic clinopyroxenes were selected as
representative samples for ion probe analysis.

Major- and minor-element data were collected using the Jeol
JXA-8900 RL electron microprobe at Frankfurt University.
Counting times were chosen such that detection limits of 100 ppm
or better were achieved for all oxides except Na2O (�200 ppm).
Acceleration voltage and probe current were set at 20 kV and
20 nA, respectively. Matrix corrections were carried out using
algorithms of J.T. Armstrong implemented in the Jeol software.

Trace-element data were measured with the Cameca IMS 4f ion
microprobe at Edinburgh University. Counts for each element and
the background were collected for 50 s and corrections were made
for isobaric interferences, e.g. BaO on Eu and ZrH on Nb. Element
abundances were determined by calibrating the sensitivity for each
element against SRM610 glass standard and using Si as an internal
standard. Analytical conditions are described in more detail
in Stachel and Harris (1997).

Inclusion chemistry

Major- and trace-element data are given in Tables 1 and
2. The reader is also referred to Viljoen et al. (1999) for a
more extensive data set on the major-element compo-
sition of inclusions in diamonds from Venetia. The
assignment of inclusions to a specific paragenesis, i.e.
eclogitic, websteritic or peridotitic, could be unambigu-
ously done on the basis of major element composition
alone for all of the garnet and orthopyroxene inclusions,
using the criteria outlined below. For clinopyroxene in-
clusions, where the websteritic paragenesis composi-
tionally falls between, but also overlaps with the
eclogitic and peridotitic paragenesis, a combination of
clinopyroxene composition and the paragenesis of gar-
net occurring within the same diamond was used.

Major elements

Garnet

The distinction between peridotitic and eclogitic garnet
inclusions may be made on the basis of the low Cr

content of the latter (Gurney 1984; Meyer 1987), and
we have used an arbitrary cut-off at 1 wt% Cr2O3

(Fig. 1). After the recognition of a websteritic inclu-
sion paragenesis at Orapa, Deines et al. (1993) intro-
duced a diagram Cr2O3 versus Mg-number to
distinguish peridotitic, websteritic and eclogitic gar-
nets. For Venetia, this classification scheme fails to
correctly assign observed parageneses based on inclu-
sion mineralogy and a new criterion had to be estab-
lished. Here we use a plot of CaO versus Cr2O3

(Fig. 1), which is conventionally used to separate
lherzolitic garnets formed in equilibrium with both
clinopyroxene and orthopyroxene from wehrlitic (only
in equilibrium with cpx) and harzburgitic (no clino-
pyroxene present in the source) garnets (Sobolev et al.
1973). Applying the 1 wt% Cr2O3 cut-off from the
peridotitic suite, we used the same compositional fields
to distinguish between eclogitic garnets in equilibrium
with clinopyroxene only (i.e. eclogite sensu stricto) and
websteritic garnets co-existing with both clinopyroxene
and orthopyroxene (± olivine; Fig. 1). While we ac-
knowledge (1) that this rather formalistic approach
excludes some of the more Cr-rich websteritic garnets
from Orapa and (2) that the Ca-content in an ortho-
pyroxene-free paragenesis may still be low enough to
crystallise garnet plotting into the ‘lherzolite field’, we
find that all observed websteritic garnets (i.e. that
occur with an opx inclusion in the same diamond) at
Venetia are correctly assigned.

The pyrope-contents [100*Mg/(Mg+Fet+Ca+Mn)]
of the parageneses determined according to the criteria
described above do not overlap and range from 32.4 to
50.5 mol% for eclogitic garnets, 53.0–66.9 mol% for
websteritic and 71.0–90.5 mol% for peridotitic garnets.

Clinopyroxene

Na and Cr contents distinguish peridotitic clinopyro-
xene with low jadeite and high Cr (‘Cr-diopside’) from
eclogitic clinopyroxene with high Na and Al (‘ompha-
cite’) content. All inclusions that compositionally fall
between the eclogitic and peridotitic paragenesis occur
with websteritic garnet and were accordingly assigned to
the websteritic paragenesis. This procedure is contingent
on equilibrium between minerals occurring within the
same diamond, which is not always given (e.g. Sobolev
et al. 1998).

Figure 2 shows that websteritic clinopyroxenes clus-
ter around two different Mg-numbers, one coinciding
with eclogitic values (Mg# �80), the other being inter-
mediate between peridotitic and eclogitic values (Mg#
�85).

Orthopyroxene

Websteritic orthopyroxene inclusions are distinct from
peridotitic orthopyroxenes in their lower Mg-numbers
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(76.2–81.3; peridotitic: 90.2–94.9) and higher CaO
(1.2–1.9 wt%; peridotitic: 0.1–1.0 wt%) and TiO2 con-
tents (0.05–0.7 wt%; peridotitic: <0.01–0.05 wt%).
They also tend to have lower Cr2O3 and higher Na2O.
Following the criterion set by Deines et al. (1993),
orthopyroxene inclusions with Mg-numbers <88 were
assigned to the websteritic paragenesis, those with Mg-
number >88 to the peridotitic suite.

Trace elements

The eclogitic suite

Eclogitic garnets from Venetia have a steep positive
slope in LREEN and flat MREEN and HREEN at five to
ten times chondritic abundance (Fig. 3a), except for
v176c and v160b. Similar REE patterns were observed in
eclogitic inclusions in diamonds from Udachnaya, Mir
and Mwadui (Ireland et al. 1994; Taylor et al. 1996;
Stachel et al. 1998, 1999).

The REE pattern for v176c differs markedly from
that of other eclogitic garnets in that it has super-
chondritic LREE and a trough in the MREE together
with a positive Eu-anomaly. This inclusion also has
16.8 wt% CaO, the highest for all Venetia garnets and
occurs with corundum (Viljoen et al. 1999). Garnet
v160b is distinctive in view of the high Pr, Nd, and Sm,
but particularly because of the marked positive Eu
anomaly (see Fig. 3a). Concentrations of LIL (large-ion-
lithophile) and HFS (high-field-strength) elements of all
the eclogitic garnets (Fig. 3b) increase from BaN to TiN,
remain constant at about five times chondritic for Ti, Zr
and Hf and then increase slightly for YN.

The REEN patterns for the two eclogitic clinopy-
roxenes are shown in Fig. 4a. Both occur with garnet in
the same diamond, but have quite different REE pat-
terns. V176d has La, Ce and Pr abundances six to nine
times chondritic and subchondritic values for Sm, with
other MREE and HREE at 0.1 to 0.3 chondritic abun-
dance and non-detectable Lu. The REE concentrations
of v160a rise from LaN=3 to NdN=20 before decreas-
ing to sub-chondritic LuN concentrations. Like the
garnet occurring in the same diamond, v160a has a
distinct positive Eu anomaly. Figure 4b shows that
v160a is also characterised by an extremely high Sr
content and that v176d has low Ba, Zr, Hf and Y.

The websteritic suite

REEN of websteritic garnets form a narrow band with
a positive LREEN/HREEN slope (Fig. 3a), except for
LaN/CeN where three garnets have a ratio >1. Two
garnets show small negative Eu anomalies, whereas the
two garnets with LaN/CeN <1 show small positive Eu
anomalies. The range of Ba, Nb, Ti, Hf and Y (Fig. 3b)
concentrations is similar to that of eclogitic garnets, Sr
is significantly depleted and Zr is fairly low relative toT
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the eclogitic suite. With one exception (v166f), the
REEN patterns of the clinopyroxenes, shown in Fig. 4a,
are almost flat, peaking at Eu or Gd. Three clinopy-
roxenes show negative slopes from La to Pr (cf. the
garnet patterns in Fig. 3a). Negative Eu anomalies are
displayed by two clinopyroxenes, a positive Eu anom-
aly by one clinopyroxene. Clinopyroxene v166f, which
has a pronounced negative anomaly (see Fig. 4a), oc-
curs in the same diamond with a garnet with a small
positive Eu anomaly, an observation that may indicate
possible disequilibrium between the two inclusions.
However, in contrast to garnet, two websteritic clino-
pyroxenes have significant Ba contents (95 ppm in the

Fig. 1. Garnet inclusions in diamond from Venetia: CaO versus
Cr2O3 (wt%) with lherzolitic and harzburgitic fields after Sobolev
et al. (1973). Experimental run products of Yaxley and Green
(1998) and of Rapp et al. (1999), which are referred to in the
discussion, are also shown. A value of 1 wt% Cr2O3 was chosen to
separate the websteritic field from the lherzolitic trend

Fig. 2. Clinopyroxene inclusions in diamond from Venetia. Dia-
gram of Mg# versus log Na20. Experimental data as in Fig. 1
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case of v166f; cf. Figs. 3b and 4b), which require large
corrections for the isobaric interference of BaO on Eu.
Therefore, contrary to the observations for garnets, the
Eu anomalies found for websteritic clinopyroxenes may
just be artefacts. All websteritic clinopyroxenes have
near chondritic abundances of Ti, Hf and Y and a
trough at ZrN, but only three have a trough at NbN as
well (Fig. 4b).

Clinopyroxene/garnet trace-element partitioning

Table 3 shows the partitioning of trace elements between
garnet–clinopyroxene pairs (Dcpx/grt) from Venetia. In
order to assess whether the inclusion assemblages are in
equilibrium, we calculated the equilibrium partition co-
efficients based on the molar distribution of Ca (Dcpx=grt

Ca� )
between clinopyroxene and garnet (Table 3). We used
the equation and empirically determined constants of
Harte and Kirkley (1997), which are applicable for
equilibration temperatures of 1,100±100 �C at 50 kbar.
Harte and Kirkley (1987) observed no co-variation of
distribution coefficients with temperature across the
temperature range of 947–1,285 �C for their eclogite
suite, and the effect of diverging equilibration tempera-
tures for inclusion pairs in diamond from Venetia is
likely to be small.

Deviation from calculated equilibrium distribution
for clinopyroxene and garnet in diamonds from Venetia

was calculated as measured minus the calculated Dcpx/grt,
and is shown in Fig. 5. The strongest deviations are
observed for LILE and LREE, a moderate deviation for
HFSE and MREE, and a weak deviation for HREE.
This could indicate that the mineral pairs are not in
equilibrium. Disequilibrium for Ba, Sr, La and Ce may
be the result of incomplete equilibration with a LILE-
and LREE-rich fluid immediately prior to entrapment of
the inclusions. Some of the discrepancy between calcu-
lated and measured partitioning values may also be
caused by differences in bulk composition other than Ca,
and/or in equilibrium pressures and temperatures that
are known to affect the distribution to varying degrees.
However, a similar calculation for Kakanui garnet py-
roxenite for which equilibrium has been demonstrated
(Zack et al. 1997) and for equilibrated experiments on
natural basanite by Green et al. (2000) reveals similar
deviations to those of inclusions in diamond. This
discrepancy may be caused by uncertainties in the cor-
relations of LILE and LREE with Ca in the dataset of
Harte and Kirkley (1997). These uncertainties may be
related to late-stage alteration of xenolithic clinopyrox-
ene (Harte and Kirkley 1997) and are amplified during
calculation of Dcpx/grt of LREE because these elements
show the greatest change in distribution coefficient with
bulk Ca.

Considering the similarity to experimental distribu-
tion coefficients, garnet and clinopyroxene in v160 ap-
pear to be in equilibrium despite their distinctive trace

Table 3 Trace-element partitioning between clinopyroxene (cpx) and garnet (grt) for websteritic and eclogitic inclusions from Venetia, determined fro
determined empirically by Harte and Kirkley (1997) for an equilibrated eclogite suite from Roberts Victor, South Africa. Experimental values for na

Mineral
Sample

Dcpx/grt

v59
Calc from
DCa*

a
Dcpx/grt

v97
Calc from
DCa*

a
Dcpx/grt

v160
Calc from
DCa*

a
Dcpx/grt

v163
Calc from
DCa*

a
Dcpx/grt

v166
Suite w w e w w
Assemblage grt, cpx grt, cpx grt, cpx grt, cpx grt, cpx

Ca* 3.85 3.79 1.61 3.69 3.26
Ti 0.41 n.a. 0.43 n.a. 0.63 n.a. 0.39 n.a. 0.54
Sr 184.21 406.97 76.88 394.70 63.40 74.34 78.82 374.64 170.34
Y 0.14 0.14 0.19 0.14 0.06 0.03 0.17 0.13 0.16
Zr 0.23 0.86 0.14 0.85 0.38 0.50 0.18 0.83 0.31
Nb 1.00 n.a. 0.63 n.a. 1.38 n.a. 1.65 n.a. 1.33
Ba 7.00 2.31 166.00 2.28 58.00 0.97 436.67 2.22 2375.00
La 34.00 59.14 44.00 56.48 21.00 4.60 45.50 52.22 62.00
Ce 17.33 42.57 17.42 40.74 7.78 3.74 12.38 37.81 25.50
Pr 7.50 n.a. 5.50 n.a. 3.73 n.a. 5.00 n.a. 12.00
Nd 5.54 9.81 4.26 9.47 1.79 1.34 5.62 8.91 6.81
Sm 1.06 2.32 1.96 2.25 0.53 0.41 1.79 2.13 1.46
Eu 0.91 1.37 1.12 1.33 0.40 0.24 0.77 1.26 0.04
Gd 0.60 n.a. 0.78 n.a. 0.38 n.a. 0.60 n.a. 0.83
Tb 0.55 0.49 0.50 0.48 0.11 0.08 0.33 0.45 0.42
Dy 0.30 0.29 0.34 0.28 0.15 0.05 0.24 0.27 0.33
Ho 0.14 0.16 0.18 0.16 0.09 0.03 0.18 0.15 0.21
Er 0.13 0.11 0.15 0.11 0.05 0.03 0.21 0.10 0.14
Yb n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Lu 0.05 0.05 0.08 0.05 0.05 0.03 0.13 0.05 0.05
Hf 0.60 n.a. 0.40 n.a. 0.89 n.a. 0.47 n.a. 0.68

aMolar partition coefficient. Equation of Harte and Kirkley (1997)
bExperiment at 1,160 �C/40 kbar, Green et al. (2000)
cAverage Kakanui pyroxenite, equilibration temperature 920 �C, Zack et al. (1997)

Table 3. Trace-element partitioning between clinopyroxene (cpx) and garnet (grt) for websteritic and eclogitic inclusions from Venetia,
the equation and constants determined empirically by Harte and Kirkley (1997) for an equilibrated eclogite suite from Roberts Victor,
Rutile; amp amphibole; n.a. not available
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element patterns (see Figs. 3 and 4). The unusual trace
element patterns observed for garnet and clinopyroxene
in diamond v176 (Figs. 3 and 4) do not necessarily in-
dicate disequilibrium between these phases, but can be
partially explained in terms of their very low Dcpx=grt

Ca�

(0.60). Still, deviations from experimental partitioning
data and, additionally, significant differences in major-
element composition of multiple garnets within the same
diamond, suggest disequilibrium between some inclusion
phases. Highly variable mineral compositions and dis-
equilibrium between multiple eclogitic inclusions from
the same diamond have been noted in many other
studies (Sobolev et al. 1998; Taylor et al. 1998; Keller
et al. 1999; Taylor et al. 2000). Dcpx/grt for websteritic
inclusions mostly agree with those of pyroxenites from
Kakanui, but diverge for two mineral pairs, v163 and
v166. In the case of v163, a crack to the surface of the
host diamond was observed during visual inspection
prior to crushing and the inclusion assemblage may have
been altered after diamond formation.

The present data allow recognition of some bulk
compositional effects on the distribution coefficient.
However, because of the small sample number, these
must be treated with caution. Eclogites, which have
higher Na2O and CaO and lower MgO contents than
websterites, have higher Dcpx/grt for Ti, Zr and Hf.
Dcpx/grt is higher for websterites for the remainder of the
trace elements discussed here.

Eclogite whole-rock reconstruction

Assuming equilibrium between the mineral inclusions in
diamond v160, which is supported by clinopyroxene/
garnet trace-element partitioning values similar to cal-
culated equilibrium Dcpx/grt and to experimental data
(Fig. 5), a bulk trace-element composition was calcu-
lated from garnet v160b, clinopyroxene v160a and rutile
or ilmenite, respectively (referred to as ‘bulk Venetia
eclogite’ or BVE in the following). Although not in-
cluded in diamond v160, a Ti-phase has been identified
in some eclogite xenoliths (e.g. Snyder et al. 1997; Barth
et al. 2001) and studies on inclusions in diamond (e.g.
Sobolev et al. 1997). Rutile or other Ti-phases have also
been implied as a residual phase of slab melting because
of Ti and Nb depletion in supra-subduction zone mag-
mas (e.g. Ryerson and Watson 1987). A rutile-bearing
eclogite reservoir has been postulated by Rudnick et al.
(2000) based on the mass imbalance for Nb and Ta be-
tween continental crust and depleted mantle. An il-
menite composition in equilibrium with the garnet–
clinopyroxene pair v160 has been calculated using the
internally consistent set of distribution coefficients of
Fujimaki et al. [(1984), Dilm/melt for Y from Nielsen et al.
(1992) and for Eu from Paster and Schauwecker (1974)].
An average eclogitic rutile composition was taken from
the literature (Sassi et al. 2000). We calculated a bulk
rock with the mineral modes garnet:clinopyroxene:rutile

om trace-element analyses. Partition coefficients were also calculated from molar partition coefficients for Ca (DCa*) using the equation and constants
atural basanite (Green et al. 2000) and Kakanui pyroxenite (Zack et al. 1997) are also listed. rt Rutile; amp amphibole; n.a. not available

Calc from
DCa*

a
Dcpx/grt

v176
Calc from
DCa*

a
Dcpx/grt

v199
Calc from
DCa*

a
Dcpx/grt

Run 1807b
Calc from
DCa*

a
Dcpx/grt

Kakanuic
Calc from
DCa*

a

e w Basanite Pyroxenite
grt, cpx grt, cpx grt, cpx, rt grt, cpx ± amp

0.60 3.95 1.77 3.04
n.a. 0.44 n.a. 0.44 n.a. n.a. n.a. n.a. n.a.
294.23 10.82 10.85 106.15 427.84 140.00 89.43 217.43 256.75

0.11 0.01 0.00 0.19 0.15 0.05 0.03 0.16 0.09
0.77 0.04 0.27 0.27 0.87 0.44 0.53 1.32 0.74

n.a. 0.24 n.a. 0.41 n.a. n.a. n.a. 201.25 n.a.
1.96 1.33 0.36 219.50 2.37 n.a. 1.06 n.a. 1.83

36.32 0.68 0.25 37.38 63.75 51.00 6.07 210.06 29.60
26.76 0.37 0.24 61.00 45.73 17.00 4.87 48.84 22.02

n.a. 0.23 n.a. 21.00 n.a. 7.90 n.a. 21.16 n.a.
6.71 0.13 0.14 5.64 10.40 4.00 1.67 9.55 5.73
1.67 0.07 0.06 2.06 2.44 n.a. 0.49 2.23 1.45
0.98 0.05 0.03 1.61 1.44 0.53 0.29 1.34 0.86

n.a. 0.08 n.a. 0.91 n.a. 0.34 n.a. 0.68 n.a.
0.35 0.04 0.01 0.52 0.52 0.16 0.10 0.43 0.30
0.21 0.02 0.01 0.32 0.31 0.11 0.06 0.28 0.18
0.12 0.01 0.01 0.23 0.17 0.07 0.04 n.a. 0.11
0.08 0.02 0.01 0.14 0.11 n.a. 0.03 0.12 0.07

n.a. n.a. n.a. n.a. n.a. 0.02 n.a. 0.04 n.a.
0.05 n.a. 0.01 0.06 0.05 n.a. 0.03 n.a. 0.04

n.a. 0.50 n.a. 0.36 n.a. 0.05 n.a. 3.12 n.a.

determined from trace-element analyses. Partition coefficients were also calculated from molar partition coefficients for Ca (D Ca*) using
South Africa. Experimental values for natural basanite (Green et al. 2000) and Kakanui pyroxenite (Zack et al. 1997) are also listed. rt
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or ilmenite =50:50:0; 20:80:0; 80:19:1 and 60:39:1 in
order to determine the effect of different mineral modes
on trace-element abundances.

Generally, the trace-element abundances of the bulk
Venetia eclogite reconstructed from inclusions in dia-
mond v160 plus an assumed Ti-rich phase are very
similar for the different modal compositions. They have
sub-chondritic Ba concentrations, near chondritic La
and Ce concentrations, a positive SrN and EuN anomaly,
negative Hf and Zr anomalies, and two to six times
chondritic values from Gd to Y. The differences in the
REE abundances are minor, with the assemblage richest
in garnet having the highest HREE and lowest LREE.
Hf and Zr abundances are marginally higher in the il-
menite-bearing assemblage and lower in the Ti-phase-
free bulk rock compared with rutile-bearing eclogite. Nb
leaps from two to three times chondritic in ilmenite-
bearing or Ti-phase-free assemblages to 40 times chon-
dritic in the rutile-bearing rock. The cpx-poor assem-
blage has noticeably lower Sr abundances than the other
whole-rock reconstructions, reflecting the affinity of Sr
for clinopyroxene.

Discussion

Evolution of the eclogitic source

Eclogite genesis is still a highly controversial topic.
Many eclogite characteristics, such as the occurrence of
‘evolved’ phases (SiO2, K-Feldspar) in the assemblage,
stable isotope values and Sr isotopic compositions sug-
gesting hydrothermal alteration or interaction with
seawater, and Eu anomalies indicating low-pressure
fractionation processes, support models implying crustal
protoliths (Ringwood and Green 1967; Helmstaedt et al.
1972; MacGregor and Manton 1986; Shervais et al.
1988; Jacob et al. 1994; Snyder et al. 1997; Jacob and
Foley 1999; Barth et al. 2001). A crustal protolith is also
implied in experimental and geochemical evidence,
which indicates melting of basaltic rocks in the eclogite
stability field during subduction and dehydration, which
is thought to generate complementary tonalite–tron-
dhjemite–granodiorites (TTGs; Ireland et al. 1994; Rapp
and Watson 1995; Winther 1996; Rollinson 1997). On
the other hand, a number of workers have produced

Fig. 4. a Clinopyroxene: REE-abundances. Two websteritic inclu-
sions with marked negative Eu anomalies are indicated. b LILE
and HFSE. Normalised to C1-chondrite of McDonough and Sun
(1995)

Fig. 3. a Garnet: REE-abundances. Note small positive and
negative Eu anomalies in four of the five websteritic garnets.
b LILE and HFSE-abundances; garnets v176c and v160b, which
are referred to in the text, are indicated. V166c and v163a coexist
with clinopyroxenes with distinct negative Eu anomalies. Norma-
lised to C1-chondrite of McDonough and Sun (1995)
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evidence in support of a model of eclogite formation
within the mantle, calling on high whole-rock Mg
numbers, high Cr and low P contents, mantle-like d18O
values, garnet and kyanite exsolution from clinopyrox-
ene (believed to be related to cooling from near-solidus
temperatures at high pressure) and cumulate textures
(Shervais et al. 1988; Smyth et al. 1989; Caporuscio and
Smyth 1990; Haggerty et al. 1994; Kopylova et al. 1999).
In addition, experiments by Liu and Presnall (2000) in-
dicate that, at 20 kbar, formation of a bi-mineralic
garnet–clinopyroxene assemblage in approximately even
modal proportions (by fractional crystallisation from a
weakly evolved tholeiitic liquid) may indeed be possible.
However, at higher pressures (>30 kbar), olivine is the
liquidus phase for melts formed in equilibrium with
peridotite, and its primary phase field expands with de-
creasing pressure (O’Hara and Yoder 1963). This result
is in conflict with models that envisage eclogite, an oli-
vine-free assemblage, as high-pressure cumulates of
primary peridotite-derived melts.

The observation of positive Eu and Sr anomalies in
the reconstructed bulk eclogite at Venetia points toward
a low-pressure origin involving a feldspar-enriched
cumulate and supports a model involving subducted
former oceanic crust. Also, the unfractionated MREE
and HREE patterns of the reconstructed whole rock
resemble those found in MOR basalts. A crustal origin is
in accord with a scenario proposed by Watkeys and
Armstrong (1985) for the Limpopo Mobile Belt (into
which the Venetia kimberlites intruded), according to
which oceanic crust was subducted beneath the central
zone in the course of the collision of the Kaapvaal and
Zimbabwe cratonic nuclei.

We have taken possible protoliths from mid-ocean
ridge settings from the literature and plotted them
against reconstructed bulk compositions with 60% gar-
net, 39% clinopyroxene and 1% rutile or ilmenite, re-
spectively. The relative trace-element abundances of

Fig. 6. a NMORB (Sun and McDonough 1989), gabbro and
troctolite (Benoit et al. 1996) plotted against the reconstructed bulk
eclogite with 60% garnet, 39% cpx plus 1% ilmenite (BVE + ilm)
or 1% rutile (BVE + rut), respectively. b EMORB (Kamenetsky
et al. 1998), gabbro (Benoit et al. 1996) and a mixture of 75%
gabbro plus 25% EMORB – to obtain an enriched gabbroic
precursor – plotted against BVE + ilm and BVE + rut (see text for
details). Normalised to C1-chondrite of McDonough and Sun
(1995); element order after Hofmann (1988)

Fig. 5a, b. Deviation of measured from calculated equilibrium
clinopyroxene–garnet trace element distribution coefficients (using
equation and constants of Harte and Kirkley 1997). a Eclogitic
diamonds from Venetia and experimental run of Green et al.
(2000); b websteritic diamonds from Venetia and average garnet
pyroxenite xenolith from Kakanui (Zack et al. 1997). Open symbols
for negative deviation; closed symbols for positive deviation.
Element order after Hofmann (1988)
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BVE are most closely mimicked by gabbro (Fig. 6a).
However, absolute abundances diverge with regard to
HFSE, Ba and the LREE. A significant observation is
that none of these rocks shows the negative slope in the
REE from Nd to Tb that is displayed by BVE, and
which cannot be explained by modal uncertainties. High
MREE/HREE may be caused by metasomatic enrich-
ment post-dating formation of the protolith. Alterna-
tively, it could point to a protolith derived from an
enriched mantle source, such as a plume-type MORB
mantle (Schilling 1975; Sun et al. 1979) or after prefer-
ential melting of a clinopyroxene-rich lithology in the
source (‘marble-cake mantle’ Allègre and Turcotte 1986;
Kamenetsky et al. 1998; Lassiter et al. 2000).

Assuming that enriched oceanic basalts have gabbroic
equivalents and that oceanic rocks in general can show
the full range of compositions from purely intrusive to
purely extrusive varieties, we calculated a precursor of
75% gabbro plus 25% EMORB. This hypothetical pre-
cursor closely approximates the pattern of BVE + ilm,
particularly with regard to the slope in REE (Fig. 6b).
However, discrepancies for Ba and the LREE persist.
These elements would preferentially partition into the
melt during partial melting, whereas HREE and Hf, Zr
and Nb would be retained in the source if garnet and a
Ti-phase are present in the residue. Higher average
mantle and slab temperatures during the Archean (Sleep
and Windley 1982; Abbott and Hoffman 1984; Martin
1986) may have facilitated slab melting.

To test whether melting of eclogitised MORB-type
precursor material reproduces the trace-element pattern
of BVE, we modelled the trace-element abundances of
residues from different degrees of batch melting (5–
30%). Bulk distribution coefficients were calculated
(partition coefficients of Green et al. 2000, and Foley
et al. 2000) for an eclogite composed of 60% garnet,
39% clinopyroxene and 1% rutile. This corresponds to
the modal distribution in the residue of eclogitised basalt
produced in melting experiments (Rapp et al. 1999). Not
taken into account is a free SiO2-phase, which should be
present in MORB eclogite prior to melting (about 8%,
Ryabchikov et al. 1996) and that would be completely
stripped out during a partial melting event. The choice
of distribution coefficients was guided by our attempt to
match pressure, temperature and, in particular, bulk Ca
composition as closely as possible to those for BVE. The
molar Ca partition coefficient for clinopyroxene–garnet
partitioning, with which trace element partition coeffi-
cients are strongly correlated (Harte and Kirkley 1997),
is 1.61 for BVE and 1.77 for the set of distribution co-
efficients given for run 1807 in Green et al. (2000).

In a rutile-bearing eclogite precursor the bulk distri-
bution coefficient for Nb is greater than unity; therefore,
Nb abundances increase in the residue during partial
melting. Melt extraction has virtually no effect on the
HREE (1<bulk D <5), whereas LREE abundances
decrease progressively with increasing cation size (bulk
D<<1). Ba (bulk D=0.003) is even more strongly frac-
tionated into the melt. Despite residual rutile some Zr

and Hf is lost to the melt (bulk D 0.228 and 0.152). The
compositional range of the residues of different eclogi-
tised oceanic protoliths after extraction of 10% melt is
shown in Fig. 7 together with the pattern of BVE + rut.

Our modelling is subject to a number of uncertainties
involving parameters such as the composition of the
protolith, the pressure and temperature of partial melt-
ing and the applicability of partition coefficients. In view
of that, the match between BVE + rut and the calculated
melting residue of a protolith consisting of 75% gabbro
plus 25% EMORB is very good and suggests that �10%
partial melting of a broadly MOR gabbroic precursor
rock in the eclogite facies has produced the trace-element
abundances exhibited by garnet v160b and clinopyrox-
ene v160a. This conclusion agrees with the finding of
Ireland et al. (1994) that partial melting of subducted
oceanic crust in the eclogite facies produces residues with
a major- and trace-element chemistry similar to eclogitic
inclusions in diamond, in particular with regard to
LREEN depletion relative to MORB. Our interpretation
is further supported by the calculated whole-rock major
element composition of BVE, with MgO, SiO2 and CaO
similar to residues from eclogite melting experiments and
to low MgO eclogite xenoliths that have been interpreted
as residues of subduction-related partial melting (Barth
et al. 2001, and references therein).

Genesis of the garnet websterite source

In studies on mantle xenoliths and on orogenic perido-
tites, websterites have been identified as discrete dikes,
veins or layers, and have been interpreted either as

Fig. 7. Range of residues of 10% partial batch melting of
eclogitsed gabbro and EMORB and pattern of a mixture of both
(75% gabbro and 25% EMORB, references as in Fig. 6), compared
with BVE + rut, using a bulk distribution coefficient of 60%
garnet, 39% cpx and 1% rutile. Mineral/liquid partition coefficients
are from Green et al. (2000, clinopyroxene–/garnet-basaltic melt;
Dcpx/melt for Sm, Er and Lu are inter- and extrapolated, Ba from
Hart and Dunn 1993; Dgrt/melt for Nb and Ba of Zack et al. 1997)
and Foley et al. (2000, rutile–tonalitic melt). Normalised to C1-
chondrite of McDonough and Sun (1995); element order after
Hofmann (1988)
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remnants of subducted and stretched oceanic crust
(Polvé and Allègre 1980; Allègre and Turcotte 1986) or
as having crystallised from a melt (e.g. Green and
Ringwood 1967). Variations of this igneous model are
suggestions that websterites formed as crystal segregates
along magma conduits (e.g. Frey and Prinz 1978; Irving
1980; Bodinier et al. 1987; Harte et al. 1987; Litasov et
al. 2000) or as cumulates from basaltic melts (e.g. Kor-
nprobst et al. 1990; Nimis and Vannucci 1995). Based on
variable oxygen isotopic compositions, radiogenic
87Sr/86Sr and Eu anomalies, a recycled crustal compo-
nent has been postulated for the melt source of some
websterites (Pearson et al. 1991, 1993; Becker 1996). In
the present data, the positive Eu anomalies in websteritic
garnet and clinopyroxene from Venetia exclude direct
crystallisation from a melt at high pressure, but would
be consistent with a low-pressure protolith accumulating
plagioclase. The overall REE patterns of websteritic
inclusions, such as low LREE (possibly reflecting a
higher fraction of normative orthopyroxene and olivine
compared with ‘normal’ basalt), would be consistent
with such an origin. Also, such cumulates have been
observed as part of a compositionally heterogeneous
oceanic crust. These interpretations have in common
that websterites form from primary mantle melts. Al-
though this has been satisfactorily demonstrated for
pyroxenite xenoliths from different tectonic settings and
peridotite massifs, it may not necessarily apply to web-
steritic inclusions in diamond.

In order to assess what kind of liquids could have
been in equilibrium with the websteritic source, we have
calculated the composition of hypothetical melts from
websteritic garnet inclusions. We used the distribution
coefficients given in Zack et al. (1997), which were de-
termined for pyroxenites with similar Dcpx=grt

Ca� to web-

steritic inclusions from Venetia (Table 3). Melts
calculated from websteritic garnets show strong LREE/
HREE fractionation, high Nb contents and small posi-
tive Eu anomalies. The only exceptions are melts cal-
culated from garnet v199a, which have pronounced La
and Nb spikes, and from garnet in the cracked diamond
v163. In comparison, high pressure mantle melts, such as
kimberlites and melilitites, show a similar degree of REE
fractionation, but much higher abundances, whereas
oceanic rocks from different sections of oceanic crust
show much weaker REE fractionation (Fig. 8). These
discrepancies demonstrate that interpretation of the
websteritic inclusion paragenesis as a primary mantle
melt is unsatisfactory.

Instead, focussing on the intermediate major-element
composition of the websteritic paragenesis between
eclogite and peridotite, we suggest that the websterite
source may be the product of mixing of eclogitic com-
ponents with mantle peridotite. Such mixing could occur
after subduction and melting in the eclogitic portion of
the slab and reaction of the melt with overlying peri-
dotite. We would expect the major-element content of
the resulting ‘mixture’ to be transitional between the end
members, whereas the trace-element budget, especially
for incompatible elements, would be dominated by the
invading liquid.

Liquids derived from slab-melting have been experi-
mentally produced and linked to TTG and adakite for-
mation (see above), and they have been invoked for both
modal and cryptic metasomatism (Sen and Dunn 1994,
and references therein; Yaxley and Green 1998; Rapp
et al. 1999, and references therein; Prouteau et al. 2001,
and references therein). In those experiments that closely
approximate the pressure and temperature of formation
of websteritic inclusions (Yaxley and Green 1998; Rapp
et al. 1999), the orthopyroxene resulting from a peri-
tectic reaction between peridotitic olivine and melt has a
Mg# between 79 and 84. This is similar to websteritic
inclusions from Venetia (Mg#=76–81). Compositional
overlap is also observed for TiO2, Al2O3, CaO and
Na2O. Likewise, reacted garnet from these experiments
and websteritic garnet inclusions overlap with regard to
Cr2O3, Mg# and CaO (see also Fig. 1). Websteritic
clinopyroxene is compositionally similar to the reacted
clinopyroxene of Yaxley and Green, whereas that of
Rapp et al. (1999) plots with eclogitic inclusions in
diamond (see also Fig. 2).

A mixing origin is difficult to model quantitatively
with trace elements because of several unknown factors:
(1) the mineral modes of the websteritic end product and
the effect of possible later stages of subsolidus re-equil-
ibration or metasomatism, (2) the mineral modes and
trace-element abundances of the peridotite that reacts
with the slab-derived melts, (3) the composition of the
slab and (4) the melt:rock ratio. We can, however, test
our hypothesis by comparing the trace-element abun-
dances of ‘websteritic melts’ with those of silicic slab-
derived melts. Rapp et al. (1999) investigated the reac-
tion between such melts and peridotite and determined

Fig. 8. Ranges of mantle-derived melts from continental and
oceanic settings compared with liquids in equilibrium with three
websteritic inclusion pairs that show the best fit with the
distribution coefficients of Zack et al. (1997). Lamproite melts
from Mitchell and Bergmann (1991), kimberlites from Dawson
(1980), ocean island basalt from Sun and McDonough (1989),
EMORB from Kamenetsky et al. (1998) and gabbro from Benoit
et al. (1996). Normalised to C1-chondrite of McDonough and Sun
(1995); element order after Hofmann (1988)
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the trace-element composition of melts derived directly
from eclogitised basalt and those that assimilated vari-
ous amounts of peridotite. A comparison of these
compositions with our ‘websteritic melts’ shows some
similarity in slope (Fig. 9, inset), but concentrations of
most elements are more than an order of magnitude
higher in the experimental melts, and they have negative
Nb spikes.

We also calculated a hypothetical melt by applying
the enrichment factor given by Rapp et al. (1999, to
calculate a 30% partial melt of any eclogitised basaltic
composition) to EMORB, gabbro and the hypothetical
protolith of BVE (75% MOR gabbro + 25% EMORB,
see eclogite discussion above). Involving this assumed
eclogite precursor with its trace element characteristics in
the modelling results in a much improved fit with the
‘websteritic melts’ with regard to both absolute and rel-
ative abundances, despite uncertainties in the exact na-
ture of the protolith and the melting (Fig. 9). Nb is again
an exception, but this may be partially attributed to the
fact that the enrichment factor of Rapp et al. (1999) was
obtained with 1% residual rutile in the source, which
would effectively retain Nb (bulk D=2.59), resulting in
low Nb concentrations in the melt. Small degrees of
melting in the absence of a residual Ti phase decreases
DNb to 0.004 and would lead to a significant increase in
NbN in the melt. Small degrees of melting could also
explain the enrichment of the highly incompatible

element Ba observed in websteritic clinopyroxene, which
is not observed for eclogitic clinopyroxene.

The experimental evidence matches our mixing
model both with regard to major- and trace-element
concentrations. This model is also consistent with
variable d18O and radiogenic initial Os and Sr isotopic
compositions in some websterite xenoliths, which re-
quire input of a component with long-term evolution in
a high Re/Os and Rb/Sr environment (e.g. Pearson
et al. 1991, 1993). Mantle-derived melts, such as bas-
alts, fit this requirement. Based on trace-element and
isotopic evidence, Pearson et al. (1991, 1993) suggested
that websterites from the Beni Bousera peridotite
massif, North Morocco, were derived directly from
melts of various sections of oceanic crust fractionating
garnet and two pyroxenes. However, cumulates from
melts should not be more refractory than the source
region of the melt. In contrast, websteritic inclusions in
diamond are chemically more depleted than eclogitic
minerals. Therefore, we consider crustal trace-element
and isotope signatures in websterites as inherited from
a slab-derived melt that reacted with surrounding per-
idotite. The REE patterns of some of the websteritic
inclusions in diamond from Venetia indicate an addi-
tional LREE enrichment event, and this metasomatic
pulse may have triggered diamond growth in the
websteritic environment.

Conclusions

Reconstruction of an eclogitic bulk rock composition
from garnet and clinopyroxene inclusions coexisting in a
diamond from Venetia reveals characteristics (depleted
LREEN, enriched and flat MREEN–HREEN, positive
Eu and Sr anomalies) indicative of a protolith repre-
senting subducted oceanic crust: flat MREEN–HREEN

imply that the magmatic precursor crystallised from a
melt derived from above the garnet stability field,
whereas positive Eu and Sr anomalies point to accu-
mulation of plagioclase. Depletion in Ba and LREE,
relative to oceanic crust, can be modelled by extraction
of �10% partial melt after eclogitisation of an enriched
gabbroic precursor. This enrichment may be inherited
from the MORB source or be a result of later metaso-
matism. The combination of these processes can repro-
duce the absolute and relative trace-element abundances
of the reconstructed bulk eclogite.

Eu anomalies in some websteritic garnet and clino-
pyroxene inclusions from Venetia imply a component
that experienced feldspar fractionation, which again
points towards a contribution of subducted oceanic
crust, thus establishing a link between eclogitic and
websteritic diamond sources. Recent experimental work
(Yaxley and Green 1998; Rapp et al. 1999; Prouteau
et al. 2001) has simulated the infiltration of peridotite by
silicic and incompatible element-rich partial melts of
eclogite. These impregnated peridotites have major

Fig. 9. Comparison of melts in equilibrium with three websteritic
garnets with the range of melts calculated by applying the
enrichment factor of Rapp et al. (1999, for calculation of 30%
partial melt of any eclogitised basalt) to gabbro and EMORB, and
to an assumed enriched gabbroic precursor (mixture of 75%
gabbro, plus 25% EMORB). Inset shows melts of eclogitised basalt
produced in experiments of Rapp et al. (1999). Nb contents in the
calculated slab melts are small because of the high degree of partial
melting and residual rutile in the experiments from which the
enrichment factor was determined. At small melting degrees and in
the absence of rutile in the residue, Nb contents in the melt could
become much larger. Normalised to C1-chondrite of McDonough
and Sun (1995); element order after Hofmann (1988)
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element compositions that overlap with those of web-
steritic inclusions in diamond. We propose that the
websteritic source at Venetia is the product of a reaction
between slab-derived melts and peridotitic lithospheric
mantle resulting in the observed intermediate major el-
ement composition and a trace-element budget domi-
nated by the percolating melt. In support of that, our
modelling shows that low volume melts derived from the
eclogitic portion of a subducting slab match the trace
element composition of melts in equilibrium with web-
steritic garnet inclusions.
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