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Abstract
We describe the petrography andmineral chemistry of sixteen eclogite and garnet pyroxenite xenoliths from the reworked Boshof
road dump (Kimberley) and define three groups that stem from different depths. Group A, the shallowest derived, has low HREE
(heavy rare earth element) abundances, flat middle to heavy REE patterns and high Mg# [= 100·Mg/(Mg + Fe)]. Their protoliths
probably were higher pressure cumulates (~ 0.7 GPa) of mainly clinopyroxene (cpx) and subordinate orthopyroxene (opx) and
olivine (ol). Group B1 xenoliths, derived from the graphite/diamond boundary and below show similarities to present-day N-
MORB that were modified by partial melting (higher Mg# and positively inclinedMREE (middle REE) and HREE (heavy REE)
patterns of calculated bulk rocks). Group B2 samples from greatest depth are unique amongst eclogites reported so far worldwide.
The calculated bulk rocks have humped REE patterns with very low La and Lu and prominent maxima at Sm or Eu and
anomalously high Na2O (up to 5 wt%) which makes protolith identification difficult. The complex trace element signatures of
the full spectrum of Kimberley eclogites belie a multi-stage history of melt depletion and metasomatism with the introduction of
new phases especially of phlogopite (phlog). Phlogopite appears to be characteristic for Kimberley eclogites and garnet perido-
tites. Modelling the metasomatic overprint indicates that groups A and B1were overprinted by volatile- and potassium-rich melts
probably by a process of chromatographic fractionation. Using constraints from other metasomatized Kimberley mantle rocks
suggest that much of the metasomatic phlogopite in the eclogites formed during an intense episode of metasomatism that affected
the mantle beneath this region 1.1 Gyr ago.
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Introduction

Mafic rocks are brought to Earth’s surface as eclogitic and
garnet pyroxenitic xenoliths by kimberlites. Although

volumetrically small they are an important and integral part
of the continental lithosphere (Schulze 1989). They are de-
rived from a wide depth range from the lower crust to the base
of the lithosphere. Their protoliths were partial melts of the
mantle and cumulates thereof with a history of low-pressure
magmatic processes and seafloor alteration followed by sub-
duction, dehydration, and metamorphism, metasomatism and
melt loss at high pressures (summaries by Jacob 2004;
Aulbach and Jacob 2016). These multiple processes will
remould the original chemical and isotopic compositions and
may also lead to changes in mineral assemblage. However,
some diagnostic minerals such as kyanite, corundum and
coesite may crystallize and some geochemical features be pre-
served such as Eu anomalies and δ18O ratios. These charac-
teristics allow us to deduce the protoliths to these xenoliths
(e.g. Jacob et al. 1994; Smyth and Hatton 1977; Jacob 2004;
Dongrea et al. 2015; Shu et al. 2016; Sommer et al. 2017).

Jacob et al. (2009) took low oxygen isotope values, overall
high trace element abundances and a range of Mg# from 59.5
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to 88.4 in reconstructed bulk rock compositions of eclogites
from Kimberley as indicators that the protoliths were
seawater-altered oceanic cumulates. We collected a new and
more diverse suite of eclogites from the Boshof road dump in
Kimberley that demands a more complex overall history. The
greater diversity should enable us to reconstruct the origin of
the Kimberley eclogites in more detail.

Samples and analyses

Petrography and samples

Eclogites from the Kimberley pipes are very scarce and have
only been reported on previously by Jacob et al. (2009). The
recent reworking of the Boshof Road dump -representing ma-
terial derived from the Bultfontein mine - provided an oppor-
tunity to collect new samples. We recovered 16 eclogite and
garnet pyroxenite xenoliths with longest dimensions of 3–
6 cm from the heavy mineral concentrate of the diamond
recovery plant at the former DeBeers mine in Kimberley. We
studied them in hand specimen and polished probe mounts in
reflected light (Fig. 1). Photographs of all samples are given in
the electronic supplementary material (Fig. S1) together with
the texture and modal amounts and colors of garnet (grt),
clinopyroxene and orthopyroxene. The modes, estimated
from the photographs by point-counting with a 1.5 · 1.5 mm
grid, of grt and cpx vary between 40 and 60 vol% and 60 to
40 vol% respectively. A few samples are layered but most
appear equigranular with triple junctions between grt and
cpx (Fig. 1d). Depending on the composition, the xenoliths
consist of orange to brown garnets and pale to dark and black
green clinopyroxenes as the main constituent phases. Two
samples contain opx at 3 vol% and 20 vol%. Jacob et al.
(2009) also describe two opx- and one olivine-(ol) bearing
sample. Half the xenoliths have minor phlog (estimated
around 1 vol%) with sizes from 0.5 to 4 mm. They appear to
be in textural equilibrium with the other eclogite phases as
shown by triple junctions with grt and cpx (Fig. 1e) or cpx
and sulfide (Fig. 1b and c). We did not observe the two gen-
erations of larger phlogopites documented by Jacob et al.
(2009), one of which grew at the expense of grt and cpx. We
can confirm the occurrence of secondary fine-grained phlog
along grain boundaries that probably precipitated from the
percolating kimberlite host magma. One sample (KimPo 8)
contains minor corundum and Jacob et al. (2009) describe one
kyanite bearing sample. Ilmenite (ilm; Fig. 1a) and sulfides
occur in a number of samples, the latter either interstitial be-
tween phlog and cpx (Fig. 1b and c) or included in phlog
(Fig. 1d). No magnetite or rutile was found in our polished
mounts but a Ti-phase must be present in all samples because
of strong negative Ti and Zr-Hf anomalies in their silicate trace
element spectra (see below).

Analytical techniques

The silicate phases and ilmenite were analyzed for major and
trace elements, and corundum was analyzed for major ele-
ments only, using electron probe micro-analyzer (EPMA)
and laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) analysis. Major elements were mea-
sured by EPMA in the wave-length-dispersive mode (WDS)
with a JEOL JXA 8900RL. Each sample was mounted in
epoxy and polished. Five to six spots were analyzed on each
grain to test for compositional homogeneity. The acceleration
potential was 15 kV, the beam current 20 nA and the spot size
3 μm. Counting times varied between 40 and 20 s on peak and
background. All elements were measured by their Kα-lines on
natural and synthetic standards. Sodium was measured at the
beginning of the measuring sequence for 20 s each on peak
and on one background with albite as a reference material and
a TAP crystal. Olivine was used as calibrant material for Mg
(TAP), KTiPO5 for K and P (PET), Cr2O3 for Cr (PET), Al2O3

for Al (TAP), CaSiO3 for Ca (PET) and Si (TAP), MnTiO3 for
Ti (PET), MnO for Mn (LIFH), Fe2SiO4 for Fe (LIFH) and
NiO for Ni (LIFH). Mn, Fe and Ni were measured on a H-type
spectrometer (Rowland circle R = 100 mm). Data reduction
was carried out with the CITZAF correction program (version
3.5) for quantitative electron microbeam X-ray analysis
(Armstrong 1991, 1995). The full data set is given in the
electronic supplementary material (Tables S1-S3).

Trace-element analyses on grt and cpx were carried out on
a Thermo Element 2XR ICP-MS linked to a 193 nmM-50HR
Laser (Resonetics), using the reference glass NIST 612 as a
calibration standard for minerals (garnet and cpx) and natural
basalt glass reference material BIR-1 glass to monitor instru-
ment performance. The Iolite program was employed for data
reduction.

Trace element analyses on phlogopites and ilm were con-
ducted by LA-ICP-MS with a GeoLas 2005 laser coupled to
an Agilent 7500a quadrupole ICP-MS. Operating conditions
for the laser ablation system and the ICP-MS instrument and
data reduction are described by Liu et al. (2008) in detail. Each
analysis incorporated a background acquisition of approxi-
mately 20 s (gas blank) followed by 50 s data acquisition from
the sample. Element contents were calibrated against
multiple-reference materials (BCR-2G, BIR-1G and BHVO-
2G) without applying internal standardization (Liu et al.
2008). The preferred values of element concentrations for
the USGS reference glasses are from the GeoReM database
(http://georem.mpch-mainz.gwdg.de/; Jochum et al. 2005).
Off-line selection and integration of background and analyte
signals, and time-drift correction and quantitative calibration
were performed by ICPMSDataCal (Liu et al. 2008, 2010).
The averaged data are shown in the electronic supplementary
material (Tables S4-S5). The full set of analyses and a statis-
tical evaluation (average instrumental uncertainty, standard
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deviations for multiple analyses per sample) are shown in
supplementary material Table S6.

Results

Mineral compositions

Major element chemistry and sample classification

Averaged major element compositions of the primary phases
grt, cpx, opx and phlog are provided in Tables S1-S3. Garnets
and clinopyroxenes are homogeneous within analytical errors.
Garnets were divided into groups A (with A-opx), B1 and B2
in the classification scheme of Coleman et al. (1965) (Fig. 2a).
The distinction between groups B1 and B2 was made on the
basis of the higher Na-contents in Group B2 clinopyroxenes.
These plot at the boundary of and into the Group C field of
Taylor and Neal (1989). The grt and cpx compositions of
Jacob et al. (2009) plot with our A and B1 groups (A and B
after Taylor and Neal 1989). One garnet from the kyanite
bearing sample of Jacob et al. (2009) contains the highest
grossular content but the coexisting cpx plots in Group B1.
We use the Group A (A-opx), B1 and B2 classification in all
following diagrams and tables.

Group A xenoliths contain pyrope-rich garnets (mostly
around Py70Alm10Grs20) associated with jadeite-poor
clinopyroxenes (up to 3 wt% Na2O; Fig. 2b) and are therefore
garnet pyroxenites. Group B1 xenoliths have garnets ranging

from Py48Alm34Grs18 to Py57Alm25Grs18 and omphacites
with 3–5 wt% Na2O, 10–14 wt% MgO (Fig. 2b) and 10–
14 wt% CaO. Group B2 xenoliths are eclogites sensu stricto.
They possess more Ca-rich garnets ranging from
Py35Alm34Grs31to Py52Alm28Grs20 associated with jadeite-
rich (45–58 mol%) clinopyroxenes (6.5 to almost 9 wt%
Na2O) with low Mg#. Including the data of Jacob et al.
(2009) there is a tendency of increasing Cr2O3 with Mg# in
cpx from Group B1 to A (Fig. 2c). The Cr2O3 contents range
from 0.1 to 1.5 wt%. Orthopyroxene has always much lower
Cr2O3 contents than coexisting cpx.

At least half of the xenoliths presented here and of Jacob et
al. (2009) contain phlogopite. Phlogopite Mg# correlate pos-
itively with those of coexisting garnet whereby Mg# of phlog
is always higher than Mg# of garnet (Fig. 2d). The Mg# of
phlog also correlates positively with that of cpx though with
more scatter. The grouping established by the grt and cpx
compositions is also reflected in the phlog compositions.

Trace element chemistry

Trace element data of garnet and cpx are provided Table S6.
Amongst our Group A garnet pyroxenites, the garnets from
the two opx-bearing varieties and another A sample have flat
to slightly positive inclined middle to heavy REE at about ten
times chondrite abundances and elevated LREE (Fig. 3a).
Two further Group A garnets have slightly to strongly positive
inclined middle to heavy REE and depleted LREE. Group B1
garnets also have strongly positive sloped middle to heavy

Fig. 1 Reflected light pictures of
polished mounts and photographs
of selected hand specimens: a
ilmenite inclusion in cpx b
sulphide between phlogopite and
clinopyroxene c sulphide
interstitial between clinopyroxene
and phlogopite. d phlogopite with
a sulfide inclusion next to
clinopyroxene with thin garnet
exsolution lamellae e phlogopite
with triple junction with garnet
and clinopyroxene as equlibrium
texture f triple junction between
garnet and clinopyroxene grains g
Kimpo 12 (Group B1) with
equigranular texture h KimPo 2
(Group B2) with layering of
garnet and clinopyroxene i
KimPo 9 (Group A-opx) with
equigranular texture of garnet,
clinopyroxene and orthopyroxene
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REE but at much higher concentrations than A. Their LREE
are also depleted with an upward kick at La and Ce. Group B2
patterns are unique amongst eclogitic garnets reported so far
with negatively sloped middle to heavy REE (HREE) and
extremely strong fractionated and positively sloped LREE
with very low abundances leading up to a hump in the MREE.

Clinopyroxenes of all Groups have steeply inclined REE
patterns with low to very low HREE and LREE peaks at Ce
(Fig. 3c). Such steep REE patterns in cpx correspond to the
equilibration with coexisting garnet (Fig. S2). Garnet and cpx
REE partition coefficients can be a function of pressure or
temperature (e.g. Klemme et al. 2002). Accordingly, our
Group B2 samples with the highest equilibration temperatures
have the highest partition coefficients (Dgrt/cpx) while Group A
xenoliths with the lowest temperatures yield lowest D values.
Partition coefficients can also depend strongly on the major
element composition, especially Na in cpx and Ca in grt (e.g.
Harte and Kirkley 1997). Accordingly, Dgrt/cpx are highest for

Group B2, intermediate for B1 and lowest for A samples, i.e.
they are positively correlated with Na2O in cpx.

Both garnets and clinopyroxenes have strong, negative Ti,
Zr-Hf and Nb-Ta anomalies (Fig. 3b and d) in all sample
types. These are in all likelihood due to coexisting rutile or
ilm as described by Jacob et al. (2009) in their samples. We
found only one ilmenite in a polished mount; otherwise these
phases were not visible in hand specimen nor in our polished
probe mounts.

The trace element pattern of the single ilm observed in our
samples is shown in Fig. 4a and given in the electronic sup-
plementary material (Table S4). It has a similar trace element
pattern similar to those measured by Jacob et al. (2009) in their
Kimberley samples. The Nb-Ta contents lower than Nb-Ta
concentrations in two ilmenites from a Bultfontein peridotite
(Konzett et al. 2000) but the Nb/Ta ratios are similar between
13 to 23. The abundances of Cr, Mn, Co, Ni and Zn are similar
in eclogites and peridotites.

Fig. 2 Major element compositions of garnets and clinopyroxenes a
Garnet triangular diagram after Coleman et al. (1965) with their eclogite
nomenclature scheme with own data and Kimberley eclogite data from
Jacob et al. 2009. All Kimberley eclogites plot into the A and B fields.We
subdivided samples in B into B1 and B2 by criteria from the compositions
of clinopyroxenes and REE patterns b Diagram of MgO versus Na2O
showing the compositional range of clinopyroxenes: the division A, B

and C of Taylor and Neal (1989) is also shown by dashed black lines. Our
group B2 sampled plot into the group C field of Taylor and Neal 1989 c
Diagram of Mg# versus Cr2O3 of clinopyroxenes and orthopyroxenes
from Kimberley eclogites; coexisting opx and cpx are connected by the
dashed lines d Plot of Mg# of phlogopite versus Mg# of garnet: there is a
positive correlation slope with highest Mg# in Group A samples and
lowest in Group B1
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The averages of 3 to 5 analyses per grain on phlogopites
from 6 samples (1 to 4 grains depending on sample) are given
in the electronic supplementary material (Table S5) and shown
in Fig. 4b together with the data from Jacob et al. (2009) and
phlogopites from the same peridotite sample as the ilm above
(Konzett et al. 2000). The phlogopites from our study are
homogenous within grains and from grain to grain. All

samples display similar features, such as high Ba contents,
positive Nb-Ta, Sr and Ti anomalies but no Zr-Hf anomalies.
The samples from Jacob et al. (2009) are very similar except
that four of them also have positive Zr-Hf anomalies. The
phlogopites from the peridotite sample also have positive Zr-
Hf anomalies but no Sr anomaly. The Nb-Ta anomalies are
lower in the peridotitic than in the eclogitic phlogopites. The

Fig. 3 Chondrite-normalized REE and trace element diagrams for garnets
and clinopyroxenes. Chondrite composition is taken from Sun and
McDonough (1989). Consistent with major elements, three groups are

apparent: A (A-opx), B1 and B2. a grt REE patterns b grt trace element
patterns c cpx REE patterns d cpx trace element patterns

Fig. 4 Chondrite-normalized trace element diagrams for a ilmenite and b
phologpite from this study (red patterns) and from a previous study (black
patterns) on Kimberley eclogites by Jacob et al. (2009) and for

comparison from a Bultfontein peridotite (light-blue patterns; Konzett et
al. 2000). Chondrite composition is taken from Sun and McDonough
(1989)
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Nb/Ta ratios range from 21 to 25 in our samples and from 7 to
25 in the samples of Jacob et al. (2009). The phlogopites have
overall low REE contents and relatively high HFSE and Ti
contents. Relative to the REE the latter elements partition
more strongly into phlog than grt or cpx (Fig. S3 in the
electronic supplementary material). The partitioning for Zr
and Hf is similar with both phases irrespective whether the
Zr-Hf anomalies in phlog are high or low.We take this and the
regular patterns of the partition coefficients as indication of
equilibrium between the three phases.

Reconstructed bulk rock compositions

Note that this chapter incorporates a data set of Jacob et al.
(2009). Because of generally small sizes and a likely contam-
ination by the host kimberlite magma, whole rock composi-
tions of mantle xenoliths are often reconstructed from mineral
compositions and their modal abundances (e.g. Barth et al.
2001; Jacob et al. 2005). Modal abundances for Kimberley
eclogites were obtained by Jacob et al. (2009) by point-
counting of thin sections. They determined modal garnets as
70 to 30 vol%, for cpx between 30 to 70 vol% and for phlog
up to 10 vol%. They found opx in two samples and rutile,
kyanite and olivine in one sample each. We have point-
counted grt, cpx and opx in the photographs of our hand
specimens (electronic supplementary material Fig. S1) but
did not include phlog because of the small modal amounts.
Neglecting phlog mainly results in too low K, Rb, Ba Ti and
HFSE in calculated bulk rocks. The calculated bulk trace ele-
ment data are given in Table 1. The REE abundances are
practically unaffected due to very low REE in phlog
(Fig. 4b). Errors from point-counting small samples may be
fairly large. However, since the grain sizes range to a maxi-
mum of about 5mm in our samples and because the phases are
generally evenly distributed, the results of point-counting our
samples should be representative. We visualize the effect of an
absolute error of ±10 vol% on the amount of garnet obtained
by point-counting in Fig. 5 as error bars on the symbols for our
samples. The clear distinction between the various eclogite
types and the composition of mid-ocean ridge basalts
(MORB) remains. We have also estimated the metamorphic
mineral modal abundances for the average of Indian Ocean N-
MORB glasses [see Table 1.2.5.2 in Basaltic Volcanism Study
Project 1981] with the program Theriak/Domino (de Capitani
and Petrakakis 2010). The mode calculations for equilibrium
at 1150 °C and 40 kb give a high-pressure mineral assembly of
43.2 vol% grt, 54.3 vol% cpx, 2.2 vol% ilm and 0.2 vol%
rutile. The modal amounts of grt and cpx are close to those
we estimated by point counting of hand specimens for group
B1 samples. Such calculations are difficult for Group A and
B2 samples because of a more uncertain choice for a precursor
rock (protolith). Because of this difficulty, we use the modal

abundances from point counting for all groups to calculate
bulk rock compositions.

We have evaluated the effect of varying grt:cpx ratios on
the REE patterns of calculated whole rock compositions
(electronic supplementary material Fig. S4) and find that they
are relatively robust to large changes in modal amounts of
garnet and cpx (see also Jerde et al. 1993). The calculated bulk
major element compositions are given in Table 1 and the re-
lationships between some elements and Mg# shown in
Fig. 5a–c. along with data from Jacob et al. (2009), MORB
and picrite compositions, a compositional field for modern
day troctolites and the compositions of kyanite and corundum
eclogites from Bellsbank (Shu et al. 2016). Groups A and B1
overlap completely with the samples of Jacob et al. (2009)
while B2 samples extend to very much higher Na2O and
Al2O3 contents (Fig. 5a). Group B1 eclogites overlap with
the MORB field while Group A xenoliths plot along a poten-
tial trend for ol + cpx ± opx accumulation. The B2 samples
have much higher Na2O contents than modern day troctolites
from the Pacific (Perk et al. 2007) while Bellsbank kyanite
and corundum eclogites plot close to this field as well as one
kyanite-bearing sample from Kimberley. Figure 5b serves to
show that picrites and troctolites are generally too Ni rich to
serve as protoliths for Kimberley eclogites respectively Group
B2 eclogites and that all Kimberley samples have higher Mg#
than MORB. Figure 5c again serves to illustrate the differ-
ences to MORB and to show that these may be due to cumu-
late processes and/or partial melting.

The results of the re-constructed bulk rock trace element
concentrations for the Kimberley eclogites are shown in
Fig. 6a–c (plus Supplementary Fig. S5). Almost all Group A
garnet pyroxenites are strongly enriched in LREE with a
hump at Ce (Fig. 6a). They have the highest LREE and the
lowest HREE of all samples. Five samples have flat middle to
heavy REE (5 to 7 times C1 chondrite) while three are posi-
tively inclined from Tb onwards. One sample (KimPo 17) has
low LREE slightly declining towards La and one sample has a
REE pattern with a hump at Sm that is similar to the REE
patterns of the Group B2 samples (Fig. 6c).

The majority of the B1 eclogites have sinusoidal REE pat-
terns with a hump at around Pr and a few at Nd. All samples
except for one have positively sloped REE patterns from Tb
onwards (Fig. 6b). REE abundances are variable with LaN
ranging between 14 and 38. Three samples with highest modal
amounts of grt have the highest LuN abundances of between
55 and 85 x chondrite. LREE depletion in two samples) are
sub-parallel to N-MORB. The kyanite-bearing sample has the
lowest REE contents with LuN = 1.1, a positive Eu-anomaly
and a humped LREE pattern.

Group B2 samples have humped REE patterns (Fig. 6c)
with about 35 times C1 chondrite at Sm or Eu and strong
depletion in both light and heavy REE contents, e.g. LaN =
1.6 and LuN = 4 for the corundum bearing sample KimPo 8.
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Such REE patterns are unique for mantle eclogites but a sim-
ilarly shaped pattern with higher La and Lu abundances and a
lower hump exists amongst the Group A samples (Fig. 6a).

Nearly all samples show pronounced negative Ti- and
HFSE anomalies, also shown in those samples where Jacob
et al. (2009) included phlogopite and rutile in the bulk rock
calculations (electronic supplementary material Fig. S5).
Assuming that there were no anomalies in the protolith and
using the Ti anomaly as a measure as suggested by Aulbach
and Viljoen (2015), we calculate an amount of 0.04 to
0.5 vol% rutile that should be present in the rocks.

Geothermobarometry

Temperatures of last equilibration were calculated with the
grt-cpx Fe2+-Mg2+ exchange thermometer of Krogh (1988)
(electronic supplementary material Table S7). We used the
averages of EPMA analyses of grt and cpx and did not correct
for the possible presence of Fe3+ in these phases. The calcu-
lation of Fe3+ from structural formula would be quite inaccu-
rate since the sums of cations are close to 8 respectively 4
anyway indicating very low Fe3+. Also, Purwin et al. (2012)
found high pressure experiments at varying oxygen fugacities
that temperature estimates with Krogh (1988) reproduce ex-
perimental temperatures to ±60 °C if total Fe is used. The
derived temperatures were projected in iterative steps onto
geothermal gradient for lithospheric mantle underneath the
Kimberley mine as derived by Mather et al. (2011). The three
groups mainly fall into three pressure-temperature ranges:
Group A samples lie between 930 to 970 °C and 3.9 to
4.1 GPa, Group B1 samples between 1038 to 1110 °C and
4.6 to 5.1 GPa and Group B2 yields the highest temperatures
and pressures from 1175 to 1236 °C and 5.6 to 6.2 GPa. The
P-T conditions of the samples described by Jacob et al. (2009)
lie within the range of B1.

Discussion

Protoliths – evidence from major and trace elements

Despite the probable loss of a melt fraction from this suite of
eclogites and severe overprint by metasomatism, some vesti-
gial features in the major elements and less incompatible (mid-
dle to heavy REE) and compatible (Ni, Cr) trace elements
remain diagnostic of their protoliths.

Group A garnet pyroxenites plot at low Al2O3 and Na2O
and have the highest Ni and Mg# of all groups (Fig. 5a and b).
They also have the highest SiO2 (CaO and MgO) contents but
their compositions do not coincide with MORB or picrites
(Fig. 5a–c). Residua of eclogite melting would have high
CaO and MgO but SiO2 would be lowered. Also, middle to
heavy REE are compatible in garnet and therefore wouldT
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increase in the residue. However, Group A garnet pyroxenites
have the lowest HREE contents. They also have the highest
Cr2O3 contents in their clinopyroxenes (Fig. 2c). All these
features point to a cumulate origin with mainly cpx (and pos-
sibly some ol/opx) as an accumulating phase. Plagioclase was
not among the accumulating phases because of the absence of
a Eu-anomaly. Therefore, phase accumulation must have oc-
curred at somewhat elevated pressures of around 0.7 GPa as
required by the liquidus phase relationships of mafic magmas
(Green and Ringwood 1967; Presnall et al. 1978) requiring a
thicker oceanic crust than today. A cumulate origin for the
protoliths of the Kimberley eclogites with similar composi-
tions was also suggested by Jacob et al. (2009) and a similar
origin for other eclogites also invoked by Barth et al. (2001)
and Schmickler et al. (2004).

Group B1 samples have compositions roughly intermedi-
ate between GroupA (high-Mg samples) and GroupB2 (high-
Al samples) and plot within or in the vicinity of the MORB
samples in the Na2O vs. Al2O3 diagram. But they have
remarkedly higher Mg# and slightly higher CaO and lower
SiO2 contents compared to MORB samples and coincide with

Group B2 in Mg# and SiO2. (Fig. 5a–c). Higher Mg# and
lower SiO2 than MORB are the characteristic features of the
residues from partial melting of such compositions in the
eclogite stability field. Combined with evidence from middle
to heavy REE abundances and their fractionated patterns our
hypothesis for the modelling below is that B1 samples were
formed as residues of partial melting of MORB-like eclogites
and subsequently metasomatized as indicated by the LREE
enriched patterns.

The Na2O contents of the Group B2 eclogites are amongst
the highest that have been reported for eclogites from the
Kaapvaal craton and their Al2O3 contents are only surpassed
by the corundum-bearing eclogites from Bellsbank (Shu et al.
2016). They plot above the MORB field in Na2O-Al2O3, at
higher Mg# and at lower SiO2 (Fig. 5a–c). In principle, they
could represent olivine + plagioclase cumulates (troctolites).
However, they plot away from troctolites in almost every
chemical aspect such as too high Na2O and too low Mg#
and Ni-contents. The total REE abundances are higher than
in troctolites and correspond to gabbros (Fig. 6c) but the shape
of the REE pattern does not correspond to gabbros and is

Fig. 5 Reconstructed bulk rock compositions of eclogite from this study
are shown in comparison with the Kimberley eclogite data from Jacob et
al. (2009), Bellsbank eclogite data from Shu et al. (2016), with MORB
and picrite compositions and a field for troctolites Perk et al. (2007): a
Al2O3 vs. Na2O of calculated bulk rock compositions. Only group B1
samples overlap with MORB (data from Jenner and O’Neill 2012).
Group B2 samples have the highest Al2O3 and Na2O contents while
group A samples the lowest Al2O3 and Na2O contents. The latter are
interpreted as pyroxene dominated ol (opx) + cpx cumulates as

indicated by the black arrow. b Concentrations of Ni vs. Mg# compared
with MORB and intraplate and Archean cratonic picrites from GEOROC
(http://georoc.mpch-mainz.gwdg.de). cMg# vs. SiO2 for calculated bulk
rock compositions. The vast majority of eclogites have lower SiO2 and
higher Mg# compared to modern MORB samples. Group B1 samples
with higher Mg# and lower SiO2 than MORB can be interpreted as
residues of partial melting in the eclogite stability field. Protoliths for
Group A samples with higher SiO2 contents and Mg# were probably
cpx-rich cumulates
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unique for eclogites worldwide. LaN and LuN are very low in
B2 samples and EuN defines the top of a pronounced hump of
the REE patterns.

We were not able to pin-point potential protoliths for these
unique kinds of eclogites. Possibilities include highly altered
basalts, gabbros or higher pressure clinopyroxene-spinel cumu-
lates. Sodium would have to be introduced subsequently in all

cases, the Al-content increased for basalts and gabbros and the
REE patterns completely changed. Sodium could be introduced
to the rocks by low-temperature alteration and spilitisation on
the ocean floor or by higher temperature hydrothermal alter-
ation. Hydrothermal alteration and transportation of REE by
fluoride complexes deeper in the ocean crust may change the
REE patterns and abundances (Hellman and Henderson 1977;
Williams-Jones 2015). It is, however, not clear in which direc-
tion this process goes. As these samples reside at the base of the
lithosphere it is possible that their Na contents have been ele-
vated by interaction with saline metasomatic fluids, such as
those found in some diamonds (Weiss et al. 2015), however
no diamonds have been found in these Kimberley samples.

Metasomatism and partial melting of Kimberley
eclogites– evidence from incompatible trace elements

Modal metasomatism

Kimberley eclogite xenoliths appear to represent a rare
eclogite population where petrologically equilibrated phlog
is a very common phase. Other possible metasomatic
phases are rutile and ilm (Heaman et al. 2006) and sulfides.
Equilibrated phlog is evidence for modal mantle metasoma-
tism caused by subsolidus fluid or melt infiltration at litho-
spheric mantle condition (e.g. Dawson and Smith 1977;
Erlank et al. 1987; Simon et al. 2007). Ilmenite and rutile
are present in MARID suite xenoliths as major phases and
are also reported from polymict breccias (e.g. Lazarov
2008). These lithologies are ascribed to melt metasomatism
and kimberlite-like melt pockets that were trapped at mantle
depths and crystallized. Trace elements of the ilmenites
from Kimberley eclogites (Fig. 4a) show similar features
to those from metasomatic ilm in peridotite xenoliths with
high abundances of high field strength elements (Zr-Hf,
Nb-Ta) and also resemble ilm in MARID suite xenoliths
(Waters 1987; Konzett et al. 2000). These similarities point
to a metasomatic origin of ilm in the Kimberley eclogites.
Rutile may be primary and exsolved from garnet and
clinopyroxene during metamorphism (Ringwood 1975) or
may be introduced by metasomatism (Jacob et al. 2009;

�Fig. 6 Chondrite-normalized REE and trace element patterns for re-
constructed bulk rock compositions (Table 1). Chondrite composition is
taken from Sun and McDonough (1989). The three groups are shown
separately. The average N-MORB REE composition of Sun and
McDonough (1989) is shown for reference as dark yellow line in all
three diagrams as well as the range of troctolite compositions from Pito
Deep, Pacific ridge (Perk et al. 2007) as grey shaded field and the
compositional field of (ol) gabbros from MARK region, mid- Atlantic
ridge (Casey 1997) as the greenish field. The black thin lines are the
patterns for the Kimberley eclogites studied by Jacob et al. (2009). a
REE patterns of calculated bulk group A samples b REE patterns of
calculated bulk group B1 samples c REE patterns of calculated bulk
group B2 samples
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Barth et al. 2001). Jacob et al. (2009) describe modal rutile
from their samples and we infer its ubiquitous presence
from the Ti anomalies measured in silicates.

Because phlog (except the secondary generation of fine-
grained phlog along grain boundaries) is in textural and
chemical equilibrium with grt and cpx, the metasomatism
responsible for its growth must be older than the kimberlite
magmatism. Hopp et al. (2008) determined 40Ar/39Ar ages
of phlogopites from Bultfontein garnet peridotites. They
found an age cluster of 1.0 to 1.22 Ga that can be equated
to the Khibaran orogenesis (Namaqua-Natal), concluding
that this orogenesis caused metasomatism in the cratonic
mantle at that time. In addition, Pearson (1999) showed that
the Nd isotope evolution lines of diopsides in Bultfontein
(Kimberley) peridotites converge at circa 1 Ga, also provid-
ing support for intense metasomatism in the Kimberley
mantle at this time which likely also affected the eclogites.
The time elapsed since then promote full textural equilibra-
tion. The ubiquitous metasomatic agent must have been a
volatile- and K-rich melt or fluid such as a carbonatite or
kimberlite melt that infiltrated the thick cratonic lithosphere
and precipitated phlog and ilm.

Cryptic metasomatism and partial melting

Cryptic metasomatism may result from the same process as
modal metasomatism, differing only locally in intensity.
The local differences are most likely related to variations
in melt-rock ratio that can be a function of the proximity to
the main melt channel. Also, phase precipitation may not
occur, even if melt-rock ratios are high because the P, T
conditions and other parameters are not within the stability
field of a mineral like phlog. The P, T conditions of the
Kimberley eclogites and garnet pyroxenites are easily with-
in the P, T stability field of hydrous phlog (Konzett and
Ulmer 1999; Fig. S6). Even so, a percolating potassic meta-
somatic melt will not precipitate phlogopite as long as
phlogopite saturation is not reached. Partial reaction of a
percolating melt is analogous to fractional crystallisation
in that a residual melt develops that moves on and continues
to transport K because its solidus temperature is lower than
the ambient mantle temperature (Grassi and Schmidt 2011;
Bulatov et al. 2014). With or without the metasomatic
growth of phlog, metasomatism in eclogites is recognized
by the introduction of incompatible trace elements into gar-
nets and clinopyroxenes and is expressed by elevated LREE
relative to HREE. Partial melting in the eclogite stability
field results in increasingly steeper middle to heavy REE
patterns and a drastic loss of LREE in the residue. Eclogites
with positively sloping in middle to heavy REE patterns and
elevated LREE should have therefore first partially melted
and subsequently been metasomatized.

Modelling partial melting and metasomatism in the eclogite
stability field – REE as tools

Modelling metasomatism requires the identification of a pre-
metasomatic bulk rock, the definition of a metasomatic agent
and a physical model of the metasomatic process. For mag-
matic precursor rocks the composition of a pre-metasomatic
bulk rock may be the result of the composition of the primary
melt, of fractional crystallisation processes, of high and low
temperature alteration, of metamorphism and of partial melt-
ing. A further uncertainty arises from estimating of themineral
modes for bulk rock calculation. However, as has been shown
in earlier studies (e.g. Jerde et al. 1993; Jacob 2004) and in this
paper (electronic supplementary material Fig. S4) diagnostic
features of trace elements remain for eclogites, even when the
proportions of grt and cpx are varied within large limits.

Important information can also be extracted for major ele-
ments (Fig. 5). We can distinguish the Kimberley eclogites as
Groups A (A-opx), B1 and B2 and deduce that the protoliths
for Awere higher pressure cumulates of mainly cpx with some
ol and/or opx. We can also resolve that those for B1 had
MORB-like compositions modified by partial melting.
Focussing on sample KimPo 17 from Group A (Figs. 6a and
7a), we see that this reconstructed bulk rock composition has
flat middle to heavy REE patterns and slightly depleted
LREE. The shape is similar to N-MORB (Sun and
McDonough 1989) but the abundances are 5 times lower.
The other Group A samples have similar middle to heavy
REE patterns but are severely enriched in LREE. This sug-
gests that the metasomatic agent responsible for their enrich-
ment had high LREE/HREE and was thus derived from a
garnet-bearing source. Highly fractionated REE patterns also
arise if we calculate the compositions of melts that were po-
tentially in equilibrium with the LREE enriched Group A
samples (electronic supplementary material Fig. S7). These
theoretical melts are more fractionated than Group 2 kimber-
lites with drastically higher LREE abundances. Other chemi-
cal parameters like the prominent negative Ti, Zr-Hf and Nb-
Ta anomalies may not represent the nature of the metasomatic
agent because rutile was most likely present in all samples.
Only the common presence of phlog reveals that the metaso-
matic agent was distinctly K-rich. We therefore used the com-
position of Group 2 kimberlites (Nowell et al. 2004) as the
starting metasomatic agent composition for our modelling.
The metasomatic process can be modelled as a percolation
process or chromatographic fractionation during porous flow
(e.g. Ionov et al. 2002) where the agent equilibrates with the
substrate and a residual melt leaves the system. This melt from
a first cell reacts with layers further up (second cell and so
forth). The ensuing melt continuously change the composition
on its way. For Group Awe use sample KimPo 17 as the un-
modified substrate because of its similarity to an unmodified
cpx-rich cumulate and used Group 2 kimberlite for the first
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reaction step and the partition coefficients from Girnis et al.
(2013) to calculate modified REE patterns of the
metasomatized rock and also the residual melt for various
degrees of interaction. We find that the interaction with 10
and 20 vol% kimberlite does not change the REE patterns of
the metasomatized rock very strongly (Fig. 7a). However, the
effect on the composition of the residual melt is dramatic after
interacting with rocks like eclogites with high amounts of
garnet. Figure 7b shows the composition of the residual melt
after equilibration in the first step. It is highly fractionatedwith
LREE abundances of more than 105 times chondritic.
Figure 7b (and its enlargement) also shows that 5 to
15 vol% of such a melt is sufficient to produce the range of
REE compositions of Group A from a composition KimPo 17.

Group B1 eclogites shows enrichment in LREE with a
hump at Ce, a trough at the MREE and positively sloped
HREE (Figs. 6b and 7c–d). Such sinusoidal patterns are com-
monly reported from peridotitic samples (e.g. Stachel et al.
1998; Shu and Brey 2015). They require at least three stages
in their development i) the generation of the protolith, ii) par-
tial melting in the eclogite stability field and iii) subsequent
metasomatism. The HREE concentrations of the lower abun-
dance range of the Group B1 samples are close to N-MORB

(Fig. 3a; Sun and McDonough 1989) but are fractionated to
lower levels for the middle REE. As already explained above
this is most likely due to partial melting. Batch melting model
calculations for an N-MORB-like eclogite will increase frac-
tionation of the middle to heavy REE (Fig. 7c). We then used
the calculated residue for 20 vol% melting as the pre-
metasomatic bulk rock, a metasomatic agent (residual melt)
like that generated after the interaction of a kimberlitic melt in
a first step and the partition coefficients of Girnis et al. (2013).
Model calculation shows that the enriched, humped LREE
patterns of the B1 samples can be generated by enrichment
levels of 4 to 8 vol% (Fig. 7d).

Conclusions

Equilibration temperatures for a range of petrographically di-
verse Kimberley eclogite and garnet pyroxenite xenoliths
show that they are derived from throughout the sub-
continental lithospheric mantle, rather than being concentrated
into a specific depth range. Petrographically and chemically
distinct types of eclogites appear to come from discrete sec-
tions of the mantle root. Our expanded sample suite has

Fig. 7 a Modelled REE patterns calculated for various degrees of
metasomatism using sample KimPo 17 as the substrate, Group 2
kimberlite from Nowell et al. (2004) as the metasomatic agent and the
partition coefficients of Girnis et al. (2013). If 10 to 20% of the REE
budget of a Group 2 kimberlite equilibrate with the substrate its REE
contents are influenced only very little. This diagram, however, may
mark stage 1 of a chromatographic fractionation process with residual
melt moving on. b Using the same substrate but a more fractionated,
residual melt derived from stage 1 the metasomatic overprint at stage-2
already overwhelms the LREE and generates patterns that overlap with
those of Group A (% given in figure relative to REE of residual melt). c
Model calculations for various degrees of fractional partial melting of

Group B2 samples in the eclogite stability field. The starting
composition is N-MORB from Sun and McDonough (1989), a grt:cpx
ratio of 60:40 (vol%) was assumed for the bulk rock and 50:50 as the
contribution to the melt. The partition coefficients are from Green et al.
(2000). The fractionation of the middle and heavy REE of the natural
samples are well mimicked by 20–40 vol% of partial melting. d
Modelling of metasomatism Group B2 samples subsequent to partial
melting using a calculated residue, a Bstage-2^ melt as in Fig. 7b as
metasomatic agent and the partition coefficients of Girnis et al. (2013).
The humped LREE patterns are well modelled by small degrees of
metasomatism (< 10% of REE budget of the metasomatic agent)
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revealed significantly more complexity within these rocks
than found previously. While our findings for the protoliths
of the Group A agree with the oceanic cumulate origin pro-
posed by Jacob et al. (2009) we suggest a basaltic or gabbroic
origin for Group B1 eclogites. The anomalously high Na and
Al and unusual REE patterns of the Group B-2 suite defined
here make their protolith identification difficult and further
work is needed to fully resolve this. The complex trace ele-
ment signatures of the full spectrum of Kimberley eclogites
belie a multi-stage history of melt depletion and metasoma-
tism since their emplacement in the lithospheric mantle. Using
constraints from other metasomatised Kimberly mantle rocks
suggest that much of the metasomatic phlog in the eclogites
formed during an intense episode of metasomatism that affect-
ed the mantle beneath this region 1.1 Gyr ago.
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