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Abstract—In this experimental study, we examine the mineral-melt partitioning of major and trace elements
between clinopyroxene and CO2-rich kimberlitic melts at a pressure of 6 GPa and temperatures of 1410°C and
1430°C. The melts produced contain � 28 wt% dissolved CO2, and are saturated with olivine and clinopy-
roxene. To assess the effects of temperature, crystal and melt compositions on trace element partitioning,
experiments were performed in the model CaO-MgO-Al2O3-SiO2-CO2 system. Our results reveal that all the
elements studied, except Al, Mg, Si, and Ga, are incompatible in clinopyroxene. Partition coefficients show
a considerable range in magnitude, from � 10�3 for DU and DBa to � 2.5 for DSi. The two experimental runs
show similar overall partitioning patterns with the D values being lower at 1430°C. Rare earth elements
display a wide range of partition coefficients, DLa (0.012–0.026) being approximately one order of magnitude
lower than DLu (0.18–0.23). Partition coefficients for the 2� and 3� cations entering the M2-site exhibit a
near-parabolic dependence on radius of the incorporated cations as predicted from the lattice strain model.
This underlines the contribution made by the crystal structure toward controlling the distribution of trace
elements. Using data obtained in this study combined with that in the published literature, we also discuss the
effects that other important parameters, namely, melt composition, pressure, and temperature, could have on
partitioning.

Our partition coefficients have been used to model the generation of the Group I (GI) kimberlites from
South Africa. The numerical modeling shows that kimberlitic melts can be produced by �0.5% melting of a
MORB-type depleted source that has been enriched by small-degree melts originating from a similar depleted
source. This result suggests that the source of GI kimberlites may be located at the lithosphere-asthenosphere
transition. Percolation of small degree melts from the asthenosphere would essentially create a metasomatic
horizon near the bottom of the non-convecting sublithospheric mantle. Accumulation of such small degree
melts together with the presence of volatiles and conductive heating would trigger melting of the ambient
mantle and subsequently lead to eruption of kimberlitic melts. Additionally, our model shows that the GI
source can be generated by metasomatism of a 2 Ga old MORB source ca. 1 Ga ago. Assuming that
MORB-type mantle is the most depleted source of magmas on earth, then this is the oldest age at which the
GI source could have existed. However, this age most likely reflects the average age of a series of metasomatic
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events than that of a single event. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Their widespread geographical distribution, deep origin,
unique geochemistry, and age span from late Precambrian to
the Cretaceous make kimberlites particularly appropriate for
investigating the chemical evolution of the Earth’s upper man-
tle (Bell and Blenkinsop, 1987). Kimberlites, like carbonatites,
are rare, but have been found on almost every continent, and
are also the principal transporter of a variety of xenoliths from
crustal and mantle depths. Importantly, these mantle xenoliths
brought up by kimberlites are the primary source of informa-
tion on the nature of physico-chemical processes in the mantle,
and even more so, the continental mantle (Pearson et al., 2004).
Kimberlites form part of a spectrum of silica-undersaturated
rocks that vary widely in composition and include such rock
types as melilitites, lamprophyres, and nephelinites. The petro-
* Author to whom correspondence should be addressed
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genesis of kimberlites is, however, controversial, with disagree-
ments over the nature and depth of the source region, whether
they are primary in origin, and the cause of melting (e.g., plume
vs. volatile fluxing).

On the basis of thermobarometry on xenoliths brought up by
the kimberlites, the mantle parentage of these rocks is without
doubt and attention has focused on the role of CO2 in melting
of peridotite under upper-mantle conditions (Canil and Scarfe,
1990; Dalton and Presnall, 1998b; Gudfinnsson and Presnall,
2003,, in press). From such experimental studies, it is now well
established that initial melts from carbonated lherzolite at pres-
sures in excess of � 3 GPa are CO2-rich (� 40 wt%) and
SiO2-poor (� 10 wt%), and are thus carbonatitic in character
(Green and Wallace, 1988; Wallace and Green, 1988; Thibault
et al., 1992; Dalton and Wood, 1993; Dalton and Presnall,
1998a; Gudfinnsson and Presnall, 2003, in press). Some kim-
berlite magmas are derived by melting of the asthenospheric

mantle, as indicated by the geochemistry (Smith et al., 1985).
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Due to the high concentrations of incompatible trace elements
measured in kimberlites and carbonatites, generation by very
small degree of melting has been inferred (Nelson et al., 1988;
Bizimis, 2001; le Roex et al., 2003). However, apart from the
earlier work of Canil and Scarfe (1990), it is only recently that
phase equilibrium studies pertaining to the generation of kim-
berlites at high pressures, corresponding to the diamond stabil-
ity field, have become available (Dalton and Presnall, 1998a,
1998b; Gudfinnsson and Presnall, 2003, in press), where some
kimberlite magmas must originate.

CO2-rich melts are also frequently invoked as agents of
metasomatic mass transfer in the upper mantle (Green and
Wallace, 1988; Yaxley et al., 1991; Hauri et al., 1993; Rudnick
et al., 1993; Yaxley et al., 1998). Combined with their extreme
mobility (Hunter and McKenzie, 1989; Minarik and Watson,
1995) this makes CO2-rich melts (kimberlites and carbonatites)
very efficient metasomatising agents. However, only rarely do
metasomatised mantle rocks themselves preserve unambiguous
evidence for the passage of CO2-rich melts, such as carbonate
crystals (Ionov et al., 1993, 1996; Yaxley et al., 1998). In no
case is the pristine agent affecting the ambient mantle itself
preserved, and thus its composition must always be inferred
through calculation (Hauri et al., 1993; Rudnick et al., 1993).
However, such calculations hinge critically on assumptions
about the partitioning of trace elements between mantle min-
erals (such as clinopyroxene/garnet) and CO2-rich melts, for
which there are few experimental data. Consequently, while
trace element partitioning between clinopyroxene (cpx) and
basaltic (mainly tholeiitic) liquids is increasingly well under-
stood (e.g., Wood and Blundy, 1997; Blundy et al., 1998;
Johnson, 1998; Salters and Longhi, 1999; Hill et al., 2000;
Salters et al., 2002; McDade et al., 2003), there is no consensus
on whether partitioning between cpx and CO2-rich melts is
broadly similar (Brenan and Watson, 1991), or whether it
shows significant quantitative differences for some elements
(Green et al., 1992; Walker et al., 1992; Jones et al., 1995;
Klemme et al., 1995; Blundy and Dalton, 2000). If the latter is
true, then it may be possible to identify chemical fingerprints
that allow carbonate melt metasomatism to be distinguished
from that due to silicate or hydrous melts. In addition, in the
absence of a set of appropriate partition coefficients that are
suitable to model mantle melting processes, either the available
data on basaltic liquids or an average of mineral-CO2-rich melt
partition coefficients from published literature are used. Thus,
in this contribution, we present the results of major- and trace
element partitioning experiments between clinopyroxene and
CO2-rich melts at 6 GPa and temperatures of 1410 and 1430°C.
To our knowledge, these are the first high-pressure partitioning
results between a mantle phase and kimberlitic melt, and thus
are of direct relevance toward understanding the petrogenesis
of these low-degree, highly potent, and very low viscosity
CO2-rich melts. Pressure of 6 GPa, approximating the pressure
at a depth of � 200 km, was chosen because it closely corre-
sponds to the pressure at the top of the asthenosphere beneath
cratons on most of the continents (for example, South Africa
and Siberia; Pearson et al., 2004), and also because there is
geochemical evidence suggesting the generation of at least
some kimberlite magmas deep in the asthenosphere. We note,

however, that models invoking the generation of kimberlites at
both shallower and deeper mantle levels have also been pro-
posed (Haggerty, 1994; Bizimis, 2001; le Roex et al., 2003).

Partitioning of a trace element between cpx and kimberlitic
melt is likely a complex function of pressure (P), temperature
(T), and phase composition, and it is unlikely that a single set
of partition coefficients will suffice under all conditions rele-
vant to the generation of these melts in the Earth’s mantle.
Nonetheless, most of the high P-T experiments relevant to
mantle melting in the past, that have dealt with trace element
partitioning between mantle phase(s) and CO2-rich melts, have
used natural starting compositions, and have applied their re-
sults to the petrogenesis of carbonatites and also in a few cases,
kimberlites (Green et al., 1992; Klemme et al., 1995; Adam and
Green, 2001). Unfortunately, this approach rarely yields unique
results. For example, in the case of mantle melting at the
solidus of anhydrous mantle lherzolite, some studies (Blundy et
al., 1998; Salters and Longhi, 1999; Salters et al., 2002) have
produced quite conflicting results. Without an understanding of
the controls on element partitioning, these conflicts cannot be
accounted for, and the users of these partitioning datasets are
left unsure which set best describes the mantle melting process.
Unless experiments are designed to reduce the number of
influential parameters, it is difficult to assess whether differ-
ences in partitioning behavior are due solely to differences in
melt chemistry and melt structure (Gaetani, 2004), or whether
they are a consequence of differences in P, T, and crystal
composition (Gaetani and Grove, 1995; Blundy et al., 1998;
Lundstrom et al., 1998; Salters and Longhi, 1999; Salters et al.,
2002). Thus, the present sets of experiments were conducted in
the system CaO-MgO-Al2O3-SiO2-CO2 (CMAS-CO2), with
the intention of assessing the individual contributions of phase
composition and temperature to the partitioning process. We
exploit the opportunity to compare trace element partitioning in
the presence of two compositionally distinct kinds of cpx
coexisting with kimberlitic melts at 6 GPa and 1410 and
1430°C.

In this contribution we wish to address the following: (1) Is
the cpx-melt partitioning of trace elements different for basal-
tic, carbonatitic, and kimberlitic melts? (2) At a fixed pressure,
what is the effect of temperature and phase composition on
trace element partitioning? (3) Using the partition coefficients
obtained in this study, can we constrain the origin of kimberlitic
melts in the Earth’s mantle?

2. PHASE EQUILIBRIA IN THE CaO-MgO-Al2O3-SiO2-CO2

SYSTEM

As we have chosen to use the model system CMAS-CO2 to
explore the behavior of trace element partitioning, a brief
discussion of phase equilibrium systematics is warranted. In the
system CMAS-CO2, kimberlitic melts coexist with a four-
phase garnet lherzolite mantle assemblage along a divariant
surface in P-T space (Dalton and Presnall, 1998a, 1998b;
Gudfinnsson and Presnall, 2003, in press; Fig. 1). At a fixed P
and T, the garnet lherzolite plus liquid (kimberlitic) assemblage
is invariant, and compositions of all the phases, independent of
the bulk composition, are uniquely defined. On the high-tem-
perature side, the divariant surface is bounded by the CO2-free
garnet lherzolite solidus (Fig. 1), whereas on the low-temper-

ature side, the surface is bounded by the univariant solidus
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curve along which the garnet lherzolite phase assemblage is
joined by either dolomite, magnesite, or CO2 vapor (Fig. 1). At
a given pressure, the solidus of model carbonated lherzolite in
the system CMAS-CO2 corresponds to an invariant point on
this latter univariant curve where olivine � orthopyroxene
� clinopyroxene � garnet � carbonate � liquid coexist. By
determining the compositions of all the phases at this point, it
is possible, through the algebraic methods described by
Presnall (1986), to determine whether the point is a eutectic or
peritectic. This technique cannot be rigorously applied to nat-
ural, multi-component systems because of their high variance.

One of the main advantages in using the CMAS-CO2 system
is that the starting compositions can be constructed such as to
maximize the amount of liquid in the run products, and the
resulting phase equilibrium data can be used to model very
small degree melting in the mantle. Thus, in the CMAS-CO2

system, melts analogous to very small degree natural melts can
readily be analyzed using the electron microprobe. In natural
systems, in contrast, it is hard to maintain equilibrium during
experiments because of the small amount of melt present, and
the melts generated are invariably modified upon quenching
and impossible to analyze because of their very small volume.
Hence, by reducing the number of components, and by impli-
cation the variance of the system, the task becomes easier to

Fig. 1. Pressure-temperature diagram for the solidus of plagioclase,
spinel, and garnet lherzolite in the CMAS system under CO2-free and
CO2-bearing conditions. This diagram has been modified after Dalton
and Presnall (1998a) and Gudfinnsson and Presnall (2003, in press).
The divariant region between the CO2-bearing (carbonate-bearing
above 2.6 GPa) and CO2-free solidi is divided into three different areas;
an area where CO2-bearing melt coexists with (1) plagioclase lherzolite
phase assemblage; (2) spinel lherzolite phase assemblage, and (3)
garnet lherzolite phase assemblage. The points on the CO2-bearing
solidus curve at �2.8 and 4.8 GPa (marked I1A and IA2; Dalton and
Presnall, 1998a) denote the transitions on the solidus from CO2 vapor-
bearing to dolomite-bearing garnet lherzolite and dolomite-bearing to
magnesite-bearing garnet lherzolite, respectively. The subsolidus uni-
variant lines originating from these points are also shown. The inter-
section of the spinel- to garnet lherzolite transition with the subsolidus
univariant line extending from the invariant point I1A is uncertain
(Gudfinnsson and Presnall, 2003, in press). The dashed line on the
divariant surface indicates the approximate division in the system
between carbonatitic melts, on the one hand, and kimberlitic and
melilititic melts, on the other. Gt, garnet; dmt, dolomite; mst, magne-
site; pl, plagioclase; sp, spinel; vap, CO2 vapor; lht, lherzolite.
handle, and quantitative information on phase equilibria and the
partitioning behavior can be determined rigorously. Compo-
nents other than CaO, MgO, Al2O3, SiO2, and CO2 are all,
except FeO and H2O, in such a low abundance that their effects
on the phase equilibria are likely to be minor (Gudfinnsson and
Presnall, 2003, in press). The effects of FeO and Na2O on the
stability of carbonates, and by implication, the carbonate-bear-
ing solidus, are more uncertain, however.

3. EXPERIMENTAL AND ANALYTICAL PROCEDURES

The major-element composition used in this study is the
JADSCM-3 used in previous phase equilibrium studies (Dalton
and Presnall, 1998a, 1998b; Gudfinnsson and Presnall, 2003, in
press). The JADSCM-3 composition (in wt%) is as follows:
CaO—21.36; MgO—25.68; Al2O3—3.04; SiO2—27.54;
CO2—22.82. One gram of JADSCM-3 was prepared from high
purity oxides and carbonates (CaCO3). Carbon dioxide was
added as natural magnesite (Victoria, Australia), kindly do-
nated by Dr. David Green, which contains �0.5 wt% CaCO3

and �0.03 wt% FeCO3 (Brey et al., 1983). The high-purity
oxides were fired in high-temperature furnaces in Pt-crucibles
in the following manner: MgO at 1250°C for 24 hours; Al2O3

at 1200°C for 12 hours, and SiO2 at 1200°C for 6 hours. The
oxides (after firing) and CaCO3 (the source of CaO) were
stored under vacuum before mixing them in appropriate pro-
portions. The silicate portion of the starting material was
ground for one hour in an agate mortar under ethanol to a fine
homogeneous powder. After drying, this oxide and carbonate
mixture was decarbonated in air in a box furnace. The decar-
bonation temperature of calcite, at 1 atmospheric pressure is
898°C, and the following steps were undertaken to decarbonate
the silicate portion of the starting material: (1) The mixture was
poured into a Pt-crucible with the lid on top, and kept in the
furnace; (2) Temperature of the furnace was initially raised to
600°C, and then gradually to 1000°C over a period of � 2
hours; (3) The Pt-crucible was kept at 1000°C for 20 min. After
this step, the Pt-crucible was taken out of the furnace, was
cooled in air for � 15 min, contents of the crucible carefully
poured in a vial, and stored under vacuum. To ensure homo-
geneity, the silicate portion of JADSCM-3 was finely re-ground
as before, then dried, and finally fused for 4 hours at 1550°C in
a Pt-crucible and quenched. The resulting glass (optically trans-
parent) was ground for one hour to a fine powder under ethanol
in an agate mortar.

As most of the MgO and all of the CO2 in JADSCM-3 are
provided by magnesite, to prevent decarbonation of magnesite,
it was necessary to dope the silicate portion of JADSCM-3
before mixing magnesite into it. This glass mixture (1 g) was
doped with a suite of trace elements (Rb, Sr, Ba, Pb, Yb, Lu,
Sm, Nd, Y, Ga, La, Sc, Ce, U, Th, Hf, Zr, Ti, Nb, and Ta) at
levels between 50 and 500 ppm, using 1000 �g/g AAS standard
solutions in nitric acid. After the first few doping sessions, the
mixture was ground in an agate mortar, and dried under a heat
lamp for �10 min. The rest of the elements were then added,
and the doped mixture dried as before. This mixture was
denitrified in air at 400°C for four hours in a Pt-crucible. After
denitrification, the doped powder was stored under vacuum.

Magnesite, the source of MgO and CO2 in JADSCM-3 was
ground under ethanol in an agate mortar for 1 h, and was dried

for 14 hours at 250°C in a Pt-crucible. The doped silicate
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portion of JADSCM-3 was added to magnesite in an agate
mortar. To ensure homogeneity, the mixture was ground for
more than an hour, and stored under vacuum.

�1.2–1.5 mg of the doped starting material was loaded into
a 1.2 mm outer diameter platinum capsule that had previously
been annealed (600°C), boiled in dilute HCl (10 min), and
sealed at one end by arc welding. The capsule plus the starting
material was dried at 250°C for at least 12 hours, weighed,
welded shut, and weighed again. Following the procedures
outlined by Dalton and Presnall (1998a, 1998b), capsules were
discarded if a weight loss of �10 wt% (excluding the capsule
weight) due to decarbonation occurred during the final welding.
After welding both the ends, the final capsule length was 2 mm.

All the high-pressure, high-temperature partitioning experi-
ments were conducted using a split-cylinder multi-anvil device
(MA6/8; Presnall-type) at the Geophysical Laboratory. The
experiments reported here were performed at 6 GPa using MgO
cast octahedra with fins (Ceramacast; Aremco Products Inc,
NY, USA) with an effective edge length of 18 mm as pressure
cells. The furnace assembly (Fig. 2) in this type of cell consists
of a thick zirconia sleeve (acting as the thermal insulator)
surrounding a straight graphite furnace with inner MgO spac-
ers, and 4-hole alumina thermocouple sleeve. Tungsten-carbide
(WC), second-stage anvils with 11 mm truncated edge lengths
(TEL) were used to impart pressure on the cell. Pressure
calibrations were done at 1200°C as described by Walter et al.
(1995), and the precision in pressure is estimated to be � 0.2
GPa. To ensure near-anhydrous run conditions, the octahedra,
zirconia and MgO sleeves, and the end-plugs were fired just
before the experiments at 1000°C for 1 h. After construction,
the entire cell was kept at 110°C.

Fig. 2. Cross section of the 18 mm pressure cell used in the present
study.
Temperatures were measured using Type-C (W26Re-W5Re)
thermocouples with no correction for the effect of pressure on
the thermocouple emf, and were controlled automatically to
within � 3°C. The thermocouples were positioned along the
axis of the graphite furnace, and in contact with the Pt-capsules,
which were encased in MgO sleeves � 2.2–2.5 mm in length
(Fig. 2). The temperature gradient across the Pt-capsule in this
set of experiments is believed to be within � 20 to 25 °C. This
estimation is based on the results from Walter et al. (1995) and
van Westrenen et al. (2003) at similar P-T conditions for a cell
design with a straight graphite heater similar to the one used in
this study. Dalton and Presnall (1998a, 1998b) and Gudfinns-
son and Presnall (2003, in press) used a cell design also similar
to ours, with an identical Pt-capsule length (2 mm before
compression) but with a stepped graphite furnace, for which a
thermal gradient of � 15°C was reported. The results of Walter
et al. (1995) and van Westrenen et al. (2003) and the fact that
identical phase relations were obtained with our cell design
(experiments not reported here) and the one used in the studies
of Presnall and coworkers indicate that the use of a straight
graphite furnace increases the temperature gradient only
slightly across the capsule, on the order of 5 to 10 °C. Assem-
blies were pressurised at 0.75 GPa/h to the desired pressure of
6 GPa. Temperature was raised at 100°C per minute. To grow
large crystals, the temperature was raised to at least 60°C above
that of the final target temperature, and then lowered to the
target temperature at 1°C/min. Due to the degradation of the
graphite furnace, the total run duration (besides the cycling
time) at the target temperature was limited to 6 hours for the
experiments reported here. The experiments were automatically
quenched, with a quench rate of 500°C/s. During the entire run
duration, both power and temperature were extremely stable.
The runs were decompressed over a course of 5–6 hours. The
run conditions along with the phase assemblage in these ex-
periments are shown in Table 1.

The recovered capsules were mounted in Petropoxy-154
resin and polished longitudinally for optical and chemical anal-
yses. Due to the high solubility of the carbonate-rich melt in
water, the run products were polished in oil using SiC grit
(240–600) paper. Additionally, because of the highly fragile
nature of the charge, it was necessary to vacuum-impregnate
the run products at least twice with Petropoxy-154 resin and
regrind until a satisfactory surface for diamond polishing (3–
0.25 �m) was obtained.

Major element compositions of the quenched melt were
obtained using a JEOL JXA 8800 electron microprobe at the
Geophysical Laboratory, with an accelerating voltage of 15 kV,

Table 1. Experimental conditions and results.

Run No.
P

(GPa)
T

(°C) t (h) Assemblagex

PR-168 6.0 1430 6 qnch (85) � cpx (12) � ol (3)a

PR-170 6.0 1410 6 qnch (83) � cpx (10) � ol (7)

x Abbreviations are as follows: qnch — quenched melt; cpx —
clinopyroxene; ol — olivine; P — pressure; T — temperature; t — run
duration in hours (h)

a numbers in parentheses represent approximate mode (wt.%) of the
run products
a rastering beam of 20–120 �m2, and a 15 nA probe current (at
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the Faraday cup). The melt is composed of a very fine textured
intergrowth of Ca-Mg carbonates and quench silicate phases
(Fig. 3). Thus, representative analyses cannot be obtained with
the analytical procedure used for silicates because carbon is
missing from the correction routine. Analyses were reduced
using the ZAF correction routine and the amount of CO2 in the
melt regions was calculated by difference. In calculating the
matrix corrections for melts, the program assumes that the
oxide not being analyzed is CO . This is not an ideal procedure,

Fig. 3. Back-scattered electron images of the experimen
platinum capsule for the run PR168. To be noted is the gr
solids portion. The hemisphere at the top corner is a vesi
in detail the texture of the run products; (c) sectioned p
crystalline and quench products; (d) a close-up of PR
clinopyroxene. In all the pictures, the abbreviations are a
2

but is currently the most satisfactory available. Crystalline
phases were analyzed using 1 �m spot mode. The major
element compositions of the run products are shown in Table 2.
At least 30 and 65 analyses of the crystalline solids and melt,
respectively, were acquired.

Trace elements were determined using the laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS)
facility at Department of Geology at the University of Mary-
land. This laser system employs a frequency-quintupled Nd:
YAG laser operating at 213 nm (UP213 from New Wave

products in this study (a) a nearly complete section of the
from relatively fine to coarse quench near the crystalline
inally filled with CO2; (b) a close-up of PR168 showing

capsule of the run PR170 showing segregation of the
ote the olivine inclusions (dark) in relatively lighter
s: ol, olivine; cpx, clinopyroxene.
tal run
adation
cle orig
latinum
170. N
Research), coupled to an Element 2 (Thermo Finnigan MAT)
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magnetic sector ICP-MS. The ablation cell was flushed with He
to enhance sensitivity. Depending on the crystal size, laser
parameters ranged from � 8–20 �m diameter, with 5–12 Hz
frequency. A typical time-resolved analysis involved � 20 s of
background acquisition with the ablation cell being flushed
with He, followed by laser ablation for � 40 s. NIST 610 and
BCR-2g (Columbia River Basalt-USGS reference glass stan-
dard) were used as primary calibration and secondary check
standards, respectively. With the setup described above, the
precision for the LA-ICP-MS technique is better than 15% on
all measured masses. Contamination of the cpx analyses by
neighboring phases is a major concern when measuring trace
element contents of highly incompatible elements (e.g., Ba, U,
Th). Although we took great care in selecting spectra (or part of
spectra, when crystal thickness was less than the ablation pit)

Table 2. Major element compositions (wt.%) of the run products in
the present set of experiments. Two standard errors in terms of least
units cited (in parentheses) of n (no. of analyses) EPMA analyses also
provided.

Run No. PR-168 PR-170

P (GPa) 6 6
T (°C) 1430 1410
Quench
n 59 60
SiO2 22.08 (4) 21.60 (17)
Al2O3 3.07 (1) 3.60 (4)
MgO 23.95 (3) 20.43 (16)
CaO 22.88 (2) 27.15 (9)
CO2

a 28.00 27.21
Sumb 71.99 (2) 72.79 (12)
Ca/Ca � Mg 0.49 0.57
Mg/Ca 1.04 0.75
Mode (wt.%) 85 83
Olivine
n 35 28
SiO2 43.60 (24) 43.59 (28)
Al2O3 0.05 (2) 0.04 (1)
MgO 56.50 (32) 56.60 (33)
CaO 0.14 (4) 0.12 (3)
Sum 100.29 (15) 100.35 (16)
Mode (wt.%) 3 7
Cpx
n 31 35
SiO2 55.37 (13) 53.23 (17)
Al2O3 3.55 (19) 4.96 (20)
MgO 26.03 (22) 20.43 (19)
CaO 15.09 (23) 21.40 (14)
Sum 100.04 (19) 100.02 (17)
Mode (wt.%) 12 10
Cations per 6

oxygens in
cpx

Si 1.931 1.894
AlIV (T) 0.068 0.105
AlVI (M1) 0.077 0.102
Mg (M1) 0.918 0.900
Mg (M2) 0.436 0.184
Ca 0.564 0.815
Sum 3.993 3.999
CaTsc 0.082 0.100

a CO2 calculated by difference.
b Sum without adding CO2 in the quench.
c CaTs — Calcium-Tschermaks component in cpx
showing no sign of contamination (i.e., with constant count
rate), cpx analyses may have suffered from a small amount
(� 1%) of contamination by interstitial melt or olivine. Se-
lected time-resolved spectra were processed off-line using a
spreadsheet program to apply the background subtraction and
calculation of absolute trace element abundances (modified
version of LAMTRACE by Simon E. Jackson). Variations in
ablation yields were corrected by reference to Ca concentra-
tions measured by electron microprobe. Minimum detection
limits for reported concentrations are calculated on the basis of
2� above the background count rate.

4. ATTAINMENT OF EQUILIBRIUM AND WATER IN
THE EXPERIMENTS

The experiments reported here were not reversed, and one
must therefore look to other criteria to determine if the exper-
iments approached equilibrium. Irving and Wyllie (1975) ob-
served that the reaction rates in carbonate systems at high
pressure and temperatures are quite rapid with equilibrium
being attained in run times of less than 1 h. In slightly more
complex carbonate-silicate systems, equilibrium has been dem-
onstrated in run times of less than 5 hours on the basis of
reversed reactions (Lee et al., 1994). Durations of our experi-
ments were in excess of these values and the high proportion of
liquid in our runs is likely to facilitate equilibrium. In fact, the
elevated calcium content of olivines (Table 2) is consistent with
equilibration with a Ca-rich liquid as has been previously noted
(Dalton and Presnall, 1998b; Gudfinnsson and Presnall, 2003,
in press). Detailed backscattered electron imaging of the run
products did not reveal any zonation in the crystalline solids.
Furthermore, electron probe profile analyses revealed no sign
of major element zoning in both melt and cpx. Also, LA-
ICPMS profile across large melt pockets provided similar trace
element concentrations. However, because of the small crystal
size compared to the LA-ICP-MS beam size, ‘horizontal’ trace
element profiling across a single crystal was not possible. On
the other hand, because the LA-ICP-MS technique allows data
to be time resolved at a very small scale, information about the
nature of the sample being analyzed can be obtained as a
function of time. In absence of contamination, trace element
count rate measured by LA-ICP-MS remained roughly constant
during ablation, suggesting a homogeneous ‘vertical’ distribu-
tion of trace elements. This supports that equilibrium or near-
equilibrium conditions were achieved in the experiments.

In addition, although we have not analyzed the run products
for their water contents, the following procedures help in en-
suring that these experiments were anhydrous or nearly so: (1)
before putting the dried (at 250°C) Pt-capsule containing the
doped starting material in the assembly, all the assembly parts
were fired at 1000°C for one hour; (2) just before running the
experiment, the entire constructed assembly was kept at 110°C
for over 12 hours, and thus we made sure that the assembly was
nominally dry or nearly so; and finally (3) pyrophyllite was not
used as a gasket material, in the experiments reported here.
Pyrophyllite, which is perhaps the biggest source of water was
used in the experiments of Canil and Scarfe (1990); Dalton and
Presnall (1998a, 1998b), and Gudfinnsson and Presnall (2003,
in press). Dalton and Presnall (1998b) analyzed two of their run
products, reported 0.31–0.54 wt% water. This amount of water,

they argued, was unlikely to have a significant effect on phase
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relations and melt compositions. Thus, on this basis, it appears
that our experiments were nearly anhydrous.

5. PHASE RELATIONS AND MAJOR ELEMENT
COMPOSITIONS

In all, nineteen experiments were performed, but only two
that produced clinopyroxenes larger than 15 �m were used for
LA-ICP-MS analyses. Other experiments at pressures that
ranged from 3 to 6 GPa reproduce the phase equilibria estab-
lished earlier by Dalton and Presnall (1998a, 1998b) and Gud-
finnsson and Presnall (2003, in press). In both cases, quenched
liquid occurs as a separated volume located at the top of the
charge. However, closer inspection reveals that liquid also
occurs at the bottom of the charge. This indicates that the
temperature profile within the capsule is slightly saddle-shaped
with a shallow thermal minimum in the center of the charge.
Overall, the texture of the quench phase separated from crys-
talline solids is similar to the carbonatitic melt in the experi-
mental products of Gudfinnsson and Presnall (in press). How-
ever, compared to past studies, where quenched liquid appeared
to be more heterogeneous in being a more complex intergrowth
(and more coarse-grained) of carbonate-silicate matrix, the
quenched liquid in the experiments reported here, is more
uniform in its appearance (Fig. 3).

The crystalline solids, olivine and cpx, are subhedral in
outline, and range from � 7–30 �m and � 20–50 �m, respec-
tively (Fig. 3). In places, tiny (5–10 �m) olivine inclusions are
seen near the grain boundaries of cpx. At both the temperatures,
olivine in this set of experiments has elevated calcium contents
(Table 2), consistent with equilibration with a Ca- and CO2-rich
melt. No major-element zonation can be detected with the
electron microprobe. Increasing temperature does not have a
marked effect on the CaO content of these olivines. On the
other hand, in terms of CaO, MgO, and Al2O3, clinopyroxenes
show a dramatic change. With increasing temperature, cpx
becomes more magnesian, significantly less calcic, and less
aluminous (Table 2). Due to the increased MgO and lower
Al2O3 contents, the higher temperature cpx also has lower
calcium-Tschermaks (CaTs) component. The high Al2O3 con-
tent of cpx in our experiments can be ascribed to the absence of
garnet as a crystalline solid. However, the cpx compositions are
within the accepted values for the generation of kimberlitic
melts in the mantle (Canil and Scarfe, 1990; Dalton and
Presnall, 1998b; Gudfinnsson and Presnall, 2003, in press), and
thus are of direct relevance to modeling the generation of these
CO2-rich melts.

Compared with the solidus melts coexisting with the garnet
lherzolite phase assemblage in the CMAS-CO2 system at 6 GPa
(Dalton and Presnall, 1998a; Gudfinnsson and Presnall, 2003,
in press), the melts in this study are enriched in MgO, Al2O3,
and SiO2, and poorer in CaO and CO2, at temperatures above
the CO2-bearing solidus. The melts are still very CO2-rich, and
strongly silica-undersaturated. The compositional evolution of
melts with increasing temperature at 6 GPa is very similar to
that reported by Dalton and Presnall (1998b) and Gudfinnsson
and Presnall (2003, in press). With a temperature increase of
only 20°C, the melts show drastic changes in their CaO, MgO,
and CO contents, while not showing an appreciable change in
2

SiO2 and Al2O3. With increasing temperature, the melts be-
come significantly more magnesian, less calcic, and also less
carbonated. However, at the 6 GPa isobar, while the Mg/Ca
ratio (1.04) of the melt at 1430°C in this study agrees well with
that of 1380°C (1.03) of Dalton and Presnall (1998b), the
Mg/Ca ratio at 1410°C (0.75; this study) is more in line with
being “carbonatitic,” when compared to the 1380°C (0.74) of
Dalton and Presnall (1998a). The reasons for this apparent
discrepancy are not clearly understood at present, but increased
variance in our study compared to the previous studies could
explain these differences, and thus it appears that kimberlitic
melts could be produced in equilibrium with cpx of different
compositions, and over a considerable temperature range.
However, on the basis of melt compositions reported in this
study, and their broad, overall agreement with those reported
earlier, we conclude that the reported melt compositions here
are kimberlitic in nature, and also resemble those of Group IB
kimberlites (Smith et al., 1985). Group IB kimberlites have an
average Mg/Ca ratio of 2.3, average SiO2 content of 26 wt%,
and are the most CO2-rich kimberlite group, with an average
CO2 content of 9 wt% (Smith et al., 1985). The higher CO2

content of the melts reported here compared with the Group IB
kimberlites, may thus reflect some degassing of the ascending
kimberlite magmas, which has been experimentally demon-
strated by Brey et al. (1991).

Combined with the trace element partitioning data (presented
later), the similarity in melt compositions reported here to
Group I kimberlites (Smith et al., 1985), our experiments are
therefore of direct relevance to the petrogenesis of CO2-rich
melts in the mantle. In addition, with further decrease in tem-
perature (� 1350°C) the 6 GPa melt compositions (not reported
here) become carbonatitic, i.e., � 10 wt% SiO2, � 30 wt%
CaO, � 1 wt% Al2O3, 18–20 wt% MgO, and �35 wt% CO2.
The present set of experiments combined with those conducted
in the past demonstrates that there is essentially a continuum
from carbonatitic to kimberlitic melt compositions.

6. TRACE ELEMENT PARTITIONING

6.1. Results from this Work and Comparison with
Literature Data

Trace element concentration in cpx and coexisting melts, and
corresponding partition coefficients (Di

cpx/melt � Xi(cpx)/
Xi(melt), where Xi is the weight fraction of element i) are
reported in Table 3. Ordered according to charge and size,
partition coefficients from this study and from the literature are
plotted in Figure 4. With the exception of Al, Mg, Si, and Ga,
the rest of the elements are incompatible in cpx. The D values
of Ga are below and above unity at 1430 and 1410°C, respec-
tively. Partition coefficients show a considerable range in mag-
nitude, from �10�3 for DU and DBa to �2.5 for DSi. The two
experimental runs show similar overall partitioning patterns, D
values being lower at 1430°C (Fig. 4a). Rare earth elements
(REE) display a wide range of partition coefficients, DLa

(0.012–0.026) being approximately one order of magnitude
lower than DLu (0.18–0.23).

Partition coefficients for Rb, the only 1� cation considered
in this study, are very similar to those reported previously (Fig.
4b). The upper bound value obtained at 1410°C is in agreement

with previous determinations (Green et al., 1992; Blundy and
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Dalton, 2000; Adam and Green, 2001), whereas the value at
1430°C is slightly higher. For the 2� cations, the partition
coefficients decrease with increasing size. A good agreement is
found for DMg, DCa, and DSr from this study and the literature.
The values of DBa and DPb from the literature cover a range of
more than two orders of magnitude. In this study, we obtained
intermediate value for DBa (�0.002) and DPb (�0.013). As
shown in Figure 6, the D values for the trivalent cations (3�)
gradually decrease from DAl to DLa with increasing size by
about two orders of magnitude. The values of DAl, DLu, and
D are similar at 1410 and 1430°C. However, Ga, Sc, Y, Sm,

Table 3. Trace element compositions of the run products and parti-
tion coefficients. n Number of analyses. Nernst partition coefficients for
trace elements (this table) and major elements (Table 2).

Run
No. PR-168 PR170

P (GPa) 6 6
T (°C) 1430 1410
ppm Qnch (8) Cpx (4) Qnch (8) Cpx (3)
Sc 73.3 (8) 35.5 (22) 76.9 (17) 68.2 (67)
Ga 38.7 (23) 20.7 (14) 7.0 (6) 7.8 (7)
Rb 438.9 (374) 7.1 (9) 471.4 (263) �5.8
Sr 117.4 (27) 5.8 (3) 159.3 (110) 10.6 (6)
Y 41.9 (13) 6.2 (6) 47.4 (3) 10.9 (11)
Zr 104.6 (40) 1.6 (2) 181.2 (107) 10.4 (31)
Nb 72.6 (13) 0.4 (0) 80.2 (34) �0.5
Ba 386.7 (148) 0.8 (2) 445.9 (131) �1.2
La 92.4 (29) 1.1 (1) 106.0 (47) 2.7 (2)
Ce 80.63 (32) 0.8 (1) 94.5 (50) 3.8 (5)
Nd 48.1 (30) 1.5 (1) 61.3 (27) 4.3 (4)
Sm 39.2 (22) 3.2 (4) 48.6 (19) 6.8 (14)
Yb 37.5 (22) 6.7 (7) 44.8 (18) 9.8 (13)
Lu 35.6 (8) 6.4 (6) 40.9 (15) 9.2 (11)
Hf 41.5 (58) 1.4 (0) 43.2 (31) 5.7 (17)
Ta 62.3 (23) �0.2 68.4 (45) 0.4 (1)
Pb 364.3 (219) 4.7 (3) 15.9 (14) �1.9
Th 389.8 (194) 0.4 (1) 431.0 (259) 2.5 (6)
U 405.9 (170) 0.2 (1) 461.9 (192) 2.4 (12)
Partition coefficients
Si 2.50 (1)x 2.46 (2)
Al 1.15 (6) 1.38 (6)
Mg 1.09 (1) 1.00 (1)
Ca 0.66 (1) 0.79 (1)
Sc 0.48 (3) 0.88 (8)
Ga 0.53 (5) 1.10 (9)
Rb 0.016 (2) �0.01
Sr 0.050 (2) 0.066 (7)
Y 0.15 (2) 0.23 (3)
Zr 0.016 (2) 0.057 (16)
Nb 0.0052 (5) �0.006
Ba 0.0020 (4) �0.003
La 0.012 (1) 0.026 (2)
Ce 0.010 (1) 0.040 (5)
Nd 0.031 (4) 0.071 (7)
Sm 0.082 (12) 0.14 (3)
Yb 0.18 (3) 0.22 (3)
Lu 0.18 (2) 0.23 (3)
Hf 0.035 (7) 0.13 (4)
Ta �0.0035 0.0051 (5)
Pb 0.013 (1) �0.12
Th 0.0019 (2) 0.0058 (13)
U 0.00060 (34) 0.0052 (22)

x Values in parentheses are two standard errors in terms of least units
cited.
Yb

Nd, and La clearly have higher D values at lower temperature.
At 1430°C, DLa is surprisingly higher than DCe. The reason for
this anomaly is not well understood at present. Some melt
contamination of cpx analyses may have lead to the observed D
values. Our data for 3� cations best agree with that of Green
et al. (1992); Jones et al. (1995), and Adam and Green (2001).
The D values reported by Blundy and Dalton (2000) and
Klemme et al. (1995) for the 3� cations lie up to one order of
magnitude higher than those from this study. The reasons for
this discrepancy are discussed in section 6.2. D values for the
4� cations, as observed for the 2� and 3� cations, decrease
with increasing size, except for Th, which has a D slightly
higher than DU (Fig. 4). The origin of this apparent discrepancy
is also discussed in section 6.2. The values of DU and DTh at
1410°C in this study are virtually identical to those of Jones et
al. (1995) for augite at 1200°C and 5.5. GPa. However, U and
Th are less compatible at 1430°C (Fig. 4), with DU/DTh a factor
of 3 higher at 1430°C (0.89 � 0.49) than at 1410°C (0.31
� 0.19). Of studies pertaining to crystal-CO2-rich melt parti-
tioning, this study reports the lowest values of DHf and DZr,
DZr/DHf being similar at both temperatures (0.44 � 0.19 at
1410°C and 0.45 � 0.09 at 1430°C). As expected from size and
charge considerations, both Nb and Ta are similarly incompat-
ible in cpx. The partition coefficient of Nb in this study agrees
with DNb reported by Jones et al. (1995), but is lower by a
factor of �2–3 from that of Adam and Green (2001) and
Blundy and Dalton (2000) and at least an order of magnitude
lower from the values reported by Klemme et al. (1995; Fig.
4b). Differences in DTa from this study and the studies from
Green et al. (1992) and Klemme et al. (1995) are substantial,
and we report the lowest values of DNb and DTa.

6.2. Factors Controlling the Partitioning

Trace element partitioning between a mineral and melt is
primarily a function of phase composition, pressure, and tem-
perature. To properly assess the relative contributions of these
influential parameters, it is necessary to isolate their effects
from one another. Unfortunately, this has remained problematic
because, generally, it is not possible to vary one parameter
while keeping the others constant. Variations in pressure and/or
temperature conditions are combined with changes in crystal
and/or melt compositions. In this section, we use our data and
data from the literature to discuss the factors controlling parti-
tioning of trace elements, entering the large M2-site of clinopy-
roxene.

6.2.1. Lattice strain in clinopyroxene

At a fixed temperature, pressure and phase composition,
partition coefficients for a suite of isovalent cations entering a
particular mineral lattice site show a near-parabolic dependence
on ionic radius centered on r0, an ‘optimum radius’ (e.g.,
Onuma et al., 1968). Theoretical consideration of lattice strain
(Brice, 1975; Blundy and Wood, 1994) has helped understand
the influence of crystal chemistry on trace element partitioning.
In the lattice strain model (Blundy and Wood, 1994), the
partitioning of an ion i (Di) onto a given crystal site is a
function of the site elasticity (Young’s modulus E), the site size

(optimum radius r0), and the partition coefficient of a cation of
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the same charge and of radius r0 that enters the lattice without
strain (optimum partition coefficient D0):

Di � D0exp��4�ENA

RT
<

r0

2
�ri � r0�2

�
1

3
�ri � r0�3=� (1)

where NA is the Avogadro’s number, R is the gas constant, and T
is the temperature in Kelvin. As shown in Figure 5, the relative
compatibilities of 2� and 3� cations entering the M2-site are
consistent with the effects of lattice strain energy. Similar ‘parabo-
lae’ are obtained for our two runs at 1410°C (PR170) and 1430°C
(PR168). As mentioned in the previous section, the order DU �
DTh is at odds in the sense that, for a given charge D does not
decrease with increasing radius, contrary to what can be seen for

Fig. 4. Cpx–melt partition coefficients ordered accordin
(b) Comparison with literature data in CO2-bearing comp
2�, 3�, and the other 4� cations. This observation illustrates one
of the effects that crystal chemistry/structure can have on parti-
tioning. Namely, the order DU � DTh is probably the result of Th
and U entering the large M2-site and being located on the left side
of the hypothetical 4� ‘partitioning parabola’, i.e., we have
r0

4�M2 � rTh� rU. Similarly, from size considerations it is
probable that Zr and Hf predominantly enter the smaller M1-site,
with Zr and Hf being located on the right side of the ‘partitioning
parabola’, i.e., r0

4�M1 � rHf � rZr. Other observations that can be
explained by crystal lattice strain are the larger D values obtained
for Si and the 3� cations Al, Ga, and Sc. Theses cations enter
different sites than the other cations of the same charge. Si is
present only in the small tetrahedral site, whereas Ga and Sc enter
predominantly the M1-site. Al is present in both tetrahedral (T-

charge and size of the cations. (a) Data from this study.
s.
g to the
site) and M1-site.
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As parabolae for the 2� and 3� cations entering the M2-site
have been well defined in this study and the literature, we now
focus on factors controlling the incorporation of these elements.
As shown in Figure 5, we observed that r0 decreases and E
increases with increasing charge of the substituting cation. This
is in agreement with previous partitioning studies (e.g., Hill et
al., 2000). Looking into more details, it appears that for a given
charge: E (1430°C) � E (1410°C), r0 (1430°C) � r0 (1410°C),
and D0 (1430°C) � D0 (1410°C), these changes being more
important for the 3� cations than the 2� cations. As we
performed experiments at a single pressure of 6 GPa, the
change of parabolae between our two experiments cannot be
due to the effect of pressure. As mentioned earlier, the 20°C
difference between runs PR168 and PR170 affects both the
clinopyroxene and melt composition, with the CaTs component
of the cpx varying from 10 to 8 mol% and Mg/Ca ratio of the
melt varying from 0.75 to 1.04. There is evidence that increas-
ing the CaTs content of clinopyroxene increases D values for
REE and other elements (e.g., Gaetani and Grove, 1995; Lund-
strom et al., 1998; Hill et al., 2000). A high CaTs content
should lead to higher D values for 3� and 4� cations entering
the M2-site due to the charge deficit left by substituting Al for
Si. Similarly, more Al substituting for Si should increase the D
for the 3�, 4�, and 5� cations entering the M1-site. This
interpretation is consistent with our observation of elevated
partition coefficients of REE, Ga, Sc, U, Th, Hf, and Zr for run
PR170 compared to run PR168. The 2� cations are less af-
fected by the combined change of composition and tempera-
ture. The values of D0

2�M2 values derived for both the exper-
iments are almost identical. The main change concerns D M2,

Fig. 5. Partition coefficients for the 2� and 3� cations entering the
large M2-site as a function of ionic radius. Lines are best fits to the
lattice strain model (see Eqn. 1 in the text) using a Levenberg-Mar-
quardt-type, non-linear least squares fitting routine (Press et al., 1992).
Note the variations of fit parameters with charge and experimental
conditions. Mg in M2-site is calculated from the structural formulae in
Table 2. Ionic radii are taken from Shannon (1976). Due to potential
melt contamination of the cpx crystals (which would affect only the
highly incompatible elements), La, Ce and Ba were not used in the
fitting procedure.
Mg

which is higher by a factor of 2–3 at 1410°C. As a conse-
quence, E2�M2 and r0
2�M2 are smaller at 1410°C. In compar-

ison to the cpx at 1410°C, the one at 1430°C contains less Ca
but more Mg in the M2-site and more Al in both M1-site and
T-site (thus higher CaTs component). Therefore, due to the
relative size of these host cations, we expect and observe r0 at
1410°C to be larger than at 1430°C. This interpretation is in
agreement with the observation made by Hill et al. (2000) that
r0 decreases with increasing CaTs component of cpx.

6.2.2. Composition and structure of the melt

The lattice strain model accords no significance to the melt
phase because the latter has negligible elastic strains compared
to crystals. However, partitioning experiments between immis-
cible silicate and carbonate melts (e.g., Jones et al., 1995) and
between forsterite and silicate melts (Kohn and Schofield,
1994) have shown that melt composition could contribute to the
partitioning of trace elements. There is evidence that a slight
change of melt composition can have a large effect on cpx-melt
partitioning at very high degree of melt polymerization (e.g.,

Fig. 6. Fits to REE partition coefficients from this study and (a)
CO2-free compositions, (b) CO2-bearing compositions. Data sources
are: Hauri et al. (1994)—run at 1430°C/2.5 GPa; Salters and Longhi
(1999)—run MO1295—3; Klemme et al. (1995)—run K2; Blundy and
Dalton (2000)—runs DC15 and DC16. See text for further discussion.
Gaetani and Grove, 1995; Gaetani, 2004). Calculation of the
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ratio of non-bridging oxygens to tetrahedrally coordinated cat-
ions (NBO/T) is commonly used to provide a measure of the
effect of melt structure. Unfortunately for CO2-bearing melts
like the ones of this study, the calculation of NBO/T is inap-
propriate. Qualitatively, because of their low SiO2 contents,
carbonatitic and kimberlitic melts are likely to be depolymer-
ized melts. Therefore, if we consider the observations made in
earlier studies the effect of melt structure is likely to be minor.

6.2.3. Pressure and temperature

The effects of pressure on the trace element partitioning
cannot be evaluated, as the experiments reported here, were
performed only at 6 GPa. The temperature variation in our
experiments is relatively small and it is not clear whether
temperature has a direct impact on the partitioning. Variations
of D values can be explained by only variations in the cpx
composition and possibly melt composition. To further inves-
tigate the potential effects of pressure and temperature, we use
a compilation of data from the published literature for the 3�
cations entering the M2-site. Comparison with the published
data for CO2-free and CO2-bearing compositions, is presented
in Figure 6. The partitioning values for the 3� cations entering
the M2-site of clinopyroxene obtained in the present set of
experiments are on the low end of the compilation of data for
CO2-free compositions, up to one order of magnitude below the
data published by Blundy et al. (1998). As mentioned by
Gaetani (2004), the high partition coefficients of Blundy et al.
(1998) are probably due to the highly polymerised nature of the
silicate melt (NBO/T � 0.4). For similar experimental condi-
tions (i.e., clinopyroxene CaTs content, P and T), McDade et al.
(2003) obtained D values that are significantly lower with a
more depolymerized melt (NBO/T � 0.7), close to the D values
published by Hauri et al. (1994). The data of Johnson (1998)
are intermediate between our data and those of Hauri et al.
(1994) and McDade et al. (2003), as expected from the relative
values of NBO/T and CaTs content. The D data in this study are
best matched by those from Salters and Longhi (1999) obtained
at 2.8 GPa, 1530°C for clinopyroxene with low CaTs content (9
mol%) and relatively depolymerized melt (NBO/T � 1.1).
Therefore, from Figure 6a and considerations outlined above, it
appears that the CaTs content of clinopyroxene and the melt
composition/polymerization are the two dominant factors that
control the partitioning. At this stage, there is no need to call for
direct effects of pressure and temperature to explain variations
in D values.

In comparison with literature data in CO2-bearing composi-
tions, a relatively good match is obtained between our data and
the data of Adam and Green (2001), and to some extent the data
of Klemme et al. (1995; Fig. 6b). In detail, the CaTs component
in cpx (11 mol%) in the run K2 of Klemme et al. (1995) is
similar to the one of run PR170. The difference in partitioning
must be due to other factors. The melt appears to be more
polymerized in run K2, the (Si�Al)/(Mg�Ca�Na) ratio (net-
work former/network modifier ratio without taking account of
CO2) being almost a factor of 2 lower than in run PR170. As
argued above, higher melt polymerization should increase not
decrease the D values. Therefore, this could mean that pressure
and/or temperature, which are lower in run K2 (2 GPa, 1100°C)

than in run PR170, may have a non-negligible effect on parti-
tioning. However, the effects of CO2 and other C species on
melt structure are ambiguous at this time, carbonate being seen
as both network former and network modifier (R.A. Brooker,
2004 pers. comm.). It is possible that the larger CO2 content of
run K2 leads eventually to a higher degree of polymerization of
the melt in comparison with run PR170. The parabolae derived
from the data of Blundy and Dalton (2000) at 1375°C are much
higher than the ones of this study. This can be explained in
terms of higher cpx CaTs content (17 mol%) and possibly
higher degree of polymerization if CO2 acts mainly as network
former in the melt. Adam and Green (2001) reported data at
1050°C for cpx with CaTs content (18 mol%) close to the
values of Blundy and Dalton (2000). Pressure conditions are
only slightly different, 2.5 and 3 GPa, respectively. Major
differences concern melt structure and run temperature. Be-
cause the CO2 content in the melt of both studies are approx-
imately similar, the (Si�Al)/(Mg�Ca�Na) ratio can be used
with confidence to estimate relative degree of polymerization
of the melt. This ratio is lower by a factor of 4 in the runs of
Blundy and Dalton (2000), i.e., the melt is more depolymerized
in the latter study. Therefore, one should expect lower D values
in this study if melt structure is the dominant factor. On the
contrary, the D values are actually higher by about a factor of
4. This may indicate that an increase in temperature also
increases the REE partitioning in cpx.

To summarize, we found evidence that the composition of
cpx and melt (if polymerized), and probably pressure and
temperature can have direct effect on partitioning. However,
one should remember that the approach we followed above is
relatively simplistic given the complexity of the studied sys-
tems and the uncertainties on the lattice strain fits. The crystal
composition should not be seen as only a matter of CaTs
content. The sodium (Na) content of cpx, for example is likely
to play a role in charge-balancing the substitution of REE in the
M2-site (e.g., Bennett et al., 2004). Runs from Klemme et al.
(1995), Blundy and Dalton (2000) and Adam and Green (2001)
all contain some Na. Whether Na favors the incorporation of
REE via coupled substitution in the M2-site or limits it because
Na is a network modifier remains debatable, however. Further
experimental work is clearly needed to better constrain the
potential effects of composition, pressure, and temperature.

7. GENERATION OF KIMBERLITIC MELTS IN THE
EARTH’S MANTLE

Kimberlites, although rare and volumetrically insignificant
volcanic rocks, occur almost exclusively in non-orogenic areas
of the continents, and the combined studies in geophysics and
geochemistry demonstrate that they erupt through thick litho-
sphere (150–200 km) in a matter of hours or days transversing
a vertical distance on the order of tens of kilometers before
reaching the surface (Canil and Fedortchouk, 1999). As men-
tioned earlier, kimberlites have attracted attention largely for
bringing diamonds and garnet peridotite mantle xenoliths to the
Earth’s surface. Furthermore, the suggested derivation of kim-
berlites from depths greater than any other igneous rock type,
and their extreme magma composition (low SiO2 content and
high volatile and trace element contents), makes it important to
understand kimberlite petrogenesis, and constrain the melting

processes and the composition of the mantle near the cratonic
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lithosphere/asthenosphere interface. Kimberlites are never ob-
served as quenched glasses. Instead they contain a variety of
macro- and microphenocrysts, often at 10’s of volume % abun-
dance that include olivine, calcite, perovskite, serpentine, and
minor phlogopite. As opposed to the macrocrystic kimberlites,
aphanitic kimberlites have less than 5 vol. % phenocrysts, and
are enriched in trace elements by a factor of at least 2–3. They
also have higher Ca, Al, and lower Si and Mg contents than
“macrocrystic” kimberlites (Bizimis, 2001; le Roex et al.,
2003). These variations in mineralogy and major and trace
element contents make it difficult to constrain a primary kim-
berlitic melt composition (Mitchell, 1995; Scott Smith, 1996).
On the basis of relative variations in major element composi-
tions between some macrocrystic and aphanitic kimberlites, le
Roex et al. (2003) proposed a primary kimberlite magma com-
position for the Kimberley area (South Africa) that extrapolates
to 0.6–0.7% melting of the carbonated lherzolite source sug-
gested by Dalton and Presnall (1998b) and Gudfinnsson and
Presnall (2003, in press). On the basis of trace element inves-
tigations, it has also been suggested that kimberlites are com-
patible with 0.4–1.5% melting of a garnet lherzolite source
(Fraser and Hawkesworth, 1992; Tainton and McKenzie, 1994;
le Roex et al., 2003). To account for the very high incompatible
trace element content of the kimberlites, all these studies re-
quire a source for the generation of kimberlites that is more
enriched relative to the primitive mantle.

As discussed earlier, the experimental compositions and the
P-T conditions of this study appear suitable for the generation
of kimberlitic melts deep in the Earth’s mantle. We therefore
use the cpx-melt partition coefficients determined in this study
to investigate whether they are indeed appropriate for kimber-
litic melts and put constraints on the nature of the kimberlite
source. The high abundance of phlogopite megacrysts in Group
II kimberlites suggests derivation from a hydrous source
(Mitchell, 1995). As our data were obtained in a water-free
system, this group of kimberlites is not considered in our
modeling. We focus only on Group I (GI) kimberlites from the
Kimberley area, for which a primary magma composition has
been estimated (le Roex et al., 2003).

We model the trace element composition of GI kimberlite
melts with a forward incremental melting model of 0.1% melt
increments (Bizimis et al., 2000, in press) using the cpx-melt
partition coefficients obtained in this study. On the basis of the
phase assemblage of a carbonated mantle at 6 GPa (Dalton and
Presnall, 1998b; Gudfinnsson and Presnall, 2003, in press; this
study), melting takes place exclusively in the garnet lherzolite
stability field. Unfortunately, there are no garnet-melt partition
coefficients available for the CO2-bearing compositions. How-
ever, due to the similarity of D values of cpx between this work
and Salters and Longhi (1999) and Salters et al. (2002), it
appears that the D values of garnet coexisting with cpx at
2.8–3.4 GPa of Salters and Longhi (1999) and Salters et al.
(2002) can be used, at least as a first approximation, in the
modeling presented here. For consistency, we also use the D
values of orthopyroxene (opx) and olivine from Salters and
Longhi (1999) and Salters et al. (2002), respectively. When not
available in the latter studies, some D values were obtained
either by interpolation from the neighboring elements or from
other studies (see references). The partition coefficients used in

the numerical models are listed in Table 4. The model source
compositions and melting reactions are taken from Salters and
Longhi (1999; Table 4) and are appropriate for high-pressure
mantle compositions (2.8–3.4 GPa). Due to the low degree of
melting used in our calculations (0.5%–1%; see the discussion
later) and also because of the relatively large abundance and
starting source composition, the most important factors con-
trolling the melt composition are the partition coefficients for
cpx, while the melting reactions have only a minor effect. Our
numerical experiments suggest that using either the melting
reactions of Walter (1998) for melting of anhydrous garnet
lherzolite at 7 GPa (which has a melt fraction of opx entering
the melt at 0), or the melting reactions of Dalton and Presnall
(1998a, 1998b) for a carbonated garnet lherzolite at 6 GPa,
gives results that are indistinguishable from the results shown
in Figure 7.

The relatively radiogenic Nd and unradiogenic Sr isotope
compositions of South African GI kimberlites (Smith, 1983)
suggest that their source has experienced a long-term depletion
relative to a chondritic Earth. Therefore, for our model, we use
as a starting composition a depleted mantle source (i.e., mido-
cean ridge basalt, MORB; Salters and Stracke, 2004). Any
other depleted (e.g., some ocean-island basalts or continental
volcanics) source could be used, but on the basis of relative
uniformity of MORB compositions compared to ocean-island
basalts (OIB) and continental volcanics we choose the better-
constrained MORB reservoir source as a dominant “tank” in
the upper mantle. We compare the trace element compositions
of our modeled melts with the GI kimberlite compositions from
Kimberley (le Roex et al., 2003). The results of our modeling
using the above-mentioned parameters are shown in Figure 7.
For clarity, we show two compositions that essentially cover
the range of these GI kimberlites (Fig. 7): one is sample COL1,
similar to a proposed primary kimberlite magma (le Roex et al.,
2003), and the other sample, K5/94, represents the most trace
element enriched aphanitic kimberlite from the Wesselton Sills
(le Roex et al., 2003). The aphanitic Wesselton Sills kimberlites
have been suggested to represent products of extreme fraction-
ation of a primary kimberlitic magma (le Roex et al., 2003). It
can be seen that a small (0.5 wt%) degree melt from a depleted
mantle source (similar to a MORB source) does not resemble
the trace element compositions of the sampled GI kimberlites.
Relative to the kimberlite sample, the light rare earth element to
the heavy rare earth element ratios (LREE/HREE) is too low.
The highly incompatible element Ba, Th, U, Nb, and Ta con-
centrations are also too low in the modeled melts. Our model
calculations therefore suggest that a depleted mantle source
(similar to the MORB source) is too depleted in most of the
highly incompatible elements, to give rise to the observed trace
element concentrations in the natural samples of kimberlites.
Thus, it appears that a more enriched source is needed to
“satisfy” the trace element budget of natural kimberlites. How-
ever, such an enriched source cannot be a primitive mantle-like
source, as it also must satisfy the long-term depletion con-
straints imposed by the Nd and Sr-isotope data on the GI
kimberlites. In the following section, we try to constrain the
composition and longevity of such an enriched source.

Our numerical experiments show that a source capable of
generating kimberlite-like trace element compositions can be
produced by metasomatism of a depleted mantle source by

melts generated from the same mantle source (Table 4). In a



of 1% melt from a depleted source.

melt from this source (see text for more details).
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sense, this is a type of “self-metasomatism” process where
small degree melts, that are generated from a depleted mantle
(relative to a chondritic Earth) are being trapped and then
freeze within a similar (compositionally) mantle source, creat-
ing a relatively enriched source. In Figure 7 we show two
model melts generated by 0.5% melting of such an enriched
mantle source. This source is the product of addition of 2.5 and
5% (by weight) of a 1% melt to the depleted mantle source. In
terms of the LREE/HREE slope, the Zr, Hf, and Ti depletions
relative to the neighboring REE, the negative Pb depletion, and
the Ba to Ta range, these model melts resemble remarkably
well the sampled kimberlites (Fig. 7). Also, assuming a
CO2/Nb ratio of 230 � 55 for the depleted mantle (Salters and
Stracke, 2004), and similar incompatibility of CO2 as Nb, taken
from the near constant ratio of CO2/Nb in primitive melt
inclusions (Saal et al., 2002), the model kimberlite melt will
have � 2 to 3 wt% CO2, which is on the low end of the
kimberlite compositions (le Roex et al., 2003). Similarly, on the
basis of H2O/Ce ratio of 168 � 95 for the depleted mantle
(Salters and Stracke, 2004), the model kimberlite melt reported
here will have � 4.5% H2O, and a H2O/CO2 ratio of � 1.5,
which is essentially identical to the average H2O/CO2 ratio of
� 1.41 in the GI kimberlites reported by le Roex et al. (2003).

Our melting calculations show that with increasing melt
addition to the metasomatised source, the melts from this

fficients used in this study.

Olivinea Garneta GI source (ppm)c

0.0001 0.0006 4.18–7.16
0.00005 0.010 0.047–0.0816
0.00005 0.0276 0.0158–0.027
0.0004 0.0171 0.707–1.20
0.0004 0.017 0.0465–0.079
0.0001 0.005 0.801–1.367
0.0003 0.0201 2.5–4.22
0.0035 0.005 0.069–0.115
0.001 0.01 25.6–41.5
0.001 0.0939 1.58–2.44
0.0033 0.5648 14.1–18.3
0.001 0.597 0.274–0.348
0.001 0.331 0.408–0.546
0.0015 0.5 0.146–0.1853
0.0281 0.305 1012–1226
0.0099 3.046 4.34–4.60
0.0132 3.441 0.391–0.411
0.0305 5.724 0.41–0.42
0.043 7.409 0.064–0.0647

Cpx Garnet
0.15 0.08

1.66 0.492

olivine from Salters and Longhi (1999) and Salters et al. (2002),
ases in these experiments. Other D values approximated from the
d from DSm. DSr

garnet/melt approximated from Pertermann et al. (2004).
pyroxene and 8% garnet in the lherzolitic source in this paper are on

depleted mantle source with the addition of 2.5% and 5% melt of a 1%
Fig. 7. Primitive mantle normalized concentrations of kimberlites
and model melts using the cpx/melt partition coefficients from this
study. Primitive mantle values are from McDonough and Sun (1995).
Wesselton Sills and COL1 kimberlite samples essentially cover the
range of GI kimberlite concentrations from Kimberley field (le Roex et
al., 2003). Three model melt compositions are shown: 0.5% DM melt
� 0.5% melt from a depleted mantle source (MORB source; Salters
and Stracke, 2004). 0.5% DM � 2.5% � 0.5% melt from a depleted
mantle source that is metasomatised by the addition of 2.5% of 1% melt
from such a depleted MORB source. 0.5% DM � 5% � same as
before, but the depleted source is metasomatised by the addition of 5%
Table 4. Mineral-melt partition coe

Element Cpx (1430°C) Opxa

Ba 0.00208 0.001
Th 0.00195 0.0009
U 0.00060 0.00315
Nb 0.00520 0.0033
Ta 0.00350 0.0049
La 0.01230 0.001
Ce 0.0100 0.0039
Pb 0.0130 0.009
Sr 0.0500 0.003
Nd 0.0310 0.012
Zr 0.0160 0.01667
Hf 0.0350 0.033
Sm 0.0820 0.019
Eu 0.1 0.03
Ti 0.15 0.112
Y 0.1500 0.0455
Er 0.182 0.0717
Yb 0.1800 0.1013
Lu 0.1800 0.127

Source mineral modeb

Olivine Opx
0.62 0.15

Melting modeb

0.028 �1.18

a Average partition coefficients for garnet and orthopyroxene (opx) and
respectively. DTi calculated from the major element composition of the ph
neighboring elements and for opx from McDade et al. (2003). DEu approximate

b Source mineralogy, melting mode, and arguments in favor of 30% modal
the basis of Salters and Longhi (1999).

c Range of calculated GI source composition product of metasomatism of a
source (i.e., kimberlite model melts) become progressively
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LREE enriched, but at nearly constant HREE contents. In fact,
any changes either in the amount of melt addition to the
depleted source or the degree of melting of such metasomatised
source results in significant changes in the highly incompatible
element concentrations, while the more compatible HREE, due
to their high partition coefficients in garnet, stay essentially
constant. These calculations suggest that the near parallel pat-
terns of the two plotted kimberlites (and the rest of the Kim-
berley GI kimberlites) cannot be reconciled with variable de-
grees of melting and/or source enrichment in the kimberlite
source. These parallel trace element patterns more likely result
from a combination of fractionation and/or assimilation of
mantle peridotite (e.g., le Roex et al., 2003). However, our
modeling shows that the experimentally produced cpx-melt
partition coefficients in this study are appropriate for generating
kimberlite-like trace element compositions (LREE/HREE ratios,
Zr-Hf-Ti and Pb depletions, as well as volatile contents) from
a mantle source similar to MORB source, through an enrich-
ment process that involves melts from within the same source.

The notable exceptions of our model fit to the natural data
are La, Ce, and Sr. Relative to Nd, Sr depletion in kimberlites
cannot possibly be generated from any normal mantle source
(i.e., depleted or primitive mantle and their derivatives through
melt metasomatism), with the available partition coefficients:
Sr is always more incompatible than Nd in both cpx and garnet
(Hauri et al., 1994; Johnson, 1998; this study). This observation
requires some mechanism other than melting of a typical man-
tle mineralogy that must decouple Sr from the REE in the
mantle. Phlogopite or amphibole that do have higher DSr than
DNd (Foley et al., 1996) are not expected to be residual min-
erals in the GI source, because Nb and Ta with high D values
in phlogopite and amphibole are not depleted in GI kimberlites
(see also discussion by le Roex et al., 2003). Since a carbonate
phase is stable at the CO2-bearing lherzolite solidus for the
small degrees of melting used here (Dalton and Presnall,
1998b; Gudfinnsson and Presnall, 2003, in press), it is conceiv-
able that if such carbonate does remain residual during the
kimberlite melting event, then the observed Sr depletion in
kimberlites can be generated by the presence of only 1% modal
carbonate, in this source, with the conservative assumption that
DSr

carbonate/melt � 1. We are not aware of any experimentally
determined carbonate/melt partition coefficients for Sr, but
evidence from carbonates in mantle xenoliths (Lee et al., 2000)
suggests that primary mantle carbonates have very high Sr and
very low Nd concentrations suggesting a preferential partition-
ing of Sr over Nd in a mantle carbonate. Therefore, if small
amounts (� 1%) of a carbonate mineral phase remain residual
during kimberlite melting, this could explain the relative Sr
depletions in kimberlites.

As mentioned earlier, the depleted Nd and Sr isotope com-
positions of the GI kimberlites require a long-term depleted
mantle source, relative to a chondritic earth. However, our
model calculations require that such a source must be enriched
relative to a depleted MORB-like source to produce kimberlitic
melts. We use the GI source Sm/Nd ratio (147Sm/144Nd
� 0.156) estimated from our model and an average Nd isotope
composition of the GI kimberlites (143Nd/144Nd � 0.51267;
Smith, 1983) to investigate the longevity of such a source in the
sublithospheric mantle. Figure 8 compares the Nd isotopic

evolution of the model kimberlite source with the isotopic
evolution of the depleted mantle (taken as the MORB source
with an average age of depletion of 2 Ga; Salters and Stracke,
2004) and chondritic earth. The GI source, having subchon-
dritic Sm/Nd ratio, will evolve with a shallower slope than both
the MORB source and bulk earth. As the 143Nd/144Nd ratio of
the GI kimberlites is greater than the bulk earth, the GI source
evolution line does not intercept the bulk earth Nd evolution
line, but a more depleted source. Figure 8 shows that the model
GI source evolution will intersect a 2 Ga old MORB-type
source at �1 Ga. Assuming that MORB-type mantle is the
most depleted source of magmas on earth, then this is the oldest
age at which the GI source could have existed. If a source less
depleted than the MORB source is assumed in all the previous
calculations, then the GI source must be younger than the ca.
1-Ga age shown in Figure 8. These calculations are far from
being unique but show that, in general, the average age of the
GI kimberlite source predicted by our model must be on the
order of 1 Ga or younger. This age most likely reflects the
average age of a series of metasomatic events that took place
over time in the GI source, and may not necessarily have a
geologic significance.

The above calculations are by far non-unique, and it is
possible that different combination of partition coefficients,
source mineralogy, and/or melting reactions can create similar
results. However, the combination of our experimentally deter-
mined derived cpx-melt partition coefficients coupled with the
constraints imposed by the GI kimberlite compositions (deri-
vation from a long-term depleted source, enriched trace ele-
ment concentrations), show that the GI source can be a de-
pleted, MORB-like reservoir that has been metasomatically
enriched by small degree melts from such a source, and that the
age of G I source cannot be older than 1 Ga. Our results further
suggest that the source of GI kimberlites may occur at the
lithosphere-asthenosphere levels. We can envision small degree
melts from the asthenospheric mantle that percolate upward
and create a metasomatic horizon near the bottom of the non-

Fig. 8. Nd isotope evolution of the calculated GI kimberlite source,
compared with a calculated MORB source and bulk earth evolution.
Bulk earth 143Nd/144Nd � 0.512638 and 147Sm/144Nd � 0.1967, �Nd

� 6.54*10�12. Present day MORB source 143Nd/144Nd � 0.5132, and
evolution lines are calculated assuming that the MORB source was
generated 2 Ga ago from chondritic earth. GI kimberlite source is taken
as 143Nd/144Nd � 0.51267 (Smith, 1983) and 147Sm/144Nd � 0.156,
from the successful GI source that produces melts with kimberlite-like
trace elements (see text and Fig. 8 for details).
convecting sublithospheric mantle. Accumulation of such small
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degree melts and the presence of volatiles, together with con-
ductive heating may at some point in time trigger melting and
lead to subsequent eruption of the kimberlitic melts.

8. CONCLUSIONS

The experimentally produced melts at 6 GPa and 1410 and
1430°C in this study contain � 28 wt% dissolved CO2, and are
saturated with olivine and clinopyroxene. With decreasing tem-
perature, melt compositions, while not changing in their SiO2,
Al2O3, and CO2 contents, exhibit an appreciable increase in
their CaO and MgO contents. With decreasing temperature,
clinopyroxene becomes more calcic, less magnesian, and also
less aluminous. With the exception of Al, Mg, Si, and Ga, all
elements are incompatible in cpx. Partition coefficients show a
considerable range in magnitude, from �10�3 for DU and DBa

to �2.5 for DSi. The two experimental runs show similar
overall partitioning patterns with the D values lower at 1430°C.
Additionally, there appears to be a significant difference be-
tween Dcpx/kimberlite melt (this study) and Dcpx/basaltic melt.
Also, there are subtle, but significant differences between
Dcpx/kimberlite melt (this study) and Dcpx/carbonatite melt. Indeed, of
all the mineral-melt trace element partitioning studies under-
taken so far in the carbonated systems, we report the lowest D
values. These differences perhaps reflect combined effects of
pressure, temperature, and composition. Partition models for
the 2� and 3� cations, developed on the basis of lattice strain
theory, show a near-parabolic dependence on the radius of
incorporated cations, further suggesting the important role of
crystal chemistry in governing the trace element partitioning,
an effect also found in this study. At this stage, it is not entirely
clear what the effects of P, T, and melt composition are, on
trace element partitioning in carbonated systems.

The partition coefficients obtained in this study were used to
model the generation of the Group I (GI) kimberlites. Our
calculations show that kimberlitic melts can be produced in the
asthenospheric mantle by �0.5% melting of a MORB-type
depleted source that has been enriched by small degree melts
originating from a similar depleted source. Additionally, on the
basis of D values obtained in this study, we show that the GI
source can be generated by a series of metasomatism events of
a 2-Ga old MORB-type source ca. 1 Ga ago or later (Bizimis et
al., 2005; Goldschmidt, 1937; Lundstrom et al., 1995).
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