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Experimental determination of partition coef®cients for rare earth
and high-®eld-strength elements between clinopyroxene, garnet,
and basaltic melt at high pressures

Received: 1 July 1997 /Accepted: 11 May 1998

Abstract Clinopyroxene/melt and garnet/melt partition
coe�cients have been determined for Ti, Sr, Y, Zr, Nb,
Hf, and rare earth elements from 19 doped experiments
on 1921 Kilauea basalt. The experiments were carried
out from 2.0 to 3.0 GPa and 1310° to 1470 °C. The
purpose was to derive a set of partition coe�cients for
high-®eld-strength elements (HFSE) and rare earth ele-
ments (REE) in a systematic, linked set of experiments at
P and T conditions relevant to basalt petrogenesis.
These data are used in melting models to understand the
development of negative HFSE anomalies observed in
many abyssal peridotite clinopyroxenes. It is shown that
melting can account for the observed trace element
patterns in some residual peridotites, but that other
processes may also be needed to account for most re-
sidual mantle compositions in mid-ocean ridge systems.
It is also shown that REE are more strongly fractionated
by garnet at these P-T conditions than previously
thought.

Introduction

Over the years, increasingly detailed numerical models
have been used to constrain melting, melt segregation,
and crystallization processes in the upper mantle and
crust (Gast 1969; Shaw 1970; Langmuir et al. 1977;
Maalùe 1982; Johnson et al. 1990; Johnson and Dick

1992; Iwamori 1993). These models are essentially based
on a mass balance of elements in melting or crystallizing
systems, and rely, in large part, on precise knowledge of
mineral/melt partition coe�cients (D). Because clino-
pyroxene and garnet are the primary reservoirs of rare
earth elements (REE) and high ®eld strength elements
(HFSE) in upper mantle peridotites, determination of D
for these two phases is very important.

Partition coe�cients are determined by measuring
elemental concentrations in natural or experimentally
synthesized phenocryst/matrix pairs, or by combining
experiments with thermodynamic relationships and
two-lattice melt models (Onuma et al. 1968; Schnetzler
and Philpotts 1968, 1970; Masuda and Kushiro 1970;
Banno and Matsui 1973; Shimizu and Kushiro 1975;
Ray et al. 1983; Fujimaki et al. 1984; Irving and Frey
1984; Nielsen 1985; McKay et al. 1986; Nielsen 1988;
Blundy and Wood 1991; Beattie 1993; Hart and Dunn,
1993; LaTourrette et al. 1993; Blundy and Wood 1994;
Forsythe et al. 1994; Hack et al., 1994; Hauri et al.,
1994; Nielsen et al. 1994). This paper reports results of
a set of 19 experiments on natural and doped tholeiitic
basalt from Kilauea run at 1310 °±1470 °C and 2.0±3.0
GPa designed to measure crystal/melt partition coe�-
cients of Ti, Sr, Y, Zr, Nb, La, Ce, Nd, Sm, Dy, Er,
Yb, Lu, and Hf in clinopyroxene and garnet. This study
di�ers from previous partitioning studies in that the
experiments were designed to produce a coherent set of
partition coe�cients for rare earth and high ®eld
strength elements from the same samples to eliminate
uncertainties due to di�erent conditions for each set of
elements.

Experimental and analytical methods

Starting material

Starting material for the experiments was 1921 Kilauea olivine
tholeiite (Tilley 1960; Yoder and Tilley 1962). The composition of
the starting material is listed in Table 2. The starting material was
produced by powdering and completely melting the olivine tho-
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leiite, then quenching to a glass. This glass was then powdered,
dried at 120 °C, fused in a standard 1 atm. furnace in a Pt crucible
at 1300 °C at fO2

� 10ÿ8, quenched, and then repowdered. Vari-
able amounts of 99.9% pure trace element oxides of Sr, Y, Zr, Nb,
Hf, La, Nd, Sm, and Lu were added as spikes in di�erent combi-
nations to this starting powder, but total dopant was generally
<1 wt% and did not exceed 2 wt% in any of the mixtures.

Experimental procedure

Experiments were done at the University of Tokyo using a half-
inch solid medium piston-cylinder apparatus. Samples were loaded
in graphite capsules, and then placed inside Pt capsules, heated to
� 1000 �C to drive o� volatiles, and then welded shut. These
platinum capsules were loaded into 0.5 inch talc-pyrex assemblies
with a graphite heater and sintered AlSiMg spacers. The assemblies
were wrapped in Pb foil to minimize friction at high pressures and
then loaded into the piston-cylinder apparatus. Experiments on
doped and undoped charges were run from 5 to 120 h at 2.0±3.0
GPa and 1300 °±1470 °C using the piston-out technique with a
)3% pressure correction (Kushiro 1976). Temperatures were
measured with Pt/Pt90-Rh10 themocouples and were controlled
with a Eurotherm digital controller. No correction was made for
the e�ect of pressure on EMF. Temperatures have a precision of
�2 °C and an accuracy of �5 °C based on calibrations with Au
and Pd. Run conditions are reported in Table 1.

Analytical methods

Samples were mounted in epoxy and polished, then analyzed with
the 5-spectrometer wavelength dispersive JEOL 733 electron mi-
croprobe at University of Tokyo and by Cameca IMS-3f ion mi-
croprobe at Woods Hole Oceanographic Institution. Beam
conditions for the microprobe analyses were 15 keV accelerating
voltage and 10 nA beam current. A defocused beam of 10 lm was
used for glass analyses and a focused 1lm beam was used for

mineral phases. Major element compositions of the phases are re-
ported in Table 2.

Trace element compositions of the phases present in each run
were determined by ion microprobe. Energy ®ltering was used to
minimize isobaric interferences between molecular ions and the
monatomic ions of interest. For Ti, Sr, Y, Zr, Nb, and Hf, a
primary beam of negatively charged oxygen ions with a current of
approximately 0.2 nA and a net energy of 12.55±12.65 keV was
focused to a 5±8 lm-diameter spot on the sample. Positively
charged secondary ions pass through an electrostatic sector and
produce an energy spectrum, which is selectively sampled by using
a high-energy o�set of )90 eV and an energy bandpass of
�10 eV (net secondary accelerating voltage of 4400±4420 eV),
and is then mass analyzed by a double-focusing mass spectrom-
eter and counted by a 17-stage Allen type electron multiplier in
pulse counting mode. For REE, a 1±2 nA primary beam was
focused to a 12±20lm spot and energy ®ltering of )60 eV was
used. Empirical relationships between secondary ion intensities
and concentrations (working curves) were used to calculate trace
element concentrations. Sources of analytical uncertainty include
counting error, precision and accuracy of standards analyses,
calibration of mass peaks, and magnet drift. Within-run counting
precision, based on averaging ®ve replicate data blocks per
analysis, is generally <1% for Ti, Sr, Y, and Zr, and doped Nb,
Hf, and REE. Undoped these elements generally are measured
with internal precisions of � 5±15%. Trace element compositions
of the experimental charges are reported in CMP online Table 3.
Standard deviations about the mean are generally �0.1±8% for
glass analyses and �3±15% for cpx, but intergrain variability in
runs E8, E10, R5, and Z25-2 was �3±25% because of larger
numbers of points analyzed.

Results

Clinopyroxene

In all runs, the melt quenched to a clear glass. Clino-
pyroxene was the solitary crystalline phase produced in
all experiments except run RH30-1 at 1430 °C and 3.0
GPa, which also produced garnet. Glass compositions in
all runs were homogeneous, and the clinopyroxene
crystals were generally unzoned except in a few runs,
which were not included in the calculation of partition
coe�cients. Because of isobaric molecular ion interfer-
ences between BaO and Eu, Eu concentrations in the
liquids were not reliable and D

cpx=liq
Eu is not listed for

clinopyroxene. Also, Ce, Dy, Er, and Yb were not doped
in the experiments so their D values are based on their
natural trace abundance in the starting mixture and are
less precise than the other elements. Averaged analyses
are reported in Tables 2 and 3 and complete data tables
are available on-line from this journal.

In order to use experimental data for partitioning
studies approach to equilibrium between crystals and
liquids must be demonstrated. Two methods, Fe/Mg
partitioning, and zoning, were used in this study to as-
sess approach to equilibrium in the experiments.

Based on a large number of published clinopyroxene-
basalt equilibria experiments, (Fe/Mgcpx)/(Fe/Mgglass)
(KD) averages 0.30 � 0.04 at similar P, T, and com-
position conditions as this study. The calculated KD of
the experiments used in this study is 0.28 � 0.01, con-
sistent with equilibrium conditions.

Table 1 Experimental run conditions (gl melt, cpx clinopyroxene,
gar garnet)

Expt.a T (°C) P (GPa) t (h) Run Products

E4 1325 2.0 72 gl, cpx
E5 1350 2.0 30 gl, cpx
E6 1350 2.0 5 no crystals
E7 1363 2.5 16.8 gl, cpx
E8 1391 2.5 24 gl, cpx
E9 1363 2.5 120 gl, cpx
E10 1363 2.5 7 gl, cpx
E11 1391 2.5 5.3 gl, cpx
E12 1335 2.5 24 gl, cpx
R2 1325 2.0 93 gl, cpx
R3 1310 2.0 72 no crystals
R4 1340 2.7 72 gl, cpx
R5 1310 2.0 72 gl, cpx
RH1 1310 2.0 72 gl, cpx
RH2 1340 2.0 72 gl, cpx
RH30-1 1430 3.0 48 gl, cpx, gar
Z20-1 1340 2.0 48 gl, cpx
Z20-2 1325 2.0 48 gl, cpx
Z25-1 1340 2.5 47 gl, cpx
Z25-2 1390 2.5 37 gl, cpx
Z30-1 1470 3.0 48 gl, cpx

a ``E'' series ± 1921 Kilauea basalt doped with �1 wt% La, Sr, and
Y. ``R'' series ± 1921 Kilauea basalt doped with �2000 ppm Nb,
La, Nd, Sm, Lu and �4000 ppm Hf. ``RH'' series ± ``R'' doping
concentrations halved by addition of more basalt, ``Z'' series ± 1921
Kilauea basalt doped with �2000 ppm Zr, Nb, Hf, Lu
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Sector zoning in cpx was observed in some runs.
Because previous studies showed that [111] and [100]
sectors of zoned clinopyroxenes exhibit di�erent parti-
tioning behavior (Shimizu 1981), the runs that produced
sector zoned crystals were not used in the present par-
tition coe�cient calculations.

Partition coe�cients (D) were calculated by plotting
the concentrations of each element in glass and cpx and
regressing a line through zero. The grand average D
values are also plotted in Fig. 1 and listed in Table 4.
Also plotted for comparison in Fig. 1 are partition co-
e�cients for similar bulk compositions and experimental
run conditions from two other recent studies (Hart and
Dunn 1993; Hauri et al. 1994). The present results
closely compare with the Hart and Dunn data and the
1.7 GPa data of Hauri et al., but are 30%±35% lower in
middle and heavy rare earth elements (MREE and
HREE) than the 2.5 GPa data of Hauri et al. This dis-
crepancy may be a result of the signi®cantly higher Ca
and Al contents of cpx in the Hauri et al. 2.5 GPa run
(see below in section on garnet). Also signi®cant is the
presence of a pronounced negative D

cpx=liq
Zr anomaly

relative to the REE, though no Hf or Ti anomalies are
observed (Fig. 1).

Temperature, pressure, and composition correlations
with partitioning

Experiments were conducted over a range of tempera-
tures and pressures to evaluate temperature and pressure
controls on partitioning behavior. Of the trace elements
determined, only D

cpx=liq
Ti showed a discernible tempera-

ture dependence (Fig. 2). This result is in accordance
with other studies that have described inverse depen-
dence of D on T. Blundy and Wood (1991, 1994) and
Wood and Blundy (1997) expressed this relationship in
thermodynamic terms, and Nielsen et al. (1994) de-
scribed it in terms of structural variations related to
phase compositions.

Although the major element starting composition of
all the experiments was the same, the major element
composition of clinopyroxene changed with pressure. In
particular, Ca-Tschermak's (CaTs) molecule in cpx in-
creased with increasing pressure as expected. Many
studies have described positive correlations between Wo
and CaTs contents in clinopyroxene and incompatible
element partition coe�cients (McKay et al. 1986;
Gallahan and Nielsen 1992; Jones and McKay 1992;
Forsythe et al. 1994; Hack et al. 1994; Skulski et al.

Table 2 Major element concentrations (wt%) in experimental products at 2.0±3.0 GPa (abbreviations as in Table 1)a

Expt. Phase n SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total

E4 gl 2 54.4(3) 2.87(9) 16.00(4) 9.6(8) 0.16(1) 5.37(1) 8.5(1.1) 2.71(2) 0.55(1) 100.2
cpx 9 50.3(5) 1.01(12) 8.76(51) 7.50(40) 0.16(4) 13.9(3) 16.7(5) 1.12(7) 0.01(0) 99.4

E5 gl 6 50.1(4) 2.53(11) 14.2(2) 9.79(11) 0.17(7) 6.63(10) 10.4(1) 2.38(16) 0.43(4) 96.7
cpx 10 50.9(3) 0.88(6) 7.89(23) 6.28(23) 0.15(2) 14.9(2) 17.5(2) 1.00(3) 0.02(1) 99.5

E7 gl 4 50.1(5) 2.65(9) 14.3(3) 10.5(1) 0.22(5) 5.72(13) 9.36(22) 2.61(15) 0.52(2) 95.9
cpx 18 49.4(5) 0.84(12) 9.36(38) 6.84(22) 0.15(5) 14.2(2) 16.5(4) 1.43(12) 0.01(1) 98.7

E8 gl 4 51.6(1) 2.58(6) 14.4(1) 10.1(2) 0.16(6) 5.79(7) 10.1(1) 2.25(7) 0.46(5) 97.3
cpx 5 51.6(3) 0.78(9) 9.68(31) 6.33(12) 0.14(2) 13.6(1) 16.0(4) 1.48(4) 0.01(1) 99.7

E9 gl 4 51.0(5) 2.96(7) 14.6(3) 10.4(3) 0.15(7) 5.10(5) 8.66(11) 2.69(13) 0.49(4) 96.0
cpx 4 50.0(2) 0.81(1) 10.6(2) 7.76(13) 0.18(5) 13.2(2) 15.5(2) 1.77(3) 0.01(0) 99.8

E10 gl 4 51.4(5) 2.70(3) 14.5(1) 10.6(2) 0.21(3) 5.69(21) 9.03(59) 2.55(10) 0.45(6) 97.1
cpx 6 50.6(3) 0.85(13) 9.84(32) 6.82(15) 0.17(5) 13.6(2) 15.9(4) 1.55(7) 0.01(0) 99.3

E11 gl 4 48.5(2) 2.50(5) 13.29(5) 9.67(68) 0.14(1) 6.88(10) 8.5(1.3) 2.62(10) 0.43(5) 92.5
cpx 5 48.9(5) 0.79(5) 9.03(28) 6.15(17) 0.15(5) 14.9(2) 16.0(1.5) 1.64(5) 0.01(0) 97.7

E12 gl 3 50.8(1) 2.49(8) 14.17(3) 10.2(1) 0.15(6) 6.21(15) 10.0(3) 2.43(18) 0.41(4) 96.9
cpx 2 50.8(5) 0.70(7) 9.01(38) 6.46(39) 0.15(1) 14.4(3) 17.2(3) 1.51(3) 0.00 100.2

R4 cpx 5 48.8(3) 1.01(7) 10.4(5) 8.21(41) 0.16(2) 13.2(5) 14.9(2) 1.81(6) 0.00 98.5
Z20-1 gl 4 51.1(2) 2.50(5) 14.0(2) 9.96(15) 0.12(6) 6.76(6) 10.5(1) 2.39(7) 0.44(3) 97.9

cpx 10 51.3(6) 0.76(10) 7.11(95) 6.40(29) 0.15(4) 15.9(4) 16.9(4) 1.01(4) 0.02(1) 99.6
Z20-2 gl 3 50.6(1) 2.69(5) 14.6(1) 10.0(1) 0.16(5) 5.55(5) 9.68(7) 2.68(10) 0.52(1) 96.5

cpx 12 50.7(8) 1.02(25) 7.92(56) 7.27(28) 0.20(6) 15.0(7) 16.0(5) 0.96(10) 0.02(1) 99.0
Z25-1 gl 3 52.6(5) 3.02(9) 15.3(2) 10.2(3) 0.16(3) 4.25(8) 8.65(3) 2.81(5) 0.65(3) 97.5

cpx 12 49.5(5) 1.05(9) 10.8(5) 8.36(29) 0.21(4) 12.5(4) 15.5(3) 1.63(13) 0.01(0) 99.6
Z25-2 gl 3 51.1(4) 2.74(8) 14.5(1) 10.4(1) 0.15(4) 5.98(9) 9.77(19) 2.73(13) 0.51(3) 97.9

cpx 17 50.8(9) 0.81(9) 9.26(39) 6.81(48) 0.16(4) 13.9(5) 16.2(4) 1.37(12) 0.01(1) 99.4
Z30-1 gl 4 52.6(3) 2.42(13) 14.1(2) 9.71(39) 0.20(7) 6.81(14) 11.0(2) 2.26(10) 0.46(4) 99.6

cpx 4 52.2(3) 0.73(5) 10.4(2) 5.65(22) 0.12(8) 13.6(2) 16.11(5) 1.73(3) 0.02(0) 100.5
RH30-1 gl 4 51.4(3) 3.07(9) 14.4(1) 10.2(2) 0.14(7) 5.21(7) 9.24(15) 2.48(6) 0.57(4) 96.7

cpx 3 50.2(2) 0.91(10) 11.5(2) 7.46(4) 0.20(4) 12.2(1) 15.1(2) 2.04(6) 0.02(0) 99.6
gar 5 39.9(3) 0.82(13) 22.5(3) 13.9(3) 0.43(9) 14.2(4) 7.05(11) 0.09(3) 0.01(1) 99.0

1921
Kilauea
Basaltb

gl 50.0 2.60 12.6 10.8 0.24 9.39 10.9 2.33 0.48 99.3

aUnits in parentheses are one standard deviation of replicate analyses in terms of least units cited. Thus 54.4(3) should be read as
54.4 � 0.3
bTilley (1960); Yoder and Tilley (1962)
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1994; Gaetani and Grove 1995; Blundy et al. 1996;
Wood and Blundy 1997), but the ranges in CaTs and
Wo produced in those studies using a wide range of bulk
compositions were much larger than the relatively lim-
ited spread of CaTs and Wo contents produced in the
present study on a single bulk composition. Accordingly
there was no observed correlation outside of analytical
uncertainty between pressure or CaTs contents in cpx
and trace element partition coe�cients for the range of
pressures and the elements studied.

Garnet

One large (100l) garnet crystal and numerous small
clinopyroxene crystals were grown in run RH30-1 at 3.0
GPa. Major- and trace-element concentrations of the
garnet are listed in Tables 2 and 3 (clinopyroxenes were
too small for ion probe analysis in this run). KD values

of 0.5 and 0.31 were calculated for the garnet and cpx,
respectively, in this run.

Partition coe�cients for garnet/liquid are listed in
Table 4 and plotted in Fig. 1, along with patterns from
Philpotts et al. (1972), Shimizu and Kushiro (1975) and
Hauri et al. (1994). Partition coe�cients plotted on an
extended trace element diagram show positive anomalies

Table 4 Dcpx/liquid and Dgarnet/liquid from experiments

Dcpx/liquid Dgarnet/liquid

Ti 0.34 0.29
V 3.8
Cr 9.0
Sr 0.095 0.0025
Y 0.412 3.1
Zr 0.119 0.27
Nb 0.004 0.0031
Hf 0.200 0.24
La 0.049 0.0016
Ce 0.07 0.005
Nd 0.178 0.052
Sm 0.293 0.25
Eu 0.40
Dy 0.38 2.2
Er 3.6
Yb 0.40 6.6
Lu 0.449 7.1

Fig. 1 A Cpx/melt and B Garnet/melt partition coe�cients calculated
from data in Tables 3 and 5. Also plotted for comparison are
partitioning data from other authors (Ph Philpotts et al. 1972; S&K
Shimizu and Kushiro 1975; H&D Hart and Dunn 1993; H1.7 (1.7
GPa experiment), H2.5 (2.5 GPa experiment) of Hauri et al. 1994).
Error bars are �2r in the cpx plot and �20% in the garnet plot. See
text for further discussion
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in Nb and Zr and negative anomalies in Y, Ti, and Sr
relative to adjacent REE (Fig. 1).

D
gt=liq
REE from the present study are more fractionated

�lowerDgt=liq
LREE=D

gt=liq
HREE� than those from the other studies.

In the experiments by Shimizu and Kushiro (1975), a
synthetic mixture of 30% diopside and 70% pyrope was
used and element concentrations were then measured
after acid dissolution of the glass from the crystals.
Therefore, if some glass was not completely removed
from crystals, the e�ect would be to increase the D

gt=liq
LREE

and reduce the D
gt=liq
HREE producing a less fractionated

partitioning pattern. Reasons for the discrepancy with
the Hauri et al. (1994) data is less clear. There are subtle
di�erences in the major element composition of the
garnets from the two studies (Ca, Al, and Fe di�er by
25%, 5%, and 15% respectively), but the e�ects of
crystal composition on garnet/liquid element partition-
ing are not as well quanti®ed as they are for cpx, and
more work is needed in this area.

Discussion

The results of this study are in broad agreement with
previously published partitioning data on cpx and gar-
net in rocks of similar bulk composition. However, the
present work di�ers from others two respects: (1) a
signi®cantly larger number of data points were taken
from many experiments to calculate partition coe�-
cients, and (2) experiments were designed to determine
both REE and HFSE on the same samples to address
questions of HFSE anomalies in trace element patterns
of many mantle rocks (Salters and Shimizu 1988;
Johnson et al. 1990). D

cpx=liq
Nb in cpx is lower than some

published results (McCallum and Charette 1978; Dunn
and McCallum 1982; Johnson and Kinzler 1989), but is
in the range of others (Green et al. 1989; Hart and Dunn
1993). D

cpx=liq
REE fall within published ranges (Irving 1978;

McKay et al. 1986; Hart and Dunn 1993; Hack et al.
1994; Hauri et al. 1994), but show slightly greater frac-
tionation than results at lower pressures (Grutzeck et al.
1974; Fujimaki et al. 1984).

D
gar=liq
REE are more fractionated than previous results

(Shimizu and Kushiro 1975). This may be a result of
incomplete phase separation in the earlier study, a
problem avoided by the high spatial resolution of the ion
probe beam. Garnet/melt equilibrium in the present
experiment can be roughly evaluated by applying di�u-
sion coe�cients for Sr and Sm in diopside (Sneeringer
et al. 1984). With run conditions of 1430 °C, 3.0 GPa,
and 48 h run time, a di�usion distance of over 400 mi-
crons is predicted, four times greater than the 100 mi-
cron garnet crystal being studied. Thus, chemical
di�usive equilibrium is expected in the garnet.

Nd-Hf isotope systematics of MORB

Coupling of the Nd and Hf isotope systems has been
used to constrain melting depths in MORB and OIB
(Salters and Hart 1991). The di�erence between D(Sm/Nd)

and D(Lu/Hf) in cpx and garnet provide the leverage in
these models. The Critical Partitioning Parameter
(CPP � DSm/Nd/DLu/Hf) Hart and Dunn 1993) is a
measure of the fractionation of the parent/daughter el-
ements for Nd and Hf isotope systems. Salters and Hart
(1991) used a CPP of 1.17 in clinopyroxene and of � 0:2
in garnet as the basis for calling for signi®cant degrees of
melting in the garnet stability ®eld. Hart and Dunn
(1993) found CPPcpx � 0.92. This study ®nds that
CPPcpx � 0.73 (range 0.52±0.92), andCPPgarnet � 0.16.
This means that CPP for cpx and garnet are closer than
in previous estimates making the use of this parameter
less robust in distinguishing the e�ects of melting in the
garnet stability ®eld than previously thought. In practi-
cal terms this means that models that begin melting at
depths where garnet is stable may not require as much
melting in the garnet ®eld as previously thought.

High Field strength anomalies in abyssal peridotite
clinopyroxenes

In a study of trace element concentrations in clinopy-
roxenes from abyssal peridotites, Johnson et al. (1990)
observed that Zr and Ti, when plotted with REE,
showed negative concentration anomalies. Because mid-
ocean ridge basalts (MORB) do not show these anom-
alies, Salters and Shimizu (1988) argued that abyssal
peridotites and MORB were not related by any melting
process. However, Johnson and Dick (1992) argued that
fractional melting could produce these anomalies in
peridotite cpx, but not in MORB, but their evidence was
based on low pressure partitioning data from a wide
variety of studies. Kelemen et al. (1990) also discussed
HFSE anomalies in arc lavas and showed that they can
be produced by combined mantle melting and melt-rock

Fig. 2 Variation of DTi
cpx with run temperature (°C) at 2.5 GPa. Ti is

the only element that showed a temperature dependence of D
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reaction. The present partitioning data, produced at
high pressures appropriate for melting beneath ridges
and representing the entire suite of relevant elements,
can be used to shed light on this problem.

Extended trace element plots of clinopyroxenes from
abyssal peridotites display the HFSE anomaly (Johnson
et al. 1990). One way to examine the anomalies is shown
in Fig. 3, a plot of Zr/Zr* vs Ti/Ti*áZr* and Ti* are
simply the chondrite-normalized interpolated values
of Zr and Ti when plotted in their relative positions
with REE in incompatibility diagrams (Wood 1979;
Thompson et al. 1983). Thus Zr/Zr* and Ti/Ti* are
normalized concentrations of Zr and Ti relative to their
interpolated values, and values less than 1 represent
negative anomalies.

Figure 3 plots clinopyroxene data from abyssal per-
idotites as small black dots (Johnson et al. 1990; John-
son and Dick 1992) along with curves representing two
melting models. The starting bulk composition in both
models does not have HFSE anomalies and would plot
at the crossing of the 1.0 reference lines. Melting is non-
modal perfect fractional melting with model parameters
as shown in Table 5. More detailed melting models (e.g.,
open-system or dynamic) were not used due to the in-
ability of even perfect fractional melting to achieve the
extreme negative HFSE anomalies seen in the data. The
model labeled 15% spinel is the compositional trajectory
followed by clinopyroxenes in peridotites that undergo
15% fractional melting entirely in the spinel stability
®eld (£2.5 GPa); the model labeled 5% garnet and
connected with dashed line to +15% spinel is for initial
5% melting in the garnet stability ®eld (³2.5 GPa) fol-
lowed by an additional 15% melting in the spinel sta-

Fig. 3 Plot of Zr/Zr* vs Ti/Ti* for abyssal peridotite clinopyroxenes
and melting models. Zr* and Ti* are chondrite-normalized interpo-
lated values of Zr and Ti when plotted in their relative positions with
REE in extended trace element diagrams (Wood 1979; Thompson et
al. 1983). Thus Zr/Zr* and Ti/Ti* are concentrations of Zr and Ti
relative to their interpolated values; values less than 1 represent
negative anomalies. Small dots are data from Johnson et al. (1990) and
Johnson and Dick (1992) and exhibit negative Zr and Ti anomalies.
Curves are fractional melting models calculated using the parameters
in Table 5 for melting in the spinel ®eld and in the garnet ®eld
followed by the spinel ®eld. Hash marks are in 5% increments. While
some of the data plot close to the curves (see Fig. 4), most do not and
cannot be explained by simple fractional melting alone

Table 5 Parameters used in melting modelsa

Spinel Peridotite Mode (X) Melt Mode (p)b

Olivine 0.530 )0.060
Opx 0.270 0.280
Cpx 0.170 0.670
Spinel 0.030 0.110

Garnet Peridotite
Olivine 0.600 0.030
Opx 0.200 )0.160
Cpx 0.100 0.880
Garnet 0.100 0.090

Element D olivine/liqc D opx/liq D cpx/liq D spinel/liq D garnet/liq Cd
o

Ce 0.00001 0.0009 0.070 0.0006 0.005 1.5
Nd 0.00007 0.009 0.178 0.0006 0.052 1.6
Zr 0.0005 0.014 0.119 0.070 0.270 1.7
Sm 0.00070 0.020 0.293 0.0006 0.250 1.8
Eu 0.00095 0.030 0.320 0.0006 0.40 1.9
Ti 0.015 0.140 0.340 0.150 0.290 2
Dy 0.004 0.060 0.380 0.0015 2.200 2
Er 0.009 0.070 0.370 0.003 3.600 2
Yb 0.023 0.100 0.400 0.0045 6.600 2

aEquations for calculating residual cpx compositions taken from
Johnson et al. (1990)
bSpinel peridotite melt modes from Kinzler (1997); garnet perido-
tite melt modes from Walter (1997)
cBoldface values are data from this paper; all other D values from
Kelemen et al. (1993) and references therein

dApproximate C1 chondrite-normalized trace element composition
of MORB pyrolite based on chondritic abundances of the mantle
after core formation and on isotopic and trace element composition
of NMORB (Ringwood 1966; AlleÁ gre et al. 1983; Hofmann 1988;
Sun and McDonough 1989); C1 chondrite normalization values of
Anders and Grevesse (1989) used in the models
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bility ®eld. Melt modes in the spinel stability ®eld are
taken from Kinzler (1997) and those in the garnet sta-
bility ®eld are taken from Walter (1998) and the phase
transformation of garnet to pyroxenes and spinel is
calculated as in Johnson et al. (1990). It should be noted
that clinopyroxene will be exhausted in the residue of
this melting scheme at about 25% total melting.

The results of this modeling demonstrate that simple
melting cannot account for the HFSE anomalies ob-
served in many of the peridotite clinopyroxenes. How-
ever, an extended trace element plot of only the
peridotite cpx that fall near the model curves shows that
the overall patterns are consistent with formation by
2%±7% melting in the spinel stability ®eld (Fig. 4).
However, while this model reproduces the pronounced
Zr anomaly, it does not reproduce the more subtle Ti
anomaly except at low degrees of melting (£5%; curve
5S). Melting in the garnet stability ®eld ®rst, followed by
melting in the spinel ®eld does not produce the observed
pattern shape.

Although some samples can be produced by melting
alone, the majority of the data fall well below the model
melting curves suggesting that either the assumptions of
initial conditions are wrong or that a process other than
melting alone contributes to the observed peridotite
compositions. One way that the most extreme compo-
sitions can be modeled by melting alone is by invoking a
starting mantle composition with extreme negative
HFSE anomalies. This model is advocated by Salters
and Zindler (1995) based on Zr/Sm variations in abyssal
peridotites and Hf-isotope systematics in MORB. An-
other way that the HFSE anomalies can be increased is
by increasing DTi for olivine and/or opx by an order of
magnitude. Without any justi®cation for doing this,

however, it would be an arbitrary change; clearly more
experiments are needed on opx and olivine REE and
HFSE partitioning at high P and T conditions. We
conclude that adjusting the initial conditions (starting
composition, phase proportions in solid and melt, and
partition coe�cients) within reasonable limits cannot
produce the depletions needed to reproduce the bulk of
the data. Therefore, at present it appears that either a
HFSE-depleted MORB source pervasively exists or a
mechanism other than simple melting is needed to ex-
plain the development of the large negative HFSE
anomalies observed in oceanic peridotites. Possible
processes include, but are not limited to, changes in melt
modes and/or D values as polybaric melting progresses
(Blundy and Wood 1994; Nielsen et al. 1994; Kinzler
1997), pyroxene exsolution, or melt-rock reaction during
ascent (Kelemen et al. 1990, 1993).

Conclusions

Acoherent set of partition coe�cients forREEandHFSE
between clinopyroxene, garnet, and basaltic melt in the
pressure range 2.0±3.0 GPa have been derived from a se-
ries of doped, high pressure piston cylinder experiments.
The data for clinopyroxene indicate that partitioning of
these elements is not a strong function of pressure or
temperature, except in the case of Ti which shows a mild
temperature dependence. DZr e0xhibits a subtle negative
anomaly relative to adjacent REE in cpx. In garnet
however, DZr exhibits a positive anomaly and DTi a neg-
ative anomaly relative to adjacent REE when plotted on
an extended trace element diagram. Further, REE appear
to be more strongly fractionated by garnet at the P-T

Fig. 4 Extended trace element
plot of selected abyssal perido-
tite clinopyroxenes (thin solid
lines) from Fig. 3 (Johnson et
al. 1990; Johnson and Dick
1992) and melting models as
described in the text. Model
curves (heavy gray lines) are for
perfect fractional melting of a
depleted source composition
(Table 5); 5S and 10S are 5%
and 10% fractional melting in
the spinel stability ®eld; 5G is
5% melting in the garnet sta-
bility ®eld; 5G+5 S is 5%
melting in the garnet ®eld fol-
lowed by 5% melting in the
spinel ®eld. Melting in the
spinel ®eld alone reproduces the
negative Zr anomalies, but not
the negative Ti anomalies seen
in the data
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conditions of this study than previous experimental re-
sults indicate (Shimizu and Kushiro 1975; Hauri et al.
1994).

Application of this new set of partition coe�cients
to melting models based on compositions of clinopy-
roxenes in abyssal peridotites reveals that melting in
the spinel peridotite stability pressure range can pro-
duce the HFSE anomalies in some of the data, but
cannot produce the more extreme HFSE anomalies
observed in many samples. Furthermore, because the
ratios of DSm/Nd/DLu/Hf in garnet and in clinopyrox-
ene are closer than previously thought, claims of
signi®cant melting in the garnet peridotite stability
®eld to produce MORB based on this parameter
should be re-evaluated.
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