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Abstract

Olivine/melt and orthopyroxene/melt rare-earth element (REE) partition coefficients consistent with clinopyroxene/melt partition
coefficients were determined indirectly from subsolidus partitioning between olivine, orthopyroxene, and clinopyroxene after suitable
correction for temperature. Heavy- and middle-REE ratios for olivine/clinopyroxene and orthopyroxene/clinopyroxene pairs correlate
negatively with effective cationic radius, whereas those for the light REEs correlate positively with cationic radius, generating a U-shaped
pattern in apparent mineral/clinopyroxene partition coefficients versus cationic radius. Lattice strain models of partitioning modified for
subsolidus conditions yield negative correlations of olivine/clinopyroxene and orthopyroxene/clinopyroxene with respect to cationic
radii, predicting well the measured partitioning behaviors of the heavy and middle REEs but not that of the light REEs. The light-
REE systematics cannot be explained with lattice strain theory and, instead, can be explained by disequilibrium enrichment of the light
REEs in melt inclusions or on the rims of olivine and orthopyroxene. Realistic light-REE partition coefficients were thus extrapolated
from the measured heavy- and middle-REE partition coefficients using the lattice strain model. Light REE olivine/melt and orthopyrox-
ene/melt partition coefficients calculated in this manner are lower than most published values, but agree reasonably well with partitioning
experiments using the most recent in situ analytical techniques (secondary-ionization mass spectrometry and laser ablation inductively
coupled plasma mass spectrometry). These new olivine/melt and orthopyroxene/melt partition coefficients are useful for accurate mod-
eling of the REE contents of clinopyroxene-poor to -free lithologies, such as harzburgitic residues of melting. Finally, the application of
the lattice strain theory to subsolidus conditions represents a framework for assessing the degree of REE disequilibrium in a rock.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The upper mantle is dominated by peridotite, which is
composed of clinopyroxene, orthopyroxene, olivine and
an aluminous phase, such as garnet, spinel or plagioclase
depending on pressure. Clinopyroxene has by far the stron-
gest affinity for incompatible trace elements so that clino-
pyroxene, when present, controls the distribution of
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incompatible trace elements during melting. There are,
however, some processes where clinopyroxene is absent
or scarce, such as harzburgite melting (e.g., melting of recy-
cled oceanic lithospheric mantle in plumes or melting of
subcontinental lithospheric mantle during extension). In
these cases, olivine and orthopyroxene control trace-ele-
ment partitioning. This paper addresses mineral/melt parti-
tion coefficients for rare-earth elements (REEs) in olivine
and orthopyroxene to better understand how these ele-
ments are distributed during the partial melting of harz-
burgitic lithologies.

Our understanding of trace-element partitioning be-
tween olivine, orthopyroxene and melt is clouded by large
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variations in values presented in the literature (Fig. 1). Tab-
ulated REE partition coefficients (Fig. 1) vary by one order
of magnitude in orthopyroxene and by four orders of mag-
nitude in olivine (Onuma et al., 1968; Schnetzler and Phil-
potts, 1970; Matsui et al., 1977; McKay and Weill, 1977;
Larsen, 1979; Shimizu et al., 1982; Fujimaki et al., 1984; Ir-
ving and Frey, 1984; McKay, 1986; McKenzie and
O’Nions, 1991; Nielsen et al., 1992; Hauri et al., 1993; Ken-
nedy et al., 1993; Schwandt and McKay, 1998; McDade
et al., 2003). In contrast, REE partitioning in clinopyrox-
ene is much better understood (Hart and Dunn, 1993;
Blundy and Wood, 1994; Hauri et al., 1994; Wood and
Blundy, 1997, 2001, 2003). This disparity is related to the
much higher concentrations of REEs in clinopyroxenes
than in olivine and orthopyroxene (Stosch, 1982; Kennedy
et al., 1993; Eggins et al., 1998; Witt-Eickschen and
O’Neill, 2005). As a consequence, determination of olivine
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and orthopyroxene REE partition coefficients from natural
phenocryst-magma pairs or experiments is problematic ow-
ing to insufficient analytical sensitivity, contamination of
grain boundaries by REE-enriched glasses or accessory
phases, and contamination of grain interiors by microscop-
ic melt or fluid inclusions. Finally, the slow diffusivities of
the REEs compared to the major divalent cations making
up these minerals often results in disequilibrium concentra-
tions (Van Orman et al., 2001).

Here, we combine empirical observation and theory to
develop mineral/melt REE-partition coefficients for olivine
and orthopyroxene, which are internally consistent with
the better understood partitioning of clinopyroxene. We
adopt an indirect approach based initially on the measure-
ment of apparent subsolidus mineral/mineral partition
coefficients in peridotite xenoliths followed by suitable cor-
rection for temperature and bootstrapping with known
rdination)
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clinopyroxene/melt partition coefficients (Stosch, 1982).
The advantages of this approach are that (1) all three min-
eral phases are present, (2) these minerals have resided in
the mantle for millions of years at high temperature, pre-
sumably ensuring equilibrium, and (3) the minerals are
large enough to be picked and dissolved for accurate mea-
surement of trace elements in very low concentrations.
However, a potential complication is that, despite the long
residence in the mantle, xenoliths often suffer from recent
contamination by metasomatic fluids or the host lava itself,
raising the issue of whether trace element equilibrium be-
tween minerals has been compromised. Our data are thus
examined in the context of a physical model based on elas-
tic strain theory modified for subsolidus mineral/mineral
partitioning. We show that elastic strain theory predicts
well the mineral/mineral distribution of heavy to middle
REEs (HREE and MREE), but does not in itself account
for the distribution of the light REEs (LREEs). The LREE
systematics are best explained by disequilibrium effects
associated with recent contamination on mineral surfaces
or by fluid inclusions introduced from the host magma or
its pre-eruptive precursor.

In summary, verification that lattice strain theory suc-
cessfully predicts equilibrium mineral/mineral partitioning
allows us to develop a new tool for ‘‘seeing through’’ or
assessing the effects of disequilibrium. From extrapolation
of the lattice strain theory, we are able to determine the
true mineral/mineral partition coefficients for LREEs
unadulterated by recent contamination or metasomatism.
Conversion to mineral/melt partition coefficients then only
requires a temperature correction and multiplication by a
suitable clinopyroxene/melt partition coefficient. The end-
result of our study is very similar to that of Witt-Eickschen
and O’Neill (2005), but our approach differs fundamental-
ly. These authors presented a purely empirical fit of their
apparent partition coefficient data to cationic radii,
whereas we present a physically meaningful model for
explaining partitioning behavior. The agreement between
these studies provides confidence that mineral/melt and
mineral/mineral partitioning can be predicted by simple
physical laws.

2. Methods

Three peridotite xenoliths were investigated. These are
SC99-1 from San Carlos (Arizona), KH77-9 from Kil-
bourne Hole (New Mexico), and 68SAL21 from Salt Lake
Crater on Oahu Island (Hawaii). All samples appeared
fresh, showing no evidence for serpentinization or obvious
infiltration of the host lava. Fresh and inclusion-free oliv-
ine, orthopyroxene and clinopyroxene grains were separat-
ed out. Mineral grains were not subjected to any cleaning
or leaching treatments. Two to three grains were then
combined (total weight of �0.001 g) and weighed to the
fifth-decimal on a Mettler–Toledo balance (a static blower
was used on each sample prior to weighing). Each sample
was dissolved in 0.5 mL of a 1:1 (by volume) mixture of
concentrated HF–HClO4 in a screw-top Teflon beaker at
115 �C for 24 h. This was followed by a complete open-
air dry-down at 175 �C. This procedure was repeated once.
The samples were then taken up in 2% (by weight) of
HNO3 for direct analysis by ICP-MS. A pure In solution
was added to the final diluted solution to attain a final con-
centration of 1 ppb (by weight); the In signal was used to
correct for instrumental drift.

Analyses of major and trace-elements were done by
introducing solutions into a magnetic sector inductively
coupled plasma mass spectrometer (ThermoFinnigan Ele-
ment 2 ICP-MS). Major elements were analyzed using a
mass resolution (m/Dm) of �3000, while most trace ele-
ments were determined at a lower mass resolution of
(300). Sample intensities were calibrated against three
external basalt standards from the United States Geologi-
cal Survey (two independently prepared BHVO-1 solutions
and one BIR-1; (Eggins et al., 1997)) prepared in the same
way as the sample. A peridotite standard (JP-1 or DTS-1)
was used to calibrate Mg and Ni contents. Procedural
blanks were also run. Analyses of Kilbourne Hole and Salt
Lake Crater samples were done by Harbert. San Carlos
samples were analyzed independently by Lee and Harbert.

The only major element not determined by ICP-MS was
Si due to volatile loss of SiF4 during dissolution. However,
assuming that the total volatile content in the unaltered oli-
vines, orthopyroxenes, and clinopyroxenes is negligible, the
SiO2 content was estimated by subtracting the total of all
major element oxides from 100 wt% (Table 1). Recalcula-
tions of cation mole percents on 4 and 6 oxygen bases (oliv-
ine and pyroxene, respectively) are shown in Table 1.

3. Results

Mineral compositions are shown in Table 1. Mineral
major element chemistries are within the range seen in min-
erals from peridotitic lithologies having whole-rock Mg#s
(molar Mg/(Mg + Fe)) between 0.88 and 0.93 and are thus
representative of peridotites believed to be melting residues
(Lee, 2003). Equigranular textures and well-developed tri-
ple junctions suggest textural equilibrium. All samples are
spinel peridotites and hence record last equilibration pres-
sures less than 2 GPa. Equilibration temperatures calculat-
ed using two-pyroxene thermometry (Wells, 1977; Brey and
Kohler, 1990) fell between 1000 and 1100 �C (a pressure of
1.5 GPa was assumed, but using 1 or 2 GPa does not
change the result to within error of our major-element
determinations by ICP-MS).

REE concentrations in olivine and orthopyroxene were
divided by those in clinopyroxene to produce apparent
ol/cpx, opx/cpx, and ol/opx partition coefficients (Table
2). These are plotted in Fig. 2 as a function of effective cat-
ionic radii (Onuma et al., 1968) assuming all REEs are in
eightfold coordination (Shannon, 1976). Although it would
be more realistic to consider sixfold coordinated radii for
olivine, the use of the same set of effective radii for olivines
and pyroxenes greatly simplifies the mathematical treat-



Table 1
Mineral chemistries (ICP-MS measurements)

San Carlos (SC99-1) Salt Lake Crater, Hawaii (68SAL21) Killbourne Hole (KH77-9)

Ol Opx Cpx Ol Opx Cpx Ol Opx Cpx
ave n = 6 1r ave n = 6 1r ave n = 7 1r ave n = 4 1r ave n = 4 1r ave n = 4 1r ave n = 4 1r ave n = 4 1r ave n = 4 1r

Low mass
resolution

ICP-MS
ppm ppm ppm ppm ppm ppm ppm ppm ppm

La 0.0434 0.012 0.0484 0.0072 1.37 0.42 0.0550 0.0060 0.2595 0.04440 5.57 0.23 0.01810 0.0055 0.0189 0.0052 1.29 0.05
Ce 0.0606 0.007 0.0769 0.0129 4.08 0.90 0.0870 0.0134 0.4953 0.0618 18.0 0.3 0.0290 0.0068 0.0396 0.0070 4.74 0.07
Pr 0.0076 0.003 0.0118 0.0019 0.651 0.096 0.0107 0.0017 0.0592 0.0064 2.81 0.12 0.0036 0.0007 0.0072 0.0008 0.907 0.022
Nd 0.0235 0.009 0.0529 0.0087 3.61 0.24 0.0412 0.0080 0.2705 0.0257 14.2 0.5 0.0147 0.0021 0.0475 0.0035 5.58 0.07
Sm 0.0022 0.0006 0.0219 0.023 1.36 0.07 0.0082 0.0020 0.0781 0.061 3.74 0.12 0.0037 0.0006 0.0299 0.0007 2.15 0.03
Eu 0.0013 0.0005 0.0122 0.0017 0.549 0.031 0.0029 0.00068 0.031 0.002 1.29 0.03 0.0014 0.0002 0.0155 0.0004 0.853 0.012
Gd 0.0036 0.0013 0.0395 0.0028 1.44 0.12 0.0081 0.0018 0.1015 0.0057 3.70 0.10 0.0051 0.0009 0.0734 0.0012 2.98 0.05
Tb 0.0007 0.0001 0.0103 0.0004 0.295 0.017 0.0012 0.0003 0.0189 0.0008 0.0560 0.014 0.0010 0.0002 0.0174 0.0004 0.533 0.008
Dy 0.0055 0.0006 0.113 0.0047 2.32 0.14 0.0071 0.0012 0.1338 0.0048 3.05 0.05 0.0083 0.0012 0.160 0.003 3.50 0.07
Ho 0.0022 0.0004 0.0490 0.0005 0.726 0.010 0.0016 0.0003 0.0328 0.0006 0.556 0.005 0.0026 0.0003 0.0478 0.0009 0.772 0.016
Er 0.0108 0.0013 0.199 0.0035 2.18 0.02 0.0054 0.0005 0.1115 0.0025 1.44 0.02 0.0110 0.0011 0.184 0.003 2.17 0.04
Tm 0.0025 0.0002 0.0394 0.0012 0.319 0.013 0.0014 0.0001 0.0243 0.0005 0.237 0.002 0.0031 0.0002 0.0423 0.0009 0.366 0.007
Yb 0.0193 0.0012 0.246 0.015 1.60 0.14 0.0099 0.0004 0.1453 0.0042 1.16 0.02 0.0227 0.0012 0.259 0.004 1.75 0.04
Lu 0.0050 0.0002 0.0494 0.0009 0.255 0.009 0.0023 0.0000 0.0259 0.0007 0.161 0.003 0.0053 0.0003 0.0468 0.0009 0.246 0.005

Medium mass
resolution
ICP-MS

wt% wt% wt% wt% wt% wt% wt% wt% wt%

Na2O 0.0108 0.0016 0.126 0.0032 1.59 0.043 0.0131 0.002 0.232 0.038 2.89 0.11 0.0102 0.0002 0.132 0.0021 1.79 0.093
MgO 43.6 5.9 29.4 1.8 14.4 0.84 41.9 0.86 29.5 0.18 13.2 0.91 42.57 3.7 28.64 1.9 13.7 1.3
Al2O3 0.075 0.012 4.75 0.17 6.6 0.27 0.0379 0.008 4.45 0.045 6.046 0.15 0.0501 0.013 4.90 0.16 6.79 0.33
CaO 0.104 0.011 0.918 0.061 19.2 0.66 0.051 0.004 0.774 0.013 18.8 0.86 0.112 0.0133 0.859 0.040 19.5 1.21
MnO 0.144 0.0016 0.133 0.0054 0.0878 0.005 0.1532 0.002 0.1488 0.004 0.0937 0.004 0.141 0.009 0.136 0.008 0.0865 0.006
FeO 10.5 0.23 5.88 0.32 2.81 0.20 10.9 0.21 6.94 0.186 3.46 0.063 9.93 1.0 6.13 0.38 3.00 0.23
SiO2 (by difference) 46 59 55 47 58 56 #47 59 55

Mineral formula
from ICP-MS

4 Oxygen 6 Oxygen 6 Oxygen 4 Oxygen 6 Oxygen 6 Oxygen 4 Oxygen 6 Oxygen 6 Oxygen

Na 0.001 0.008 0.11 0.001 0.02 0.20 0.0010 0.009 0.12
Mg 1.57 1.49 0.77 1.51 1.51 0.70 1.52 1.46 0.73
Al 0.002 0.191 0.275 0.001 0.180 0.255 0.001 0.197 0.286
Ca 0.003 0.034 0.733 0.001 0.028 0.722 0.003 0.031 0.747
Mn 0.003 0.004 0.003 0.003 0.004 0.003 0.003 0.004 0.003
Fe 0.21 0.17 0.08 0.22 0.20 0.10 0.210 0.17 0.09
Si 1.10 2.01 1.97 1.13 1.99 1.99 1.13 2.02 1.97
Sum 2.9 3.9 3.9 2.9 3.9 4.0 2.9 3.9 3.9
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ment of the partitioning model that we discuss later. We
find that apparent ol/cpx, opx/cpx and ol/opx partition
coefficients for the HREEs and MREEs (small cationic
radius) correlate negatively with cationic radii while appar-
ent LREE partition coefficients correlate positively with
cationic radius. This results in an upward concave parabola
or a ‘‘U-shaped’’ appearance on a plot of apparent parti-
tion coefficient versus cationic radius (Fig. 2). The shapes
of these curves vary between samples as can be seen from
the tendency of the curves to diverge or scatter in the
LREE region. However, despite the scatter in the LREEs,
the curves all collapse to roughly the same trend in the re-
gion of small cationic radii, which corresponds to the
HREEs and MREEs.

We can also compare the results of our unleached min-
eral separates to the results of acid-leached bulk mineral
dissolution studies of Stosch (1982) and Eggins et al.
(1998). Apparent partition coefficients from these leaching
studies plotted against cationic radius exhibit less extreme
parabolic shapes compared to our data (Fig. 2). For exam-
ple, opx/cpx partition coefficients decrease monotonically
with increasing cationic radius. Ol/cpx curves appear to
have ‘‘straightened out’’ slightly as can be seen by the dis-
placement of the parabola minimum towards larger cation-
ic radii compared to our unleached curves. What the
leaching studies have in common with our results is that
the partition coefficients of the HREEs and MREEs all
collapse to the same trends seen in our data.

As a final comparison, we have also plotted apparent
ol/cpx, opx/cpx and ol/opx partition coefficients from the
peridotite melting experiments of McDade et al. (2003)
run at 1.5 GPa and 1315 �C (e.g., above solidus tempera-
tures). Unlike the bulk mineral dissolution approach taken
by our study, the apparent partition coefficients reported in
this study are based on in situ ion-microprobe determina-
tions of REEs in the cores of the minerals, eliminating con-
tributions from surface or rim enrichments in trace
elements. Their study represents, to our knowledge, one
of the few in situ studies that have successfully determined
most of the LREE concentrations in olivine (Kennedy et al.
(1993) also measured LREE partition coefficients in olivine
but, because they did not measure clinopyroxene, their
data are not shown). These in situ partition coefficients
show no hint of parabolic dependencies with cationic radii,
even for ol/cpx. The slope of the mineral/cpx versus cation-
ic radii curves are similar to the slopes seen in our study
and those of Stosch (1982) and Eggins et al. (1998) for
the HREEs and MREEs. The slight offset between these
experimental studies and studies based on peridotite xeno-
liths are likely due to a difference in temperature (as ex-
plained in the Section 4 below).

The progressive ‘‘straightening out’’ of the parabolas
from leached bulk mineral dissolution studies to in situ
studies, indicates that the positive correlation of apparent
LREE ol/cpx and opx/cpx partition coefficients with cat-
ionic radii in bulk mineral dissolution studies is due to pref-
erential surface enrichments of LREEs in olivine and



Fig. 2. Ol/Cpx (a), Opx/Cpx (b) and Ol/Opx (c) partition coefficients plotted versus cationic radii in 8-fold coordination. Colored symbols (blue circles,
orange triangles, green diamonds) represent apparent subsolidus (1000–1100 �C) partition coefficients determined from unleached western USA xenoliths
(this study). Black-circled line and yellow-shaded region correspond to partition coefficients determined on surface-leached minerals from spinel peridotite
xenoliths (Stosch, 1982; Eggins et al., 1998). Experimental mineral/mineral partition coefficients from McDade et al. (2003) determined at solidus
conditions (1300 �C, 1.5 GPa) are shown for reference (open squares). Thick gray line represents Ol/Cpx and Opx/Cpx partition coefficients at 1000 �C
determined by fitting appropriate forms of Eq. (9) to the HREEs in (a) and HREEs and MREEs in (b). Dashed lines labeled 1300 and 1400 �C represent
extrapolations of Eq. (9) to higher temperatures using fit parameters determined at 1000 �C from the apparent partition coefficients. Bold solid red line
represents an empirical relationship between subsolidus partition coefficient and cationic radii from Witt-Eickschen and O’Neill (2005) corrected to
1000 �C. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this paper.)

486 C.-T. A. Lee et al. 71 (2007) 481–496
orthopyroxene compared to clinopyroxene. By contrast,
the collapse of HREE and MREE partition coefficients in
all studies to the same negatively correlated trend with cat-
ionic radius indicates that the HREEs and MREEs have
not been affected significantly by metasomatic enrichments
or other contaminating effects. Indeed, HREEs and
MREEs have been shown to be less affected by metasomat-
ic processes than LREEs as they are not typically as



Trace-element partitioning of olivine and orthopyroxene 487
enriched as the LREEs in metasomatic fluids/melts (Canil,
2004).

4. Discussion

Our first goal is to assess the applicability of lattice
strain theory to subsolidus partitioning of REEs. Our sec-
ond goal is to more quantitatively investigate the reasons
for apparent LREE enrichment seen in bulk mineral disso-
lutions of olivine and orthopyroxene as discussed above.
This will involve scrutiny of equilibrium and disequilibrium
grain boundary enrichment phenomena. We will discuss
how lattice strain theory can be used to ‘‘see through’’
the effects of LREE enrichment on grain boundaries,
allowing us to improve estimates for LREE partition coef-
ficients (e.g., unadulterated by LREE enrichment) by
extrapolation of the model to large cationic radii.

4.1. Elastic strain theory and partition coefficients

We begin with mineral/melt partitioning where we
approximate the exchange of a trace element (denoted by
REE for instance) between clinopyroxene and melt as

REEAlSiO6ðcpxÞ ¼ REEAlSiO6ðmeltÞ ð1Þ
where REE substitution is coupled with Al for charge bal-
ance. For this reaction, the equilibrium constant is

K ¼ amelt
REEAlSiO6

=acpx
REEAlSiO6

ð2Þ

If the activity coefficients of the REE-pyroxene component
in the melt and in cpx are similar and the molecular weight
of the melt and cpx are similar, then Eq. (2) is roughly
equivalent to the inverse of the Nernst-partition coefficient,
Table 3
List of symbols

Name Valu

Constants and

Symbols

Cpx Clinopyroxene
Opx Orthopyroxene
Ol Olivine
NA Avogadro’s Number 6.02
R Gas constant 8.314
T Temperature
r Cation radius
ro(cpx) Optimum cpx cation radius 1.0

Ecpx Effective cpx Young’s modulus 318

C Concentration
Dx/y Partition coefficient between phases x and y

dgb/gm Grain boundary/matrix partition coefficient

Fit parameters

ro(Opx) Optimum opx cation radius 0.9
ro(Ol) Optimum ol cation radius 0.81
EOpx Effective opx Young’s modulus 340
EOl Ol Young’s modulus 370
Dcpx/melt �Ccpx/Cmelt, where C refers to the weight concen-
tration of the trace element in the melt or clinopyroxene.

Blundy and Wood (1994) described the mineral/melt
partitioning of a trace element i of given ionic radius ri

using the Brice formulation (Brice, 1975; Wood and Blun-
dy, 1997):

Dcpx=melt
i ¼ Dcpx=melt

o

� exp
�4pNAEcpx

RT
rcpx

o

2
ðrcpx

o � riÞ2
��

� 1

3
ðrcpx

o � riÞ3
��

ð3Þ

This equation describes the partitioning of any given ele-
ment i with respect to a reference element of given charge
and which fits into a given lattice site of optimal radius
ro (all symbols and units are presented in Table 3). The par-
tition coefficient of this optimum element is given by
Dcpx=melt

o , which depends on temperature and pressure.
The effective Young’s modulus, Ecpx (GPa), is a measure
of the stiffness of the bond between the cation and sur-
rounding anions. It is a function of the charge of the substi-
tuting ion and the geometry of the site itself and as such,
represents a site-specific effective Young’s modulus, which
does not in general equate exactly with any true Young’s
moduli of a crystal. In practice, Dcpx=melt

o is not known a pri-

ori or may not even correspond to a real element, hence a
more practical representation of Eq. (3) is to recast it in
terms of a reference element, whose partition coefficient
has been measured (Wood and Blundy, 2003). For exam-
ple, Eq. (3) written in terms of a known Lu3+ partition
coefficient is given by
e Estimated (2STD)
uncertainty

Units Reference

· 1023

J/mol K
K
Å
Å Wood and Blundy

(2003)
GPa Wood and Blundy

(2003)
ppm

0.2 Å
0.2 Å
40 GPa
40 GPa
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Dcpx=melt
i ¼ Dcpx=melt

Lu

� exp
�4pNAEcpx

RT
rcpx

o

2
ðrcpx2

Lu � r2
i Þ

��

� 1

3
ðrcpx3

Lu � r3
i Þ
��

ð4Þ

Eq. (4) allows us to predict the partition coefficient of any
other triply-charged element once the partition coefficient
of our reference element Lu, Dcpx=melt

Lu , is used to pin the
curve. The effects of temperature, pressure and major
element composition are hidden in the Dcpx=melt

Lu term, thus
a value of Dcpx=melt

Lu appropriate for the temperature, pres-
sure and composition of interest must first be established
(composition may also affect, to a lesser extent, the terms
E and ro, hence if the fit parameters to Eq. (4) are taken
as constants, they should not be applied over too large a
compositional range in clinopyroxenes).

The concept represented by Eq. (4) can be extended to
partitioning between two mineral phases. For example,
the exchange of REEs between clinopyroxene and olivine:

REEMgAlSiO6ðcpxÞ þMg2SiO4ðolÞ
¼ REEMgAlO4ðolÞ þMg2Si2O6ðcpxÞ ð5Þ

gives an equilibrium constant

K ¼ ðaol
REEMgAlO4

acpx
En Þ=ða

cpx
REEMgAlSiO6

aol
FoÞ ð6Þ

where En (Mg2SiO4) and Fo (Mg2SiO4) refer to the ensta-
tite component in pyroxene and the forsterite component
in olivine. Again, assuming the forsterite and enstatite
activity coefficients roughly cancel each other out their ra-
tios are relatively constant within the compositional range
of interest, the activities in Eq. (6) can approximately re-
placed by weight concentrations for practical purposes:

K � Dol=cpx ¼ Col
REE=Ccpx

REE ð7Þ
To extend the Blundy and Wood (1994) model to mineral/
mineral partitioning, we need only divide a cpx/melt parti-
tion coefficient (Eq. (4)) by a similarly formulated ol/melt
partition coefficient:

Dol=melt
i ¼ Dol=melt

Lu

� exp
�4pNAEol

RT
rol

o

2
ðrol2

Lu � r2
i Þ �

1

3
ðrol3

Lu � r3
i Þ

� �� �

ð8Þ

Dividing Eq. (8) by Eq. (4) yields the partitioning of an ele-
ment i between cpx and ol at a given temperature (and
pressure)

Dol=cpx
i ¼ Dol=melt

i

Dcpx=melt
i

¼ Dol=cpx
Lu

� exp
�4pNA

RT
1

2
ðr2

Lu � r2
i ÞðEolrol

o � Ecpxrcpx
o Þ

��

þ 1

3
ðr3

i � r3
LuÞðEol � EcpxÞ

��
ð9Þ
As discussed in the Section 3, Eqs. (8) and (9) assume that
the effective cationic radii in olivine and clinopyroxene are
both in eightfold coordination number (rVIII). Doing so
greatly simplifies the mathematical representation of Eq.
(9) (this can be verified by the reader). For olivine, a sixfold
coordinated effective radii would have been more realistic,
but treating the system in this way would result in several
extra constants and a much more complicated formulation
for Eq. (9). By assuming effective cationic radii based on
the same cation coordination in olivines and pyroxenes,
these extra constants are simply subsumed in the fit param-
eters of the present form of Eq. (9), giving us a more prac-
tical formulation to work with.

From Eq. (9), we can see that the dependency of Dol=cpx
i

on cationic radius is controlled by the effective Young’s
modulus (E) and optimum effective radius of the cation
crystallographic site in each mineral (if they are identical,
then there will be no dependency on cationic radius). In
the case of mineral/melt partitioning, the difference be-
tween the cationic radius of the substituting element and
the optimum site radius controls the misfit strain energy
(see Eqs. (4) or (8)). Because the optimum site radius for
olivine and orthopyroxene is smaller than that of clinopy-
roxene and because most of the REEs have cationic radii
greater than ro for clinopyroxene, this misfit strain energy
is greatest for any given REE in olivine, intermediate in
orthopyroxene, and smallest in clinopyroxene. Thus, Eq.
(9) predicts that with increasing cationic radius, REEs
should become more incompatible in olivine and orthopy-
roxene compared to clinopyroxene. Eq. (9) will be referred
to from here on as a semi-empirical model to highlight that
it is based on a functional form having physical significance
(as opposed to an empirical parameterization with no
explicit physical significance, e.g., in Witt-Eickschen and
O’Neill (2005)).

We attempted to calibrate Dol=cpx
i and Dopx=cpx

i as a func-
tion of cationic radius by fitting equivalent forms of Eq. (9)
to the apparent Dol=cpx

i and Dopx=cpx
i partition coefficients

(Fig. 2). Before fitting, the following parameter values were
adopted a priori (symbols and units given in Table 3): rcpx

o

and Ecpx (Table 3) were adopted directly from a review pa-
per by Wood and Blundy (2003), a temperature equivalent
to that determined by two-pyroxene thermometry was as-
sumed (1000 �C), and Dol=cpx

Lu (Table 2) was taken directly
from the apparent partition coefficients measured in this
study. The remaining parameters, rol

o ; r
opx
o , Eol and Eopx

were determined by fitting the model to the observed data
in Fig. 2 or Table 3. For Dol=cpx

i , we fit only to the HREEs.
For Dopx=cpx

i , we fit to the HREEs and MREEs. Values for
rol

o ; r
opx
o , Eol and Eopx differ slightly from those of Wood and

Blundy (2003) due to use of eightfold coordinated radii in
this study. Uncertainties in the parameters at the 95% con-
fidence level were estimated by randomly varying these
parameters.

Several features are borne out by the application of lat-
tice strain theory to mineral/mineral partitioning (Fig. 2).
Fig. 2 shows that the semi-empirical values of Dol=cpx

i and
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Dopx=cpx
i decrease roughly log-linearly with increasing ri

(readers who are familiar with the application of lattice
strain theory to mineral/melt partitioning will note that,
in mineral/melt partitioning, a concave downward parabo-
la is typically seen when mineral/melt REE partition coef-
ficients are plotted against cationic radii). The predicted
monotonic decrease, however, is inconsistent with the
apparent positive correlation between ri and the apparent
LREE Dol=cpx

i and Dopx=cpx
i values. This deviation from the-

ory for the LREEs is likely to be an artifact of trace-ele-
ment enrichments on mineral grain boundaries as
suggested in Section 3 and discussed later. The effects of
surface contamination (or contamination by melt inclu-
sions) should be most pronounced for the LREEs and
for those elements with low REE concentrations in the host
minerals (Zindler and Jagoutz, 1988). This is because melts
are not only enriched in REEs, but are most enriched in
Mineral/melt pa
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Fig. 3. Ol/Melt (a) and Opx/Melt (b) partition coefficients plotted against c
1400 �C by multiplying the appropriate calibrated forms of Eq. (9) by Cpx/Melt
1300 and 1400 �C, respectively; more details given in Table 4. Experimental va
comparison. Gray shaded region represents literature range from Fig. 1.
LREEs due to the greater incompatibility of LREEs rela-
tive to HREEs during melting. LREE contamination
should thus affect olivine the most, orthpyroxene second,
and clinopyroxene last. This is consistent with the observa-
tion that apparent Dol=cpx

i deviate earlier from the trend
predicted by the elastic strain model (in terms of ri)
than apparent Dopx=cpx

i . Clinopyroxene, in general should
not be affected significantly by surface or inclusion
contaminations.

Our explanation for the deviations of LREE partitioning
from theory is further supported by considering the results
of three independent studies. The first case concerns mineral
partitioning studies of McDade et al. (2003) at solidus con-
ditions. They report in situ measurements (ion microprobe)
of all the REEs in olivine, clinopyroxene, and orthopyrox-
ene in equilibrium with a basaltic melt, eliminating grain
boundary effects. In a plot of Dmin =cpx

i versus ri, a negative
rtitioning (1.5 GPa)

1.10 1.15 1.20

1.10 1.15 1.20

LaCePrNdSmEu

LaCePrNdSmEu

1300 oC1400 oC

1400 oC

1300 oC

 (VIII coordination)

Literature range

Literature 
range

ationic radii. Curves represent theoretical values calculated at 1300 and
partition coefficients from Hauri et al. (1994) and McDade et al. (2003) for

lues, which show the closest match to the calculated values, are shown for
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correlation is seen, which is consistent with the semi-empir-
ical trend predicted by Eq. (9). A similar consistency be-
tween our model and the McDade et al. data is seen in
Ol/Opx partitioning (Fig. 3). The second case is represented
by the combined studies of Stosch (1982) and Eggins et al.
(1998), who measured apparent mineral/mineral element
partitioning in various spinel lherzolites after subjecting
their samples to acid-leaching (Fig. 2). The straightening
out of the U-shaped curves in Dmin =cpx

i � ri space for leached
samples indicates that high LREE contents of olivine and
orthopyroxene relative to clinopyroxene are largely due to
surface enrichments. The third case concerns the in situ
study of peridotitic minerals by Witt-Eickschen and O’Neill
(2005). They were able to develop purely empirical relation-
ships between Dopx=cpx

i ;Dol=cpx
i and ri; their results, which

should in theory be unaffected by grain boundary enrich-
ments, are shown in Fig. 2 (thick bold red line). Their
in situ measured partition coefficients coincide with our
semi-empirical determined partition coefficients (note that
they do not have LREE partition coefficients for olivine).

In summary, we demonstrate that HREE to MREE par-
titioning between the matrices of minerals in several inde-
pendent studies are consistent with lattice strain theory.
This lattice strain theory can thus be used to determine par-
tition coefficients for the LREEs by extrapolation to suit-
able cationic radii.

4.2. Internally consistent REE partition coefficients for

ultramafic minerals

The goal in this section is to estimate Dol=melt
i and

Dopx=melt
i for all REEs at the conditions of the peridotite

solidus (within the spinel stability field). This requires
correction of subsolidus values of Dol=cpx

i and Dopx=cpx
i

(1000–1100 �C) to temperatures relevant to melting condi-
tions (1300 �C or higher at �1.5 GPa). Once corrected for
temperature, these values can then be multiplied by Dcpx=melt

i

at the temperature of interest to obtain relevant Dol=melt
i and

Dopx=melt
i . To correct for temperature, we first correct the

pre-exponential factor in Eq. (9), Dol=cpx
Lu or Dopx=cpx

Lu , using
the empirical temperature-dependency of Witt-Eickschen
and O’Neill (2005) (note that while they have a global for-
mulation for the effects of temperature for all REE parti-
tioning, in the case of Opx/Cpx, they only have a
formulation for the HREEs). For Dopx=cpx

Lu , the temperature
correction we used was:

ln Dcpx=opx
Lu ¼ 18:11� 0:192rLu þ ð�50568þ 542rLuÞ=T

þ ð�560755þ 10644rLu � 49:8r2
LuÞN

cpx
Na =T

ð10Þ

where rLu is in pm, T is in Kelvin, and N cpx
Na is the cation

proportion of Na in clinopyroxene on a six oxygen basis
taken here to be �0.1 (see Table 1); note that Eq. (10)
has been corrected from the original Eq. (5) in Witt-Eicks-
chen and O’Neill for a typographical error (which we ver-
ified with O’Neill, personal communication). For Dol=cpx
Lu ,

we used the following parametrization for temperature:

ln Dcpx=ol
Lu ¼ 0:19þ ð3925þ 6600N cpx

Na Þ=T ð11Þ

After pinning the curve to Dol=cpx
Lu and Dopx=cpx

Lu at the temper-
ature of interest, we then calculate the partition coefficients
for the remaining REEs at this temperature using the lat-
tice strain model presented in Eq. (9) (Table 4). To calcu-
late mineral/melt partitioning, we then multiply these
mineral/Cpx partition coefficients by known values of
Dcpx=melt

i . For 1300 �C, we use the data of McDade et al.
(2003) at 1.5 GPa. For 1400 �C, we used the Dcpx=melt

i values
at 1405 �C from Hauri et al. (1994). Unfortunately, not all
of the REE partition coefficients were determined by these
authors. We therefore estimated the partition coefficients of
the missing elements by applying the elastic strain model
(Eq. (3)) to Cpx/Melt partitioning using the experimentally
determined DCpx=Melt

Lu to pin the curve of DCpx=Melt
i versus ri

down (other parameters necessary for Eq. (3) are taken
from Wood and Blundy (2003) and shown in Table 3). Ta-
ble 4 and Fig. 3 show the recommended partition coeffi-
cients resulting from this study. Our semi-empirical
estimates of Dol=melt

i and Dopx=melt
i are otherwise independent

in the sense that they are constrained from subsolidus par-
titioning and then extrapolated upwards in temperature.

It can be seen in Fig. 3a, that most literature Dol=melt
i val-

ues are much higher than our calculated values. There is a
closer match between our calculated Dopx=melt

i values and
those determined from experiments and/or phenocryst-
magma pairs. The discrepancy seen in Ol/Melt partition
coefficients is most pronounced (up to several orders of
magnitude) for apparent partition coefficients determined
from phenocryst-magma pairs. In all likelihood, this dis-
crepancy is due to lack of equilibrium and/or contamina-
tion of the phenocrysts by melt inclusions. The closest
matches to our calculated Dol=melt

i values are the experimen-
tal values from McKay (1986), Kennedy et al. (1993) and
McDade et al. (2003). This consistency indicates that oliv-
ine strongly fractionates the REEs as previously suggested
by McKay (1986). Experiments or phenocryst-magma
studies that do not show this effect are probably incorrect.
Nevertheless, we note that our calculated values are still
slightly lower than the McKay, Kennedy et al., and McD-
ade et al. experimental values of Dol=melt

i for the LREEs. It is
not clear if this small remnant discrepancy is real or an arti-
fact of extrapolating our model to large cationic radii. Ken-
nedy et al. cautioned that even in situ determined Dol=melt

i

for incompatible elements should be taken as maximum
bounds owing to the possibility of micro-melt inclusions.
These effects are more likely to be seen in olivine than in
orthopyroxene because the former have very low levels of
REEs and thus are easily overprinted by small amounts
of contamination. We thus adopt our calculated mineral/
melt partition coefficients for modeling melting processes
in the next section. We caution, however, that partition
coefficients are composition-dependent, so our recom-
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mended values are considered most applicable to ultramaf-
ic systems within the spinel stability field.

4.3. Explanations for deviations of apparent LREE

partitioning from theory

We now return to the observation that our apparent Ol/
Cpx and Opx/Cpx subsolidus partition coefficients deter-
mined from the xenolith samples over-estimate theoretical
predictions for the LREEs. In the above discussions, it
was clear that these deviations are artifacts of enrichments
in trace-elements on the mineral rims and that the effects
would be most pronounced for the LREEs compared to
the HREEs. We consider two possibilities here.

4.3.1. Disequilibrium effects: recent contamination of mineral

surfaces by metasomatism

In this section, we consider the effects of contamination
on grain boundaries by recent infiltration of the host lava
or a metasomatic phase prior to eruption. This is the ‘‘stan-
dard’’ interpretation by the geochemical community (Zin-
dler and Jagoutz, 1988). Assuming that the contaminating
phase (recent metasomatism or contamination by host lava)
on all minerals has the same composition, the bulk mea-
sured partition coefficient between two non-leached miner-
als, e.g., olivine and clinopyroxene, is given by

Dbulk
ol=cpx ¼

ColX ol þ CcontX contðolÞ

CcpxX cpx þ CcontX contðcpxÞ
ð12Þ

where Xcont refers to the weight fraction of the contaminat-
ing phase on olivine or clinopyroxene. For a contaminant
having an upper continental crust-like trace element signa-
ture (Rudnick and Fountain, 1995), a �0.1% level of con-
tamination can explain the parabolic dependency of Dbulk

ol=cpx

and Dbulk
opx=cpxversus cationic radius. Our choice of an upper

continental crust trace-element composition as the contam-
inating phase is somewhat arbitrary. However, it is likely to
be an approximate representation of the REE content and
the LREE/HREE ratio of many hypothesized mantle
metasomatic agents and some intraplate basalts. In any
case, it can be seen that for a roughly spherical grain hav-
ing a 1 mm radius (grain sizes in our xenoliths range from
1–2 mm in radius), the U-shaped data curves in Fig. 2 can
be produced by a 0.3 micron layer of contaminant mantling
the outer part of the mineral grains (see Fig. 4a). The take-
home message is that simple contamination by a LREE-en-
riched metasomatic phase is a very plausible mechanism for
explaining the deviations from theory seen in Fig. 2.

4.3.2. Equilibrium grain boundary partitioning: is it

significant?

As an alternative, we also explore whether equilibrium
grain boundary partitioning theory, recently extended from
the material science community to the Earth science com-
munity (Hiraga et al., 2004), can also explain the deviations
of our bulk-mineral dissolution-based observations from
predictions based on elastic strain theory. In brief, Hiraga
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et al. suggest that grain boundaries (the few monolayers
that make up grain boundaries and surfaces) are character-
ized by more expanded structures than grain interiors
(matrices) due to the presence of more dislocations and
point defects. As a consequence, under equilibrium condi-
tions, a trace-element that is generally highly incompatible
in a grain interior (matrix) could be preferentially segre-
gated to the grain boundaries, resulting in an equilibrium
enrichment of trace elements on the grain boundary (note
that this is fundamentally different from contamination
or recent metasomatism, which is a disequilibrium effect).
Hiraga et al. suggest that grain boundaries could be signif-
icant repositories of highly incompatible trace elements in
the upper mantle.

To explore this alternative, we adopt the model outlined
in Hiraga et al. (2004). For dilute solutions, such as in the
case of trace elements, the partitioning between the grain
boundary (GB) and the grain interior or matrix (GM) is
(McLean, 1957):

dGB=GM ¼
CGB

CGM

� exp
U
RT

� �
ð13Þ

where C is the weight concentration of an element, U is
the energy associated with segregation of a trace element
into the grain boundary, and a lower case d has been used
to distinguish this ‘‘internal’’ partition coefficient from
mineral-mineral matrix partitioning (note that grain ma-
trix partitioning corresponds to what was discussed in
Section 4.1). The segregation energy in a given mineral
can be approximated by the misfit strain energy from
matrix partitioning (identical to that used in Eq. (3);
(Brice, 1975)):

U � 4pENA
ro

2
ðri � roÞ2 þ

1

3
ðri � roÞ3

� �
ð14Þ

where the symbols are the same as in Eq. (3). It follows that
the greater the difference between the radii of the substitut-
ing cation and the site radius (ri � ro), the greater the seg-
regation energy and grain boundary/matrix partition
coefficient. This feature is shown in Fig. 4. Thus, the largest
equilibrium grain boundary partition coefficients will be for
olivine and the smallest will be for clinopyroxene. Recog-
nizing that the measured bulk concentration of an element
in a mineral, such as olivine, is given by Cbulk

ol ¼ Cgm
ol Mgm

ol þ
Cgb

ol Mgb
ol , that is, the weighted average of the grain boundary

and grain matrix, the theoretical bulk-determined partition
coefficient Dol=cpx

bulk can be expressed in terms of the grain
boundary/matrix partition coefficients dgb/gm as

Dol=cpx
bulk ¼

Cbulk
ol

Cbulk
cpx

¼ Dol=cpx
gm

dol
gb=gm

� �
Mgb

ol þMgm
ol

dcpx
gb=gm

� �
Mgb

cpx þMgm
cpx

2
4

3
5 ð15Þ

where Mgb and Mgm represent the mass fractions of the
grain boundary and grain matrix relative to the bulk min-
eral grain; Mgb and Mgm can be estimated by assuming a
fixed average grain size having a spherical geometry and
uniform grain boundary thickness.

In Fig. 4b, we have attempted to fit Eq. (15) to the ob-
served data by varying the grain boundary mass propor-
tion, Mgm (which effectively corresponds to a grain
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boundary thickness if the average grain diameter is de-
fined). Assuming an average grain radius of 0.5 mm (we as-
sume that the densities of the grain boundary and matrix
are equal) and using the same effective Young’s moduli
and optimum site radii used in our treatment of matrix par-
titioning, we find that unreasonably large grain boundary
thicknesses are required to match the ‘‘U-shaped’’ D versus
r curves in Fig. 4b. In Fig. 4b, we show the case in which
the grain boundary thickness is 10 nm. According to
Hiraga et al., this is about the maximum thickness of an
equilibrium grain boundary, which should be on the order
of a few to ten monolayers. Decreasing the grain boundary
thickness will result in a deeper trough on the D versus r

plot, thus in order to exactly reproduce the apparent parti-
tion coefficient versus r curve, unreasonably large grain
boundary thicknesses seem required. These observations
suggest that equilibrium grain boundary partitioning is
probably of lesser importance than contamination/metaso-
matism in explaining the enrichment in LREEs on olivine
and orthopyroxene rims. A small effect from equilibrium
grain boundary partitioning may still be present, but such
an effect is not resolvable by our study, at least for the
REEs. Our study does not rule out the possibility that equi-
librium grain boundary partitioning is significant for other
incompatible trace elements as suggested by Hiraga et al.
More creative approaches will be needed to fully test the
significance of equilibrium grain boundary partitioning.

4.4. Implications for bulk mineral dissolution studies and an

approach for identifying trace element disequilibria

It is clear from this study that bulk mineral dissolution
data should be interpreted cautiously if one is interested
in determining trace element partitioning of olivines and
orthopyroxenes. However, in the case of isotopic studies
(such as Nd, Sr, and Hf isotopes), where bulk mineral dis-
solutions followed by chemical purification treatments are
necessary, the theoretical framework provided here allows
one to quantify the extent to which a mineral is in disequi-
librium or is contaminated at its surface. Surface leaching
of minerals should aid greatly in reducing the effects of sur-
face contamination. However, the effects of infiltration of
melts along microcracks or in the form of melt inclusions
may be difficult to eliminate completely in olivine and even
in orthopyroxene by leaching. To illustrate, for the olivine
grains investigated in this study, 99.5% or more of the Nd
is associated with grain boundary contamination (based on
comparing apparent bulk measured concentrations to the-
oretical concentrations assuming that bulk Cpx concentra-
tions are not affected significantly by grain boundary
contamination—see Fig. 2). For the leached olivines of Eg-
gins et al. (1998), 95% of the Nd is still of extraneous ori-
gin. Although orthopyroxene is less sensitive to grain
boundary contamination than olivine, the effects can still
be significant. In unleached samples, the contaminant rep-
resents up to 60% of the entire Nd budget of a bulk orth-
opyroxene grain.
Finally, even in the case of studies using in situ analyt-
ical techniques, the theoretical framework provided here
can help in assessing whether minerals are in equilibrium.
For example, our analysis can help to identify whether
clinopyroxenes are in equilibrium with the bulk rock
in a peridotite xenolith or abyssal peridotite. Some clino-
pyroxenes in highly depleted peridotites may have a meta-
somatic origin, but the question that arises is whether
the metasomatic introduction was of ancient or recent
introduction. Examining REE ratios between clinopyrox-
ene, orthopyroxene and olivine (in situ or bulk dissolu-
tion) would hence be a useful approach in assessing
disequilibria.

4.5. Implications of new olivine and orthopyroxene partition

coefficients for harzburgite melting

Harzburgitic mantle rocks have been proposed as source
materials for a variety of magmas, e.g., boninites (Falloon
and Danyushevsky, 2000) and some hotspot magmas
(Schaefer et al., 2002). In such cases, our new partition
coefficients can be used to more precisely model trace-ele-
ment systematics during magma genesis. We consider two
cases here. Harzburgites (clinopyroxene-poor or -absent
peridotites) occur in many REE flavors. Partially serpenti-
nized ophiolitic peridotites, as exemplified by a case study
(Fig. 5a) of the Feather River Ophiolite in California (Li
and Lee, 2006), are LREE-depleted compared to the
HREEs (see also Johnson et al. (1990) and Snow and Dick
(1995)). In contrast, mantle xenoliths representing subcon-
tinental lithospheric mantle are often LREE-enriched com-
pared to the HREEs (Menzies, 1983; Hawkesworth et al.,
1984; Richardson et al., 1984; Dawson, 1987; Menzies
and Hawkesworth, 1987; Dawson and Smith, 1988; Griffin
et al., 1988; Menzies, 1989; Hawkesworth et al., 1990; Grif-
fin et al., 1999; Griffin et al., 2003; Pearson et al., 2003).
Such LREE-enrichment often appears to be cryptic, that
is, there are no significant changes in modal mineralogy
or major element composition (Zindler and Jagoutz,
1988). An example of enriched subcontinental lithospheric
mantle is shown in Fig. 5b for garnet-free harzburgite
xenoliths from the Tanzanian craton (Rudnick et al.,
1994; Lee and Rudnick, 1999; Lee, 2001). The exact origins
of these LREE enrichments are unknown; there is probably
no single process that gives rise to all LREE-enrichments.
Some possibilities include chromatographic metasomatism
imparted by porous melt flow (Navon and Stolper, 1987;
Bodinier et al., 1990; Bedini et al., 1997) or infiltration
and freezing in of small degree melts and fluids (Griffin
et al., 1988; Zindler and Jagoutz, 1988; Rudnick et al.,
1993; Ionov et al., 1995; Ionov et al., 1996; Li and Lee,
2006). A more detailed discussion on the origins of metaso-
matism, while interesting, is not the focus of this paper.

What do melts of these trace-element enriched litholo-
gies look like? In Fig. 5c and d, we use the new Ol/melt
and Opx/melt partition coefficients in Table 4 to calculate
the REE abundance pattern of melts formed by 1% batch
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melting of the harzburgites in Fig. 5a and b. Because we are
only looking for a rough estimate of abundance patterns,
we assume for simplicity a constant (e.g., modal melting)
modal mineralogy for all calculations (70% olivine, 30
orthopyroxene). We also assume that the REEs are hosted
in and ultimately controlled by olivines and orthopyrox-
enes. It can be seen in Fig. 5 that small degree melting of
trace-element depleted to enriched harzburgites can give
rise to basaltic melts having flat REE abundance profiles
to highly LREE-enriched abundance profiles. Melting of
enriched harzburgites can even generate REE abundance
patterns that resemble melts formed with garnet in the res-
idue even if garnet is absent (Fig. 5d). Because melting of
harzburgite (in the absence of volatiles) requires higher
temperatures than that of fertile peridotite (lherzolite), it
is likely that small degree re-melting of harzburgites occurs
only locally, such as in plumes or during lithospheric
extension.

5. Conclusions

This study presents a new set of olivine/melt and ortho-
pyroxene/melt partition coefficients, which are internally
consistent with clinopyroxene/melt partition coefficients,
the latter of which are better constrained in the literature.
Olivine and orthopyroxene strongly fractionate the rare-
earth elements. We show that mineral/melt partitioning
models based on lattice strain theory can be used to also
explain mineral/mineral partitioning. This also provides a
tool for testing whether REE contents in coexisting miner-
als are in equilibrium.
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