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Abstract Low-Ca pyroxenes play an important role in
mantle melting, melt-rock reaction, and magma differen-
tiation processes. In order to better understand REE
fractionation during adiabatic mantle melting and pyroxe-
nite-derived melt and peridotite interaction, we developed
a parameterized model for REE partitioning between low-
Ca pyroxene and basaltic melts. Our parameterization is
based on the lattice strain model and a compilation of
published experimental data, supplemented by a new set of
trace element partitioning experiments for low-Ca pyrox-
enes produced by pyroxenite-derived melt and peridotite
interaction. To test the validity of the assumptions and
simplifications used in the model development, we com-
pared model-derived partition coefficients with measured
partition coefficients for REE between orthopyroxene and
clinopyroxene in well-equilibrated peridotite xenoliths.
REE partition coefficients in low-Ca pyroxene correlate
negatively with temperature and positively with both cal-
cium content on the M2 site and aluminum content on the
tetrahedral site of pyroxene. The strong competing effect
between temperature and major element compositions of
low-Ca pyroxene results in very small variations in REE
partition coefficients in orthopyroxene during adiabatic
mantle melting when diopside is in the residue. REE par-
tition coefficients in orthopyroxene can be treated as
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constants at a given mantle potential temperature during
decompression melting of lherzolite and diopside-bearing
harzburgite. In the absence of diopside, partition coeffi-
cients of light REE in orthopyroxene vary significantly, and
such variations should be taken into consideration in geo-
chemical modeling of REE fractionation in clinopyroxene-
free harzburgite. Application of the parameterized model to
low-Ca pyroxenes produced by reaction between pyroxe-
nite-derived melt and peridotite revealed large variations in
the calculated REE partition coefficients in the low-Ca
pyroxenes. Temperature and composition of starting
pyroxenite must be considered when selecting REE parti-
tion coefficients for pyroxenite-derived melt and peridotite
interaction.

Keywords REE partition coefficient - Orthopyroxene -
Subcalcic augite - Low-Ca pyroxene - Lattice strain model -
Adiabatic mantle melting - Pyroxenite-derived

melt and peridotite interaction

Introduction

The Earth’s upper mantle is mainly composed of olivine
and pyroxene. Due to their relative high affinity for
incompatible trace elements, clinopyroxene (cpx) and
orthopyroxene (opx) play an important role in trace ele-
ment fractionation during partial melting and melt migra-
tion in the upper mantle. Pyroxene-melt trace element
partition coefficient is a key parameter for constraining
these processes. Considerable progress has been made in
understanding trace element partitioning between cpx and
basaltic melts (e.g., Wood and Blundy 2003 and references
therein). However, orthopyroxene becomes the dominant
phase to fractionate incompatible trace elements when cpx
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is consumed during late-stage melting of a peridotite or
during melting of a lunar cumulate mantle composed of
olivine and opx (e.g., Snyder et al. 1992). Furthermore, an
opx-rich lithology can also be formed during melting of a
marble cake mantle that consists of pyroxenite embedded
in a lherzolite host at high pressure. During mantle
upwelling, pyroxenite starts to melt at greater depth than
peridotite (e.g., Takahashi and Nakajima 2002; Pertermann
and Hirschmann 2003a; Hirschmann et al. 2003; Spandler
et al. 2008). In general, pyroxenite-derived melts are more
silica-rich and, when reacting with their surrounding
lherzolite, can produce low-Ca pyroxene-enriched litholo-
gies such as orthopyroxenite and harzburgite (Yaxley and
Green 1998; Takahashi and Nakajima 2002; Morgan and
Liang 2005; Lo Cascio and Liang 2007; Lo Cascio 2008).
The low-Ca pyroxene includes both opx and subcalcic
augite and is produced at the expense of cpx and olivine in
the lherzolite. Compared with opx in the unreacted lherz-
olite, this layer of low-Ca pyroxene has higher Ca and Al
contents and a lower Mg# (100 x Mg/(Mg + Fe), in molar
fraction). These low-Ca pyroxenes could have different
trace element partition coefficients (D) from opx in the
unreacted lherzolite given the distinct chemical composi-
tions. One of the main objectives of this study is to
determine the partition coefficients of trace elements in the
low-Ca pyroxenes derived from the melt-rock reaction.

In general, mineral-melt trace element partition coeffi-
cients (D;) from a given partitioning experiment vary sys-
tematically as a function of their ionic radii and
temperature and can be quantitatively described by the
lattice strain model (Brice 1975; Blundy and Wood 1994;
Wood and Blundy 1997):
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where Dy is the mineral-melt partition coefficient for the
strain-free substitution; ry is the radius of a hypothetical
cation that substitutes into the site with zero strain; ; is the
ionic radius of the element of interest; E is the effective
Young’s modulus for the lattice site; N, is Avogadro’s
number; R is the gas constant; and 7 is temperature in
Kelvin. Applications of the lattice strain model to rare earth
element (REE) partitioning between cpx and basaltic melt
have been summarized in Wood and Blundy (1997, 2002),
and a recent update can be found in Sun and Liang (2012).

Compared with cpx, there are considerably fewer trace
element partitioning data for low-Ca pyroxenes. Of the
published low-Ca pyroxene partitioning data, there are large
variations in selected trace elements (e.g., Dp, =
0.00004-0.054, Dng = 0.0005-0.114, Dy, = 0.0202-0.449;
sources of data are given in Table 3 plus those from Colson
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et al. 1988; Kennedy et al. 1993; Klemme et al. 2006). It is
not clear which set of the published partition coefficients
one should use for low-Ca pyroxene when modeling adi-
abatic mantle melting or melt-rock reaction. Based on the
published experimental data and the lattice strain model,
Wood and Blundy (2003) proposed a preliminary model to
describe REE partitioning between opx and melt. Due to
the limited partitioning data, they set the effective Young’s
modulus E to a constant value of 360 GPa and D, a factor
of five lower than that in cpx. Their model generally
underestimates the REE partition coefficients in well-
equilibrated opx by a factor of up to 5 and cannot be
applied to subcalcic augite (Fig. 1a). Bédard (2007) com-
piled published opx partition coefficients from both parti-
tioning experiments and natural samples. Based on linear
regression analyses, he suggested that In(D) for a given
REE could be calculated using the In(MgO) of the melt, the
Mg# of opx, the SiO, content in the melt, or a combination
of these variables. Bédard (2007) provided five different
partitioning models for each element, of which a linear
function based on the In(MgO) of the melt and another
based on the Mg# of opx appear to give better predictions
of Drgg. We compared these two models and found that
the linear functions based on In(MgO) of the melt (Fig. 1b)
generated better predictions than those based on the Mg# of
opx (Fig. 1c); however, neither model is applicable to REE
partitioning in subcalcic augite (Fig. 1b, c¢). Witt-Eickschen
and O’Neill (2005) and Lee et al. (2007) developed models
for REE partitioning between opx and cpx in peridotite.
Orthopyroxene-melt partition coefficients may be deduced
from their models given cpx-melt partition coefficients.
However, their models were based on the analysis of
peridotite xenoliths that were equilibrated at subsolidus
conditions, and extrapolation to magmatic conditions needs
further examination. Hence, an accurate model is needed to
quantitatively describe REE partitioning in low-Ca
pyroxenes.

Sun and Liang (2012) developed a new parameterized
lattice strain model for REE and Y partitioning between
cpx and basaltic melt. Instead of using all or most of the
published cpx-melt partitioning data in the literature, they
selected a subset of data from 43 partitioning experiments
(a total of 344 data) that show no obvious signs of chemical
disequilibrium and that were analyzed by either ion probe
or laser-ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). They then systematically exam-
ined the effects of temperature (7), pressure (P), and
mineral and melt compositions (X) on REE and Y parti-
tioning in cpx. Through an extensive search of various
permutations of the composition variables, they found that
Mg content on the M2 site (Xl\M/é) and Al content on the
tetrahedral site (X4;) in cpx, the molar fraction of water in
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Fig. 1 Comparison between model-predicted low-Ca pyroxene par-
tition coefficients and observed values. Observed values are from
partitioning experiments listed in Table 3. Predicted values are
calculated using the preliminary model of Wood and Blundy (2003),
(a), and two models from Bédard (2007) based on In(MgO) of melt
(b) and Mg# of opx (c). The solid line represents 1:1 ratio, and dashed
lines represent 2:1 and 1:2 ratios, respectively. 3 is the Pearson’s chi-
square calculated according to Eq. (10). Circles and squares are the
published data; stars are new experimental results of this study

the melt (X{}‘fg), and T were the primary variables deter-
mining Dj. XM; and Al content on the M1 site (XX}') in cpx
are the main factors affecting ry. They showed, through a

simultaneous inversion of the 344 filtered partitioning data,
that the following expressions for the lattice strain
parameters gave an excellent fit to the observed data:

7.19(£0.73) x 10*
InDy = —7.14(+0.53) + 11X RT)X

+4.37(£0.47)X}, + 1.98(+0.36) Xz

— 0.91(+0.19)X}155 (2)

ro = 1.066(£0.007) — 0.104(+0.035)X !
—0.212(+0.033) Xy, (3)
E = [2.27(+0.44)ry — 2.00(£0.44)] x 10 (4)

where R = 8.3145 J mol~' K~! and numbers in parenthe-
ses are two standard deviations calculated directly from the
inversion. Using residual cpx compositions calculated along
amantle adiabat derived from pMELTS (Ghiorso et al. 2002)
and Egs. (1)-(4), they demonstrated that competing effects
between temperature and cpx compositions gave rise to
nearly constant partition coefficients for REE and Y in
residual cpx in spinel lherzolite stability field along a mantle
adiabat (see also supplementary Fig. S1). The modeling and
conclusions from Sun and Liang (2012) are intriguing and
raise two broader questions: (1) Can a similar approach be
used for modeling REE and Y partitioning in low-Ca
pyroxenes? (2) Do similar partitioning behaviors exist in the
low-Ca pyroxenes during adiabatic mantle melting?

There are considerably fewer REE and Y partitioning
data for low-Ca pyroxene than those for cpx. In this study,
we report new trace element partitioning data for low-Ca
pyroxenes produced by reactions between pyroxenite-
derived melt and lherzolite at 1,340—1,425 °C and 2 GPa.
Following a procedure similar to that of Sun and Liang
(2012), we then develop a parameterized lattice strain
model for REE and Y partitioning in low-Ca pyroxenes. As
an independent test of our new parameterization, we
compute the REE partition coefficients between opx and
cpx in peridotite xenoliths using major element composi-
tions reported in the literature, and the REE partitioning
models for cpx in Sun and Liang (2012) and low-Ca
pyroxenes in this study. There is an excellent agreement
between our model-derived opx-cpx partition coefficients
for REE and those directly measured by LA-ICP-MS. As
examples of geochemical application, we investigate the
variation of REE and Y partitioning in low-Ca pyroxenes
produced by pyroxenite-derived melt and peridotite inter-
action using major element compositions of the minerals
reported in the melt-rock reaction experiments. Finally, we
show that variations of opx-melt partition coefficients for
REE are relatively small during adiabatic mantle melting
and that constant partition coefficients can be used in
studies of decompressional melting of lherzolite and cpx-
bearing harzburgite.
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Experiment
Experimental strategy and setup

Partial melting and melt-rock reaction experiments have
shown that major element compositions of pyroxenite-
derived melt vary considerably (gray fields in Fig. 2) and
overlap with a significant number of low-Ca pyroxene-melt
partitioning experiments (orange squares in Fig. 2). To
further expand the database for trace element partitioning
in low-Ca pyroxene, we conducted a set of pyroxenite-
derived melt and peridotite reaction experiments. These
experiments produced large, low-Ca pyroxene crystals that
are well suited for partitioning studies. Figure 3 shows the
experimental setup that consists of a melt layer (basaltic
andesite or diorite) at the top, a layer of melt-lherzolite

mixture in the middle, and a lherzolite layer at the bottom,
in volume proportions of approximately 2:2:1. The mixture
consists of two parts of melt and one part of lherzolite.
Based on the basaltic andesite and lherzolite dissolution
experiments of Morgan and Liang (2005) and Lo Cascio
(2008), the reaction between lherzolite and a silica-satu-
rated melt at temperatures above the solidus of lherzolite
results in the dissolution of cpx and olivine and the pre-
cipitation of low-Ca pyroxene. The mixed layer in the
middle helps to establish full contact between melt and
lherzolite, facilitating the melt-peridotite reaction. If the
temperature at the top of the reaction couple is slightly
colder than that in the middle of the charge, which is
normally achieved in a piston cylinder apparatus, large
low-Ca pyroxene crystals will precipitate at the cold end of
the capsule. Dissolution, precipitation, and reprecipitation
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Fig. 2 Compositions of melt from pyroxenite and ecologite partial
melting studies and low-Ca pyroxene partitioning experiments (a—c),
and quadrilateral projection of the low-Ca pyroxene compositions
in the corresponding partitioning experiments (d). The gray fields in
(a—c) are the melt compositions from selected pyroxenite and eclogite
melting studies (Takahashi et al. 1998; Yaxley and Green 1998; Rapp
et al. 1999; Klemme et al. 2002; Takahashi and Nakajima 2002;
Kogiso et al. 2003; Hirschmann et al. 2003; Pertermann and
Hirschmann 2003b; Keshav et al. 2004; Kogiso and Hirschmann
2006; Spandler et al. 2008; Yaxley and Sobolev 2007; Lambart et al.
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2009). Orange squares represent melts from low-Ca partitioning
experiments (sources of data are listed in Table 3 plus those from
Colson et al. 1988; Kennedy et al. 1993; Klemme et al. 2006). Larger
symbols in (a—c) represent melt compositions from this study: Stars
are starting compositions of FS3-1 (red), basaltic andesite Mont 147
(blue), and FS3-1-T1 (green, estimated, a mixture of FS3-1 and Mont
147). Circles are the compositions of melt from runs BAILH2-T4
(cyan), BAILH2-TS (blue), BAILH2-T6 (magenta), FS3-1-T1
(green), and DAILH2-T2 (red) in this study. Dashed lines connect
the starting and final melt compositions
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in a nearly homogeneous melt along a small temperature
gradient led to the formation of a few large pyroxene
crystals near the top of the reaction couple.

Starting materials
Natural sample powders were used in our experiments for
both melt and lherzolite. Based on the earlier work of Mor-

gan and Liang (2005) and Lo Cascio (2008), we chose a
basaltic andesite (Mont 147) and a diorite (FS3-1) to

elt

Mix

Mix |

Molybdenum

Fig. 3 Schematic diagrams showing the reaction couple setups.
Graphite-lined molybdenum double capsules (a) were used for run
BAI1LH2-T5, BAILH2-T6, FS3-1-T1, and DRILH2-T2; and a
graphite capsule (b) was used for run BAILH2-T4. The volume
proportion of the three layers is approximately 2:2:1, from top to
bottom. Lh stands for lherzolite; Mix is the mixture of basaltic melt
and lherzolite

represent pyroxenite-derived melts (blue and red stars in
Fig. 2, respectively). Sample Mont 147 (provided by Dr. J.D.
Devine) is from Montserrat and used by Morgan and Liang
(2005) in their studies of melt-lherzolite reactions at
1,300 °C and 1 GPa. Sample FS3-1 (provided by Dr. W. Xu)
is from a diorite intrusion in the North China craton. The
starting lherzolite powder (KBH-1Y) was created by mixing
fine-grained optically clean diopside (15 wt%), opx (30 %),
olivine (52 %), and spinel (3 %) that are from a spinel
lherzolite xenolith from Kilbourne Hole, NM (sample KBH-
1 used in Morgan and Liang 2005). The mixtures were cru-
shed in an agate mortar and ground under ethanol twice for
40 min each and then stored in an oven at 110 °C to mini-
mize the adsorption of water. Major element compositions of
the starting materials are listed in Table 1.

Experimental procedure

Experiments were performed in a 19.05-mm piston cylin-
der apparatus at Brown University. The experimental
assembly consisted of a salt-Pyrex® sleeve, a straight-wall
graphite furnace, and internal spacers of crushable MgO.
Of the five experiments reported in this study, four were
run using a graphite-lined molybdenum (Mo) capsule and
one using a graphite capsule. The length of the capsules
varies from ~5 mm to ~ 10 mm. The furnace assembly
was vacuum-dried at 200 °C overnight and stored at
110 °C. Experiments were conducted using the “hot pis-
ton-in” technique. To start an experiment, we first pres-
surized the charge to a pressure that is slightly below

Table 1 Major element composition of starting materials for the partitioning experiments

Oxide Basaltic andesite® Diorite® Olivine® Orhopyroxene® Clinopyroxene® Spinel®
SiO, (Wt%) 55.09 57.55 40.47 54.25 51.82 0.09
TiO, 0.79 0.47 0.01 0.11 0.29 0.15
Al O3 19.03 14.54 0.1 543 6.98 57.88
Cr,03 n.a. n.a. 0.06 0.56 0.91 10.87
FeO* 8.42 6.38 9.21 5.57 3.42 10.44
NiO n.a. n.a. 0.23 0.09 0.05 n.a.
MnO 0.22 0.1 0.14 0.13 0.11 0.12
MgO 3.86 6.06 49.8 32.87 18.76 21.21
CaO 8.8 6.29 0.2 1.58 16.94 n.a.
Na,O 2.97 4.19 0.01 0.16 1.07 n.a.
K,0 0.71 2.37 n.a. n.a. n.a. n.a.
P,0s4 0.13 0.21 n.a. n.a. n.a. n.a.
Total 100.01 99.54 100.22 100.75 100.35 100.86
Mg# 44.96 64.19 90.61 91.32 90.72 78.53

* Mont 147, provided by Dr. J.D. Devine, used in Morgan and Liang (2005)

" ES3-1 from North China craton, provided by Dr. W. Xu
¢ compositions from Lo Cascio (2008)

n.a. not analyzed, FeO* total Fe in FeO
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Table 2 Pyroxene-melt partition coefficients calculated from LA-ICP-MS analysis

Run No. BAI1LH2-T4 BAI1LH2-T5 BA1LH2-T6 FS3-1-T1 DRI1LH2-T2
P (GPa) 2 2 2 2 2

T (°C) 1,425 1,425 1,425 1,380 1,340

Dur (h) 48 48 77 48 48

D opx/melt opx/melt opx/melt opx/melt sub.aug/melt
Na 0.087 (12) 0.096 (2) 0.078 (3) 0.064 (5) 0.246 (17)
P 0.090 (26) - 0.0812 (47) - -

K - - - - 0.0028 (1)
Li - 0.379 (23) - 0.286 (49) 0.415 (44)
Sc 0.76 (7) 0.752 (39) 0.619 (49) 0.728 (49) 1.42 (7)

Ti 0.124 (15) 0.117 (5) 0.098 (14) 0.114 (8) 0.175 (27)
\% 1.74 (16) 1.74 (11) 1.34 (15) 1.55 (7) 3.47 (21)
Cr 4.13 (35) 3.68 (14) 3.58 (38) 3.80 (25) 7.8 (5)

Mn 0.86 (8) 0.934 (17) 0.776 (18) 0.964 (32) 1.67 (8)
Co 1.30 (12) 1.333 (43) 1.105 (23) 1.341 (36) 1.45 (7)

Ni 4 (1) 2.52 (11) 2.17 (9) 2.85 (19) 3.13 (21)
Cu - 0.0547 (34) 0.0426 (29) - -

Zn 0.65 (9) 0.72 (2) 0.63 (3) 0.704 (36) 0.677 (43)
Sr - 0.00263 (18) - 0.0025 (5) 0.053 (7)
Y 0.083 (11) 0.0769 (26) 0.065 (8) 0.071 (6) 0.419 (44)
Zr 0.0212 (35) 0.0186 (11) 0.0158 (31) 0.0149 (15) 0.048 (8)
La 0.00165 (46) - - - 0.0268 (45)
Ce 0.0030 (6) 0.00258 (35) 0.0022 (6) 0.00257 (47) 0.049 (8)
Pr 0.0048 (8) - 0.0043 (6) - 0.077 (10)
Nd 0.0082 (12) 0.0093 (9) 0.0064 (14) 0.0078 (9) 0.114 (21)
Sm 0.0173 (29) - 0.018 (6) 0.023 (11) 0.204 (36)
Eu 0.0187 (40) - 0.0129 (28) - 0.174 (31)
Tb 0.047 (8) 0.01 (1) 0.0345 (36) 0.040 (5) 0.344 (41)
Gd 0.040 (7) 0.037 (7) 0.0316 (42) 0.0355 (44) 0.303 (39)
Dy 0.066 (8) 0.0622 (27) 0.051 (7) 0.054 (8) 0.40 (6)
Ho 0.080 (11) 0.083 (8) 0.065 (15) 0.082 (6) 0.41 (6)

Er 0.096 (16) 0.090 (7) 0.072 (15) 0.085 (11) 0.44 (5)
Tm 0.122 (17) 0.112 (18) 0.096 (15) 0.105 (16) 0.48 (6)
Yb 0.140 (20) 0.123 (14) 0.106 (14) 0.117 (13) 0.45 (5)
Lu 0.153 (24) 0.144 (24) 0.131 (29) 0.149 (11) 0.435 (35)
Hf 0.039 (11) 0.0348 (49) 0.026 (7) 0.030 (8) 0.097 (9)
Ta 0.00150 (38) 0.00112 (6) 0.00121 (47) 0.0013 (5) 0.0077 (34)
Pb - - 0.0022 (8) 0.0018 (8) 0.013 (5)

Numbers in parenthesis represent one standard deviation

opx orthopyroxene, sub. aug subcalcic augite

2 GPa. The temperature was then increased to the target
temperature at a rate of 75 °C per minute while slowly
increasing the pressure to the target pressure. The run was
held at the specified temperature and pressure for 48—72 h
before quenching to room temperature (Table 2). The
retrieved capsule was sectioned longitudinally, mounted in
epoxy, and polished to 1 pm finish.

@ Springer

The nominal pressure was not corrected for friction. No
pressure correction was applied to the measured electro-
motive force (e.m.f.). Temperature was measured using a
Wy,Re;—W-sRe,s thermocouple and controlled with a
Eurotherm 818. Uncertainties in temperature measure-
ments are about =10 °C. The oxygen fugacity of the
experimental conditions is estimated to be close to or
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Fig. 4 Back-scattered electron images of the experimental charges
showing large opx (a—d) or subcalcic augite (e) crystals. A close-up
view of a subcalcic augite crystal from (e) is shown in (f). Medium

slightly more reducing than the carbon—carbon monoxide
(CCO) buffer (Médard et al. 2008).

Analytical techniques

Major element compositions of the crystal and melt were
analyzed using a Cameca SX100 electron microprobe at
Brown University. For the glasses, we used an accelerating
voltage of 15 kV, a beam current of 15 nA, and a beam size
of 5 um for samples BA1LH2-T4 and BAILH2-T6, and
we used an accelerating voltage of 20 kV, a beam current
of 25 nA, and a beam size of 20 um for the other samples.
For the minerals, we used an accelerating voltage of 20 kV,
a beam current of 25 nA, and a beam size of 5 pm.
Counting times were 10-30 s for peak and 10-15 s for
background positions. Natural mineral standards were
used, and the ZAF matrix correction was employed.
Trace element concentrations in crystals and glasses were
measured in situ using a Thermo X-Series 2 quadrupole ICP-
MS in conjunction with a New Wave UP 213 nm Nd-YAG
laser-ablation system at the University of Rhode Island. The
diameter of the laser beam was set to 60 um for crystal and
meltin run BA1LH2-T6 and crystal in run BA1LH2-T4, and
40 um for crystals and melts in the other samples. Samples
were ablated with an output energy of ~0.3 mJ at a fre-
quency of 10 Hz. For each analysis, elements were analyzed
in the mass spectrometer for a total time of 120 s. The
background was measured for 30 s, and the signals were
acquired for approximately 60 s by a laser firing. The gas
mixture used during each analysis consisted of pure helium,

gray layers around crystals in (b-d) are quench growth. Expanded
views of selected runs are shown in supplementary Fig. S2

which was used in the sample cell and later mixed down-
stream with pure argon. External standards used in the
analyses include NIST-610 from Pearce et al. (1997), BCR-
2g, BHVO-2g, and BIR-1g from Kelley et al. (2003), and
GOR132, StH1s, T1, ML3B, and KL2 from Jochunm et al.
(2006). Since MgO is the predominant major oxide in low-
Ca pyroxene and its abundance is high in the reacted melt
(Fig. 2), we used MgO as the internal standard. Electron
microprobe analyses of MgO were chosen from points close
to the spots analyzed by LA-ICP-MS. The detection limit for
each analysis was estimated at 3 times or higher than the
standard deviation of the background.

Experimental results

The experimental conditions and run products are sum-
marized in Table 2, and representative back-scattered
electron (BSE) images of the experimental charges are
shown in Fig. 4 (BSE images showing the entire sectioned
charges of selected runs can be found in supplementary
Fig. S2). Subcalcic augites are observed in run DR1LH-T2
(Fig. 4e, f), whereas opx crystals are present in the other
four runs. The experiments generally form a few large
crystals on the top and along the sidewall of the graphite
inner capsule (Fig. 4). The crystals are 300-1,500 um in
size. The low-Ca pyroxenes possess no obvious zoning or
melt inclusions. Run FS3-1-T1 also has tiny opx crystals
smaller than 10 pm in the lower part of the melt.

Major and trace element compositions of melt and
pyroxenes are listed in supplementary Tables S1 and S2,
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respectively. Melt from each experiment is relatively
homogeneous; based on 9-17 spot analyses, standard
deviations are smaller than the marker size in Fig. 2 for
most experiments. There are some variations in Al,O3
content in melt of runs BAILH2-T5 and BAI1LH2-T6,
which may be attributed to the thermal gradient within the
charges. Major element compositions of pyroxene crystals
are relatively homogeneous in each run.

The average trace element concentrations (weight frac-

tion) in both the melt (C;“eh) and the crystals (Cfrys{al) for

each experiment (4-7 spots) are used to calculate partition
coefficients:

crystal
D(':ryslal _ Cj ( 5)
J Cmelt
J

Partition coefficients are listed in Table 2 and graphically
displayed according to element groups with increasing
compatibility in Fig. 5. The partition coefficients of Sr fall
in the range of published data, although Dy and Dpy, of
subcalcic augite (DRI1LH2-T2) have not been reported
before. The partition coefficients of REE and Y show a
systematic increase in compatibility with decreasing ionic
radii. The small negative Eu anomalies presumably result
from the reducing environment imposed by the Mo-graphite
capsule. The partition coefficients of the high-field-strength
elements (HFSE) and most of the transition metals (TM) in
low-Ca pyroxene also show systematic variations in their
compatibility and are comparable to the published data. The
exception is D¢, in opx, which is not within the range of the
published data (Fig. 5). This may be attributed to either a
paucity of published data, of which there are only two D¢,
values reported for opx, or a difference in the oxidation state.

One D¢, value for opx is from Adam and Green (2006), who
reported a value of 2.8 in a hydrous garnet lherzolite. The
other D¢, value is from Klemme et al. (2006), who reported a
value of 0.22 for enstatite in a simple system that is Ca-free.
These two values may not adequately define the range of D¢,
for opx in the upper mantle. Alternatively, our experimental
environment may be too reducing (c.f. Eu in Fig. 5), which
results in a large fraction of Cu cations in the monovalent state
(Cu™). Sixfold coordinated Cu™ has an ionic radius of 0.77 A
(Shannon 1976), which is larger than the M1 site of low-Ca
pyroxene (ionic radius of Mg* " is 0.72 1&), while Cu®" (ionic
radius of 0.73 A) would be expected in Earth mantle. Overall,
our measured trace element partition coefficients expand the
range of low-Ca pyroxene trace element partition coefficients
reported in the literature (Fig. 5).

REE and Y partitioning in pyroxene is mainly caused by
substitution of the trivalent cations into the M2 site of
pyroxene. For a given partitioning experiment, REE and Y
partition coefficients generally follow a parabolic pattern in
an Onuma diagram and can be described by the lattice
strain model (Eq. 1). Here, we apply the lattice strain
model to REE and Y partitioning data to obtain key
parameters (D, o, and E in Eq. 1) for each experiment.
For reasons outlined in the first section in “Discussion”
below, we used the eightfold coordinated ionic radii of
REE and Y from Shannon (1976) to fit the measured data
while excluding Eu in the nonlinear regression analysis
because of the possible presence of Eu®" in our charges.
The fitting results are summarized in Fig. 6, where data
used in each regression analysis are shown as red circles.
(In supplementary Fig. S3, we also show the fit to our
experimental data using sixfold coordinated ionic radii and
the lattice strain model.) The derived Dy (0.248-0.658)

Fig. 5 Measured trace element

partition coefficients, arranged

in geochemical groups with 10
increasing compatibility. LILE 3
stands for large ion lithophile [ |
element; HFSE stands for high

field strength element; TM

stands for transition metal. The

gray field represents the range

of published partitioning data

for opx; the light blue field

represents the range of Q
published partitioning data for 10"
subcalcic augite (sources of data
are given in Table 3 plus those
from Colson et al. 1988;
Kennedy et al. 1993; Klemme 3
et al. 2006) i [

; :_LILE |

REE+Y HFSE I ™
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from our experiments ranges to higher values than those we
recalculated from the published partitioning experiments
using eightfold coordinated ionic radii (0.05-0.464, except
for D, of Green et al. 2000, which has a surprisingly high
value of 3.27). The derived ro (0.781-0.984 ;\) and
E (152-292 GPa) from our experiments show relatively
small variations than those we recalculated from the liter-
ature data (ro = 0.705-1.001 A, and E = 110-427 GPa).
Variations in the lattice strain parameters are due to vari-
ations in P-T-X, which we will discuss in the next section.

A parameterized model for REE and Y partitioning
in low-Ca pyroxene

To better understand the P-T-X dependence of REE and Y
partitioning in low-Ca pyroxene, we developed a parame-
terized model. Our parameterization is based on the lattice
strain model using a subset of published partitioning data
and follows the methodology of Sun and Liang (2012) for
REE and Y partitioning between cpx and basaltic melts.

Data compilation

Although there is a fairly large database for REE and Y
partitioning in low-Ca pyroxene from natural samples and
experiments in the literature (see Bédard 2007 for a recent
compilation), the quality of the published data is not uni-
form. Some data filtering is necessary to ensure the accu-
racy of the model. We compiled experimentally determined
partition coefficients between low-Ca pyroxene and basaltic
melt from the past two decades, to which we added the low-
Ca pyroxene partitioning data from this study and the opx
partitioning data for the lunar green, orange, and red picritic
glass melts from Sun and Liang (manuscript in preparation,
see also Sun et al. 2011). These data have been filtered on
the basis of attainment of equilibrium (e.g., absence of core
to rim variation, sector zoning in major elements, or melt
inclusions, run duration), misfit or outlier with reference to
the lattice strain model (e.g., Eu anomaly), and method of
chemical analysis (LA-ICP-MS and ion probe), similar to
the rational adopted by Sun and Liang (2012). REE and Y
abundances in low-Ca pyroxenes are, in general, lower than

10 U BRELALEL BLELELELE TLELELELE BLELELELE BUELELELE BUELELELE BUELELELE BUELELELE
3 BA1LH2-T4 ! BA1LH2-T6 ]
~ opx
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2 2f Eu i ©
o 107°F D,= 0.6582 D,= 0.3532 D,= 0.4526 3
r,=0.7814A r =0.819A r =0.984 A g
0 0 Q
10k E =152GPa E =173 GPa || E =292GPa ]
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Fig. 6 Onuma diagrams showing the measured REE and Y partition
coefficients between low-Ca pyroxene and melt as a function of ionic
radii (a—e), and their corresponding major element projections in the
pyroxene quadrilateral (f). Red circles in (a—e) are partitioning data
used in the regression analyses; blue circles are Eu and excluded from
the fit. Error bars represent one standard derivation of analyzed
partitioning data. The solid lines in (a—e) represent the best-fit

lonic radius (i’\)

parabolas to the trivalent REE and Y in the M2 sites of pyroxene
using Eq. (1). Dashed lines represent 95 % confidence intervals of the
fit. Symbols in (f) are the same as those used in Fig. 5. For reasons
outlined in the “Discussion”, eightfold coordinated ionic radii from
Shannon (1976) are used here. Similar Onuma diagrams using sixfold
coordinated ionic radii are shown in the supplementary Fig. S3
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Table 3 Data sources and experimental run conditions

Reference N(n)* P (GPa) T (°C) Dur (h) Pyx Pyx CaM%/6-0°  Melt  Melt SiO,  Melt
Mg# Mg# (Wt%) H,0
(Wt%)

Ion probe analysis

Frei et al. (2009) 535 1.1-32 1,230-1,535 24-144 opx 100 0.072-0.095 100 39.0-55.0

van Kan Parker et al. 3 (21) 0.0001 1,326-1,390 60 opx 100 0.072-0.101 100 56.8-60.6

(2010)

Green et al. (2000) 1(13) 2 1,080 46 opx 70 0.044 41 50.28 6.44

McDade et al. (2003a) 1(8) 1.5 1,315 48 opx 91 0.074 33 47.95

McDade et al. (2003b) 1(6) 1.3 1,245 49 opx 90 0.073 72 49.67 1.64

Schwandt and MaKay 1(8) 0.0001 1,210 120 opx 80 0.025 53 53.31

(1998)

Salters and Longhi 2(14) 2428 1,540-1,555 48 opx 90 0.062-0.067 72-73  45.9-46.3

(1999)

Salters et al. (2002) 1 (7) 34 1,660 19 opx 93 0.061 81 47.5

Salters and Longhi 321 28 1,515-1,547 48 sub.aug 84-88  0.224-0.283 62-73 44.2-458

(1999)

Salters et al. (2002) 1(7) 2.8 1,580 20.7 sub.aug 88 0.261 73 45.2

van Westrenen et al. 1) 3 1,538 21.5 sub.aug 73 0.225 55 47.6

(2000)

Tuff and Gibson (2007) 3 (39) 3 1,475-1,525 24 sub.aug 79-82  0.334-0.354 49-62  39.54-46.77

Subtotal range 23 (187) 0.0001-3.4 1,080-1,660 19-144 70-100 0.025-0.354 41-100 39.0-60.6
LA-ICP-MS

Adam and Green (2006) 1 (10) 2.7 1,160 48 opx 84 0.051 64 39.88 9.9

van Kan Parker et al. 3 (18) 1.1-2.1 1,430-1,550 23-24  opx 84-87  0.028-0.040 62-70 46.0-47.4

(2011)

Sun and Liang in 6 (66) 2-2.1 1,340-1,450 48-50  opx 77-81  0.058-0.079 48-56  32.57-45.33

preparation

This study 449 2 1,380-1,425 48-77  opx 90-91 0.056-0.072 73-77 48.36-51.15

This study 1(14) 2 1,340 48 sub.aug 89 0.408 72 54.39

Subtotal range 15 (157) 1.1-2.7 1,160-1,450 23-77 77-91  0.028-0.408 48-77  32.57-54.39

Total range 38 (344) 0.0001-3.4 1,080-1,660 19-144 70-100 0.025-0.408 41-100 32.57-60.6

Dur run duration, Pyx pyroxene, opx orthopyroxene, sub. aug subcalcic augite

% N stands for the number of experiments from the reference, and n in the parenthesis stands for the total number of elements from the

experiments

® Molar content of Ca on the M2 site of pyroxene per six oxygen

those in cpx and hence more difficult to analyze using an
electron microprobe, so we only considered data analyzed
by ion probe or LA-ICP-MS in our parameterization. We
obtained 344 data from 38 partitioning experiments for low-
Ca pyroxene (29 for opx and 9 for subcalcic augite; 3 of the
29 opx experiments are conducted under hydrous condi-
tions, Table 3), including 63 data from 5 experiments in the
present study and 66 data from 6 experiments of Sun and
Liang (in preparation). The size of the database is similar to
that used by Sun and Liang (2012) for REE and Y parti-
tioning in cpx (43 experiments and 344 data). In the online
supplementary Figs. S4-S6, we show Onuma diagrams for
the 38 experiments as well as those that were analyzed
by either ion probe or LA-ICP-MS but excluded from our
filtered database.

@ Springer

The 38 selected partitioning experiments cover a wide
range of pressures (1 atm to 3.4 GPa) and temperatures
(1,080-1,660 °C). These experiments produced low-Ca
pyroxene and melt with large variations in composition
(e.g., Ca content on the M2 site XM2 = 0.025-0.408,
Mg# = 70-100 in pyroxene, Mg# = 41-100 in melt,
Si0O, = 39.0-60.6 wt% in melt; see Table 3 for details)
and partition coefficients (e.g., D, = 0.0004-0.0268,
Dng = 0.0016-0.114, Dyy, = 0.034-0.449).

Parameterization method
To develop a parameterized model for REE and Y parti-

tioning between low-Ca pyroxene and basaltic melt, we
conducted a multivariable nonlinear least squares analysis.
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Here, we followed the same procedure as described in Sun
and Liang (2012) for the least squares analysis of REE and
Y partitioning in cpx. The analysis involves two steps: (1)
identification of the key parameters that affect D, r(, and
E in the lattice strain model through least squares analysis
of individual experiments and (2) simultaneous inversion
of all the filtered experimental data using the primary
parameters identified in step (1).

As Dy is the partition coefficient for strain-free substi-
tution of the M2 site, we assume that D, has the same form
used by Sun and Liang (2012) and that ry is a function of
pyroxene compositions. Based on Monte Carlo simula-
tions, Sun and Liang (2012) showed that E is positively
correlated with rp. We find three subparallel trends of £ and
ro for opx (squares), subcalcic augite (diamonds), and cpx
(circles, Sun and Liang 2012) derived from regression
analysis of individual partitioning experiments and the
lattice strain model (Fig. 7). E and ry values of each
pyroxene are positively correlated, which agrees with the
Monte Carlo simulations of Sun and Liang (2012). The
distribution of E and ry, among the three subgroups of
pyroxene reveals that E also correlates with pyroxene
composition (e.g., Ca content on the M2 site, Xglf, and/or
Mg content on the M2 site, Xﬁé). Accordingly, we assume
E as a linear function of ry, mineral and/or melt
compositions.

600 |-| o orthopyroxene ]
r subcalcic augite ]
[ | o clinopyroxene o 1
500 [ b
L 5 o A
L o o ]
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Fig. 7 Correlation between E and r, for the trivalent cations on the
M2 site of pyroxenes. Each pair of E and ry is obtained by fitting REE
and Y data from a partitioning experiment using the lattice strain
model. Partitioning experiments for clinopyroxene are from the
compilation of Sun and Liang (2012). Eightfold coordinated ionic
radii from Shannon (1976) are used for both high-Ca and low-Ca
pyroxenes

Through an extensive search of various permutations of
the composition variables, we find that X2 and X4, in
low-Ca pyroxene and T are the primary variables that
determine D, that XM? and XM; are the main factors
affecting ry, and that £ can be described by a linear
combination of ro and XM2. Expressions for Dy, g, and E
take the linear forms:

a
In DQ =ay+ ﬁ + azng + d3X£1 (6)
ro = as + asXgy, + asXy, (7)
E =a;+asrg + ng]gaz (8)

where ag, ay,..., ag are constant coefficients determined by
stepwise multiple linear regression analyses of the lattice
strain parameters (Dy, ry, and E) and xM2 x%,. and X%é are
cation numbers (per 6 oxygen) on respective sites in
pyroxene.

To better constrain the low-Ca pyroxene-melt parti-
tioning model for REE and Y, we substituted Egs. (6)—(8)
back into Eq. (1) and used the lattice strain model and our
filtered partition coefficients to invert for the 10 fitting
parameters, dg, d;... dg, simultaneously through a global
nonlinear least squares analysis (e.g., Seber and Wild
1989). To carry out the global inversion, we used the
coefficients from the stepwise multiple linear regressions
as initial values in the nonlinear least squares analysis and
minimize the chi-square as defined below:

i (lnDj — lnD}")2 (9)

where D; is defined by Eq. (1) for element j, Di" is the
measured opx-melt partition coefficient for element j, and
N (=344) is the total number of measured partitioning data
used in this study. Logarithmic normalized partition
coefficients are used in the chi-square calculation because
the absolute values of D are different from one element to
another and systematic variations in REE abundances and
partition coefficients are usually examined in normalized
semi-log spider diagrams. Although convenient in
nonlinear regression analysis, the absolute values of the
chi-square defined in Eq. (9) depend on the number of data
points used in the inversion and hence are not statistically
meaningful. To quantitatively evaluate the goodness of the
fit, we calculate the Pearson’s chi-square for the estimation
using the expression:

X2

X%:XN:M (10)

A better predictive model should produce a smaller y3.
The results are shown in Fig. 8 and discussed below.
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Fig. 8 Comparison between predicted partition coefficients calcu-
lated using the parameterized lattice strain model of Egs. (1), (11)-
(13) and the experimentally measured values. Data source and
symbols are the same as those in Fig. 1

Model results

Results of the global fit to the 344 partitioning data from
the 38 experiments (Table 3) using eightfold coordinated
ionic radii from Shannon (1976) are as follows:

3.87(10.74) x 10*
InDy = —5.37(+0.49) 4 -5 (E0.T4) X

+3.56(41.02)XM2 1 3.54(40.61)X%, (11)

ro = 0.69(£0.05) + 0.43(£0.15)X¢ + 0.23(£0.06)X};2
(12)
E = [-1.37(£0.47) + 1.85(£0.52)r¢ — 0.53(+0.11)Xo |
x 10° (13)

where numbers in parenthesis are two standard deviations
calculated directly from the simultaneous inversion. As D
determines the peak value of the parabola defined by Eq.
(1), to the first order, the REE partition coefficients
increase with increasing X¢'w and X4, in low-Ca pyroxene
but decrease with increasing temperature. In general, REE
partition coefficients in subcalcic augite are larger than
those in opx at a similar temperature and Al,O5 content.

Discussion

Combined with Eq. (1), Egs. (11)—(13) provide a simple
model for REE and Y partitioning between low-Ca
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pyroxene and basaltic melt. Figure 8 compares the pre-
dicted D values for REE and Y using Egs. (1), (11)—-(13)
with the experimentally measured values. Almost all of the
low-Ca pyroxene data fall between the 1:2 and 2:1 corre-
lation lines (dashed lines in Fig. 8), including experimental
results from the present study (stars). The small X% (=1.30)
between observed and predicted D values suggests an
excellent agreement between partitioning experiments and
our model predictions. The xf, value provided by our model
is much smaller than that calculated using the preliminary
model of Wood and Blundy (2003, ﬁ, = 59.81, Fig. 1a)
and the values derived from the models of Bédard (2007,
x5 = 58.17 in Fig. 1b; and x5 = 92.99 in Fig. 1c), which is
indicative of the significant improvement of our new model
for the prediction of REE and Y partitioning in low-Ca
pyroxenes. In supplementary Fig. S4, we further compare
our global model with each partitioning experiments in
Omuna diagrams.

Sixfold versus eightfold coordinated ionic radii of REE

The use of eightfold coordinated ionic radii in our appli-
cation of the lattice strain model needs an explanation.
Orthopyroxene has a larger sixfold M2 site and a smaller
sixfold M1 site. REE and Y preferentially substitute into
the M2 site of opx. Sixfold coordinated ionic radii have
been used in the application of the lattice strain model to
REE®" and Y>" partitioning in opx (e.g., Wood and
Blundy 2003; Frei et al. 2009), a choice that we also made
initially in this study. In the supplementary Figs. S3 and S7,
we show that indeed sixfold coordinated ionic radii work
very well for both our measured partitioning data and the
global fit to our filtered 344 data. However, when com-
paring our low-Ca partitioning model (Egs. 1, S1-S3) with
the cpx model of Sun and Liang (2012), it became clear
that the sixfold coordinated ionic radius of Pr reported in
Shannon (1976) might not be as accurate as it should be.
This is shown in Fig. 9 where Pr appears to deviate slightly
from the nearly linear trend defined by the rest of REE and
Y. According to Shannon (1976), ionic radius of sixfold Pr
is an interpreted value based on an approximately linear
correlation between ionic volumes (r3) and unit cell vol-
umes (V) of isotypic series of oxides and fluorides.
Although the small deviation of the sixfold ionic radius of
Pr does not affect the overall quality of the fits to the lattice
strain model for low-Ca pyroxene (Figs. S3 and S7), it does
result in an unphysical kink in the calculated REE opx-cpx
partition coefficients in the otherwise smooth spider dia-
gram (see supplementary Fig. S9). One way to resolve this
inconsistency is to use eightfold coordinated ionic radii of
REE and Y reported in Shannon (1976) as proxies for the
sixfold coordinated ionic radii in the lattice strain model



Contrib Mineral Petrol (2012) 164:261-280

273

[ M"'=1.113r"+0.015 1
115 ]
g [ ]
o 11F -
Ke} - ]
© |
2] ]
© 1.05F -
© ]
o L ]
2 [ ]
o 3 ]
1k .
Lu > ]
[ R“=0.9955 1
095 v v v v b
0.8 0.9 1 1.1

lonic radus 6-fold (A)

Fig. 9 Correlation between sixfold and eightfold coordinated ionic

radii (rw and rvm) for REE and Y. Ionic radii are from Shannon

(1976)

for low-Ca pyroxene. This does not imply that REE is in
eightfold coordination in the M2 site of low-Ca pyroxene,
but an interim solution to this peculiar problem. Given the
nearly linear correlation between the two sets of ionic radii
(Fig. 9), the use of eightfold coordinated ionic radii merely
results in a change in numerical values of the fitting
parameters in the lattice strain model (c.f. Eqs. 11-13, S1—
S3). The unphysical kink in the spider diagram disappeared
(c.f. Figs. 14, S9) when eightfold coordinated ionic radii
were used.

Composition dependence of REE partitioning
in pyroxene

Our model indicates that REE and Y partition coefficients
strongly depend on both temperature and Xt and X4, in
low-Ca pyroxene. Temperature and pyroxene composition
have opposite or competing effects (Eq. 11), a point that
will be discussed in a later section. According to Eq. (2),
REE partitioning in cpx is controlled primarily by X4, and
XM; in cpx. Figure 10a—i compares Ce, Nd, and Yb parti-
tioning coefficients as functions of Xﬁl, Xglaz, and XM; in
pyroxenes from the filtered data of Sun and Liang (2012)
and those used in the present study (red squares for opx and
green diamonds for subcalcic augite). The effects of X%, on
REE partitioning are similar among the three pyroxenes
(i.e., similar slopes in Fig. 10a—c), while the effect of Xt
appears more important in low-Ca pyroxene than in cpx.
This is consistent with the large coefficient of Xg‘f in
Eq. (11). The partition coefficients for low-Ca pyroxene
negatively correlate with XM; (Fig. 10g—i), which may be

explained by the complementary relationship between Xt
and XM; on the M2 site. REE and Y partition coefficients
are inversely correlated with temperature, but not explicitly
dependent on pressure or melt composition (c.f. Eq. 11).
Since the major element compositions of low-Ca pyroxene
and melt vary systematically as a function of pressure and
temperature, pressure (and melt compositions) can indi-
rectly affect the partition coefficients of REE and Y
between pyroxene and melt through the mineral composi-
tions. The strain-free lattice size (rg) increases with the
increase of Xto? and XM; in low-Ca pyroxene according to
Eq. (12). The factors are different from those for cpx where
ro decreases with increasing XX and XM; in cpx (cf.
Eqs. 3, 12). This difference may account for the Xt
dependence of E, which is absent in the cpx model of Sun
and Liang (2012, c.f. Egs. 4, 13).

The effect of water on REE partitioning
in low-Ca pyroxene

Partitioning studies have indicated that presence of water in
the melt hinders REE partitioning in cpx and garnet (Wood
and Blundy 2003; Green et al. 2000; Adam and Green
2006; Sun and Liang 2012). To investigate the effect of
water on REE partitioning in low-Ca pyroxene, we incor-
porated water in our parameterization following the pro-
cedure of Sun and Liang (2012). A preliminary model
incorporating water effect can be found in the supple-
mentary material (Fig. S8). The preliminary hydrous model
has a xf, value of 1.31 (1.30 for anhydrous model). Hence,
including water as an additional variable does not improve
the goodness of fit. The very small coefficient of water (an
order of magnitude smaller than the coefficients of X%{? and
XZI) and large standard deviation (>100 %) also suggest
that the effect of water on REE partitioning in low-Ca
pyroxene is insignificant. Since only three partitioning
experiments in our compiled data set were conducted under
hydrous conditions (Green et al. 2000; McDade et al.
2003b; Adam and Green 2006), water effect may not be
fully quantified in our preliminary model. Additional
hydrous partitioning experiments are needed to further
investigate the effect of water on trace element partitioning
in low-Ca pyroxene.

REE and Y partitioning between subsolidus opx
and cpx: a field test

The excellent agreement between partition coefficients for
REE and Y in low-Ca pyroxene calculated using our
parameterized model and experimentally measured values
from the filtered data set is very encouraging (Fig. 8). To
further test the validity of the assumptions and approxi-
mations used in our model development, we conducted a
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field test. Witt-Eickschen and O’Neill (2005) and Witt-
Eickschen et al. (2009) measured the abundance of REE and
other trace elements in cpx and opx from two suites of well-
equilibrated spinel lherzolite xenoliths (866—1,262 °C)
using LA-ICP-MS. They showed that opx-cpx partition
coefficients for REE and Y vary systematically as a
function of temperature and mineral compositions. To
independently test our parameterized models for REE and
Y partitioning in low-Ca pyroxene and high-Ca pyroxene,
we calculated opx-cpx partition coefficients for REE and
Y using the major element compositions reported in Witt-
Eickschen and O’Neill (2005) and Witt-Eickschen et al.
(2009), and our low-Ca and high-Ca pyroxene partitioning
models (Egs. 1-4, 11-13). The equilibrium temperatures
were calculated using the cpx-opx geothemometry of Brey
and Kohler (1990). Figure 11 shows very good to excel-
lent agreements between our model-derived opx-cpx par-
tition coefficients and those reported in Witt-Eickschen
and O’Neill (2005) and Witt-Eickschen et al. (2009). The
deviation of some D;, from the main trend (two from
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Witt-Eickschen and O’Neill 2005 and five from Witt-
Eickschen et al. 2009) is possibly due to the very low
abundances of La in opx and large analytical uncertain-
ties. Figure 11 also compares the model-derived and LA-
ICP-MS-measured opx-cpx partition coefficients of REE
and Y between coexisting opx and cpx in a lherzolite and
a harzburgite reported by Eggins et al. (1998). Again,
there is an excellent agreement between our model results
and the measured data.

It is worth noting that the application of our parame-
terized models to REE partitioning between opx and cpx in
peridotite xenoliths is an extrapolation, as these models
were calibrated at magmatic conditions. The very good to
excellent agreement between the model-predicted and
observed values for the subsolidus peridotites demonstrates
the internal consistency between the partitioning models
for REE and Y in low-Ca pyroxene (this study) and high-
Ca pyroxene (Sun and Liang 2012) and further justifies the
assumptions and simplifications made in our parameteri-
zation and the lattice strain model. The model validations
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presented above and discussed in Sun and Liang (2012)
give additional assurance in their applications to REE
fractionation during mantle melting, melt-rock interaction,
and magma differentiation processes. To apply our two-
pyroxene partitioning models to subsolidus samples, two
conditions must be met: (1) peridotite samples must be well
equilibrated and free of secondary processes; (2) the tem-
perature of equilibration is calculated using the cpx-opx
thermometer of Brey and K&hler (1990). Application of the
Ca-in-opx thermometer of Brey and Kohler (1990) results
in an overestimation of opx-cpx partition coefficients for
REE and Y. This may be due to the differences between the
two thermometers, as the Ca-in-opx thermometer tends to
give lower temperature (up to 20—100 °C) than the cpx-opx
thermometer. For well-equilibrated mafic and ultramafic
samples, our two-pyroxene partitioning models may be
used as a thermometer, a topic that will be explored in the
future.

Applications

As shown in Figs. 5 and 10, REE and Y partition coeffi-
cients in low-Ca pyroxene vary considerably. In this sec-
tion, we examine the importance of these variations in
relation to geochemical modeling of adiabatic mantle
melting and pyroxenite-derived melt and peridotite inter-
action in the mantle.
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Fig. 12 Model-predicted REE partition coefficients for low-Ca
pyroxenes produced by pyroxenite-derived melt and peridotite
interactions. Partition coefficients are calculated using Egs. (1),
(11)-(13), and experimental temperatures and major element com-
positions from the references listed in the legend. Major element
compositions of the pyroxenes from selected publications are shown
in the inset of the pyroxene quadrilateral. The gray field represents the
range of REE partitioning data for opx, and the light blue is the range
of subcalcic augite, both of which are defined by the filtered data
listed in Table 3

Partitioning of REE in low-Ca pyroxene
during pyroxenite-derived melt and peridotite
interaction

Reaction between pyroxenite-derived melt and peridotite
can generate low-Ca pyroxenes. This process is particularly
effective at depths just above the peridotite solidus where
melt derived from pyroxenite can readily infiltrate into
partially molten lherzolite (Lo Cascio 2008). Depending on
the reacting melt composition, major element compositions
of the reacted low-Ca pyroxene can vary considerably (see
inset to Fig. 12). Partitioning of REE in low-Ca pyroxene
during pyroxenite-derived melt and peridotite interaction is
likely a function P-7-X, a topic that has not been examined
previously. To investigate the variation of REE partitioning
in low-Ca pyroxenes produced by melt-rock reaction, we
calculated REE partition coefficients using temperature and
major element compositions of the pyroxene reported in
the melt-rock reaction experiments and our parameterized
lattice strain model (Eqs. 1, 11-13), with the results shown
in Fig. 12. Partitioning values for these pyroxenes, espe-
cially those of light REE (LREE), are distributed over a
relatively wide range, suggesting a strong dependence on
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temperature and pyroxene composition. In general, pre-
dicted LREE partition coefficients in subcalcic augite from
high-pressure experiments of Yaxley (2000) are more than
an order of magnitude higher than those of opx. However,
not all pyroxenes formed via melt-rock reaction have
higher partition coefficients, examples being those low
partition coefficients derived from three experiments of
Rapp et al. (1999). Exceptionally low Ca and Al abun-
dances in opx in the latter study (CaO = 0.17-0.68 %;
AlL,O5 = 0.33-2.25 %, compared with the general range of
Ca0O = 1.5-2.7 %; Al,05 = 3.3-9.0 %) are the main rea-
son. Hence, the composition of the (starting) pyroxenite or
eclogite is important in determining the composition of
low-Ca pyroxene, which in turn controls REE partitioning
in opx or subcalcic augite at a given temperature and
pressure. As will be further demonstrated below, partition
coefficients of REE in opx derived from pyroxenite-
derived melt and peridotite interactions can be significantly
different from those in opx in lherzolite along a mantle
adiabat.

REE partitioning in orthopyroxene along mantle
adiabats

During adiabatic mantle melting, both temperature and
pyroxene composition vary systematically as a function of
pressure or depth. Here, we examine variations in REE
partition coefficients between opx and basaltic melts during
adiabatic mantle melting. We consider three cases of dif-
ferent potential temperatures (7p) using either the depleted
MORB mantle (DMM) of Workman and Hart (2005) or an
enriched mantle (EM) composed of 90 % DMM and 10 %
N-MORB (composition from Hofmann 1988) as our
starting mantle compositions: (1) 7p = 1,300 °C and
DMM source (Fig. 13a—); (2) Tp = 1,400 °C and DMM
source (Fig. 13d—f); and (3) Tp = 1,350 °C and EM source
(Fig. 13g—i). Similar to Sun and Liang (2012), we calcu-
lated the compositions of residual opx using pMELTS
(Ghiorso et al. 2002) and partition coefficients using Egs.
(1), (11)—(13). Figure 13 summarizes the calculated opx
compositions and REE partition coefficients. (A similar
figure showing the variations of major element composi-
tions and REE partition coefficients for coexisting cpx can
be found in supplementary Fig. S1.)

For the case of 7Tp = 1,300 °C and DMM, melting
begins in the spinel lherzolite stability field. As the tem-
perature decreases, X%{f in opx increases, whereas XQ in
opx decreases (Fig. 13a). According to Eq. (11), XlTM has a
competing effect with X¥2 and temperature on REE par-
titioning in opx in the spinel lherzolite. Since the decrease
of X%, is larger than the increase of Xpwe in opx, the net
result is a relatively constant partition coefficient for REE
along the 1,300 °C adiabat (Fig. 13b). After cpx has been

@ Springer

consumed, both Xg{f and X4 in opx decrease with
decreasing temperature, so that temperature now has a
competing effect with both XM2 and X%, in opx on REE
partitioning. The net effect is a very small decrease in REE
partition coefficients along the cpx-free portion of the
adiabat. The overall effect of changing temperature, Xcwc,
and X4, in opx along the 1,300 °C mantle adiabat is very
small, so that variations in REE partition coefficients in
opx are in a very small range over the entire melting
interval (Fig. 13c).

For the case of Tp = 1,400 °C and DMM, melting starts
in the garnet stability field. Figure 13d and e shows vari-
ations of XM; XM2 and X4, in opx and partition coeffi-
cients along the mantle adiabat. Before garnet has been
consumed, as temperature decreases, XZ] increases while
X2 remains approximately constant, so that the effects of
temperature and X4, effectively cancel out. Variations of
partition coefficients after garnet is consumed behave the
same way as those in spinel lherzolite and cpx-bearing
harzburgite as discussed in the first example. To a good
approximation, partition coefficients of REE in opx in the
garnet and spinel lherzolite and cpx-bearing harzburgite
can be taken as constants along this mantle adiabat.
However, after cpx has been consumed, both Xglf and X,T\]
in opx decrease with decreasing temperature. The decrease
is more significant than those in case (1), so larger varia-
tions in REE partition coefficients are observed, especially
in LREE (Fig. 13e, f). REE partition coefficients in opx in
cpx-free harzburgite cannot be taken as constants in this
latter case.

For the case of Tp = 1,350 °C and EM, melting also
begins in the garnet stability field. Figure 13g—i shows that
opx composition and calculated REE partition coefficients
fall in between values from cases (1) and (2). This simu-
lation shows that the starting lherzolite composition has
only a very small effect on the calculated REE partition
coefficients in the garnet and spinel lherzolite and cpx-
bearing harzburgite.

In summary, partition coefficients of REE in opx can be
treated as constants along a mantle adiabat at a given
potential temperature and mantle source composition as
long as cpx is present in the residue and the major element
composition of opx calculated from pMELTS can be
treated as accurate. Variations of REE partition coefficients
in opx (green fields in Fig. 13c, f, i) happen predominantly
in the cpx-free harzburgite and have to be taken into con-
sideration in trace element modeling of mantle melting and
melt migration. For convenience, we list our recommended
opx-melt and cpx-melt partition coefficients along three
different mantle adiabats in Table 4, which are the average
values for garnet and spinel lherzolites and cpx-bearing
harzburgite. The average partition coefficients of opx and
those of cpx from Table 4 are used to calculate opx-cpx
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(T, = 1,300, 1,350, and 1,400 °C) and for two choices of starting
mantle composition (DMM and EM). T, is the mantle potential
temperature; DMM is the depleted MORB mantle from Workman and
Hart (2005); EM is an assumed enriched mantle composition that
consists of 90 % DMM + 10 % N-MORB. Composition of

partition coefficients along two mantle adiabats
(T, = 1,300 and 1,400 °C, DMM). Figure 14 compares
our calculated REE opx-cpx partition coefficients along
the two mantle adiabats with the recommended values of
Lee et al. (2007) for isothermal mantle melting at 1,300
and 1,400 °C. The most important difference between
adiabatic and isothermal cases is in the LREE: During
adiabatic mantle melting, orthopyroxene is likely to play a
greater role in fractionating LREE than commonly
believed.

Conclusions

Partition coefficients for trace elements in low-Ca pyrox-
ene produced by pyroxenite-derived melt and peridotite

corresponding REE partition coefficients were calculated using our
parameterized lattice strain model for low-Ca pyroxene (Egs. 1, 11—
13). Gray fields in (c), (f), and (i) represent the ranges of measured
REE partition coefficients defined by the filtered data (Table 3). gt
represents garnet. See text for “Discussion”

interactions  were  determined experimentally  at
1,340-1,425 °C and 2 GPa. Based on a combination of
these new partitioning results and a subset of published
low-Ca pyroxene partitioning data, we developed a
parameterized lattice strain model for REE and Y parti-
tioning between low-Ca pyroxene and basaltic melt over a
large range of P-7-X. By combining our model with a
recent model for REE and Y partitioning in high-Ca
pyroxene that was calibrated using a similar method (Sun
and Liang 2012), we demonstrated very good to excellent
agreement between the model-derived and independently
measured opx-cpx partition coefficients for REE and Y in
well-equilibrated peridotite xenoliths. This agreement not
only justifies the assumptions and simplifications made in
the development of our models but also lends added
assurance to the model applications to REE fractionation
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Table 4 Recommended REE partition coefficients for adiabatic melting of anhydrous diopside-bearing peridotite

T, DMM* EM®
1,300 °C 1,400 °C 1,350 °C

D opx® cpx? opx© cpx? opx® cpx?
La 0.0007 0.0466 0.001 0.0449 0.0008 0.0484
Ce 0.0015 0.0733 0.0019 0.0666 0.0016 0.0741
Pr 0.003 0.1093 0.0036 0.0947 0.0032 0.1081
Nd 0.0055 0.1544 0.0065 0.1291 0.0058 0.1505
Sm 0.0143 0.2510 0.0156 0.2023 0.0146 0.2415
Eu 0.0204 0.2952 0.0217 0.2367 0.0206 0.2841
Gd 0.0281 0.3377 0.0293 0.2710 0.0282 0.3258
Tb 0.0376 0.3758 0.0383 0.3035 0.0374 0.3647
Dy 0.0487 0.4071 0.0487 0.3329 0.0481 0.3987
Ho 0.0601 0.4283 0.0591 0.3560 0.0592 0.424
Er 0.0714 0.4402 0.0692 0.3729 0.0699 0.441
Tm 0.0819 0.4443 0.0784 0.3842 0.0800 0.4508
Yb 0.0913 0.4426 0.0865 0.3909 0.0891 0.4548
Lu 0.0995 0.4368 0.0935 0.3939 0.0969 0.4545

4 DMM is the depleted MORB mantle source from Workman and Hart (2005)
® EM is an assumed enriched mantle composition that is composed of 90 % DMM and 10 % N-MORB in major element compositions, and

N-MORB is from Hofmann (1988)

c

during adiabatic melting

opx partition coefficients are the average values of those from garnet lherzolite to spinel lherzolite and cpx-bearing harzburgite stability field

d cpx partition coefficients for the DMM source are from Sun and Liang (2012), or average values calculated using Egs. (1)—(4) for the EM

source along the 1,350 °C adiabat in the spinel stability field
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Fig. 14 REE opx-cpx partition coefficients along two mantle adia-
bats (T, = 1,300 and 1,400 °C with DMM mantle source, solid lines).
For comparison, REE opx-cpx partition coefficients from Lee et al.
(2007) at constant temperatures of 1,300 and 1,400 °C are also shown
(dashed lines). Dopy_cpx along the two mantle adiabats are calculated
using the recommended values for DMM listed in Table 4

during mantle melting, melt-rock interaction, and magma

differentiation processes. The main conclusions of this
paper are as follows:
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Partition coefficients of REE and Y in low-Ca
pyroxene are positively correlated with Xtoe and X4,
in pyroxene but inversely correlated with tempera-
ture, giving rise to a strong competing effect
between temperature and low-Ca  pyroxene
compositions.

Partition coefficients of REE and Y in low-Ca
pyroxene produced by pyroxenite-derived melt and
peridotite interaction span almost the entire range
defined by the published low-Ca pyroxene partitioning
data. Major element compositions of pyroxenite and
temperature must be considered when selecting REE
partition coefficients for low-Ca pyroxenes derived
from melt-rock reaction.

In the presence of cpx, the competing effect between
temperature and opx composition results in very small
variations in REE and Y partition coefficients in opx
along a mantle adiabat. Constant partition coefficients
can be used for REE and Y in opx during decompres-
sion melting of lherzolite and cpx-bearing harzburgite.
However, in the absence of cpx, partition coefficients
of LREE vary considerably, and the variations should
be taken into consideration when modeling REE
fractionation during high-degree melting of cpx-free
harzburgite.
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4. The very good to excellent agreement between the
model-derived and independently measured opx-cpx
partition coefficients for REE and Y in the three suites
of well-equilibrated peridotite xenoliths suggests that
our two pyroxene partitioning models may be used as a
thermometer.
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