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Abstract

Trace element partition coefficients between anorthitic plagioclase and basaltic melts (D) have been determined experimen-
tally at 0.6 GPa and 1350-1400 °C in a lunar high-Ti picritic glass and a mid-ocean ridge basalt (MORB). Plagioclases with
98 mol% and 86 mol% anorthite were produced in the lunar picritic melt and MORB melt, respectively. Based on the new
experimental partitioning data and those selected from the literature, we developed parameterized lattice strain models for
the partitioning of monovalent (Na, K, Li), divalent (Ca, Mg, Ba, Sr, Ra) and trivalent (REE and Y) cations between pla-
gioclase and silicate melt. Through the new models we showed that the partitioning of these trace elements in plagioclase
depends on temperature, pressure, and the abundances of Ca and Na in plagioclase. Particularly, Na content in plagioclase
primarily controls divalent element partitioning, while temperature and Ca content in plagioclase are the dominant factors for
REE partitioning in plagioclase. From these models, we also derived a new expression for Dg./Dg, that can be used for Ra-
Th dating on volcanic plagioclase phenocrysts, and a new model for plagioclase-melt noble gas partitioning. Applications of
these partitioning models to fractional crystallization of MORB and lunar magma ocean (LMO) indicate that (1) the com-
peting effect of temperature and plagioclase composition leads to small variations of plagioclase-melt Drgg during MORB
differentiation, but (2) the temperature effect is especially significant and can vary anorthite-melt Drgg by over one order
of magnitude during LMO solidification. Temperature and plagioclase composition have to be considered when modeling
the chemical differentiation of mafic to felsic magmas involving plagioclase.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Plagioclase is one of the major rock-forming minerals
constituting the crusts of Earth and the Moon. As a low-
pressure liquidus phase that crystallizes over a wide range
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of temperature, plagioclase is often present as a phenocryst
in volcanic rocks or as a cumulus phase in mafic to felsic
intrusions. Gabbros, the principal rocks in lower oceanic
crust, solidify from mid-ocean ridge basalts (MORB) and
contain abundant plagioclases (>~40 vol%) with a broad
range of anorthite content (~50-90 mol%; e.g., Dick
et al., 2000; Lissenberg et al., 2013). The dominant rocks
in the lunar crust are ferroan anorthosites (FANs) and
Mg-suite rocks (mostly norite and troctolite). Mg-suite
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rocks have ~15-90vol% plagioclase with ~67-97 mol%
anorthite (Shearer et al., 2015; and references therein),
while FANs are characterized by >90 vol% anorthite pla-
gioclases (anorthite >95 mol%; e.g., McGee, 1993; Papike
et al., 1998; Gross et al., 2014). According to the canonic
models of lunar formation and evolution, FANs are a con-
sequence of crystallization and floatation of plagioclase in a
global-scale magma ocean (e.g., Wood et al., 1970; Smith
et al., 1970; Warren, 1985; Snyder et al., 1992). Thus, pla-
gioclase crystallization can significantly fractionate trace
elements during differentiation of terrestrial and lunar
magmas.

A key parameter for unraveling magmatic processes
involving plagioclase is the plagioclase-melt trace element
partition coefficient (D), which generally is a function of
temperature, pressure, and compositions of the mineral
and melt (e.g., Wood and Blundy, 2003; and references
therein). Since the pioneering work of Drake and Weill
(1975), many experimental studies have been conducted to
determine trace element partitioning between plagioclase
and silicate melt (e.g., McKay, 1982; Blundy and Wood,
1994; Peters et al., 1995; Blundy, 1997; Blundy et al.,
1998; Bindeman et al., 1998; Bindeman and Davis, 2000;
Miller et al., 2006, 2007; Aigner-Torres et al., 2007;
Fabbrizio et al., 2009; Tepley et al., 2010; de Vries et al.,
2012; Laubier et al., 2014; Dohmen and Blundy, 2014).
However, anorthite-melt trace element partition coefficients
have not yet been systematically investigated for lunar-
relevant melt compositions and temperatures. To estimate
rare earth element (REE) abundances in the parent magmas
of FANs and Mg-suite rocks, previous geochemical studies
on lunar cumulate samples (e.g., Papike et al., 1996, 1997;
Floss et al., 1998; Shervais and McGee, 1998) used the
anorthite-melt Eu partition coefficients from Jones (1995)
or Weill and McKay (1975) and the REE partition coeffi-
cients between anorthite megacrysts and coexisting matrices
from Phinney and Morrison (1990). Although several mod-
els have been calibrated for predicting plagioclase-melt
REE partition coefficients (e.g., Blundy and Wood, 1991;
Bindeman et al., 1998; Bindeman and Davis, 2000; Wood
and Blundy, 2003; Bédard, 2006; Tepley et al., 2010; Hui
et al., 2011; Dohmen and Blundy, 2014), these models are
still not able to reproduce many of recent experimental data
(see Fig. 1 and Section 2).

In this study, we experimentally determine trace ele-
ment partition coefficients between anorthite and a lunar
basaltic melt and between anorthitic plagioclase and a
MORB melt. Based on the experimental data from this
study and those reported in the literature, we develop
new parameterized lattice strain models for the partition-
ing of monovalent (Na®, KT, Li+), divalent (Ca*", Mg”,
Sr?t, Ba’', Ra”), and trivalent (REEH, YH) cations
between plagioclase and silicate melt. We show that these
generalized partitioning models are significantly improved
over previous models and can be used (1) to estimate the
relative partitioning of Ra and Ba for Ra-Th dating on
volcanic plagioclase phenocrysts, (2) to constrain noble
gas partitioning in plagioclase, and (3) to better assess
trace element fractionation during crystallization of ter-
restrial and lunar magmas.

2. PREVIOUS PLAGIOCLASE-MELT PARTITIONING
MODELS

2.1. Log-linear formulations

Through a comprehensive compilation of the published
Sr and Ba partitioning data from laboratory experiments
and natural samples, Blundy and Wood (1991) showed that
trace element partition coefficients between plagioclase and
silicate melt are inversely correlated with anorthite content
in plagioclase and can be described by a log-linear
expression

RTInD; =a x An+b, (1)

where D; is the plagioclase-melt partition coefficient of ele-
ment j; R is the gas constant; An is the anorthite content in
plagioclase (An = 100 x Ca/(Ca + Na + K), in mole); T is
the temperature in K; and a and b are constant coefficients.
Eq. (1) suggests that both crystal chemistry and tempera-
ture are important factors controlling trace element parti-
tioning between plagioclase and silicate melt.

Several studies further calibrated Eq. (1) for a more
complete set of trace elements against experimentally deter-
mined partitioning data (e.g., Bindeman et al., 1998; Tepley
et al., 2010; Hui et al., 2011), or against partitioning data
from both laboratory experiments and natural samples
(Bédard, 2006). To test the accuracy of these published
models, we compared the partition coefficients of REE
+ Y derived from these models with those reported in
recent experimental studies (Blundy et al., 1998;
Bindeman et al.,, 1998; Bindeman and Davis, 2000;
Aigner-Torres et al., 2007; Tepley et al., 2010; and two
experiments from the present study). To facilitate compar-
ison, we calculated the Pearson’s Chi-square (x;) for each
model using the expression

N (D; - D)

=) —p5 2)

=1 g

where N is the total number of plagioclase-melt partitioning
data; D7} is the measured partition coeflicients for element j;
and D; is the partition coefficient predicted by the model. x;
is a measure of the relative offset of the predictions from the
measured values: a smaller Xﬁ indicates a better predictive
model. Fig. la—c shows that these models yield large ;(127 val-
ues (2.6-8.5) and fail to reproduce a significant amount of
REE partition coefficients. The apparent uncertainties of
these models suggest that the simple log-linear expression
(Eq. (1)) cannot fully characterize trace element, particu-
larly REE and Y, partitioning in plagioclase.

2.2. Lattice Strain Models

The partition coefficients of isovalent cations from a
given mineral-melt partitioning experiment vary systemati-
cally with their ionic radii in the Onuma diagram (partition
coefficients vs. ionic radii; Onuma et al., 1968). When mul-
tiple isovalent cations all partition into the same lattice site
of the crystal, their partition coefficients form a near-
parabolic pattern in the Onuma diagram that can be quan-
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Fig. 1. Comparisons of experimentally determined and model predicted plagioclase-melt REE + Y partition coefficients (Dgrgg+y). Solid lines
are 1:1 lines, and dashed lines are 1:2 and 2:1 lines. Error bars are 1o errors of the measured partitioning data. y> is the Pearson’s Chi-square
as defined by Eq. (2) to aid model evaluation. Note that the predicted partition coefficients were calculated using the original models cited in
the plots. See Supplementary Fig. S2 for details of individual experiments.

titatively described by the lattice strain model (Brice, 1975;
Blundy and Wood, 1994),

—4rnE 7 1

D= duewp |~ (o= =500 -n)) | 09
where D is the strain-free partition coefficient; r; is the ionic
radius of element j; ry is the ionic radius of the strain-free
lattice site; E is the effective Young’s modulus; and N, is
Avogadro constant. A generalized model may be obtained
by further parameterizing the three lattice strain parameters
(Do, 19, and E) as a function of temperature, pressure and
composition.

Wood and Blundy (2003) proposed preliminary lattice
strain models for plagioclase-melt trace element partition-
ing based on the experimental trace element partitioning
data of Bindeman et al. (1998) and Bindeman and Davis
(2000). Using Na, Ca, and La partition coefficients as refer-
ences, Wood and Blundy (2003) eliminated the strain-free
partition coefficient (D) in the lattice strain model for 1
+, 2+, and 3+ cations, respectively. They suggested that
the apparent Young’s modulus is a constant and that the
ionic radius of the ideal cation (ry) decreases linearly with
An in plagioclase. Their normalized model, however, signif-
icantly overestimates the more recent experimental REE
partition coefficients for high-An plagioclase by up to one
order of magnitude (Fig. 1d). This may be attributed to

uncertainties in the underconstrained lattice strain parame-
ters (E and ry) in Wood and Blundy’s original model and
the log-linear expression of La partitioning model (Eq.
(1); see also Fig. lc).

Following the approach of Wood and Blundy (2003),
Dohmen and Blundy (2014) developed new normalized lat-
tice strain models for plagioclase-melt partitioning of 1+, 2
+, and 3+ trace cations using Na, Ca, and La partition
coefficients as references, respectively. Based solely on their
new experimental data, they described both E and ry as a
linear function of An in plagioclase and parameterized
Dy, as a function of temperature, Dc,, and Dy,. However,
application of their initial model requires knowledge of Ca
and Na contents in both plagioclase and equilibrium melt,
which are usually not available in plagioclase-bearing rocks
(e.g., gabbros, norites, and anorthosites). To develop a gen-
eralized model, they further parameterized D¢, and Dy, as
functions of temperature, SiO, content in the melt, and An
in plagioclase. For REE and Y, their initial model (;{12, =5.4;
Fig. le) better reproduces the literature experimental parti-
tioning data than their generalized model ( X; =14.4;
Fig. 1f) but still systematically underestimates the literature
data of middle and heavy REE by up to a factor of six.

The significant discrepancies between model-predicted
partitioning data and the experimentally determined values
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(;(; =2.6-14.4; Fig. la—f) demonstrate the need of addi-
tional modeling to better characterize the experimentally
determined plagioclase-melt REE + Y partition coeffi-
cients. As shown in Supplementary Fig. S1, a similar state-
ment can be made for the partitioning of monovalent (Na,
K, Li, Rb) and divalent (Ca, Mg, Sr, Ba, Ra) cations in pla-
gioclase. Here we follow a procedure that has been success-
fully used to develop parameterized lattices strain models
for REE +Y partitioning between major rock-forming
minerals (clinopyroxene, orthopyroxene, garnet, and oli-
vine) and basaltic melts (Sun and Liang, 2012, 2013a,
2013b; Yao et al., 2012; Dygert et al., 2014) by fitting all
three lattice-strain parameters (D, E, and ry) as a function
of temperature, pressure and composition using experimen-
tally determined plagioclase-melt partition coefficients
reported in the literature. Since trace partitioning data for
anorthite-melt systems are limited, we supplement the pub-
lished data by two additional experiments detailed below.

3. PLAGIOCLASE-MELT PARTITIONING
EXPERIMENTS

3.1. Experimental methods and results

The experimental studies in the literature on plagioclase-
melt trace element partitioning mainly focused on plagio-
clases with intermediate anorthite content at 1 atm. To fur-
ther expand the existing data, we conducted two piston-
cylinder experiments at 0.6 GPa using two starting compo-
sitions, a synthetic Apollo 15 red glass (A15Red) and a
primitive mid-ocean ridge basalt (MORB) glass. The two
experiments were held at 1400 °C for 36 h and at 1350 °C
for 50 h, respectively. Both experiments produced large pla-
gioclase crystals (~80-400 pm) evenly distributed in abun-
dant quenched melts (Fig. 2). Plagioclase crystals are
euhedral without zoning, and the quenched melts are clear
without dendritic quench textures. Major and trace element
compositions of plagioclase and melt from the two experi-
ments were determined using the electron microprobe and
LA-ICP-MS, respectively. Details of the experimental
method and starting composition are presented in online
Supplementary Materials (Section S1 and Table S1). Exper-
imental run conditions and run products are summarized in
Table 1. Individual analyses for major and trace elements
are presented in Supplementary Tables S2 and S3.

Small standard deviations in averaged major and trace
element compositions suggest a homogeneous melt compo-
sition in each run. The melt from run An-Red-2 is high in
TiO, (6.44 wt%) and low in SiO, (41.82 wt%) with interme-
diate Mg# (= 49; Mg# = 100 x Mg/(Mg + Fe), in mole).
The melt from run An-MORB-2 is low in TiO, (1.20 wt
%) and slightly higher in SiO, (46.20 wt%) with a higher
Mg# (= 64). Plagioclase crystals are anorthitic (An =98
for An-Red-2, and An =86 for An-MORB-2). The Ca-
Na exchange coefficient between plagioclase (plg) and melt
(Kp = (Ca/Na)/(Ca/Na)yer) are 1.2 and 1.3 for runs An-
Red-2 and An-MORB-2, respectively, comparable with
those (0.7-2.7) from recent partitioning studies (Blundy,
1997; Aigner-Torres et al., 2007; Bindeman et al., 1998;
Bindeman and Davis, 2000; Tepley et al., 2010). A number

Fig. 2. Back-scattered electron images of experimental products of
runs An-Red-2 (a) and An-MORB-2 (b). plg stands for plagioclase.
Round black holes in (a) are laser ablation spots.

of undoped trace elements (Li, Sr, Ba, P, Sc, V, Co, Ni, Cu,
Zn, Mo, Pb, Th, and U) are present at detectable levels with
small standard deviations (Table 1). These were likely
derived from the natural MORB glass used in run An-
MORB-2 and/or possibly introduced as impurities in the
doped trace element oxides.

Plagioclase-melt partition coefficients are calculated
according to the element concentration ratios by weight
in plagioclase and coexisting melt. The partitioning data
are reported in Table 1 and compared with the literature
data in Fig. 3. Our new partitioning experiments provide
the first Mo and W partition coefficients between plagio-
clase and silicate melt, which differs by one or two orders
of magnitude between runs An-Red-2 and An-MORB-2.
In general, our trace element partition coefficients are
within the literature range, except those of high field
strength elements (HFSE: Hf, Zr, Nb, and Ta) from run
An-Red-2 that are significantly less than the literature val-
ues and are about one to two orders of magnitude smaller
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than those from run An-MORB-2. The partition coeffi-
cients of Li, K, Sr, Eu, and Pb between these two runs
are nearly identical, while REE partition coefficients from

277

run An-Red-2 are less than those from An-MORB-2 by
up to a factor of three. As run An-Red-2 started from a
Ti-rich composition and produced more anorthitic plagio-

Table 1

Experimental run products and partition coefficients.

Run # An-Red-2 An-MORB-2

Starting material 66% An+ 34% Al15Red 25% An+ 75% MORB

Run condition 1400 °C/6 kbar 1350 °C/6 kbar

T-t path® 1450 (0.5)/1/1400(36) 1450 (0.5)/0.5/1350(50)

Phase Plagioclase Melt D° Plagioclase Melt D

EMP* N'=15 N=10 N=10 N=38

SiO, (Wt%) 43.29(26)° 41.82(32) 1.04(1) 46.84(50) 46.5(6) 1.01(2)
TiO, 0.13(2) 6.44(23) 0.020(3) 0.03(1) 1.2(0) 0.023(7)
AlLO; 35.91(18) 22.2(3) 1.62(3) 34.77(43) 19.13(30) 1.82(4)
Cr,04 0.27(4) 0.01(2)

FeO 0.18(8) 10(0.17) 0.018(8) 0.14(1) 8.97(20) 0.015(2)
MnO 0.17(2) 0.16(2)

MgO 0.15(2) 5.49(9) 0.028(4) 0.22(1) 9.11(21) 0.024(2)
CaO 18.78(20) 10.44(17) 1.799(35) 17.25(41) 12.39(7) 1.39(3)
Na,O 0.18(4) 0.12(2) 1.465(401) 1.58(22) 1.48(9) 1.07(16)
K,O 0.02(1) 0.11(1) 0.20(7) 0.01(0) 0.07(0) 0.17(5)
P,Os 0.04(3)

Total 98.64(44) 97.11(50) 100.84(20) 99.03(25)

An/Mg#' 98.16 49.46 85.70 64.43

LA-ICP-MS N=9 N=10 N=38 N=7

ALO; (Wt%) 33.7(7) 21.7(5) 1.56(5) 33 (1) 19.14(44) 1.72(7)
TiO, 0.122(5) 6.63(33) 0.018(1) 0.082(23) 1.216(25) 0.067(19)
Na,O 0.13(1) 0.094(2) 1.36(8)

MgO 0.15(1) 5.14(15) 0.030(3) 0.59(18) 9.29(25) 0.063(19)
FeO 0.163(11) 10.00(33) 0.016(1) 0.59(22) 9.27(26) 0.064(24)
MnO 0.008(1) 0.158(2) 0.052(5) 0.013(3) 0.166(4) 0.078(21)
P,0Os 0.009(1) 0.030(2) 0.284(37) 0.093(7)

K,0 0.014(2) 0.090(3) 0.151(17) 0.012(1) 0.062(3) 0.186(17)
Li (ppm) 3.86(28) 11.86(28) 0.33(2) 2.93(37) 13.43(35) 0.22(3)

Sc 4.16(20) 4.11(13) 1.01(6) 12.70(89) 37(1) 0.34(3)

v 4.48(22) 23(7) 254(11) 0.09(3)

Cr 35(1) 1722(345) 0.020(4) 26(10) 398(17) 0.064(26)
Co 0.057(6) 2.95(8) 0.019(2) 3.1(6) 36(1) 0.086(18)
Ni 0.96(0.00) 11(1) 0.09(1) 11.41(0.00) 21(4) 0.55(11)
Cu 1.54(16) 18(2) 0.08(1) 11(5) 81(12) 0.14(6)
Zn 0.99(15) 52(2) 0.019(3) 8(2) 101(4) 0.082(23)
Sr S1(1) 38.22(78) 1.33(5) 74(2) 53(1) 1.39(5)

Y 7.48(33) 512(32) 0.015(1) 25(5) 1064(26) 0.023(5)
Zr 0.121(18) 555(40) 0.00022(4) 16(8) 1047(24) 0.015(7)
Nb 0.14(2) 459(24) 0.00032(5) 41(17) 920(18) 0.044(19)
Mo 0.20(8) 15(3) 0.013(6) 14(4) 179(53) 0.079(33)
Cs 4.5(3) 0.200(17) 4.2(9) 0.047(11)
Ba 2.32(37) 21.1(8) 0.110(18) 2.69(52) 15(1) 0.176(36)
La 25(2) 433(22) 0.058(5) 69(8) 856(20) 0.081(10)
Ce 22(1) 429(23) 0.0524(41) 91(21) 929(23) 0.098(22)
Pr 20(1) 425(25) 0.0476(36) 63(14) 906(26) 0.075(15)
Nd 18.1(8) 414(24) 0.0437(32) 55(10) 846(25) 0.065(13)
Sm 13.82(64) 408(23) 0.0339(25) 48(9) 915(28) 0.052(10)
Eu 174(10) 323(10) 0.538(36) 371(14) 596(8) 0.622(25)
Gd 12.44(41) 497(31) 0.0250(17) 35(6) 1019(25) 0.0348(58)
Dy 8.73(39) 520(33) 0.0168(13) 28(6) 1037(29) 0.0273(55)
Ho 6.21(25) 439(24) 0.0141(10) 23(4) 1041(28) 0.0225(40)
Yb 3.91(19) 441(27) 0.0089(7) 24(7) 1088(28) 0.0222(69)
Lu 2.80(18) 434(26) 0.00646(57) 17(5) 1081(23) 0.0158(46)
Hf 0.123(28) 501(41) 0.000246(60) 12(5) 953(61) 0.0127(57)
Ta 0.112(17) 407(26) 0.000275(45) 20(9) 855(46) 0.023(10)
w 0.049(29) 391(22) 0.000125(73) 54(28) 874(26) 0.062(33)

(continued on next page)
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Run # An-Red-2 An-MORB-2

Starting material 66% An+ 34% Al5Red 25% An+ 75% MORB

Run condition 1400 °C/6 kbar 1350 °C/6 kbar

T-t path® 1450 (0.5)/1/1400(36) 1450 (0.5)/0.5/1350(50)

Phase Plagioclase Melt D® Plagioclase Melt D

Pb 0.97(9) 9.54(28) 0.102(10) 1.21(19) 9.03(26) 0.134(21)
Th 0.0015(8) 1.59(12) 0.00091(53) 0.018(13) 0.82(7) 0.022(16)
U 0.00082(34) 1.46(8) 0.00056(23) 0.098(50) 1.40(10) 0.070(36)

* T-t path is the temperature-time path of the experimental run. 1450(0.5)/1/1400(36) follows Tiyia(duration)/cooling rate (°C/min)/

Tinai(duration), where Tipia 1s the initial temperature in °C, T,y is the

final run temperature in °C, and duration is in hour.

® D is the partition coefficient calculated by taking the ratio of the element concentrations in the plagioclase and in the melt.

¢ Electron microprobe analyses.
9 Numbers of spot analyses.

¢ Numbers in parentheses are one standard deviation (1¢) of replicate analyses in terms of last significant numbers; 43.29(26) should be read

as 43.29 4 0.26.

T An =100 x Ca/(Ca+ Na + K) in mole for the plagioclase; Mg# = 100 x Mg/(Mg + Fe) in mole for the melt.

clase at higher temperature, the discrepancies of trace ele-
ment partition coefficients between runs An-Red-2 and
An-MORB-2 highlight the importance of temperature
and/or composition on trace element partitioning in
plagioclase.

Compared with those from Phinney and Morrison
(1990; Dce=0.03, Ds.=0.007, Dg,=0.8, D, =0.02),
REE partition coefficients from run An-Red-2 are about a
factor of two greater, Sc partition coefficient is two orders
of magnitude larger, and Ba and Th partition coefficients
are about one order of magnitude smaller. The differences
between our experimental partitioning data for a lunar rel-
evant composition (run An-Red-2) and those from Phinney
and Morrison (1990) suggest that the latter partitioning
data likely introduce systematic errors when used to esti-

mate the parent magma compositions of FANs and Mg-
suite rocks.

3.2. Site occupancies and lattice strain fits

The structure of plagioclase crystals follows a general
formula MT4Og, where the M site contains larger cations
(e.g., Ca*" and Na™¥) in VII- to IX-fold coordination, and
the T site contains tetrahedrally coordinated smaller cations
(Si*" and AI*"). Because REE*", Ca®>" and Na' have sim-
ilar ionic radii (REE*™: 0.977-1.16 A; Ca>™: 1.12 A; Na™:
1.18 A; VIII-fold coordination; Shannon, 1976), REE enter
the M site in plagioclase by substituting for Ca>* or Na™'.
This substitution is likely charge balanced by Na* replacing
Ca* in the M site (Kneip and Liebau, 1994; Dohmen and
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Blundy, 2014). Monovalent Lit, K, and Rb™" are believed
to replace Na¥, while divalent Sr*>*, Eu®", and Ba®" likely
substitute for Ca®' in plagioclase (e.g., Blundy and
Wood, 1994). It has also been suggested that smaller diva-
lent cations such as Mg®" may enter both the M and T sites
(e.g., Longhi et al., 1976; Miller et al., 2006). Because of
their very small ionic radii, tetravalent cations Ti*"
(0.42 A), Hf*" (0.58 A), and Zr*" (0.59 A, IV-fold coordi-
nation; Shannon, 1976) have been suggested to preferen-
tially enter the T site (e.g., Peters et al., 1995; Bindeman
et al., 1998; Aigner-Torres et al., 2007); however, recently
de Vries et al. (2012) suggested that similar to Th*" and
U, Hf* and Zr*t may enter the M site.

Fig. 4 displays our new partition coefficients of four
groups of cations (14, 2+, 3+, and 4+) in Onuma dia-
grams. Because of the complications of crystal-field effects
on the first row transition metals (e.g., V, Cr, Mn, Fe,
Co, Ni, Cu) as well as their multivalent states, no attempt
is made here to examine the parabolic relationship between
their partition coefficients and ionic radii in Onuma dia-
grams. For each of our experiments, monovalent, divalent,
and trivalent cations fall on three different parabolas with
similar peak positions (rg), indicating that they all (includ-
ing Mg®>") enter the M site in plagioclase. REE partition
coeflicients are systematically smaller than those of mono-
valent and divalent cations. Eu falls between the two
parabolas defined by the divalent and trivalent cations in
the Onuma diagram, suggesting that it is present as both
2+ and 3+ cations. The Yb partition coefficient from run
An-MORB-2 is slightly above the parabola defined by
REE, which may be due to analytical uncertainties.
Tetravalent cations Ti*", Hf*", Ze*", Th*", and U*' do
not follow simple parabolic patterns, possibly due to their

Table 2
Lattice strain parameters derived from experimental partition
coefficients.

Run # An-Red-2 An-MORB-2
M Nat, K*, Li"

Dy 1.385 1.128
ro (A) 1.208 1.232

E (GPa) 63 59
M2+ Ca2t, MgH, SrH, BaZ*

Do 2.02(71)" 1.71(13)
ro (A) 1.197(12) 1.199(3)
E (GPa) 164(23) 124(5)
M3+: REE3+ Y3+

Dy 0.057(3) 0.14(17)
ro (A) 1.176(10) 1.28(10)
E (GPa) 187(16) 82(40)

% Numbers in parentheses are standard errors (lo); 2.02(71)
should be read as 2.0240.71. The standard errors cannot be
obtained for monovalent cations due to zero degree of freedom.

complex site occupancies. Given its very small ionic radius,
Ti likely occupies the small T site in plagioclase. As sug-
gested by de Vries et al. (2012), Zr, Hf and Th partition
coefficients may fall on the same parabola in the Onuma
diagram, excluding U that may be present in part as U®*.
This hypothetical parabola (dashed lines in Fig. 4) renders
an ideal lattice size (ro) of 4+ cations on the M site
(~0.95 A) about 0.2-0.3 A smaller than those of 1+, 2+,
and 3+ cations (1.18-1.28 A).

To obtain the lattice strain parameters for monovalent
(Li*, Na*, and K*), divalent (Ca?", Sr*t, Ba?", Mg®"),
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apparent correlation between E and ry due to the nonlinear nature the lattice strain model (d). The markers pointed by the red arrows are for
run 99-2 from Bindeman and Davis (2000) and run 87-5 from Bindeman et al. (1998).

and larger trivalent cations (REE*" and Y*"), we apply the
non-linear least squares method of Seber and Wild (1989)
and fit the partition coefficients of each group to Eq. (2)
by minimizing the Chi-square as defined below

N
v = Z(lnDi — D"y, (4)
=1
where D; is defined by Eq. (2), D! is the measured
plagioclase-melt partition coefficient for element i, and N
is the number of measured partitioning data used in the
fit. We use logarithmic partition coefficients in our Chi-
square calculation because the absolute concentrations of
trace elements vary over orders of magnitude and because
their abundances and partition coefficients are usually
examined in semi-log spider diagrams. Similar to previous
studies (e.g., Blundy and Wood, 1994), we use VIII-fold
coordinated ionic radii for cations in the M site. The lattice
strain parameters obtained in this study are listed in Table 2,
and the best-fit curves are shown in Fig. 4.
Together with those inverted from published experi-
ments, Dy of REE and divalent cations decrease with the
increase of plagioclase An, but those of monovalent cations

appear to have a weak positive correlation with plagioclase
An (Fig. Sa—c); rg of divalent cations display a negative cor-
relation with An, while those of REE and monovalent
cations do not show obvious correlations with An. The
inverted ro and E for REE show a robust inverse correlation
(Fig. 5d), indicating the strong trade-off between rq and E
due to the nonlinear nature of the lattice strain model
(Sun and Liang, 2012). This trade-off between ry and E
may introduce significant uncertainties in the inverted lat-
tice strain parameters, such as the abnormally high D,
(>3) and ro (>1.5 A) but small E (<50 GPa) for REE parti-
tioning data from run 99-2 in Bindeman and Davis (2000)
and from run 87-5 from Bindeman et al. (1998) (circles
marked by red arrows in Fig. 5). In addition, low concen-
trations of heavy REE in plagioclase may induce large ana-
lytical uncertainties and thus result in considerable errors in
the apparent lattice strain parameters. Because the numbers
of elements are limited for monovalent and divalent
cations, degrees of freedom are low and hence significant
uncertainties may also be incorporated when inverting the
lattice strain parameters. As demonstrated in recent studies
on other mineral-melt systems (Sun and Liang, 2012, 2013a,
2013b; Yao et al., 2012; Dygert et al., 2014), a simultaneous
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fit of selected experimental partitioning data to the lattice
strain model can significantly increase the degree of free-
dom, and enables us to elucidate the effects of temperature,
pressure and composition on trace element partitioning in
plagioclase.

4. DEVELOPING NEW PARTITIONING MODELS
4.1. Data Compilation

In addition to our new experimental partitioning data,
we also compiled plagioclase-melt trace element partition
coefficients from published experimental studies with
mineral and melt composition reported. The initial dataset
contains 104 partitioning experiments from 12 studies (see
Supplementary Figs. S2 and S3 for individual experiments.
The experiments from Drake and Weill (1975) were not
considered, because they were re-analyzed using SIMS by
Bindeman et al. (1998) and Bindeman and Davis (2000).
Surprisingly, many experiments from the literature show
anomalous partition coefficients for REE in the Onuma
diagram. This indicates the challenges of plagioclase-melt
trace element partitioning studies, perhaps due to analytical
issues and/or chemical disequilibrium. The compiled parti-
tioning experiments were mostly conducted using slow
cooling rates (<1 °C/min) or under isothermal conditions;
however, 11 experiments in Dohmen and Blundy (2014)
were conducted using faster cooling rates (2, 5.5 and 50 °
C/min), which may result in growth rate-dependent parti-
tion coefficients (e.g., Mollo et al., 2011).

To ensure a self-consistent calibration dataset with min-
imal kinetic and analytical artifacts, we excluded partition-
ing experiments that meet any of the following criteria: (a)
significant REE anomalies in the Onuma diagram (16
experiments; e.g., Run36 in Aigner-Torres et al., 2007),
(b) no REE (13 experiments) or less than three REE data
reported (8 experiments), (¢) notably large analytical errors
for REE (21 experiments; e.g., 16 >40% on average in
Laubier et al., 2014), and (d) fast cooling rates (11 experi-
ments; e.g., cooling rates >2°C/min in Dohmen and
Blundy, 2014). The conservative approach in data screening
yields 33 experiments from the literature, including 6 slow-
cooling runs (0.02-0.05 °C/min) from Dohmen and Blundy
(2014). However, significant heterogeneities in plagioclase
compositions still appeared in some of the slow cooling
runs from the latter study (e.g., Run 93-10a: 0.02 °C/min
and An = 47-57 in plagioclase; no REE reported), indicat-
ing chemical disequilibrium. Therefore, in our initial
attempt at model calibrations we will not include the exper-
iments from Dohmen and Blundy (2014). However, the
experimental data of Dohmen and Blundy (2014) and
Laubier et al. (2014) are discussed in more detail in the
online Supplementary Materials.

The selected experiments include 27 runs from 6 parti-
tioning studies (Blundy et al., 1998; Bindeman et al.,
1998; Bindeman and Davis, 2000; Aigner-Torres et al.,
2007; Fabbrizio et al., 2009; Tepley et al., 2010) and two
runs from the present study. The 29 experiments were
conducted at 1127-1410°C and pressures of 1 atm
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Fig. 6. Comparison between experimentally determined partition
coefficients and model predicted values using Egs. ((3), (6a)-(6¢c),
(7a)~(7c), and (8a)—(8c)). Error bars represent standard deviation
(1o) of the measured partitioning data and 95% confidence interval
(20) of the predicted values. The experimental partitioning data are
the same as those displayed in Fig. 1. Given the large analytical
errors, Rb partition coefficients were excluded from the model
calibration but agree well with the model predicted values. See
Supplementary Fig. S2 for individual experiments.
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(26 literature experiments), 0.6 GPa (2 experiments in the
present study), and 1.5 GPa (1 experiment from Blundy
et al, 1998) under nominally anhydrous or water-
saturated conditions (Fabbrizio et al., 2009). Plagioclase
crystals and melts from these experiments cover a large
range of composition (e.g., An=41-98 in plagioclase;
SiO, =41.82-62.50 wt% and Mg# = 49-100 in melt).

Because Rb partition coefficients generally have large
analytical errors, they were not used to calibrate the parti-
tioning model but are shown in Fig. 6¢c. Misfits or outliers
with reference to the lattice strain model (e.g., Eu anomaly)
for individual experiments were also excluded in model cal-
ibrations. The final dataset contains 163 REE + Y parti-
tioning data, 112 divalent element partitioning data (Ca,
Mg, Sr, Ba, and Ra), and 70 monovalent element partition-
ing data (Na, Li, and K). Interested readers are referred to
Supplementary Fig. S2 for Onuma diagrams for individual
experiments. The REE partition coefficients vary by
approximately one order of magnitude (e.g., Dy, = 0.032—
0.263, Dg, = 0.002-0.021), while those of divalent or mono-
valent cations vary by up to a factor of six (e.g.,
Dy; =0.151-0.575, Dg, = 0.100-0.661).

4.2. Parameterization methods

We have recently developed a protocol for analyzing
trace element partitioning data using the lattice strain
model and successfully applied it to REE + Y partitioning
between major rock-forming minerals (clinopyroxene,
orthopyroxene, olivine, garnet, and amphibole) and basal-
tic melts (Sun and Liang, 2012, 2013a, 2013b; Yao et al.,
2012; Dygert et al., 2014; Shimizu, 2016). Here we expand
the procedure described in Sun and Liang (2012) and
develop parameterized lattice strain models for the parti-
tioning of 14, 2+ and 3+ cations through the following
steps: (1) linear least squares analysis to identify key vari-
ables for each of the lattice strain parameters inverted from
individual experiments, (2) simultaneous inversion of all fil-
tered experimental data to constrain coefficients of the pri-
mary variables identified in step (1), and (3) joint inversion
of partitioning data for 1+ and 2+ cations to further
improve the goodness of the fit. The last step is necessary
and unique for plagioclase as Ca, Na, and K are major ele-
ments in plagioclase and subject to stoichiometric
constraints.

We assume that Dg has the form of Eq. (2) in Sun and
Liang (2012) and that rq and E are functions of plagioclase
composition. Because of the nonlinear nature of the lattice
strain model, we also allow E to vary as a function of r.
Water abundances were not analyzed for the experimental
melts, so no attempt was made to explore the water effect.
After an extensive search of various permutations of the
composition variables, we found that temperature and
anorthite content (Ca or Na abundance) in plagioclase
are the primary factors determining Dy, ro and E for 1+,
2+ and 3+ cations, which is consistent with earlier studies
(e.g., Blundy and Wood, 1991; Bindeman et al., 199S;
Bindeman and Davis, 2000; Aigner-Torres et al., 2007;
Fabbrizio et al., 2009; Tepley et al., 2010; de Vries et al.,
2012). In addition, we found that a pressure term is neces-

sary to improve the fits to high-pressure partitioning data
and that including the Na content in plagioclase results in
a better fit for the divalent element partitioning data. Differ-
ent from the log-linear formulation (Eq. (1)) used in the
previous models, we found that D, and hence partition
coefficients of REE + Y can be better reproduced through
a quadratic relationship in log-scale with Ca content in pla-
gioclase. Because a similar quadratic relationship provides
fits for the partition coefficients of 1 + and 2+ cations as
good as the log-linear formulation (Eq. (1)), here we use
the same quadratic relationship between In(D,) and Ca in
plagioclase for monovalent elements and that between In
(Dp) and Na in plagioclase for divalent elements.

For REE, D is negatively correlated with Ca abundance
in plagioclase and pressure but positively correlated with
temperature, and ry and E can be treated as constants.
For the divalent cations (Ca, Mg, Sr, Ba, and Ra), D, is
negatively correlated with temperature and pressure but
positively correlated with Na abundance in plagioclase, rq
displays a positive correlation with Na abundance in pla-
gioclase, and E can be treated as a linear function of r.
For the monovalent cations (Na, K, and Li), Dy is posi-
tively correlated with Ca abundance in plagioclase and
pressure but negatively correlated with temperature, and
ro and E can be treated as constants.

To further quantify the relationships identified above,
we used the coefficients from the multiple linear regressions
as initial inputs and carried out the global or simultaneous
inversion to constrain the coefficients in the parameterized
lattice strain model by minimizing the Chi-squares as
defined in Eq. (4) for individual groups of isovalent cations,
respectively. Note that NV in Eq. (4) becomes the total num-
ber of measured partitioning data for individual groups of
isovalent cations from the compiled dataset (i.e., N =163
for REE + Y, 112 for divalent cations, and 70 for monova-
lent cations). To better assess the goodness of fit and to
compare with previous models, we calculated the Pearson’s
Chi-square (xf,) after the inversion using Eq. (2).

Because the estimated Ca, Na, and K partition coeffi-
cients have to satisfy the constraints of measured anorthite
and albite contents in plagioclase, we performed a final
joint inversion to fit all partitioning data of monovalent
and divalent elements (N = 182) together with plagioclase
An and Ab (=100 x Na/(Ca + Na + K) in mole) by mini-
mizing the Chi-square

N=182 )
Lo = »_ (InD; —InD})
=1
N=29
+3 [(mx,- — X"’ + (In¥, —In Y;")Z] NG
i=1

where X" and Y are the measured An and Ab, respec-
tively, in plagioclase from experiment i; and X; and Y; are
the model predicted An and Ab. The joint inversion further
improves the models constrained by independent inversions
of monovalent and divalent element partitioning data in
Step 2 as shown by the reduction of Pearson’s Chi-
squares (See Section S5 in the online Supplementary Mate-
rials). Given the additional constraints of An and Ab,
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results of the joint inversion are preferred for the monova-
lent and divalent element partitioning.

4.3. Model results

Through a global fit to all trivalent element (REE + Y)
partitioning data (N =163) from the 29 selected experi-
ments, we obtained the following expressions for the lattice
strain parameters that control the REE + Y partitioning
between plagioclase and silicate melt:

InD}* = 16.05(£1.57)
19.45(+1.78) + 1.17(£0.14)P?

x 10*
RT
—5.17(£0.37) (X ), (6a)
7t (A) = 1.179(£0.027), (6b)
E* (GPa) = 196(£51), (6¢)

where X, is the Ca content in plagioclase per eight-oxygen;
P is pressure in GPa; and numbers in parentheses are 2o
uncertainties estimated directly from the simultaneous
inversion.

The joint global inversion of all monovalent and diva-
lent element partitioning data (N = 182) as well as An
and Ab in plagioclase result in the following lattice strain
parameters for the divalent elements:

6910(-£985) — 2542(+£1372)P>

InD}" =
RT
+2.39(£0.52) (X na)s (7a)
72t (A) = 1.189(40.005) + 0.075(40.016)X n, (7b)
E*" (GPa) = 719(£309) — 487(+255)r%", (7¢)

where Xy, is the Na content in plagioclase per eight-oxygen
and is equivalent to (1 — X¢, — Xk) in plagioclase with bal-
anced stoichiometry. The coefficients of the temperature
and pressure terms in Eq. (7a) are about 3-5 times smaller
than those in Eq. (6a), indicating that divalent element par-
titioning in plagioclase is not strongly affected by tempera-
ture or pressure.

Lattice strain parameters for the monovalent cations
derived from the joint global inversion also include a pres-
sure term to better fit the high-pressure partitioning data
from the two experiments (0.6 GPa) reported in this study
and the one (1.5 GPa) from Blundy et al. (1998):

InDY* = —9.99(+1.76)

N 11.37(11.95);To.49(¢o.23)1> < 10°

+1.70(£0.38) (X ca)’, (8a)
bt (A) = 1.213(£0.007), (8b)
E' (GPa) = 47(£3). (8c)

Replacing the lattice strain parameters in Eq. (3) by Egs.
(6a)-(6¢), (7a)—(7c), and (8a)—(8c), we obtained generalized
lattice strain models for the partitioning of 3+, 2+, and 1+
cations between plagioclase and silicate melt, respectively.
In the online Supplementary Materials, a simple Excel pro-

gram is presented to calculate plagioclase-melt trace ele-
ment partition coefficients for a plagioclase composition
at given temperature and pressure. Fig. 6 shows that the
partition coefficients predicted by our new models are in
excellent agreement with those determined experimentally
(see Supplementary Fig. S2 for model predicted partition
coefficients of individual experiments). The xﬁ values
derived from our models are approximately 1.5-15 times
smaller than those calculated using the previous models
(Fig. 1 and Supplementary Fig. S1), indicating the signifi-
cant improvement of our new models. Although Rb and
Cs partition coefficients were not used for model calibra-
tions, our model for monovalent element partitioning pre-
dicts their partition coefficients well within the margin of
analytical errors (Fig. 6¢c and Supplementary Fig. S2). The
anomalous REE partition coefficients from the excluded
experiments significantly deviated from our model pre-
dicted values (Supplementary Figs. S3 and S4). Interest-
ingly, our model predicted partition coefficients for 1+
(Na, K, Li) and 2+ cations (Mg, Ca, Sr, Ba) agree very well
with the measured values from most of the excluded exper-
iments. This indicates that 1+ and 2+ element partitioning
data likely remain valid in most of the excluded experiments
(Supplementary Fig. S5), perhaps due to the faster diffusion
of 1+ and 2+ cations in plagioclase (e.g., Cherniak, 2010;
and references therein).

Consistent with our earlier studies on REE partitioning
in pyroxenes, garnet, and olivine and HFSE partitioning in
low-Ca pyroxene (Sun and Liang, 2012, 2013a, 2013b; Yao
et al., 2012), these new models for the partitioning of 1+, 2
+, and 3+ cations between plagioclase and silicate melt also
indicate that temperature and mineral composition are the
dominant factors controlling trace element partitioning in
plagioclase. As a controlling factor for plagioclase satura-
tion in silicate melt (e.g., Putirka, 2005; Lange et al.,
2009; Namur et al., 2012), melt composition also influences
trace element partitioning in plagioclase through
plagioclase-melt phase equilibria (e.g., Dohmen and
Blundy, 2014). In the parameterized model of Namur
et al. (2012), for example, An content in plagioclase
depends on temperature and coexisting melt composition
(see their Egs. (31) and (33)).

4.4. Sources of uncertainties and model limitations

The new lattice strain models presented in this study can
recover the selected experimental partitioning data to
within 20% standard deviation on average. However, small
discrepancies still appear between the model predicted par-
tition coefficients and the experimentally determined ones
in Fig. 6. The sources of discrepancies include analytical
errors, chemical disequilibrium in the experiments, biases
of the partitioning experiments among different laborato-
ries, and limitations of our models. Given their low abun-
dances in plagioclase, highly incompatible elements (e.g.,
heavy REE) are more challenging to determine analytically,
and thus may induce errors in the models. Because Ca is a
major element in plagioclase, errors on the predicted Ca
partition coefficients are attributed to its non-Henrian
behavior. Although we set conservative criteria to exclude
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experiments with possible kinetic effects, small extents of
disequilibrium may still exist in the selected experiments.
Among the 29 selected experiments there are only three
high-pressure runs (2 runs at 0.6 GPa from this study and
one at 1.5 GPa from Blundy et al. (1998)), and none of
the 29 experiments cover Fe-rich and silicic systems, or
low-An plagioclase (An < 40). Thus, care should be taken
when applying our models to the aforementioned condi-
tions, which demand more partitioning studies from labora-
tory experiments or field validation.

4.5. Model tests

Three recent studies measured plagioclase-melt partition
coefficients through LA-ICP-MS analyses of trace element
abundances in plagioclase phenocrysts and their equilib-
rium melt phases (melt inclusion or glass matrix) from three
different volcanic lavas (e.g., Zajacz and Halter, 2007;
Severs et al., 2009; Fedele et al., 2015). These field-based
partitioning data cover a broader range of temperature
(1000-1228 °C) and composition (An = 29-82; SiO, = 53—
66 wt%, Mg# = 19-52, and H,O = ~0.6-4 wt% in melt)
and allow us to assess the validity of our partitioning mod-
els for Fe-rich and silicic systems, low-An (<42) plagioclase,
and low temperatures (<1142 °C).

Zajacz and Halter (2007) analyzed plagioclase phe-
nocrysts (An = 82) and melt inclusions (SiO, =53 wt%
and Mg# = 52) from a late-Holocene basaltic-andesite at
Villarrica, Chile. Although water abundance was not deter-
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Fig. 7. Comparison between field-measured partition coefficients
and model predicted values calculated using Egs. ((3), (6a)-(6c),
(7a)~(7c), and (8a)—(8c)) for plagioclase phenocrysts and their
equilibrium melts (melt inclusions or quenched glasses) reported in
Zajacz and Halter (2007), Severs et al. (2009), and Fedele et al.
(2015). The compositions of plagioclase and melt were determined
by electron microprobes for major elements and by LA-ICP-MS
for trace elements. The equilibrium temperatures were calculated at
2 kbar using the plagioclase saturation thermometer of Putirka
(2005). See text for details of these samples.

mined for melt inclusions, the bulk rock (SiO, =57 wt%
and Mg# = 52) has a total of 98.2 wt% major oxides, indi-
cating possible presence of water in the melt inclusion.
Severs et al. (2009) reported compositions of plagioclase
phenocrysts (An = 66) and melt inclusions (SiO, = 66 wt
% and Mg# = 38) in a dacite from the 1988 eruption at
White Island, New Zealand. Ion probe analyses indicate
0.6 £ 0.2 wt% H,O in plagioclase-hosted melt inclusions
from the 1989 eruption (Wardell et al., 2001). Similar
amounts of water are also likely present in the melt inclu-
sions from the 1988 eruption. Fedele et al. (2015) investi-
gated quenched trachytic and trachyphonolitic glass
matrices (S10, = 60-62 wt%, Mg# = 16-21, and
Na,O = 5-6 wt%) and coexisting plagioclase phenocrysts
(An =27-30) from three samples. Because the three sam-
ples are nearly identical in plagioclase and melt composi-
tions, here we treated them as one sample by averaging
the plagioclase and melt compositions, respectively. As
demonstrated through FTIR analyses of melt inclusions
from the same eruption (Marianelli et al., 2006), these tra-
chyphonolitic lavas initially have 4 £+ 1 wt% H,O during
phenocryst crystallization.

With these estimated H>O abundances in the melt, we
calculated the plagioclase-melt equilibrium temperatures
by applying the widely used plagioclase saturation ther-
mometer of Putirka (2005) to the aforementioned samples.
Assuming a pressure of 2 kbar, we obtained temperatures
1216 °C, 1154 °C, and 1000 °C for samples from Villarrica,
White Island, and Campi Flegrei, respectively. Assuming
equilibrium partitioning of trace elements between the pla-
gioclase and coexisting melt, we can use the measured pla-
gioclase major element compositions, the estimated
temperatures, and our parameterized lattice strain models
(Egs. (3), (6a)-(6¢c), (7a)—(7c), and (8a)—(8c)) to calculate
plagioclase-melt partition coefficients for Ca, Ba, Sr, Na,
K, Li, Y, and REE. Fig. 7 shows that the partition coeffi-
cients derived from our models are in good agreement with
the field-measured values. Despite their low abundances in
plagioclase and hence large analytical errors, most REE still
fall on the one-to-one correlation line, indicating that our
model for REE partitioning in plagioclase may be extrapo-
lated to lower temperatures and more evolved compositions
(Fe-rich and silicic). However, our model for monovalent
element partitioning overestimates Na partition coefficients
for the two hydrous samples (Zajacz and Halter, 2007,
Fedele et al., 2015) by about a factor of two. The overesti-
mates of Na partition coefficients may be due to analytical
uncertainties or perhaps effects of water on melt structure
and plagioclase-melt phase equilibria.

4.6. Physical meanings of the lattice strain parameters

4.6.1. Strain-free partition coefficients Dy
For a group of isovalent cations partitioning into the
same lattice site, Dy follows the generic thermodynamic
equation (e.g., Wood and Blundy, 1997; van Westrenen
et al., 2001; van Westrenen and Draper, 2007)
AH AS PAV

nD)y = — — — 1 «mCIt,I o, min 9
0Dy =—or R+RT+(I1/ ny™"), 9)
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where AS, AH and AV are the changes of entropy, enthalpy
and volume of the exchange of an ideal cation between the
crystal and melt; y™" and ™" are the activity coeflicients
of the cation (or its component) in the crystal and melt,
respectively. As demonstrated in our previous models for
REE and HFSE partitioning between mantle minerals (oli-
vine, pyroxenes, and garnet) and basaltic melts (Sun and
Liang, 2012, 2013a, 2013b; Yao et al., 2012; Dygert et al.,
2014), the effect of melt composition appears to be indirect
through mineral saturation in silicate melt. Interestingly,
for all three groups of cations in the plagioclase M site,
Dy share the same compositional term, (X Ca)2 , Or its equiv-
alent, (X Na)z, which mimics Iny™" in Eq. (9) and indicates
that a simple regular solution model (i.e., one-parameter
Margules activity model) may be applicable to mixing of
anorthite (or albite) and plagioclase components of ideal
1+, 2+, and 3+ cations. The compositional terms in our
models are also consistent with the activity model of
Holland and Powell (1992) derived from Darken’s quadra-
tic formalism, and confirm the importance of anorthite con-
tent on trace element partitioning in plagioclase as
demonstrated in previous studies (e.g., Blundy and Wood,
1991; Bindeman et al., 1998; Bindeman and Davis, 2000;
Bédard, 2006; Tepley et al., 2010; Hui et al., 2011).

The temperature terms in D, are related to AH of the
ideal cation exchange between plagioclase and melt. The
coefficient of the temperature term in Dy of monovalent
cations (Eq. (8a)) corresponds to AH = 114 4 20 kJ/mol,
which is comparable to the heat of fusion of albite
(64.5 kJ/mol; e.g., Stebbins et al., 1982; Tenner et al.,
2007) and anorthite (135 kJ/mol; Weill et al., 1980),
whereas those in D, of divalent and REE cations indicate
significantly smaller AH (7 & 1 kJ/mol for 2+ cations,
and —194 & 18 kJ/mol for 3+ cations) than the plagio-
clase heat of fusion. Notably, the coefficient of the tem-
perature term in D, of trivalent cations is negative with
an absolute value considerably larger than that of mono-
valent and divalent cations. As D, determines the peak
value of the parabola in the Onuma diagram (Fig. 4),
the coefficient of the temperature terms in Egs. (6a),
(7a) and (8a) indicate that temperature has the most sig-
nificant effect on REE partitioning but small to negligible
influence on the partitioning of monovalent and divalent
cations. The weak temperature dependence of divalent
cation partitioning has also been suggested in the study
of Blundy and Wood (1991) based on Sr and Ba parti-
tioning in plagioclase.

The pressure terms in Dy correspond to PAV of the ideal
cation exchange between plagioclase and melt. The coeffi-
cient of the pressure term in Eq. (8a) indicates a constant
volume change for the ideal 1+ cation exchange between
plagioclase and melt; however, the second-order pressure
terms in Eqgs. (6a) and (7a) suggest pressure-dependent vol-
ume changes for the ideal 2+ and 3+ cation exchange.
Because the coefficients of the pressure terms for all three
groups of cations are significantly smaller than those of
the temperature terms and because the plagioclase stability
is restricted to low pressures, the pressure effect on element
partitioning in plagioclase is overwhelmed by the tempera-
ture effect.

4.6.2. Effective Young’s modulus E and ideal lattice size ry

Previous studies suggest that E generally varies with
cation charge, lattice site, temperature, pressure, and crystal
chemistry while ry depends on crystal structure and may
change with crystal chemistry (e.g., Blundy and Wood,
1994; Gaetani and Grove, 1995; Wood and Blundy, 1997,
Lundstrom et al., 1998; van Westrenen et al., 1999, 2001;
van Westrenen and Draper, 2007; Hill et al., 2000, 2011;
Frei et al., 2009; Sun and Liang, 2012, 2013a, 2013b; Yao
et al., 2012; Dygert et al., 2014). In plagioclase, E and r,
of 1+ and 3+ cations on the M site do not appear to be
composition dependent (Eqs. (6b)-(6c), (7c), and (8b)-
(8c)), while those of 2 + cations vary as a linear function
of albite content (Eqs. (7b)—(7c)).

Interestingly, E of 1+ cations (48 + 3 GPa) is nearly
identical to the bulk moduli of low albite (52.3
4+ 0.9 GPa) from Benusa et al. (2005) and analbite (50.3
+ 0.5 GPa) from Curetti et al. (2011). E of 2+ cations from
the compiled experiments (116-140 GPa) are much larger
than the bulk modulus (K = 80.4 4+ 0.7 GPa; Angel, 2004)
of high-An plagioclase (Angy), but can be related to the
bulk modulus K through the following equation (Blundy
and Wood, 1994),

E =3K(1 — 2v), (10)

where v is the Poisson’s ratio of the material and was
assumed as 0.25 for all minerals. As no REE end-
members of plagioclase exist, £ of 3+ cations cannot be
compared with the corresponding K. For all three groups
of cations in plagioclase, E is positively correlated with
the cation charge, which agrees well with the Hazen—Finger
relationship (Hazen and Finger, 1979) derived for homoge-
neous isotropic materials (Fig. 8a). A small discrepancy
appears between E of 1+ cations and the Hazen-Finger
relationship. This may be due to the empirical relationship
between E and K (Eq. (10)) or drawbacks of the Hazen-
Finger relationship.

Similar to those observed in Wood and Blundy (2003), rg
of 2+ cations display a weak negative correlation with Ca
content in plagioclase. The An range (= 41-98) of the
selected experimental partitioning data only yields a rather
small variation of rq (1.19-1.23 A) for the divalent cations.
Although it appears that ry decreases with the cation charge
(Fig. 8b), rg of 1+ cations is just 0.03 A greater than that of
3+ cations, consistent with the same site occupancy (M) of
the 1+, 2+, and 3+ cations in plagioclase. The weak depen-
dence of o upon plagioclase composition and cation charge
can be attributed to the small difference in ionic radii
between Ca®" and Na® (1.12 A vs. 1.18 A; VIII-fold coor-
dination; Shannon, 1976). As E and ry of 3+ cations have
large error bars, they may also weakly depend on plagio-
clase chemistry, which cannot be resolved based on the
available experimental data.

5. APPLICATIONS
5.1. Partitioning of Ra/Ba and Implication for Ra-Th Dating

The disequilibrium between short-lived *?°Ra and
its parent **Th has been widely used to estimate
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crystallization ages of phenocrysts in pre-eruption volcanic
lavas (e.g., Volpe and Hammond, 1991; Cooper et al., 2001;
Cooper and Reid, 2003; Tepley et al., 2006; Zellmer et al.,
2008). Without the existence of a stable Ra isotope, Ba is
often taken as a proxy to track Ra fractionation during
magma crystallization, assuming that Ra and Ba have sim-
ilar compatibilities. Thus, the Ra-Th dating on plagioclase
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Fig. 9. Calculated ratios of Ra and Ba partition coefficients as a
function of Ca content in plagioclase per eight-oxygen (Xc,) at four
selected temperatures. Solid curves were derived from Eq. (11),
while dashed curves were calculated using the model of Fabbrizio
et al. (2009). Gray markers denote values derived using Eq. (11) for
the compiled experiments.

requires quantitative understanding of the relative parti-
tioning behaviors of Ra and Ba in plagioclase.

Using the constant lattice strain parameters (E and rg)
reported in Blundy and Wood (1994), Cooper et al.
(2001) calculated plagioclase-melt Ra and Ba partition
coefficients for two selected temperatures (1100 °C and
1160 °C) and plagioclase compositions (An =60 and 70).
They obtained a very small variation of Dg,/Dg, (0.21-
0.25) for the four considered cases, which is similar to that
from a recent experimental study on anorthite-melt Ra par-
titioning (Dr./Dp, = 0.24 £0.07; Miller et al., 2007).
Recently, Fabbrizio et al. (2009) suggested that the relative
partitioning behaviors of Ra and Ba (Dgr./Dg.) strongly
depend on An in plagioclase and temperature. By fitting
the partitioning data from four of their experiments
(An =34, 81, 91, and 91) and the one in Miller et al.
(2007; An = 100), they proposed log-linear formulations
(cf. Eq. (1)) for plagioclase-melt Ra and Ba partitioning.
Applying their models to literature data, they argued that
Dr./Dg, of many plagioclase phenocrysts are systemati-
cally smaller than the suggested values (0.21-0.25) by
Cooper et al. (2001) and therefore the literature Ra-Th ages
are overestimated by ~20-90% in previous studies.

The new model presented in this study enables us to fur-
ther assess Ba and Ra partitioning in plagioclase. Using the
lattice strain parameters (E and ry) calibrated in this study
for divalent cations (Egs. (7b)-(7c)), we have the following
expression quantifying the relative partitioning of Ra and
Ba in plagioclase,

Dra _ 24,014 — 13,209X n, + 1,812(X o)
Dy P RT '

(11)
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Fig. 9 displays values of Dg,/Dg, derived from Eq. (11)
(solid curves) for a wide range of plagioclase composition
(Xca = 0.3-1.0; equivalent to An = 30-100) at four repre-
sentative temperatures (800 °C, 1000 °C, 1200 °C, 1400 °
C). Dr./Dg, are positively correlated with temperature
but negatively correlated with Ca content in plagioclase.
At a given temperature, a decrease of 70 mol% anorthite
content in plagioclase results in a 0.12 decrease in Dg,/
Dg,, which is similar to that derived from a 400 °C temper-
ature increase for a fixed plagioclase composition. The pre-
dicted Dg./Dg, for the compiled experiments (1127-1410 °©
C; An = 41-98) display a considerable variation (0.17-0.27;
gray dots in Fig. 9). Hence, better estimations of Dg,/Dg,
for Ra-Th dating can be obtained using Eq. (11) for specific
plagioclase crystals at relevant temperatures.

The model of Fabbrizio et al. (2009) produces Dr./Dga
(dashed curves in Fig. 9) similar to those (solid curves)
derived from Eq. (11) for the same temperature and compo-
sitional spaces. However, small but systematic differences
appear in the predicted Dr,/Dg, between our model and
that of Fabbrizio et al. (2009). The values of Dg,/Dg, cal-
culated using the model of Fabbrizio et al. (2009) appear to
be smaller than those derived from Eq. (11) for low An pla-
gioclase by up to 0.02. The systematic differences are likely
due to uncertainties of linear regressions in Fabbrizio et al.
(2009), in which the slopes were mainly constrained by one
experiment (Run 31) with low An (= 34) (see their Fig. 4).

5.2. HFSE and noble gas partitioning

In plagioclase, Dy of 1+, 2+, and 3+ cations on the M
site display a near-parabolic relationship with the cation
charge (Fig. 10a) and can be quantified by the electrostatic
model of Wood and Blundy (2003),

-0
Dg+ = D()() eXp |:ﬁ (Z — Z())Z:| s (12)

where ® is a factor for the electrostatic work; Z is the
charge of the ideal cation; Z is the charge of major cations
in the lattice site; and Dy is the strain-free partition coeffi-
cients for cations of charge Z,. According to the Hazen-
Finger relationship (Fig. 8a), E of noble gases (0+) is zero,
but those of 4+ and 5+ cations on the M site are significant
(~250 GPa and ~300 GPa, respectively). Because of the
trivial E, Dy of noble gases (0+) are effectively their parti-
tion coefficients, whereas all three lattice-strain parameters
(Dy, ro, and FE) are required to estimate the absolute values
of 4+ cation partition coefficients on the M site.

The partition coefficients of tetravalent HFSE (Th, U,
Zr, Hf and Ti) from our compiled experiments are all about
1-2 orders of magnitude greater than the D, of 4+ cations
on the M site defined by the electrostatic model (Fig. 10a),
while pentavalent HFSE partition coefficients (Nb, and Ta)
are even larger (>3 orders of magnitude) than D, of 5+
cations on the M site. The significant differences are similar
to the observation on Dy in Blundy and Wood (2003) and
indicate that HFSE may not preferentially enter the same
site (M) as the large 1+, 2+, and 3+ cations. Alternatively,
the predicted Dy of the 4+ and 5+ cations on the M site
may not simply follow the electrostatic model. Future stud-

ies on the site occupancies and diffusion of 4+ cations are
needed to better understand HFSE partitioning in
plagioclase.

Experimental data on noble gas partitioning between
plagioclase and melt are sparse. Broadhurst et al. (1990)
reported the first experimental anorthite-melt Ar partition
coefficient (0.6 + 0.5) that is comparable to those for olivine
and pyroxene from their experiments. As their partitioning
data for noble gases are generally about 1-5 orders of mag-
nitude greater than those for olivine and pyroxene from
more recent experimental studies (on the order of 1074
e.g., Brooker et al., 2003; Heber et al., 2007; Jackson
et al., 2013), their partitioning data have been questioned
and believed to have melt or gas contaminations (see dis-
cussion in Brooker et al., 2003). On the contrary, the pre-
liminary plagioclase-melt Ar partition coefficients (0.007—
0.036) provided by Carroll et al. (1994) are about 1-2
orders of magnitude smaller than that from Broadhurst
et al. (1990). Surprisingly, Carroll et al.’s Ar partition coef-
ficients are compatible with the electrostatic model for
heterovalent cation partitioning on the M site (Fig. 10a).
This confirms that noble gases preferentially enter the M
site in plagioclase and that their partition coefficients can
be quantified through a generalized electrostatic model.

Given D, of 1+, 2+, and 3+ cations calculated using
Egs. (6a), (7a), and (8a) for individual experiments, we
can eliminate the three unknown electrostatic parameters
(®, Zy, and Dyp) and solve for noble gas partition coeffi-
cients (D, of 0+ cations) through the following expression

Dy = (DY) (D) /(D). (13)

Combining Eq. (13) with the expressions for Dy of 1+, 2+,
and 3+ cations (Egs. (6a), (7a), and (8a)), we obtain a
model for noble gas partitioning between plagioclase and
silicate melt,

12.58 + 1.47P — 0.41P* y
RT

—0.06(Xc,)” —7.17(Xna)’ (14)

InDjt = —13.93 + 10*

This model indicates that noble gas partition coefficients are
positively correlated with Ca content in plagioclase and
pressure but are inversely correlated with temperature. A
50 mol% increase of anorthite content in plagioclase
increases the noble gas partition coefficient by about one
order of magnitude, which effectively is equivalent to a tem-
perature decrease of ~200°C (Fig. 10b). As pressure
increases from 1 bar to 1 GPa, noble gas partition coeffi-
cients increase by about a factor of two, indicating a rela-
tively small pressure effect.

The estimated plagioclase-melt noble gas partition coef-
ficients (0.003-0.025) for our compiled experiments are
comparable to the preliminary experimental data for Ar
(0.007-0.036) from Carroll et al. (1994) and are about one
to two orders of magnitude greater than those of olivine,
pyroxene, and spinel in the literature (on the order of
1074 e.g., Brooker et al., 2003; Heber et al., 2007;
Jackson et al., 2013). This is possibly due to the relatively
open crystal structure of plagioclase. The relatively large
noble gas partition coefficients in plagioclase indicate that
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plagioclase crystallization may significantly influence noble
gas fractionation. Anorthite crystallization and floatation
may have played a central role in noble gas budget of the
Moon.

5.3. Partition coefficients for terrestrial and lunar magmatism

The new parameterized lattice strain models developed
in this study allow us to assess the chemical fractionation
of terrestrial and lunar magmas involving plagioclase. In
this section, we consider variations of plagioclase-melt par-
tition coefficients during fractional crystallization of
MORB and the lunar magma ocean, respectively.

5.3.1. Mid-ocean ridge basalt crystallization

Differentiation of MORB was calculated using the
MELTS program (Ghiorso et al., 2002; Smith and
Asimow, 2005) for isobaric fractional crystallization of a
primary MORB (Workman and Hart, 2005) under anhy-
drous conditions with fO, at two logarithmic units below
the quartz—fayalite-magnetite buffer. To examine the pres-
sure effect, we considered two end-member cases: 0.5 kbar
and 5 kbar. In the former case, plagioclase becomes satu-
rated in the melt at 1227 °C after 1% olivine crystallization;
in the latter case, plagioclase starts to crystallize at a higher
temperature, 1264 °C, after 12% fractionation of clinopy-
roxene and spinel. Because MELTS fails at low tempera-
tures, we terminated the crystallization calculations at
1050 °C. As crystallization proceeds with decreasing tem-
perature, plagioclase continues to solidify with decreasing

anorthite content, while plagioclase crystals in the low-
pressure (0.5 kbar) case have systematically higher anor-
thite content than those in the high-pressure (5 kbar) case
at the same temperatures. Effectively, plagioclase An and
temperatures display two parallel positive relationships
for the two cases (see inset in Fig. 11a).

Applying the new parameterized models for plagioclase-
melt trace element partitioning, we calculated partition
coefficients for plagioclase crystallized from MORB at
0.5 kbar and 5 kbar. Fig. 11a displays the plagioclase-melt
partition coefficients for the low-pressure case (0.5 kbar)
at 1%, 40%, and 90% solidification, which cover their vari-
ability throughout the crystallization process. The predicted
partition coefficients for the high-pressure case (5 kbar) are
shown by the light blue region. Despite the large ranges of
temperature and plagioclase An content during MORB
crystallization, the calculated partition coefficients display
small to moderate variations. For both cases, the partition
coefficients of noble gases (Ar") and monovalent elements
(Na, Li, K, Rb, Cs) are nearly constant, while those of
REE increase within about a factor of two as temperature
drops from the liquidus to ~1050 °C (>90% solidification).

Because REE partition coefficients are positively corre-
lated with temperature but negatively correlated with Ca
content in plagioclase, the apparent positive correlation
between temperature and plagioclase An during MORB
crystallization induces the competition between these two
and further results in the small variations of REE partition
coefficients. The nearly constant monovalent element parti-
tion coefficients are partially due to their weak dependence
on temperature and composition (cf. smaller coefficients in
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Fig. 11. Spider diagrams showing the calculated plagioclase-melt partition coefficients for fractional crystallization of a primary MORB (a)
and a global lunar magma ocean (b). Inset in (a) illustrates the variations of anorthite content in plagioclase as a function of temperature. Ar”
denotes the calculated noble gas partition coefficients. See text for details.

Eq. (8a) than those in Eq. (6a)) as well as the competing
effect between the two. As a result of systematically lower
anorthite contents in plagioclase at the same temperatures,
the calculated REE partition coefficients for the high-
pressure crystallization are about a factor of two greater
than those for the low-pressure case. Therefore, for noble
gases, monovalent elements, and REE, constant
plagioclase-melt partition coefficients could be used to
approximately model chemical fractionation during MORB
crystallization at a given pressure.

The predicted partition coefficients of divalent elements
(Sr Ba, Ra, and Eu) for the two cases of MORB crystalliza-
tion (0.5 kbar and 5kbar) are comparable, but both
become a factor of three to five larger throughout the crys-

tallization processes. This is due to their similar variations
of plagioclase anorthite contents (see inset in Fig. 11a),
which is the primary factor controlling divalent element
partitioning (Eq. (7a)). Given the non-negligible variations
of divalent element partition coefficients, composition-
dependent plagioclase-melt partition coefficients are
required to quantify divalent element fractionation during
MORB differentiation. This point is consistent with the
modeling results in Blundy and Wood (1991) for Sr frac-
tionation during plagioclase crystallization. On the con-
trary, Mg partition coefficients appear to be constant
(0.036 £ 0.001) during MORB crystallization at both pres-
sures because of the competition between ry and E (see Egs.
(7b) and (7c)). For the convenience of interested readers,



Table 3
Plagioclase-melt trace element partition coefficients at representative crystallization stages of primary mid-ocean ridge basalt and lunar magma ocean.

MORB?* (0.5 kbar) MORB?" (5 kbar) LMO"
F (%)° 1 40 90 13 76 96 78 89 94 d
An (mol%) 81.3 73.4 39.7 77.9 58.7 322 98.7 97.9 96.4 98.7
T (°C)/P (kbar) 1227/0.5 1194/0.5 1056/0.5 1264/5 1194/5 1056/5 1250/4.6 1144/2 995/1 1350/4.6
Ar*® 0.017 0.017 0.007 0.019 0.013 0.009 0.028 0.046 0.146 0.015
Na 1.28 1.28 1.76 1.12 1.10 1.96 2.24 3.87 11.04 1.27
K 0.22 0.21 0.24 0.20 0.18 0.26 0.39 0.59 1.35 0.25
Li 0.37 0.36 0.44 0.34 0.31 0.49 0.66 1.05 2.57 0.41
Rb 0.046 0.042 0.041 0.043 0.036 0.045 0.084 0.113 0.213 0.058
Cs 0.0025 0.0022 0.0015 0.0025 0.0019 0.0017 0.0048 0.0053 0.0069 0.0040
Ca 1.37 1.44 2.35 1.32 1.60 2.38 1.31 1.38 1.44 1.29
Sr 1.61 1.83 4.16 1.59 2.31 4.30 1.29 1.37 1.45 1.27
Ba 0.147 0.185 0.640 0.164 0.307 0.700 0.086 0.076 0.060 0.100
Mg 0.037 0.035 0.036 0.038 0.037 0.036 0.040 0.033 0.022 0.049
Ra 0.026 0.034 0.140 0.031 0.065 0.157 0.013 0.010 0.006 0.017
La 5.01E-02 6.62E—02 9.03E-02 7.65E—02 1.43E-01 9.19E-02 1.03E-02 4.14E-03 7.08E—04 2.70E-02
Ce 4.70E—02 6.20E—02 8.39E—-02 7.18E—-02 1.34E-01 8.55E-02 9.70E—03 3.87E-03 6.57E—04 2.54E—-02
Pr 4.24E—02 5.58E—-02 7.48E—02 6.50E—02 1.20E—01 7.62E—02 8.77E—-03 3.47E-03 5.82E—04 2.32E-02
Nd 3.69E—02 4.84E—02 6.39E—02 5.68E—02 1.04E—01 6.51E—02 7.65E—03 3.00E-03 4.93E—-04 2.04E-02
Sm 2.65E—02 3.45E-02 4.39E—02 4.11E-02 7.43E-02 4.48E—-02 5.52E-03 2.11E-03 3.33E-04 1.50E-02
Eu*" 1.70 1.92 4.25 1.67 2.39 4.39 1.38 1.47 1.57 1.35
Gd 1.82E—02 2.36E—02 2.89E-02 2.85E-02 5.07E—-02 2.94E—02 3.82E-03 1.42E—03 2.14E-04 1.06E—02
Tb 1.47E—02 1.89E—02 2.27E-02 2.31E-02 4.07E—02 2.31E-02 3.09E-03 1.13E-03 1.66E—04 8.70E—03
Dy 1.17E-02 1.49E-02 1.74E-02 1.84E—02 3.21E-02 1.77E-02 2.46E—03 8.85E—04 1.26E—04 7.02E—03
Y 1.00E—02 1.28E—02 1.47E—02 1.59E—02 2.75E—02 1.49E—02 2.12E-03 7.53E-04 1.06E—04 6.10E—03
Ho 9.26E-03 1.18E-02 1.34E-02 1.47E-02 2.54E—-02 1.37E-02 1.96E-03 6.93E—04 9.62E—-05 5.67E—03
Er 7.40E—03 9.37E-03 1.04E—02 1.18E—02 2.02E—02 1.06E—02 1.57E—03 5.47E—04 7.38E—05 4.61E—03
Tm 5.98E—03 7.53E-03 8.19E—-03 9.60E—03 1.62E—-02 8.34E—03 1.27E-03 4.36E—04 5.73E—-05 3.78E—-03
Yb 4.89E—03 6.13E-03 6.53E-03 7.89E—-03 1.32E-02 6.65E—03 1.04E—03 3.53E-04 4.52E—05 3.14E-03
Lu 4.06E—03 5.08E—03 5.30E—-03 6.59E—-03 1.09E—02 5.40E-03 8.71E—04 2.90E—-04 3.63E-05 2.65E—03

 Isobaric fractional crystallization of MORB calculated using the MELTS program (Ghiorso et al., 2002; Smith and Asimow, 2005), a primary mid-ocean ridge basalt (MORB) composition
from Workman and Hart (2005), and two choices of pressures (0.5 and 5 kbar).

® Fractional crystallization of lunar magma ocean (LMO) calculated using the MAGFOX program of Longhi (1992), a lunar upper mantle composition from Longhi (2006), and an initial
pressure of 4 GPa.

¢ The degrees of solidification.

4 Partition coefficients for the first plagioclases in LMO at a hypothetical higher crystallization temperature (1350 °C).

¢ The estimated plagioclase-melt noble gas partition coefficients.
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the calculated plagioclase-melt trace element partition coef-
ficients are summarized in Table 3 for three representative
An and temperatures during MORB crystallization at
0.5 kbar and 5 kbar.

5.3.2. Lunar magma ocean solidification

Fractional crystallization of a global lunar magma
ocean was calculated using the MAGFOX program
(Longhi, 1992, 2006) for a lunar upper mantle composition
(LPUM; Longhi, 2006). Anorthitic plagioclase (An = 98.6)
begins to crystalize at 78% solidification of the LMO at
1250 °C and 4.6 kbar. As crystallization proceeds, the anor-
thite content in plagioclase slightly decreases by only
~2mol% with a ~250 °C decrease in the crystallization
temperature (see inset in Fig. 11a). Using the newly param-
eterized partitioning models, we calculated plagioclase-melt
partition coefficients for three representative stages of LMO
crystallization (F): plagioclase saturation (F=78%, at
1250 °C and 4.6 kbar), spinel saturation (F=89%, at
1144 °C and 2.0 kbar), and the maximum extent solidifica-
tion of MAGFOX’s capability (F = 94%, at 995 °C and
1.0 kbar). The results are shown in Fig. 11b and listed in
Table 3.

The divalent element (Sr, Ba, Ra, and Eu”) partition
coefficients display small changes across the 250 °C temper-
ature range, because of the strong dependence on Ca con-
tent in plagioclase (Eq. (7a)) and the nearly invariant
plagioclase composition; however, the small increase of
albite content in plagioclase gives rise to a slightly larger
ro and hence about a factor of two decrease in Mg partition
coefficients. As crystallization proceeds from 78% to 94%,
the predicted noble gas partition coefficient increases by a
factor of three, monovalent element partition coeflicients
increase by a factor of three to four, and REE partition
coefficients decrease by 1.5 orders of magnitude. Given
the nearly invariant anorthite content in plagioclase, these
variations mainly result from the 250 °C temperature range.
Together with our recent study on REE partitioning in low-
Ca pyroxene (Sun and Liang, 2013a), the large variations of
plagioclase-melt partition coefficients of REE and monova-
lent elements underscore the importance of temperature
and composition in quantifying trace element fractionation
during LMO solidification.

Because the lunar interior likely has a very reduced oxi-
dation state (about 1 log-unit below the iron-wiistite buffer;
e.g., Papike et al., 2005), Eu would have been preferentially
present as divalent cations (e.g., Drake, 1975; McKay et al.,
1994) during LMO solidification, and therefore the Eu>"
partition coefficients can approximate Eu partition coeffi-
cients (or their upper limits) during anorthite fractionation
in LMO. Interestingly, the estimated plagioclase-melt Eu>"
partition coefficients (0.85-0.91) are comparable to the Eu
partition coefficients (1.15in Jones, 1995; 1.0 in Weill and
McKay, 1975) that have been used for estimating the par-
ental magmas of lunar cumulate rocks. Compared with
the phenocryst-matrix partitioning data from Phinney and
Morrison (1990), the calculated REE partition coefficients
for the first plagioclase crystals in LMO are a factor of four
to seven smaller, and those for the subsequent plagioclases
are up to about 2.5 orders of magnitude less. The estimated
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Fig. 12. Spider diagram showing the chondrite normalized REE
abundances in the parental magmas of lunar ferroan anorthosites.
The parental magmas were calculated using REE abundances in
anorthite reported in Papike et al. (1997) and Floss et al. (1998) and
partition coefficients from Phinney and Morrison (1990) and model
calculations for three stages of lunar magma ocean solidification
(78%, 89%, 94%) and a hypothetical high crystallization temper-
ature (1350 °C). The model derived partition coefficients are listed
in Table 3. Chondrite values are from Anders and Grevesse (1989).
KREEP compositions are from Warren (1989).

Rb, Cs, and Ba partition coefficients for LMO plagioclases
are about one order of magnitude less than those from
Phinney and Morrison (1990), while the Sr partition coeffi-
cients are smaller. Hence, previous estimations of Eu abun-
dances in FAN parental magmas (Papike et al., 1997; Floss
et al., 1998) likely remain valid, while those of other trace
elements involve significant underestimations.

Using the anorthite-melt partitioning data derived from
LMO solidification (78%, 89% and 94%; Table 3), we reas-
sessed the parental magmas of FANs with reported anor-
thite REE data from the literature (i.e., Papike et al.,
1997; Floss et al., 1998). Fig. 12 displays the estimated par-
ental magma compositions. For each set of REE partition
coeflicients, the estimated REE abundances vary by a factor
of five, which may be attributed to different extents of LMO
solidification (e.g., Papike et al., 1997; Floss et al., 1998)
and partially to subsolidus re-equilibration. The partition
coefficients derived from LMO solidification give rise to
Eu abundances comparable to previous estimations (~20
time chondrite values). Because of the systematic decreases
of REE partition coefficients during LMO solidification,
the estimated REE abundances in the parental magmas
appear to increase from 100 to 2000 times chondrite values
with increasing Eu negative anomalies. Interestingly, the
REE compositions of FAN parental magmas calculated
using the partition coefficients at 89% LMO solidification
are comparable to those of the KREEP basalts (K, REE,
and P rich; Warren, 1989).

The anomalous REE enrichments and apparent Eu neg-
ative anomalies in FAN parental magmas may be due to
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inappropriate temperatures used for partition coefficient
calculations. As shown in Fig. 11, temperature primarily
determines anorthite-melt REE partition coefficients during
LMO solidification and hence estimations of REE abun-
dances in the FAN parental magmas. Assuming a higher
temperature (1350 °C) of FAN crystallization, we calcu-
lated a new set of anorthite-melt REE partition coefficients
using the composition of the first LMO plagioclase crystals
(An =98.6) and Eqgs. ((3) and (6a)—(6¢)). REE abundances
in the parental magmas become more comparable to previ-
ous estimations and display flat patterns without significant
Eu anomalies (see dashed outline in Fig. 12). Thus, the
determination of FAN crystallization temperatures is pre-
requisite for estimating their parental magmas and further
assessing formation of the lunar crust.

6. SUMMARY AND CONCLUSIONS

We measured trace element partition coefficients
between anorthite and a lunar high-Ti picritic melt and
between anorthitic plagioclase and a MORB melt at
0.6 GPa and 1350-1400 °C. Using these new partitioning
data and those from the literature, we developed new
parameterized lattice strain models for the partitioning of
monovalent (Na, K, Li), divalent (Ca, Mg, Sr, Ba, Ra),
and trivalent (REE and Y) elements between plagioclase
and silicate melt. Our models demonstrate that the temper-
ature effect is small to negligible for monovalent and diva-
lent element partitioning, but is important for trivalent
element partitioning in plagioclase. A weak pressure effect
also appears significant for the partitioning of all three
groups of elements, although more high-pressure labora-
tory experiments are needed to further examine this effect.

Applying these models to phenocrysts with equilibrium
melts reported in the literature, we showed that these mod-
els could be extrapolated to hydrous conditions
(H,0 = ~0.64 wt%), low An (= 29) plagioclase, and high
SiO; (= 66%) melt. In addition, a companion study (Sun
and Liang, 2017) further demonstrated that the new REE
partitioning model for plagioclase-melt is internally consis-
tent with our previous model for clinopyroxene-melt (Sun
and Liang, 2012), which allows the development of a new
thermometer based on REE partitioning between plagio-
clase and clinopyroxene. Our new plagioclase-melt trace
element partitioning models can also predict Ra and Ba
partition coefficients for Ra-Th dating on plagioclase phe-
nocrysts. Combining these models with the electrostatic
model, we derived the first predictive model for
plagioclase-melt noble gas partitioning.

Our new models are broadly applicable to terrestrial and
lunar magmatism involving plagioclase crystallization over
a wide range of temperature and pressure. During isobaric
fractional crystallization of MORB, the competing effects
of temperature and plagioclase composition leads to small
variations of noble gas, monovalent and trivalent cation
partition coefficients, while divalent cation partition coeffi-
cients display moderate variations primarily due to the
composition changes. Although pressure is not the primary
factor controlling trivalent element partitioning, a higher

pressure systematically decreases Ca content in plagioclase
at a given temperature, which effectively increases trivalent
element partition coefficients.

However, during LMO solidification, the nearly invari-
ant plagioclase composition accompanied by a significant
temperature decrease leads to nearly constant divalent ele-
ment partition coefficients and moderate variations in noble
gas and monovalent element partition coefficients. The tem-
perature decrease is particularly important for REE frac-
tionation in the LMO as it reduces the partition
coefficients by 1.5 orders of magnitude. Using the
anorthite-melt partition coefficients at different stages
(equivalent to different temperatures) of LMO solidifica-
tion, the estimated REE abundances in the FAN parental
magmas vary over one order of magnitude with significant
Eu negative anomalies. Thus, estimations of FAN parental
magma compositions strongly depend on how well the crys-
tallization temperatures can be constrained.
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