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Abstract

To better understand the partitioning of trace elements between spinels and silicate melts at high P, a series of experiments have been
conducted in the system CaO—MgO—Al,03;—Si0,—K,0—CO, at the P-T conditions of 3—6 GPa and 1500—1650 °C. These experiments
successfully produced large MgAl,0O,-spinel crystals coexisting with large carbonatitic silicate melt pools (plus large crystals of olivine and
garnet in some cases). The experimental products were analyzed by using an electron microprobe in the wavelength-dispersive mode and an
Agilent 7500 Ce laser ablation inductively-coupled plasma mass spectrometry, which led to high-P partition coefficients for 34 elements. The
results suggest that pressure may have nominal significant impacts on the partition coefficients of some trace elements such as Nb, Ta, Ti, and
nearly all rare earth elements (REEs), with the partition coefficients varying in several orders of magnitudes, but may play negligible roles in the
partitioning of U, Mn, Fe, Sr, Ba, Na, K, Rb, and etc. Further analyses have revealed that much of the nominal P effects can be assigned to the
Mg—Al cation order-disorder reaction. Cation exchange reactions are common in many geologically important minerals such as olivine, garnet,
pyroxene, and plagioclase, and their effects on trace element partitioning should be extensively investigated in the near future before better
understanding of the trace element partitioning systematics can be achieved. As one example, our experimental results have clearly demonstrated
that due to much larger degrees of the Mg—Al cation order-disorder triggered by high P, spinel can strongly fractionate the REEs (with some
heavy REEs compatible in the spinels and thus depleted in the relevant magmas), a phenomenon conventionally attributed to the presence of
garnet. Some other important conclusions from our experiments include that Cr (or Ni) in the spinel structure at Cr-poor (or Ni-poor) conditions
may be not as compatible as conventionally thought for Cr-rich (or Ni-rich) conditions, and Fe isotopes may be fractionated by spinels at high P.
Copyright © 2019, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Spinel (Sp) usually appears as an accessory mineral in
common geological bodies (Dick and Bullen, 1984; Barnes
and Roeder, 2001), but can volumetrically dominate some
rocks, as demonstrated by some lunar meteorites (Gross and
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Treiman, 2011; Pieters et al., 2011). Comparing to common
igneous minerals like olivine (Ol), Sp is relatively refractory
and resistant to later alteration (Barnes and Roeder, 2001).
Due to their universal appearance and excellent stability, Sp
and its coexisting phases have been developed as geo-
thermometer (Fabries, 1979; Li et al., 1995), geobarometer
(O'Neill, 1981; Zhang et al., 2016) and oxybarometer (O'Neill
and Wall, 1987; Ballhaus et al., 1991). Furthermore, chromian
Sp has been widely used as petrogenetic indicators in classi-
fying mantle-derived peridotites (Dick and Bullen, 1984),
exploring the melt compositional characteristics of the upper
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mantle (Dick and Bullen, 1984; Arai, 1992; Liu and O'Neill,
2004a), probing the crystallization processes of basaltic
magmas (Barnes and Roeder, 2001), reconstructing ancient
tectonic settings (Cookenboo et al., 1997), and constraining
the metamorphic evolutions of some ore deposits (Graham,
1978; Paraskevopoulos and Economou, 1981).

Although Sp is only an accessory mineral in most
geological settings, with a content usually less than 1%, pre-
vious studies have indicated that many trace elements have
large partition coefficients in Sp (e.g., Nielsen et al., 1994;
Nielsen and Beard, 2000; Righter et al., 2006; Wijbrans
et al., 2015). As some examples, the partition coefficient of
Ni in magnetite is as high as 70, and that of Co is around 15
(Nielsen et al., 1994). These large partition coefficients mean
that Sp might have significant impacts on the trace element
budgets of the magmas. However, comparing to other common
minerals like olivine and pyroxenes, studies of trace element
partitioning behavior between the Sp and silicate melt are very
rare, and mainly focus on the platinum group elements
(Capobianco and Drake, 1990; Capobianco et al., 1994,
Righter et al., 2004; Brenan et al., 2012), high field-strength
elements and other transition metal elements (Horn et al.,
1994; Nielsen et al., 1994; Nielsen and Beard, 2000; Davis
et al., 2013). In particular, nearly all experiments have been
conducted at 1 atm only (e.g., Nagasawa et al., 1980; Nielsen
et al., 1992; Lundstrom et al., 2006; Wijbrans et al., 2015;
Loroch et al., 2018), so that available experimental results
could not tell us what happens under the mantle pressure
conditions.

Sp has the space group Fd3m, with two different cation
sites (tetrahedral T-sites and octahedral M-sites) to accom-
modate the cations. The general formula of Sp is
[4](A1,XBX)[6](AXB2,X)O4, where x is the inversion parameter
(x = 0, normal Sp; x = 1, inverse Sp; x = 0.667, completely
disordered Sp). As P, T and composition change, the Sp
structure may change its order-disorder states, which in turn
change the sizes of the T-sites and M-sites. For example, the
MgAl,04-Sp is generally a normal Sp under ambient condi-
tions, but becomes partially or even fully disordered as T'and P
increase (e.g., Cynn et al., 1992, 1993; De Wijs et al., 2002;
Méducin et al., 2004; Van Minh and Yang, 2004; Lazzeri
and Thibaudeau, 2006; Slotznick and Shim, 2008; Liu et al.,
2018). The bond length of its tetrahedron (dt.o) is much
longer than that of the octahedron (dy.p) in the normal
MgAl,04-Sp, but is much shorter in the inverse MgAl,0,4-Sp.
The lattice strain model suggests that the partition coefficients
of trace elements are related not only to the ionic radii and
valence states of the substituting trace elements, but also to the
sizes of the crystallographic sites of the host mineral (Brice,
1975; Blundy and Wood, 1994; Wood and Blundy, 1997).
Therefore, the cation disordering process of the Sp caused by
P and T variations potentially has significant impact on the
partition behavior of trace elements.

In this study, we used some high-P experimental techniques
to generate some large MgAl,O4-Sp crystals coexisting with
large amounts of carbonatitic silicate melts in the system
CaO—MgO—A1203—5102—K20—C02 (CMAS-Kzo_COZ)

and analyzed the abundances of the trace elements. The
experimental T range was from 1500 to 1650 'C, and the
experimental P range was from 3 to 6 GPa. The aim of our
work was two-fold, to constrain the partitioning behavior of
some trace elements between the MgAl,O4-Sp and the silicate
melt at high P-T conditions in specific, and to demonstrate the
importance of cation disordering on the trace element parti-
tioning in general.

2. Experimental and analytical methods
2.1. Starting materials

The starting materials, a broadly crystalline material and a
fully glassy material, were made from mixtures of high-purity
oxides (Si0,, Al,O5; and MgO) and carbonates (CaCO;5 and
K,CO;). The composition of the crystalline material was
calculated by combining pure forsterite (Fo), orthopyroxene
(Opx), clinopyroxene (Cpx) and garnet (Grt) in a weight
proportion of 15:50:30:5, with the compositions of the Opx,
Cpx and Grt from the experiment 34.6.3 in Gudfinnsson and
Presnall (1996; 3.4 GPa and 1615 oC): 46.01% SiO,,
11.02% Al,03, 28.85% MgO, 7.91% CaO, and 6.22% CO,.
The weighted mixture was placed at 450 C in a high-T
furnace for 24 h to completely dry it, and then fully ground
under acetone in an agate mortar. After that, it was kept at
110 "C in an oven for at least 24 h before it was loaded into a
platinum capsule. The diameter of the capsule was ~5 mm and
the length was ~3 mm. To synthesize the crystalline material,
we performed a high-P experiment (LMD556) with the cubic
press installed at the High-Pressure Laboratory of Peking
University (Liu et al., 2012). The high-P assembly BJC-11
was adopted (He et al., 2014). The synthesizing P-T condi-
tions were 4 GPa and 1600 DC, and the heating duration was
48 h. A small fraction of this experimental product was
properly processed, and examined with a QUANTA-650FEG
scanning electron microscopy (SEM) and a JXA-8100 elec-
tron microprobe (more later). We found the solid phases Ol,
Grt, Sp and Cpx coexisting with a trace amount of CO,-rich
silicate melt. The compositions of these phases are listed in
Table 1, and the proportions of these phases have been
calculated as 27.3% O], 32.8% Grt, 1.9% Sp, 36.5% Cpx and
1.5% melt, using the MINSQ program (Herrmann and Berry,

Table 1
Major element compositions (wt%) of synthetic phases observed in the crys-
talline material.

Phase CaO MgO Al,O3 SiO,
01(8)" 0.30(5)° 58.17(32) 0.30(6) 41.64(34)
Grt(15) 8.94(279) 23.40(226) 23.94(33) 43.89(71)
Sp(12) 0.02(1) 29.47(21) 70.16(64) 0.94(26)
Cpx(13) 22.93(86) 18.68(159) 5.39(234) 52.46(175)
Melt(5)° 24.9(414) 18.30(352) 10.54(572) 10.51(191)

? Number after the phase is the number of the EMP analysis.

° Number in the parentheses is one standard deviation in the rightmost digit.

¢ The content of CO, in the melt is ~35.75%, as estimated by the EMPA-
deficit method. Ol, olivine; Cpx, clinopyroxene; Grt, garnet; Sp, spinel.
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2002). The most of this experimental product was finely
ground, and used in our later high-P experiments.

The composition of the melt from the experiment 34.6.3 in
Gudfinnsson and Presnall (1996) was first normalized to 97 wt
%, and then added with 3% K,O (as K,CO;). After fully
ground in an agate mortar under acetone, this mixture was
stored in an oven at 110 "C for more than 24 h. It was even-
tually put into a platinum crucible, and melted for 30 min at
1600 °C in a high-T furnace, and quenched. The resulted
glassy material was crashed, ground and homogenized under
acetone, and stored in an oven at 110 °C for later high-P
experiments.

It should be noted that no trace elements were intentionally
added to any of the two starting materials. According to Horn
et al. (1994), the concentrations of certain trace elements in
the spinel should be less than 1 wt% in order to meet the
Henry's law. Indeed Righter et al. (2006) revealed large dif-
ferences in the partition coefficients of some trace elements
obtained from doped and undoped experiments. The abun-
dances of the trace elements in our experiments must have
been very low, so that their partitioning behaviors between the
solid phases and the melts observed in this study should obey
the Henry's law in general.

2.2. High-P equilibrium experiments

All our high-P equilibrium experiments were made on the
cubic press using the assembly BJC-11. For every experiment,
~10—12 mg starting materials were loaded into a Pt capsule of
2 mm diameter. In order to minimize quench effect on the
melt, the sandwich experimental method was adopted, with
the crystalline material placed at the top and bottom of the
capsule, and the glassy material loaded in the middle (Liu and
O'Neill, 2004b). To avoid the contamination of air water, the
loaded Pt capsule was stored at 110 "C for at least 24 h before
welded, and the used experimental parts such as the hBN
sleeve were always stored in an oven at 60 C. The experi-
mental 7 was controlled to +1 °C by using a W/Re thermo-
couple and the experimental P was controlled to +0.05 GPa.
The experimental conditions are listed in Table 2.

Our primary goal of this study was to constrain the parti-
tioning behavior of some trace elements between the Sp and

Table 2

Experimental conditions and observed phases.

Exp. # Ratio® P(GPa) 7(°C) 1(h) Phases”
LMD565 1:0.8:1 3 1500 36 Sp+Melt
LMD564 1:1.25:1 4 1500 36 Sp+Melt
LMD563 1:1:1 4 1550 24 Sp+Melt
LMD558 1:1.25:1 4 1550 36 Sp+Ol1+Melt
LMD578 1:1.25:1 5 1630 12 Sp+Grt+Melt
LMD568 1:1.25:1 6 1650 12 Sp+Grt+Melt

% All experiments were conducted with an initial “sandwich” sample
arrangement, with the crystalline material placed at the top and bottom of the
capsule, and with the glassy material placed in the middle. The listed ratios are
in wt%.

b Sp, spinel; Ol, olivine; Grt, garnet.

the silicate melts, so that a good equilibrium between the solid
phases and the melts was of great importance. Existing
experimental studies in the CMAS system (e.g., Presnall et al.,
1978; Sen and Presnall, 1984; Liu and Presnall, 1990) sug-
gested that 8 h was long enough to achieve good equilibrium
for the phase assemblages similar to those observed here, as
long as the melt fraction was high. The reaction time of our
experiments was accordingly set as > 12 h. As revealed later,
the compositions of the solid phases in our experimental
products are very homogeneous, indicating good chemical
equilibrium practically established in our experiments.

2.3. Analytical procedures

The experimental products were mounted with epoxy and
polished with a series of diamond pastes. Coexisting phases in
all experimental products were identified by using the
QUANTA-650FEG SEM. Their major element contents were
obtained using the JXA-8100 electron microprobe in the
wavelength-dispersive mode, with an accelerating voltage of
15 keV and a beam current of 10 nA. The solid phases were
analyzed with a 1-um focused beam. The well-quenched melt
was also analyzed with the 1-pm focused beam, but the
poorly-quenched melt with numerous tiny non-equilibrium
crystals was analyzed with a 5-um defocused beam. To
avoid K evaporating, K was analyzed first. The PRZ correction
procedure was applied to all the electron microprobe analyses
(EMPA). The major element compositions of the observed
phases in our experiments are listed in Tables 3 and 4.

The trace element compositions were analyzed using an
Agilent 7500 Ce laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS) at the School of Earth and
Space Sciences, Peking University. The LA-ICP-MS system
was coupled to a COMPexPro 102 laser-ablation system with
a 193 nm ArF-excimer laser. Helium was served as carrier gas
to enhance the transport efficiency of the ablated material. A
repetition rate of 5 Hz and a laser energy of 100 mJ were used
in this study. The beam size of the laser for the Sp analyses
was mostly 60-pm in diameter, but in some cases adjusted to
14-um in diameter in order to avoid any contamination of
surrounding melts. Other coexisting crystalline phases like the
Ol and Grt were also analyzed with the 14-pum spot size. The
melts were analyzed with a spot size of either 60 or 120-um,
as large melt patches were produced in every experiment re-
ported here. The background acquisition time and the data
acquisition interval were 20 s (including 5 s pre-ablation) and
60 s, respectively (Li et al., 2013).

All measurements were performed using the NIST 610 glass
as external standard and the NIST 612 and 614 glasses as
monitoring standards (Jochum et al., 2011). The Mg** contents
obtained from the EMPA were used as internal standards for the
Sp, Ol and Grt measurements. Due to quench modification, the
Mg** contents of the melts in some experiments were of rela-
tively high uncertainty (Table 4), and the AI*’ contents were
then used as the internal standards in these cases. Detection
limits were not constant as they could vary with the beam
diameter and equipment conditions (Lazartigues et al., 2014);
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Table 3
Major element compositions (wt%) of minerals.
Exp. # LMD565 LMD564 LMD563 LMD558 LMD578 LMD568
PIT 3/1500 4/1500 4/1550 4/1550 5/1630 6/1650
Phase Sp(8)° Sp(8) Sp(7) Sp(5) Ol(5) Sp(13) Grt(10) Sp(13) Grt(9)
CaO 0.01(1)° 0.02(2) 0.01(1) 0.00(0) 0.17(1) 0.01(1) 4.07(92) 0.02(1) 3.98(73)
MgO 28.66(25) 29.26(15) 28.44(22) 29.01(30) 58.20(84) 28.94(18) 27.52(70) 29.13(26) 27.75(68)
AlLO3 70.23(53) 70.29(18) 70.92(33) 69.98(60) 0.39(2) 70.22(25) 24.77(25) 69.27(59) 24.46(24)
SiO, 0.39(5) 0.65(7) 0.30(7) 0.76(3) 41.49(72) 0.76(7) 44.44(18) 1.03(7) 44.12(29)
Total 99.29(72) 100.22(30) 99.68(35) 99.75(86) 100.26(54) 99.92(36) 100.79(10) 99.45(78) 100.31(36)
% Pressure and temperature in GPa and °C, respectively.
® Number after the phase is the number of the EMPA.
¢ Number in the parentheses is one standard deviation in the rightmost digit.
Table 4
Major element compositions (wt%) of melts.
Exp. # n* K,0 CaO MgO Al,O3 Si0, Cco,° PIT*
LMD565 8 0.70(3)" 7.31(18) 29.21(33) 17.35(33) 27.77(20) 17.66 3/1500
LMD564 9 0.82(42) 7.61(138) 40.03(378) 11.14(45) 21.58(45) 18.82 4/1500
LMD563 8 1.36(13) 9.85(16) 22.40(10) 22.80(20) 22.37(16) 21.22 4/1550
LMD558 5 1.78(10) 11.23(8) 38.17(35) 8.71(15) 18.75(18) 21.36 4/1550
LMD578 11 1.23(6) 8.65(24) 29.10(26) 16.79(40) 28.42(17) 15.81 5/1630
LMD568 7 0.85(45) 9.00(143) 31.02(194) 15.59(58) 26.49(40) 17.05 6/1650

# Number of the EMPA performed.
® Content of CO, is calculated by the EMPA-deficit method.
¢ Pressure and temperature in GPa and °C, respectively.

4 Number in the parentheses is one standard deviation in the rightmost digit.

for example, their values for most rare earth elements (REEs)
ranged from 0.001 to 0.20 ppm, as observed in this study. Trace
element values were processed with the Glitter software
(Jackson, 2001), and the results are listed in Tables 5 and 6.

3. Results and discussions
3.1. Phase assemblages

All experimental products contain large Sp crystals and
large melt pools, with some having additional phase such as Ol
or Grt (Fig. 1 and Table 2). The Sp grains are typically idio-
morphic, their sizes range from ~50 to 600 pm (Fig. 1), and
their compositions are very homogeneous (Table 3). Grt has
been observed in two experiments (LMDS578 and LMD568),
and it appears idiomorphic (5—30 pum) but shows slight
compositional heterogeneity. A large Ol crystal has been
observed in LMDS558, surrounding one large Sp grain. Its
composition is close to pure Fo (Table 3).

The melt phases in different experiments show different
quench features. In LMD565 (Fig. la), LMD563 (Fig. lc),
LMD558 (Fig. 1g) and LMD578 (Fig. 1h), large pockets of
well-quenched melts have been found, and their major element
compositions have been well characterized by the EMPA
(Table 4). In contrast, the melts in LMD564 (Fig. 1b) and
LMD568 (Fig. 1f) contain numerous tiny quench crystals, so
that their EMPA results show some compositional scattering,
especially those regarding to the MgO and CaO components
(Table 4). The quench phase/phases in our experiments could
be MgO- and CaO-rich.

In addition, numerous small circular holes have been
observed in our experimental products (Fig. 1g). Their pres-
ence might suggest that our experiments were saturated with a
CO,-rich volatile phase, implying a high oxygen fugacity
(fo») in these experiments.

3.2. Phase compositions

The Sp observed in our experimental products is almost
pure MgAlL,O,, with small amounts of SiO, though
(0.3—1.03 wt%; Table 3). A charge balance reaction, with one
Si** and one Mg”*" substituting for two AI*", has been
observed and reported in Liu et al. (2018). As the experimental
P-T conditions change from ~3 to 4 GPa and 1500 C to
~5—6 GPa and 1630—1650 °C, the Si cations radically change
from being fully ordered on the T-sites to randomly distrib-
uting between the T-sites and the M-sites (Liu et al., 2018).

The Ol observed in LMD558 is nearly pure Fo, with small
amounts of Al,O3 (~0.39%) and CaO (~0.17%; Table 3). The
low CaO content of the Ol may reflect the low CaO content in
the coexisting melt (Table 4).

The Grt observed in LMD578 and LMD568 are generally
solid solutions between the endmember pyrope (MgsAl,
Si301,) and the endmember grossular (CazAl,Siz0,), with
the former predominating (Table 3).

The melt compositions are shown in Table 4. The SiO,
content ranges from 18.75 to 28.42%, the Al,O3 from 8.71 to
22.80%, the MgO from 22.40 to 40.03%, the CaO from 7.31 to
11.23%, and the K,O from 0.70 to 1.78%. The CO, content
has been determined with the EMPA-deficit method, and
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Table 5
Results of LA-ICP-MS analyses of spinel and melt (ppm), and the partition coefficients.
Exp. # LMD565 LMD564
P/T 3 GPa/1500 °C 4 GPa/1500 °C
Phase Sp(7)? Melt(6) Dy,(6) Sp(6) Melt(6) Dy(6)
Na?? 9.9 237.6(11)° 0.042 b.d.lf 395(16)
Si% 4650(460) 135659(1401) 0.034(3) 6392(1036) 105360(5074) 0.061(10)
p3! 27.3(59) 19.2(17) 1.42(31) 22.2(2) 23.6(23) 0.941(7)
K> b.d.L 9683(77) 52.6(277) 13161(615) 0.004(2)
Cca® 166(22) 53705(395) 0.003(0) 343.9 65120(2787) 0.005
Ti¥ 1.59 1.319(327) 1.205 0.99 2.983(716) 0.332
cr? 12.3(22) 0.86 14.3(26) 26.21 1.73 15.15
Mn®? 1.81 0.577(262) 3.14 b.d.l 1.176(439)
Fe¢ 57.3(234) 8.0(31) 7.1(29) 34.7(159) 3.4(35) 10.2(47)
Fe®’ b.d.l. 10.1(6) 20.6(34) 10.6(9) 1.94(32)
Ni% 0.34 0.234(13) 1.456 0.223 0.296(18) 0.755
Rb*’ 0.056 0.502(9) 0.111 b.d.l 0.642(42)
Sr¥® 0.042(9) 28.843(310) 0.0015(3) 0.14(10) 37.1(18) 0.004(3)
Y® 0.028 3.183(60) 0.009 0.0417 7.33(34) 0.006
Nb*? 0.0166 0.00087 19.08 0.0213 b.d.l
Sn'!® 0.538(55) 2.9(11) 0.185(19) 0.61(17) 1.37(41) 0.44(13)
Ba'¥’ 0.185(23) 10.658(79) 0.017(2) b.d.l 12.71(58)
La'* 0.0207 4.533(59) 0.005 0.035 5.93(28) 0.006
Ce!4? 0.0222 1.992(23) 0.011 0.036(21) 6.27(28) 0.006(3)
pri4! 0.0195 0.380(12) 0.051 0.0277 0.885(41) 0.031
Na'46 b.d.L 1.812(56) 0.150(67) 4.13(19) 0.036(16)
Sm'¥’ b.d.L 0.395(16) 0.132 0.899(60) 0.147
Eu'? 0.051(13) 0.094(5) 0.54(14) b.d.l 0.210(11)
Ga'’ b.d.l. 0.471(17) 0.214 0.910(54) 0.235
Tb'° 0.0138 0.076(2) 0.182 b.d.l 0.153(10)
Dy!®3 b.d.l. 0.471(19) b.d.L 1.065(55)
Ho'®® 0.0148 0.089(3) 0.166 0.0201 0.238(12) 0.084
Er'®® 0.074 0.198(12) 0.374 b.d.l 0.650(36)
Tm'®’ b.d.L 0.021(2) b.d.l 0.096(6)
Yb'7? 0.095 0.134(10) 0.711 0.16 0.599(37) 0.267
Lu'” b.d.L 0.020(1) b.d.l 0.085(3)
Ta'8! b.d.L b.d.l. 0.0304 0.002(0) 20.000
Pb>® b.d.L b.d.L b.d.l 0.012(7)
Th*? b.d.l. 0.194(9) b.d.l. 0.698(26)
U2 0.067 0.104(6) 0.643 b.d.l 0.935(52)
Exp. # LMD563 LMD558
P/IT 4 GPa/1550 °C 4 GPa/1550 °C
Phase Sp(6) Melt(7) D (6) Sp(10) Melt(8) Dyy(8)
Na? 5.9(20) 366.2(32) 0.016(6) 6.3(11) 646.2(26) 0.010(2)
Si% 2771(463) 106074(690) 0.026(4) 5069(200) 91908(295) 0.055(2)
p3! 46(13) 25.4(53) 1.82(51) 40.3(93) 32.8(44) 1.23(28)
K* 5.4(28) 16113(177) 0.0003(2) 5.5(19) 18252(138) 0.0003(1)
ca® 175(90) 73053(1148) 0.002(1) 149(39) 84348(522) 0.002(0)
Ti* 0.70(11) 4.91(52) 0.143(23) 0.857(55) 1.79(25) 0.479(31)
cr? 3.9(8) 1.3(2) 2.95(63) 2.7(3) 1.2(2) 2.24(27)
Mn*® 1.38(55) 1.94(44) 0.71(28) b.d.L 0.585(92)
Fe®® 45(25) 6.76 6.7(36) 30(14) 10.3(55) 2.9(14)
Fe®’ 11.28 14.4(18) 0.781 10.98 18.5(16) 0.593
Ni® 0.337(6) 0.27(23) 1.238(21) 0.337(6) 0.216(56) 1.559(26)
Rb* 0.086 0.826(12) 0.104 0.042 0.898(23) 0.047
S8 0.024(7) 45.79(76) 0.0005(2) 0.021(3) 57.31(54) 0.0004(1)
Y¥ 0.069(64) 178.5(41) 0.0004(4) b.d.L 9.49(14)
Nb”3 0.0227 0.0058 3914 b.d.L 0.010(1)
Snl 18 _ _ _ _
Ba'*’ b.d.L 14.86(49) 0.202 20.37(33) 0.010
La'* 0.0264 48.9(12) 0.001 b.d.L 24.83(23)
Ce!%? 0.0177 4.04(11) 0.004 0.0218 7.215(83) 0.003
pr'4! b.d.L 0.62(2) 0.015(3) 1.047(25) 0.014(3)

(continued on next page)
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Table 5 (continued)

Exp. # LMD563 LMD558
P/T 4 GPa/1550 °C 4 GPa/1550 °C

Phase Sp(6) Melt(7) Dy (6) Sp(10) Melt(8) Dyy(8)
Nd'4e b.d.L 2.719(95) 0.062 4.74(12) 0.013
Sm'¥’ 0.142 0.513(37) 0.277 0.110(38) 0.993(64) 0.111(38)
Eu'? b.d.l. 0.142(9) b.d.l 0.255(11)

Gd"’ 0.143 0.604(21) 0.237 0.113 0.982(42) 0.115
Tb'? b.d.L 0.100(7) 0.0245 0.163(7) 0.150
Dy'®? b.d.L 0.572(32) 0.071(11) 1.026(35) 0.069(10)
Ho'® 0.0152 0.129(11) 0.118 0.0145 0.235(13) 0.062
Er'%® b.d.l 0.280(18) b.d.L 0.611(20)

Tm'®’ b.d.l 0.037(5) 0.0202 0.083(4) 0.242
Yb!7? 0.132 0.187(32) 0.707 b.d.L 0.536(43)

Lu'” b.d.L 0.029(4) b.d.l 0.071(7)

Ta'¥! b.d.L 0.016(10) 0.0181 0.0104 1.740
Pb>® b.d.L 0.023(3) 0.095(17) 0.018(6) 5.36(99)
Th?3? b.d.L 0.269(12) b.d.L 0.763(27)

[0 b.d.L 0.337(26) 0.0245 0.317(25) 0.077
Exp. # LMD578 LMD568

P/T 5 GPa/1630 °C 6 GPa/1650 °C

Phase Sp(6) Melt(5) Dqy(5) Sp(6) Melt(7) Dq,(6)
Na?? b.d.L 356.1(57) 9.3 376.7(34) 0.025
S 6663(223) 137759(1146) 0.048(2) 6313(740) 116944(4101) 0.054(6)
p3! 39(13) 17.6(13) 2.22(74) 41(11) 18.7(21) 2.18(59)
K> 24(19) 12929(360) 0.002(1) 9.4(19) 11430(1977) 0.001(0)
Cca®? 212(124) 60607(296) 0.004(2) 151(36) 57828(2596) 0.003(1)
Ti* 2.20(76) 5.8(12) 0.38(13) 1.78(67) 13.6(23) 0.131(49)
cr? 21(12) 1.3(7) 16.3(93) 6.7(8) 1.6(2) 4.29(54)
Mn>® 241 0.97(25) 2.486 1.74 1.48(39) 1.179
Fe’¢ 34.32 3.7(18) 9.396 40.1(84) 3.6(12) 11.2(23)
Fe®’ b.d.L 11.0(11) 28.95 13.0(5) 2.227
Ni® 0.71(18) 0.38(27) 1.86(48) 1.9(19) 0.51(79) 3.8(38)
Rb® b.d.l 0.641(14) 0.112(18) 0.63(10) 0.179(29)
Sr®® 0.066(43) 35.72(39) 0.002(1) 0.045(13) 36.4(49) 0.001(0)
Y3 0.0157 3.482(66) 0.005 b.d.l 3.02(24)

N 0.0227 0.003(1) 8.007 0.038(1) 0.004(2) 8.59(16)
Sn''® 0.63(13) 1.80(69) 0.348(72) - -

Ba'¥’ 0.305(93) 13.11(11) 0.023(7) 0.290(76) 28.2(49) 0.010(3)
La'®® 0.071(83) 28.66(28) 0.002(3) 0.041 8.9(13) 0.005
Ce'40 b.d.L 2.432(15) b.d.L 2.74(38)

pr'#! 0.031(14) 0.474(7) 0.065(29) 0.0299 0.511(71) 0.059
Nd'4e 0.14(10) 2.291(32) 0.063(45) b.d.L 2.39(31)

Sm'¥’ 0.124(17) 0.479(9) 0.259(35) b.d.l 0.488(50)

Eu'? b.d.l 0.116(9) b.d.l 0.120(16)

Ga’ b.d.L 0.535(23) b.d.l 0.522(70)

Tb'>? 0.026(4) 0.082(5) 0.312(45) b.d.l 0.086(11)

Dy'® b.d.l. 0.504(17) b.d.l 0.502(55)

Ho'® b.d.l 0.090(4) b.d.L 0.091(9)

Er'%¢ b.d.L 0.193(10) b.d.l 0.188(22)

Tm'® 0.0108 0.025(0) 0.432 0.034(2) 0.021(2) 1.589(93)
Yb!7? 0.127(23) 0.142(10) 0.89(16) 0.181 0.122(12) 1.483
Lu'” 0.0249 0.016(1) 1.557 b.d.l. 0.015(2)

Ta'¥! 0.0264 0.004(1) 7.281 0.031 0.007(3) 4.242
Pb>08 b.d.l 0.0109 0.136 0.031(13) 4335
Th?3? 0.0244 0.182(7) 0.134 b.d.l 0.244(40)

[0 0.043(17) 0.220(6) 0.196(76) 0.06 0.151(26) 0.398

# Number of analysis spot.
> Number in parentheses is 1 SD; 237.6(11) read as 237.6 + 1.1.
¢ b.d.l., below detection limit.



L. Liu et al. / Solid Earth Sciences 4 (2019) 43—65 49

Table 6

Results of LA-ICP-MS analyses of olivine and garnet (ppm), and the partition coefficients.

Exp. # LMD558 LMD578 LMD568

P/T 4 GPa/1550 °C 5 GPa/1630 °C 6 GPa/1650 °C

Phase 0l(6)" Dyi(6) Grt(5) Dgn(5) Grt(6) Dgn(6)
Na? 3.1(5)° 0.005(1) 169(104) 0.48(29) 102.3(73) 0.272(19)
Si® 218229(406) 2.37(0) 165184(36617) 1.20(27) 247261(6537) 2.114(56)
p3! 36(3) 1.097(93) 954 5.409 b.d.lf

K> 36(42) 0.002(2) 5676(4544) 0.44(35) 735(965) 0.064(84)
ca® 1422(26) 0.017(0) 35910(14589) 0.59(24) 31044(3798) 0.537(66)
Ti¥ 0.41(11) 0.231(59) 7.910 1.361 15.8(53) 1.17(39)
cr’’ 1.32(50) 1.08(41) b.d.l 52.210 33.499
Mn®’ 0.43(11) 0.73(18) 10.8(30) 11.2(31) 22.400 15.184
Fe®® 15.3(73) 1.48(71) 173.0(84) 47.4(23) 140(39) 39(11)
Fe®’ b.d.l 86(21) 7.8(19) 129(21) 10.0(16)
Ni® 0.232(53) 1.07(25) 1.520 3.981 2.923(911) 5.8(18)
Rb® 0.017 0.019 0.38(14) 0.58(22) b.d.L

S8 0.133(95) 0.002(2) 17(14) 0.47(39) 2.843(3310) 0.08(9)
Y® 0.086(8) 0.009(1) 3.34(46) 0.96(13) 3.737(708) 1.24(23)
Nb”3 0.006(0) 0.593(28) 0.112 39.506 b.d.L

Sn''® - 1.430 0.794 —

Ba'¥’ b.d.l 6.1(39) 0.46(30) 4.830(2234) 0.172(79)
La'* 0.041(47) 0.002(2) 13(11) 0.46(39) 0.952(871) 0.107(98)
Cel40 0.016(12) 0.002(2) 1.42(77) 0.58(32) 0.546(375) 0.20(14)
pri4! 0.008 0.008 0.32(20) 0.67(43) 0.199 0.389
Na'46 b.d.l. 2.12(40) 0.92(18) 1.745(643) 0.73(27)
Sm'¥’ 0.058(17) 0.058(17) 0.910 1.900 b.d.l

Eu'? b.d.l. 0.189(6) 1.632(49) b.d.L

Ga'’ b.d.l. 0.98(30) 1.82(57) b.d.L

Tb'° b.d.l. 0.132(19) 1.60(23) 0.276(81) 3.20(93)
Dy!®? 0.027 0.026 0.55(14) 1.09(27) 1.290 2.568
Ho'®® 0.007 0.028 0.114(18) 1.26(20) 0.300(86) 3.31(95)
Er'®® 0.015 0.025 0.290 1.502 0.750 3.981
Tm'®’ b.d.l b.d.l 0.289 13.586
Yb'7? 0.036(4) 0.067(8) 0.400 2.814 1.340 10.980
Lu'? 0.012(2) 0.167(24) b.d.l 0.251(58) 16.5(38)
Ta'8! b.d.l. 0.110 30.336 b.d.L

Pb>® 0.046(5) 2.59(31) 0.850 77.982 b.d.L

Th*? b.d.l. b.d.L b.d.L

U2 b.d.l b.d.l b.d.L

# Number of analysis spot.
® Number in parentheses is 1 SD; 3.1(5) read as 3.1 + 0.5.
¢ b.d.l., below detection limit.

ranges from 15.81% to 21.36%. According to Dalton and
Presnall (1998), the thus-obtained CO, contents in our sili-
cate melts are reasonable. In addition, small amounts of H,O
(presumably < 0.5 wt%) might appear in the melts, as a
completely dry experimental condition could not be practi-
cally maintained, especially when small pyrophyllite parts
were used in the high-P experiments (Canil and Scarfe, 1990;
Gudfinnsson and Presnall, 1996; Dalton and Presnall, 1998;
Liu et al.,, 2006). Summarily the melts produced by our
high-P experiments were generally MgO-rich carbonatitic
silicate melts.

3.3. Distribution of Si, Ca, Cr and Ni between spinels
and silicate melts

The major element compositions of natural spinels in
various geological bodies from different tectonic environments

were commonly analyzed, the data were frequently compiled,
and the implications were regularly explored (e.g., Roeder,
1994; Barnes, 1998; Barnes and Roeder, 2001; Kamenetsky
et al., 2001). In contrast, the major element compositions of
spinels from experiments were much less reported, mainly due
to their small grain sizes and low proportions usually
encountered in the experiments (Roeder and Reynolds, 1991;
Liu and O'Neill, 2004b). Here, we briefly summarize the
compositional data for some major elements (Si, Ca, Cr and
Ni) in some synthetic spinels in equilibrium with silicate
melts, and tentatively probe the distribution features. Strictly
speaking, Ca cannot be treated as a major element because of
its low abundance in the spinels. Nevertheless, it is abundant
in most magmas.

To facilitate our discussion, we have chosen to use the
Nernst's partition coefficient, a term most appropriate for the
partitioning process of trace elements. The Nernst's partition
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(a) LMD565

(¢) LMD578

Fig. 1. Typical electron back-scatter images for the coexisting of large MgAl,Oy-spinel crystals and melt pockets in LMD565 (a), LMD564 (b), LMDS563 (c),
LMD558 (d), LMDS578 (e), and LMD568 (f); and additional electron back-scatter images for the melt region of LMD558 (g), for the entire charge of LMD578 (h),
and for a large portion of LMD568 (i). See Table 2 for the experimental P-T conditions and other details. Presumably due to the combined effects of high
experimental 7, large proportion of melt, and strong corrosive nature of carbonatitic silicate melt, some Pt capsules showed signs of melting to some degree or
alloying with the experimental charge. Furthermore, it is rather unclear whether all tiny crystals in LMD563 (c) and LMDS568 (f) were formed during quenching or
not, due to the slightly larger sizes attained by some of the crystals than what we usually find out for quench phases. To be conservative, the melt regions teemed
with these relatively larger crystals were avoided in our EMP and LA-ICP-MS analyses.

coefficient describes the partition behavior of an element i
between a mineral and a coexisting melt phase, and is defined
as follows

Dinineral = Cinineral/cinelt (1)

where C! . and C! , are the weight fractions of the element
i in the mineral and the melt (in ppm), respectively (Nernst,
1891). When Di.... > 1, the element i is a compatible
element, and tends to concentrate in the solid phase; when
Di . . <1, the element is an incompatible element, and en-
riches in the melt phase. During the process of partitioning an
element i between a mineral and a melt phase, D!, . should
be a constant if the partition process obeys the Henry's law
(.., D, . being independent to either C', . or C' ).

Si The D§1i7 constrained by our experiments ranges from
0.026(4) to 0.061(10) (Table 5; averagely 0.046(13)), slightly

larger than the values obtained by Loroch et al (2018; Fig. 2a).

Si is thus highly incompatible in the MgAl,O4-Sp structure.
This can be understood in terms of the differences of the
charge states and the cation radii: Si is 4+, compared to 2+ for
Mg and 3+ for Al; the cation radii of Si** in four-fold co-
ordination and six-fold coordination are respectively 0.26 and
0.4 A, much smaller than those values for the Mg*" (respec-
tively 0.57 and 0.72 A), and those values for the AI**
(respectively 0.39 and 0.535 A; Shannon, 1976). As larger Cr
and Fe cations enter the MgAl,O4-Sp structure, the di-
mensions of the unit cell and the size of the cation sites are
expected to expand, so that Si should become even more
incompatible. This is well illustrated in Fig. 2a (compare the
symbols in black to the symbols in color). In comparison,
pressure may play a different role, reducing the size of the
cation sites to some degrees and making Si more compatible
(compare the squares to all other symbols). Further, the
coupled substitution of Si*" + Mg>™ = 2A1°", as observed by
Liu et al. (2018), should also play an important role in the Si
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Fig. 2. D§L \8 ng? (a) and Dg;,’ \8 Cg‘f (b). The spinels from this study

(3—6 GPa and 1500—1650 °C) and Loroch et al. (2018; 1 atm and
1000—1350 °C) were generally MgAl,O4-Sp (i.e., without significant Cr or
Fe). In contrast, the spinels from Horn et al. (1994) contained various amounts
of Cry03 (0—56.17 wt%) and FeO, (14.48—68.03 wt%; FeO, = FeO + Fe,0;),
as they were obtained with a natural alkali olivine basalt (1 atm,
1235—1340 °C and logfo, = —8.28 to —0.68). The spinels from Wijbrans
et al. (2015) also contained various amounts of Cr,O3 (0—30.2 wt%) and
FeO, (0—62.4 wt%; 1 atm, 1220—1450 °C and log fo, = —12 to —0.7).

incorporation into the spinel structure. Overall, the Dg; is well
related to the C§, D3, = 8.71(23) x 1076 x C3, — 0.0028(4)
(R*> = 0.95). Once the Cﬁ; is known, the Dg, can be calculated,
and the Si content in the silicate melts in equilibrium can
eventually be constrained.

Ca The Dg;‘ constrained by our experiments is mostly
<0.005 (Table 5), with small differences to the values obtained
by Loroch et al (2018; Fig. 2b). Ca is thus strongly incom-
patible in the MgAl,O4-Sp structure, a characteristic almost
independent to the melt compositions (e.g., CO,-rich and CO,-
free silicate melts in this study and Loroch et al. (2018),
respectively) and P (e.g., 3—6 GPa and 1 atm in this study and
Loroch et al. (2018), respectively). This can be understood in
terms of the significant differences of the cation radii: the
effective cation radius of Ca*" in six-fold coordination is
1.0 A, much larger than those values for Mg”" and AI’"
(respectively 0.72 and 0.535 A; Shannon, 1976). As larger Cr
and Fe cations enter the MgAl,04-Sp structure, further, the
dimensions of the unit cell and the size of the cation sites

should expand, and more Ca may enter the spinel structure.
Indeed, the 1-atm spinels from Loroch et al. (2018) were free
of Cr and Fe and had the smallest Dgpa, the 1-atm spinels from
Horn et al. (1994) had the highest Cr and Fe contents and
attained the largest DC[f, and the 1-atm spinels from Wijbrans
et al. (2015) had intermediate Cr and Fe contents and attained
intermediate Dgp“ (Fig. 2b).

Cr The Dgpr constrained by our experiments ranges from
2.2(3) to 16(9) (Table 5; averagely 9.2(67)), remarkably
smaller than the values obtained by other studies at Cr-rich
conditions (Df; = 88—289 from Liu and O'Neill (2004a;
1.1 GPa),Dgp’ = 54 from Davis et al. (2013; 3 GPa), and
DSCp’ = 21-761 from Horn et al. (1994; latm) and Wijbrans
et al (2015; 1 atm); Fig. 3a). The strong correlation between
the DSC,f and Cglf is very important, warning that Cr is not as
compatible as conventionally thought at Cr-poor conditions. In
contrast, other factors such as P, T and fo, may only slightly
affect the Dglf values. Cr may show different charge states of
2+, 3+ and 6+ at different fo,, but presumably enters the M-
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Fig. 3. D§; vs C (a) and Df vs C§ (b). The plotted spinels from this study,
Horn et al. (1994), Wijbrans et al. (2015) and Loroch et al. (2018) are the same
as those plotted in Fig. 2. The spinels from Liu and O'Neill (2004a) were
synthesized in the CMAS-Cr,03—K,0 system and contained various amounts
of Cr,05 (19.5—63.14 wt%; 1.1 GPa and 1320—1380 °C). The spinels from
Righter et al. (2006) contained various amounts of Cr,O5 (0.11—48.77 wt%)
and FeO, (1.75—66.61 wt%; 1 atm, 1150—1325 °C and log fo, = —8.28 to
—0.68). The spinel from Davis et al. (2013) contained some Cr,03 (1.31 wt%)
and FeO, (8.03 wt%; 3 GPa and 1465 °C). Note that the data with Dgf =1.6
from Horn et al. (1994) is likely an outlier, and has been left out of our
discussion.
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sites of the spinels mainly as Cr’" due to the radius contrasts
(0.80, 0.615 and 0.44 A for Cr**, Cr** and Cr°*, respectively;
Shannon, 1976). Combing with the very low Cr contents in
common silicate melts, whatever the charge state of the Cr is,
this results in an insignificant effect of fo, on the Dg,f, as
observed by Wijbrans et al. (2015). To be practically useful,
the following equation, C2% = 0.006(0) x CC’ZO% —
0.005(14) (R* = 0.78; wt%), has been derived from the data
shown in Fig. 3a, and describes the Cr,O5 distribution between
the spinels and silicate melts reasonably well.

Ni The Dg'p" constrained by our experiments ranges from
0.755 to 3.8(38) (Table 5; averagely 1.8(10)), significantly
smaller than the values obtained by other studies at Ni-rich

conditions (D’S\Z = 20.720) from Horn et al.
(1994), DN’ 2.7—79.4 from Righter et al. (2006), and

DN’ = 22 16.7 from Wijbrans et al. (2015), and
DA? 12.6—36.6 from Loroch et al. (2018); Fig. 3b). The
strong correlation between the D’SV‘ and C1SV’ is very important,
warning that Ni is not as Compatlble as conventlonally thought
at Ni-poor conditions. In contrast, other factors such as P, T
and fo, may only slightly affect theD’S\Z values (Wijbrans
et al., 2015). Summarily, the data shown in Fig. 3b lead to
the following equation, C;9, = 0.050(2) x C§° + 0.009(11)
(R2 = 0.86; wt%), which may be used to estlmate the NiO
content of silicate melts.

3.4. Some trace elements and their partitioning between
spinels and silicate melts

The abundances of some trace elements in the MgAl,O4
spinels and the carbonatitic silicate melts, as observed in our
high-P experiments, and their partition coefficients between
these two phases are listed in Table 5.

3.4.1. Phosphorus

No systematic experimental investigation has been carried
out to study the partitioning behavior of phosphorus between
the spinels and the silicate melts. As a matter of fact, we could
find one fu!l analysis only, leading to D§p = 0.06(12) at 3 GPa
and 1465 C (Experiment A806; Davis et al., 2013). Phos-
phorus usually appears as P°", and its incorporation into the
spinel structure thus requires special charge-compensating
mechanisms. Further, the effective cation radii of P°* in
four-fold coordination and six-fold coordination are respec-
tively ~0.17 and 0.38 A (Shannon, 1976), and the dt.o and the
dm.o of the somewhat disordered MgAl,O4-Sp at magmatic
high T such as 1100 'C are respectively ~1.9113(7), and
1.9321(4) A (Andreozzi et al., 2000). Taking the radius of the
0% ionas 1.38 A (Shannon, 1976), the T-sites and M-sites of
the spinel structure are too large for the P> cation. No sig-
nificant P°" incorporation is therefore expected. However, our
experimentally-determined D’S’p in the P-T range of 3—6 GPa
and 1500—1650 °C varies from 0.941(7) to 2.22(74) (aver-
agely 1.64(52); Table 5), distinctly different to the value
suggested by Davis et al. (2013). To ascertain whether P> is
compatible or incompatible in the spinel structure at high P,
more experiments are required.

3.4.2. Nb, Ta, Ti, and Sn

The partition coefficients of the high field strength elements
(HFSE) Nb, Ta and Ti between the MgAl,0,4-Sp and carbo-
natitic silicate melts observed in our high-P experiments,
DNb = 3.914-19.08 (averagely 9.9(65)), DT“ 1.74—20.00
(averagely 8.3(81)) and D = 0. 131—1 205 (averagely
0.445(396)), are compared with those Dbetween the
Al + Cr + Fe spinels and silicate melts constrained by pre-
vious studies in Fig. 4a, b and c, respectively (Horn et al.,
1994; Lundstrom et al., 2006; Davis et al., 2013; Wijbrans
et al., 2015; Loroch et al., 2018).

Distinctly, the data for the Nb and Ta partition are similarly
divided into two groups, a high-P group including all the data
from this investigation and a l-atm group including all the
data from all previous studies. At similar CN” (or C¢f), the DY?
(or DT“) values in the high-P group are substantlally larger
than those in the I-atm group, by ~5 orders of magnitude.
Further, it seems likely that a nominal positive correlation
exists between the Dg’;,’ (or DT”) values and the C (or C Sp)
values at 1 atm. Since the expenmental P was all at 1 atm,
since a small range of experimental 7 variation at magmatic
temperatures should exert negligible influence on the partition
coefficients (Jones, 2016), and since some variation of fo,
could not significantly affect the partition coefficients
(Wijbrans et al., 2015), this nominal positive correlation must
be explained by resorting to some compositional variables. As
suggested by Wijbrans et al. (2015), substituting of some
smaller AI>" by some larger Cr’" and Fe*" in the spinels
should expand the M-sites, which usually host the HFSE (the
effective cation radius of AI’*, Cr** and Fe** in six-fold
coordination being respectively ~0.535, 0.615 and 0.645 A;
Shannon, 1976). As a result, larger Nb and Ta cations (both
being ~0.68 A; Shannon, 1976) should more readily enter the
M-sites, leading to increasing partition coefficients. Indeed,
the spinels from Lundstrom et al. (2006) and Loroch et al.
(2018) were all free of Cr>" and Fe**, those from Wijbrans
et al. (2015) contained either no Cr’" + Fe*' or some
Cr’" + Fe*, and those from Horn et al. (1994) all contained
significant amounts of cr*t and Fe*t. In correspondence, the
Nb (or Ta) partition coefficients at 1 atm increase (Fig. 4a and
b). Therefore, the nominal positive correlation exhibited by the
Nb (or Ta) partition coefficients at 1 atm does not necessarily
mean a breakdown of the Henry's partition law.

If we ignore for a moment the Ti partition data at 3 GPa
from Davis et al. (2013) and the data at the C%! S concentrations
of a few tens of ppm from Wijbrans et al. (2015) and Loroch
et al. (2018), the above discussion on the Nb and Ta partition
between the spinels and the silicate melts similarly applies to
the Ti partition (Fig. 4c). Nevertheless, Ti is about two orders
of magnitude more compatible in the spinels than Nb and Ta at
1 atm (Wijbrans et al., 2015). Using a simulating
peridotite + basalt mixture as starting material, the experiment
from Davis et al. (2013; Experiment A806) was performed at
3 GPa, with firstly a heating stage of 2 h at 1650 "C, secondly a
gradual cooling process of ~31 h to the final 7 (1465 C), and
thirdly a heating phase of 48 h at 1465 "C. The thus-obtained
Ti partition coefficient, however, is rather different both to
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containing no Cr and no Fe, and the experimental data for spinels containing Cr + Fe are plotted. In (d), (¢) and (f), only the experimental data for spinels
containing no Cr and no Fe are plotted (i.e., Mg—Al spinels in general). pfu means per formula unit (on the basis of 4 oxygens in the case of spinel). With the
exception of Davis et al. (2013) at 3 GPa, all other investigations in the literature were conducted at 1 atm and with various experimental 7'and fo,. Note that all Nb
and Ta are assumed as 4+ in this study since there are still significant uncertainties on their exact charge states in silicate melts (Burnham et al., 2012; Cartier et al.,
2015). For the purpose of clarity, the low C%f,? values are only indicated in (d), and the two different substitution mechanisms are only shown in (e), although they

are similarly applicable to (e) and (f), and (d) and (f), respectively.

ours at high P in the CMAS-K,0—CO, system, and to those at
1 atm from Horn et al. (1994) in the alkali olivine basalt
composition system (Fig. 4c). The reason is not very clear to
us at the present. In comparison, the slightly larger Dy at the
C§, concentrations of a few tens of ppm from Wijbrans et al.
(2015) and Loroch et al. (2018) might be partially explained
by small amounts of vacancies in the spinels (more later), a
mechanism conventionally invoked to interpret negative cor-
relations between the partition coefficients and the low-level
concentrations of certain trace element (Harrison and Wood,
1980; Watson, 1985).

To explore the causes to the large differences in the Dgﬁ’ ,
Dg‘j, and Dg) between the high-P group and the 1-atm group,
we have plotted all relevant data for the Mg—Al spinels (i.e.,
both the Cr,O5; and Fe,O3 contents < 1%) in Fig. 4d, e and f,
respectively. Two different mechanisms emerge. For the
Mg—Al spinels in the high-P group, their Mg cation is

obviously larger than 1, indicating a potential cation substi-
tution reaction like

Nb*™ (Ta*", or Ti*") + Mg?" = 2A1°" )

(termed as type-I substitution hereafter). Previously Liu
et al. (2018) demonstrated a similar cation substitution reac-
tion for the major elements in the Mg—Al spinels
(Si** + Mg*" = 2A1’"). For the Mg—Al spinels in the 1-atm
group, their Mg cation number is apparently smaller than 1,
suggesting another potential cation substitution reaction like

Nb*" (Ta**, or Ti*") + Vi, = 2Mg>" (3)

(termed as type-II substitution hereafter), where Vy, stands
for charge-balancing vacancies in the Mg*" position of the
spinels. As one example, the total cation number in the
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Mg—Al spinels with Mg_s, = 0.7 pfu (per formula unit) was
2.899 pfu only (Run H3-R8 of Loroch et al., 2018), implying a
substantial amount of Mg-site defects occurring in the spinel
structure.

Although the above two substitution mechanisms regu-
lating the partitioning behavior of Nb, Ta, Ti and potentially
other HFSE such as Zr and Hf have been observed via the
experimental results acquired respectively at high P and at
1 atm, high P might not necessarily be the key parameter. The
MgO contents of the silicate melts coexisting with the parti-
tion coefficient-elevated Mg—Al spinels in the 1-atm experi-
ments were very low, 6.50—7.16 wt% in Lundstrom et al.
(2006), 11.7—13.9 wt% in Wijbrans et al. (2015) and
1.69—6.13 wt% in Loroch et al. (2018). For example, the melt
phase in that particular experiment H3-R8 of Loroch et al.
(2018) just contained 1.69 wt% MgO. In comparison, the
MgO contents of the carbonatitic silicate melts in our high-P
experiments were much higher, varying from ~22.40 to
40.03 wt% (Table 4). We therefore tend to believe that it is the
MgO content of the coexisting silicate melts, rather than
pressure, to decide which substitution mechanism eventually
operates.

The nominally unusual Dg; at 3 GPa from Davis et al.
(2013), as discussed above (Fig. 4c), can then be generally
explained by a normal MgO content in the silicate melts
(~15.0 wt%), neither too high nor too low for the crystallizing
of stoichiometric spinels.

The partition coefficients of Sn between the Al—Cr—Fe
spinels and silicate melts were not constrained experimentally
(Hu et al., 2016). Our high-P experiments supply the first few
preliminary Dg; values, from ~0.185(19) to 0.44(13) (aver-
agely 0.32(13)), which indicate a general incompatibility for
Sn in the MgAl,Oy4-spinel structure (Table 5).

3.4.3. U, Th and Pb

Th usually occurs as Th4+, but U and Pb have different
charge states at different fo,. When they experimentally
studied the trace element partitioning between wollastonite
and silicate-carbonate melt (3 GPa, 1420 DC, Pt capsule), Law
et al. (2000) assumed that U was 4+, and Pb was 2+ in their
experimental product. However, the Pb partition coefficient
was much smaller than what was expected for the Pb>" in six-
fold coordination, implying at least some of their Pb probably
occurring as Pb**. As our experiments were performed with Pt
capsules at similar P-T conditions and in a similarly CO,-rich
system, we tend to believe that most U and Pb in our exper-
imental charges were 4+.

The U partition coefficients between some Al—Cr—Fe
spinels with various compositions and silicate melts have been
experimentally determined at ambient P, with Dgp ranging
from 0.000004 to 0.029 (Lundstrom et al., 2006; Wijbrans
et al., 2015; Loroch et al., 2018). Although the Dg) values
showed large uncertainty and varied in four orders of magni-
tude, it is rather clear that U is incompatible in the spinel
structure at 1 atm. Our experiments provide preliminary con-
straints at high P, with Déjp ranging from 0.0773 to 0.6426
(averagely 0.33(25); Table 5), suggesting that U likely remains

incompatible in the spinel structure at high P. As there is not
clear correlation between the ng values and P (Fig. 5a), we
incline to the idea that a heterovalent substitution mechanism,
similar to Eq. (2), functions.

The Th partition coefficients between some Al—Cr—Fe
spinels with various compositions and silicate melts have been
experimentally determined at ambient P, with Dg;’ ranging
from 0.00001 to 0.009 (Lundstrom et al., 2006; Wijbrans et al.,
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2015; Loroch et al., 2018). Although the Dg; values showed
large uncertainty and quantitatively varied in two orders of
magnitude, it is rather clear that Th is incompatible in the
spinel structure at 1 atm. One of our experiments (LMD578)
provides preliminary result at 5 GPa and 1630 'C, with
Dgg = 0.134 (Table 5), suggesting that Th likely remains
incompatible at high P. In addition, the data from Loroch et al.
(2018) show a positive correlation between the ng and the
Mg shortage in the Mg—Al spinels (Fig. 5b), indicating that a
heterovalent substitution mechanism, similar to Eq. (3), ef-
fects. Further, Fig. 5b shows a nominal positive correlation
between the Dg} and the ng data, which has not been well
explained by variations of 7, fo, and spinel composition
though (Wijbrans et al., 2015).

The Pb contents in the spinels and silicate melts were usually
not analyzed, so that the Pb partitioning between the spinels and
the silicate melts has not been well constrained so far. Loroch
et al. (2018) once determined the Pb partition coefficient be-
tween the Mg—Al spinel and silicate melt as 3.47(111) (Run
Mel3-R12 at 1 atm and 1000 C). Two of our experiments
constrain the Dg’j values as ~5.36(99) and 4.335 (Table 5). As
shown in Fig. 5c, Pb is therefore compatible in the spinel
structure at both room P and high P, which is rather different to
the incompatible partitioning behavior of U and Th.

It is rather clear that DY’ > DY > D{" (Fig. 5). For Pb**,
U*" and Th*" in six- -fold coordmatlon thelr effective radii are
0.775, 0.89, and 0.94 A, respectively (Shannon, 1976), and all
are larger than the cation sites in the spinels. The gradually
increasing size difference between these cations and the T-
sites and M-sites of the Mg—Al Sp then leads to decreasing
partition coefficients (with one to two orders of magnitude
difference), as experimentally observed.

It appears that the assumption of all Pb cations occurring as
Pb”" in their CO,-rich experimental charges, made by Law
et al. (2000), is not supported by the U, Th, Pb partitioning
systematics observed here. Further, the cation radius of Pb>*
in six-fold coordination is 1.19 A (Shannon, 1976), much
larger than that of either U*" or Th*" but similar to that of
St in six-fold coordination (1.18 A Shannon, 1976). If most
Pb were 2+, the ng value would have been much similar to
the DS’ (51gn1ﬁcantly < 1; Table 5), which is not the case.
Moreover Liu et al. (2008) and He et al. (2011) synthesized
lead apatites via solid—state reaction in open air, with the
number of Pb cations always less than the apatite stoichiom-
etry, implying some Pb presenting as Pb*". More experimental
investigation on the relationship between the charge state of
Pb and the fo, at both room P and high P is desirable.

3.4.4. REEs and Y
The partition coefficients of the REEs at 3—6 GPa obtained
in this study (Table 5) are D = 0.001—0.006 (averagely

0.0036(21)), DCE = 0.003— 0 011 (averagely 0.0061(36),
DP " = 0 014—0.065 (averagely 0.044(21)),
DA% = 0.013—0.063 (averagely 0.037(25)),

D o = 0.111-0.277 (averagely 0.198(82)), DE” = 0.543
(averagely 0.543), DG‘I = 0.115-0.237 (averagely O 196(70)),
DT” = 0.150—0. 312 (averagely 0.215(86)), DSp 0.069

(averagely 0.069(10)), Dgp” = 0.062—0.166 (averagely
0.108(45)), DE; = 0.374 (averagely 0.374),
Dg’” = 0.242—1.589 (averagely 0.754(729)),

ﬁ’ = 0.267—1.483 (averagely 0.812(440)), and DL” = 1.557
(averagely 1.557).

These REEs partition coefficients at high P are compared in
Fig. 6 to those experimentally obtained at 1 atm. Clearly,
nearly all REEs are incompatible in the MgAl,O4-Sp both at
high P and at 1 atm. Because our experiments were not REEs-
doped, however, we could often obtain one or two successful
LA-ICP-MS analyses for the REEs in the MgAl,0,4-Sp in
every experiment. This leads to relatively low accuracies in the
partition coefficients at high P. In contrast, the REEs partition
coefficients at room P were relatively better constrained by the
experiments of Lundstrom et al. (2006), Wijbrans et al. (2015)
and Loroch et al. (2018). On the basis of the averaged partition
coefficients at both 1 atm and high P, anyhow, we have ob-
tained a clear positive P dependence for the partition coeffi-
cient of every REE, as indicated by the red arrows in Fig. 6.

The reason for the positive correlation between the REEs
partition coefficients and P is not intuitively obvious. The six-
fold 3+ REEs have large effective ionic radii (ranging from
~1.032 to 0.861 1&; Shannon, 1976), and could not readily
enter the M-sites of the MgAl,O,4-spinel at 1 atm (the dy.o
ranging from ~1.9309 to 1.9321 A only when T changes from
1000 to 1100 ‘C; Andreozzi et al., 2000), which well explains
the incompatible behavior observed at 1 atm by Lundstrom
et al. (2006), Wijbrans et al. (2015) and Loroch et al.
(2018). High P compresses a crystal structure in general,
and should have reduced the M-sites of the MgAl,0O4-spinel in
particular if nothing unusual took place. Consequently, high P
would have resulted in diminishing partition coefficients, right
opposite to what we have observed in Fig. 6. Two facts might
have played important roles in elevating the partition co-
efficients at high P. Firstly, the MgAl,Oy4-spinel is much less
compressible than the REE metal oxides (Nestola et al., 2007;
Jiang et al., 2018), so that the size mismatch between the M-
sites and the REE cations should be reduced to some extent by
high P. Secondly, the dy;_o of the MgAl,0,4-spinel significantly
increases due to the Mg—Al cation disordering process
(Redfern et al., 1999; Andreozzi et al., 2000), which is sub-
stantially enhanced by high P (Da Rocha and Thibaudeau,
2003; Méducin et al., 2004). The size mismatch between the
M-sites and the REE cations should be further reduced hence.

Another important feature shown in Fig. 6 is that at high P
the partition coefficients of some REEs (those for the heavy
REEs such as Tm, Yb and Lu) might become larger than 1
whereas the partition coefficients of others (such as those for
the light REEs La, Ce, Pr, and etc.) may remain much smaller
than 1. Therefore, the crystallization of spinels from magmas
at high P has the potential to fractionate the REEs, a phe-
nomenon which has been conventionally attributed to the
crystallization of garnets. This potential role can be better
illustrated with Fig. 7.

The Dgp varies from 0.0004 to 0.009 (averagely 0.0051(36);
Table 5), so that Y is incompatible in the spinel structure, in
good agreement with Loroch et al. (2018).
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Fig. 6. Effect of P on the REEs and Y partition: (a) La; (b) Ce; (c) Pr; (d) Nd; (e) Sm; (f) Eu; (g) Gd; (h) Tb; (i) Dy; (j) Ho; (k) Er; (I) Tm; (m) Yb; (n) Lu; (0) Y.
The coefficients for the REEs partitioning between the MgAl,O4-Sp and melt at 1 atm are from Lundstrom et al. (2006), Wijbrans et al. (2015) and Loroch et al.
(2018), and those at high P are from this study. All experimental determinations are represented by small symbols, either filled squares (1 atm) or circles (high P).
Due to the data availability and accuracy limit, the experimental determinations have been grouped according to their experimental P and then averaged, with the
averages for 1 atm and high P shown as large empty squires and circles, respectively. In order to show the effects of P (represented by the red arrows), we have
chosen to ignore any effects of 7' (1000—1350 °C at 1 atm vs 1500—1650 °C at high P) and melt composition (silicate melts at 1 atm vs carbonatitic silicate melts at

high P).

3.4.5. Mn and Fe

The partition coefficients of Mn and Fe between the
MgAl,0,4-Sp and carbonatitic silicate melts observed in our
high-P experiments, Dg’;" = 0.71-3.14 (averagely 1.9(11)),
D’;;Sé = 2.9—11.2 (averagely 7.9(3.0)), are compared with
those between the Al + Cr + Fe spinels and silicate melts
constrained by previous studies in Fig. 8a and b, respectively
(Horn et al., 1994; Mallmann and O'Neill, 2009; Davis et al.,
2013; Wijbrans et al., 2015).

As shown in Fig. 8a, there is no obvious trend defined by
the D’;’I’," and Cﬁ". Our determinations, indicating no P
dependence, were likely affected by the low Mn contents in
our experiments, with the results from LMD563 being the
most roeliable ones (Table 5; Sp” = 0.72(28) at 4 GPa and
1550 C). In contrast, the determinations from Horn et al.
(1994) were likely affected by the high Mn contents. It fol-
lows that Mn is slightly incompatible in the spinel structure
(Fig. 8a). Further, this incompatible partition behavior is



L. Liu et al. / Solid Earth Sciences 4 (2019) 43—65 57

100 - - -
Ionic radius decreasing
104 — g
e ____90_@8 o
. = . . !
0.1 ! ! 3% 3
]
a 0.01 4 ' o= B =)
Q0,001 o g o " DDQDDEED
o % o o B N
1E-4 4 a
1E-5+
O Previous studies|
1E-7 U

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu
REEs

Fig. 7. Variation of D{>* with REEs ion radius at high P and 1 atm. The data at
high P are from this study, and those at 1 atm are from Nagasawa et al. (1980),
Lundstrom et al. (2006), and Loroch et al. (2018).

unlikely strongly affected by the variables P, T, f,, and certain
compositions (such as Cr, Fe, C, and etc.), in consistent with
the conclusion drawn by Wijbrans et al. (2015). At Cg’,” >
~0.1%, the Henry's law behavior may break down (Fig. 8a).

Our data suggest that Fe is compatible in the MgAl,04-Sp
(Fig. 8b). They further suggest that P does not affect this
compatibility. In comparison, the Dg; seems to be influenced
by fo», increasing with increasing fo,, as indicated by the 1-
atm data from Mallmann and O'Neill (2009; Fig. 8b). This
observation is likely supported by the l-atm data from
Wijbrans et al. (2015) and Horn et al. (1994), with the fo, and
D§; values in the latter collectively higher than those in the
former. Difference in the fo, values in the high-P experiments
from this study and from Davis et al. (2013) may also explain
the difference in the Dg‘j values at high P. At Cglf > ~10%, the
Henry's law behavior may break down (Fig. 8b).

Moreover, Fe naturally occurs as a range of stable isotopes
in different abundances, 5.8 mol% Fe’*, 91.75 mol% Fe56,
2.1 mol% Fe’” and 0.28 mol% Fe® (Taylor et al., 1992). The
fractionation of the Fe isotopes at high P-T conditions may
have important geological implications (Polyakov, 2009; Liu J
et al., 2016). It has been shown that there are substantial
systematic variations in the Fe isotope compositions (e.g.,
Fe 57/54) of mantle spinels (Williams et al., 2004). Here we
have obtained some preliminary results for the Fe>® and Fe®’
partitioning between the MgAl,O,4-Sp and carbonatitic silicate
melts. The D{>" values range from ~0.593 to 2.227 (averagely
1.4(8); Table 5) are thus much smaller than the D{:>, sug-
gesting an Fe’73¢ isotope fractionation.

3.4.6. Sr and Ba

The cation radii of Sr*" and Ba®" in six-fold coordination
are respectively 1.18, and 1.35 A (Shannon, 1976), and thus
too large for the T-sites or M-sites of the spinels. They are
hence expected to be incompatible in the spinel structure. The
partition coefficients of Sr and Ba between the MgAl,O,-
spinel and the silicate melt determined in our high-P
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Fig. 8. (a) D’S”p” Vs Cg,” and (b) Dg; Vs Cgf The data from this study (3—6 GPa)
and from Davis et al. (2013; Run A806 at 3 GPa) are for high P, and those
from other studies are for 1 atm. Note that the experiments from Horn et al.
(1994) were carried out with a natural alkali olivine basalt under different
oxygen fugacities (log fo, = —8.28 to —0.68), the experiments from
Mallmann and O'Neill (2009) were performed in the system CMAS doped
with small amounts of P,Os, TiO,, V,0s, Cr,05 and Fe,O3 (the experiments
arbitrarily divided into three groups, those with log fo, < —9.5, those with log
Joz = —9.5 to —5.5, and those with log fo, > —5.5), the experiment from
Davis et al. (2013) was conducted with a peridotite 4 basalt mixture at 3 GPa
and 1465 “C (inner graphite crucible in outer Pt capsule), and the experiments
from Wijbrans et al. (2015) were made in the system CMAS + FeO + Cr203
(log foo = —12 to —0.7). The Dg” and CF" data from our study are for Fe>®
only whereas those from other studies are for Fe®® + Fe®’. The numbers along
some of the symbols are experimental P in GPa.

experiments are respectively ~0.0004—0.004 (averagely
0.0015(12)) and 0.010—0.023 (averagely 0.015(6); Table 5). In
comparison, they were respectively constrained as
~0.002—0.024 and 0.003—0.029 by the 1 atm experiments of
Loroch et al. (2018). These two elements are thus incompat-
ible in the MgAl,O4-spinel indeed. P and composition of the
silicate melts (distinctly, carbon-rich silicate melts in this
study vs carbon-free silicate melts in Loroch et al., 2018) have
insignificant influence on this incompatibility.

The data are summarized in Fig. 9. Indeed, no clear cor-
relation between the DS’ (or D ) and P can be observed.
However, Fig. 9 shows that there appears to be a positive
correlation between the D§; (or D’Sg;‘) and the Mg cation
shortage in the MgAl,O,4-spinel, mainly suggested by the data
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Fig. 9. (a) Dﬁl', Vs C;-; and (b) D‘S’;‘ Vs Cg‘j of MgAl,04-spinel. Note that there is

no clear correlation between the Dﬁ; (or Dg‘,’) and P, but there is likely a
positive correlation between the D3y (or Dg¢) and the Mg shortage (pfu) of the
MgAl,O4-spinel at 1 atm. The Mg shortages in the MgAl,Oy4-spinel from
Loroch et al. (2018) are indicated by the numbers along the relevant symbols.

of Loroch et al. (2018). We thus propose that the Sr (Ba)
abundance in the MgAl,04-spinel increases to some extents
due to the volumetric expansion caused by the creation of Mg
vacancy, leading to elevated partition coefficients in the end.
In contrast, the fluctuation of the Dg; (or Dgl‘j) for the generally
stoichiometric MgAl,Oy4-spinel at high P cannot be readily
explained. Presumably, this phenomenon is related to the both
P-dependent and 7-dependent Mg—Al cation disordering
process (Da Rocha and Thibaudeau, 2003; Méducin et al.,
2004).

3.4.7. Na, K and Rb

The partition coefficients of Na, K and Rb determined in
our high-P experiments are respectively ~0.01—0.042,
0.000—0.004, and 0.047—0.179 (Table 5). These elements are
thus incompatible in the MgAl,O4-spinel. This is presumably
partially because of their 1+ charge state, and partially
because of their much larger sizes relative to the T-sites and
M-sites of the MgAl,O4-spinel. For the former, some va-
cancies or other cations with suitable charges are required to
accompany the Na, K and Rb incorporation, in order to
maintain an electric neutrality. For the latter, the effective

ionic radii of the four-fold Na'" and K' " are respectively 0.99
and 1.37 A and those of the six-fold Na'™, K'* and Rb'™* are
respectively 1.02, 1.38 and 1.52 A (Shannon, 1976). However,
the dt.o and the dyo of the somewhat disordered MgAl,O,-
spinel at high T such as ~1000—1100 "C are respectively from
~1.9141 to 1.9113 A, and from ~1.9309 to 1.9321 A only
(Andreozzi et al., 2000). Taking the radius of the 0>~ jon as
138 A (Shannon, 1976), the mean sizes of the T-sites and M-
sites of the MgAl,O4- spinel should be too small to host any
significant amounts of Na, K and Rb.

Fig. 10a, b and ¢ summarize our data and those of Loroch
et al. (2018) from the simple composition system, along with
the data of Horn et al. (1994) and Davis et al. (2013) from
some more complex composition systems (containing Cr,O3,
Fe,0;, and etc.). The good trends defined by these data ob-
tained at different P and T conditions in different composition
systems suggest that the variables P, 7, and certain composi-
tions do not have significant effects on the partitioning
behavior of Na, K and Rb. As might be expected from the
volumetric expansion when larger Cr>" and Fe’" replace
smaller AI’" in the MgAl,O4-spinel structure, the partition
coefficients would increase somewhat, which however is not
clearly defined in Fig. 10d and e. Nevertheless, Fig. 10a, b and
¢ show that as the ionic radius increases from Na to Rb, the
abundances of Na, K and Rb in the spinels likely decrease,
nominally in agreement with the expectation.

More interestingly, Fig. 10 shows two unusual features for
the Na, K and Rb partitioning between the spinels and melts.
Firstly, the partition coefficients of K are overall smaller than
those of Na by about one order of magnitude, which can be
explained by the size difference, but the partition coefficients
of Rb are surprisingly larger than those of Na by about one
order of magnitude, which is at odd and needs further exper-
imental investigation. Nevertheless, the much larger D’Se},’
values are defined by the data from Loroch et al. (2018) only,
and they presumably positively correlate with the Mg short-
ages in the Mg—Al spinels (Fig. 10c). Secondly, Fig. 10 shows
that the partition coefficients of Na, K and Rb are all depen-
dent on their abundances in the spinels (in the melts as well),
implying potential non-Henry's law behavior. Although non-
Henry's law behavior was observed for some trace elements in
the silicate systems before (Harrison and Wood, 1980;
Bindeman and Davis, 2000), it has been generally accepted
by the scientific community that Henry's law is usually satis-
fied over a wide range of trace element concentrations, up to
wt% doping levels (Watson, 1985; Beattie, 1993). Further
experimental investigation on the partitioning behavior of Na,
K and Rb between the spinels and the silicate melts is deemed
necessary.

3.5. Trace elements and their partitioning between Ol/
Grt and silicate melts

The abundances of the trace elements in the Ol/Grt, and
their partition coefficients between the Ol/Grt and the carbo-
natitic silicate melts determined in our high-P experiments are
listed in Table 6 (see Table 5 for the relevant melt
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Davis et al. (2013) were performed at high P (3—6 GPa, and 3 GPa, respectively), and Horn et al. (1994) and Loroch et al. (2018) were done at 1 atm. The
experiments from Horn et al. (1994) were carried out with a natural alkali olivine basalt (1 atm; 1235—1340 °C; logfo, = —8.28 to —0.68), and the experiment
from Davis et al. (2013) was conducted with a peridotite 4 basalt mixture (3 GPa; 1465 "C; inner graphite crucible in outer Pt capsule); these experiments thus
generated AlI—Cr—Fe spinels. In comparison, the experiments from Loroch et al. (2018) and from this study produced MgAl,Oy-spinel (i.e., without significant
Fe*" and Cr*™). pfu means per formula unit (on the basis of 4 oxygens in the case of spinel). Note that some of the MgA1,0,-spinels from Loroch et al. (2018) were
not strictly stoichiometric, as indicated by the Mg shortage ( pfu; numbers along the relevant symbols in (c)).

compositions). A brief comparison on the REEs partitioning
behaviors observed here and in some previous experimental
investigations is shown in Fig. 11. Indeed, Grt is capable of
fractionating the REEs whether the composition system is C-
bearing (this study) or C-free (other studies), with this capa-
bility somewhat enhanced by higher P. In comparison, Ol does
not take much REEs, in good agreement with Salters et al.
(2002) and Imai et al. (2012).

4. Implications

Partitioning of trace elements between minerals and silicate
melts is dependent on many factors such as 7, P, composition
and oxygen fugacity. In the case of the magmatic AlI—Cr—Fe
spinel, one of the primary phases possibly crystallizing from
silicate magmas at high P, most previous studies on its trace
element partitioning behavior were conducted at 1 atm (e.g.,

Nagasawa et al., 1980; Lundstrom et al., 2006; Loroch et al.,
2018). At high P, Davis et al. (2013) presented the only
experiment (Run A806; 3 GPa and 1465 “C) which constrained
the partition coefficients for a few trace elements (e.g.,
Dg; = 0.058(8), Dg, = 0.084(8), Dg/p = 2.75(19),
Dg = 54(11), DY = 0.46(3), Dgs = 0.95(6), D§ = 3.0(6),

5 = 5.205), Dgf = 6.5(5) and Dg;; = 0.40(4)). The high-P
partitioning systematics of the trace elements between the
Al—Cr—Fe spinels and the silicate magmas are thus inade-
quately experimentally constrained and poorly understood.
Our results here obtained at high P should then have important
implications on the evolution of the trace elements in the
magmatic process deep in the Earth.

Let us focus on the REEs partition behavior.

As shown in Fig. 12a, the averaged REEs partition co-
efficients at 1 atm are mostly less than 0.001 and almost
constant for all REEs, suggesting a negligible role of the
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shown as black symbols, those from Salters et al. (2002; Experiments
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symbols, those from Draper et al. (2003; Experiments 243 and 190 for Grt)
and from Imai et al. (2012; Experiments P775 and S1606 for Ol) as blue
symbols. The experiments from Salters et al. (2002; ~5.9 wt% FeO in Grt and
~11.8 wt% FeO in Ol) and Imai et al. (2012; ~3.95—5.55 wt% FeO in Ol) were
carried out with peridotitic bulk compositions, and those from Draper et al.
(2003; ~12.24—14.92 wt% FeO in Grt) were performed with a chondritic
bulk composition. Note that the P (GPa) and T ('C) conditions of the exper-
iments are indicated by the numbers along the symbols.

spinels in incorporating and fractionating the REEs. This
phenomenon can be easily explained by the combined effects
of the cation disordering process and the thermal expansion of
the spinels. In a somewhat larger magmatic 7 range of
1000—1400 °C (mostly decided by bulk composition and P),
and taking the MgAl,O4-spinel as an example, the x values
slightly change from ~0.27 at 1000 C to ~0.36 at 1400 C,
leading to corresponding variations in the dy;o from ~1.9309
to 1.9383 A, and in the dro from 1.9139 to 1.8983 A, ac-
cording to Andreozzi et al. (2000). Additionally, the thermal
expansion in this 7 range can only slightly increase the dy;.o
and dt.o, by less than 0.01 A (Redfern et al., 1999; Andreozzi
et al., 2000). In comparison, the REE—O bond lengths are
much longer, changing from 2.241 (Lu—O) to 2.412 A
(La—0), if we ignore any T effect. Consequently, all REEs
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Fig. 12. (a) Comparison of averaged REEs partition coefficients at 1 atm and
high P; (b) Averages of partition coefficients of 3+ cations at high P vs cation
radius. The data used to derive the averages at high P are from this study, and
those used to derive the averages at 1 atm are from Nagasawa et al. (1980),
Lundstrom et al. (2006) and Loroch et al. (2018). All Eu cations are
assumed as 3+. According to Méducin et al. (2004) and Liu et al. (2018), the
Al cations in the MgAl,O4-spinel from our high-P experiments should be
almost randomly distributed on the M-sites and T-sites, so that
D =0.667 x D" and D" = 0.333 x D", with D¢, DY and D"
standing for the M-sites Al partition coefﬁment the T-sites Al partmon co-
efficient, and the total Al partition coefficient, respectively. Based on our
unreported preliminary data on the MgCr,0,4-spinel synthesized at similar P-T'
conditions, we assume that the trace Cr cations are also generally randomly
distributed on the M-sites and T-sites, so that Dgf’” = 0.667 x DCI'M“ and
DSC'T 0.333 x DCI’”*T With T fixed as 1563 C (averaged T of all our
experimental 7'), we fit the averaged Dg‘pM s DSC];”, DN‘[ Dgf , DC" and DL” to Eq.
(4), with the result shown as the red broken curve 1n (b).

cannot readily enter either the M-sites or the T-sites, and they
must behave incompatibly and show little fractionation during
the MgAl,Oy4-spinel crystallization from the magmas. Further,
substitution of smaller AI>" by larger Cr>" and Fe*" can
enlarge the M-sites and T-sites to some extents (Hill et al.,
1979), but the size dilatations (mostly less than 0.1 A) are
not large enough to bring forth any significant difference in the
REEs partitioning behavior at 1 atm, right as observed in those
early experimental studies (Fig. 12a).

At high P as those covered by our experiments, the parti-
tioning behavior of the REEs between the spinels and the
silicate melts are fundamentally different (Fig. 12a), with
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some Dyg, values becoming larger than 1 (e.g., D’S‘; = 1.557)
and the Dg, values showing significant variation (e.g.,
Dé’lj/Dél‘j = 433, as compared to Dg;;/Dé; = 3.5 at 1 atm by
Nagasawa et al. (1980)). These distinct differences were
ambiguously attributed to high P in our previous discussion.
However, the spinel oxides have a tough structure, expanding
little at high T and contracting little at high P (Andreozzi et al.,
2000; Nestola et al., 2007; Wang et al., 2012; Liu X et al.,
2016; Zhang et al., 2016; Mi et al., 2018), with these effects
largely canceling each other out at simultaneous high P-T
conditions (Méducin et al., 2004). Other factors must be
sought then. According to Méducin et al. (2004), the x values
of the MgAl,Oy4-spinel in our high-P experiments should be
close to 0.667 (Liu et al., 2018). If we extrapolate the exper-
imental results of Andreozzi et al. (2000) to x = 0.667 (room P
and T), we obtain dy.o = 1.9644 A and dr.o = 1.8445 A.
These extrapolated results are significant in two respects:
firstly, the dy.o now is much larger than its values at 1 atm
(e.g., ~1.9309 to 1.9383 A as T varies from 1000 to 1400 OC),
so that the M-sites become more accommodating to the REEs;
secondly, the relative difference between the dyi.o and drto
now is much larger as well (~6.5%, compared to ~0.9% at
1000 "C and ~2.1% at 1400 C under 1 atm), so that the M-
sites and T-sites may be able to host different REEs and
eventually fractionate them. The larger compressibility of the
REEs, compared to the toughness of the spinel structure,
should reduce the REEs much more at high P, and thus
facilitate the REEs incorporation in the spinels further.

It follows that the REEs partition coefficients between the
spinels and the silicate melts at certain P and T may roughly
fall into three groups, with those large REEs mainly residing
on the M-sites forming one group, those small REEs mainly
docking at the T-sites forming another group, and those
intermediately-sized REEs appearing on both the M-sites and
the T-sites forming another group. This is likely observed in
this study (Fig. 12a), with large La, Ce, Pr and Nd mainly
residing on the M-sites (red circles), small Lu, Yb, Tm, Er, Ho,
and Dy on the T-sites (blue circles), and the left Tb, Gd, Eu
and Sm perhaps on both types of sites (black circles).

Consequently, we have tentatively fitted the averaged high-
P partition coefficients of those elements (Mg, Al, Cr, La, Ce,
Pr and Nd) expected to appear on the M-sites to the lattice
strain model (Brice, 1975; Blundy and Wood, 1994),

—4TCEMNA (%0(7‘[ - r0)2 +%(ri - }"0)3)

D; = D,exp RT

(4)

where D; is the partition coefficient of element i with ionic
radius r;, ro is the optimum radius calculated for a hypothetical
cation which enters the M-sites without any strain, D is the
corresponding optimum partition coefficient of this hypothet-
ical cation, N4 is the Avogadro's number, E), is the Young's
modulus of the M-sites, R is the gas constant and T'is in K. The
result is shown as the red broken curve in Fig. 12b. Obviously,
the fitting appears much reasonable, with ry = 0.690(34) A

laying between the sizes of the six-fold coordinated Mg and Al
cations (0.720 and 0.535 A respectively; Shannon, 1976).
Assuming the M-sites behaves as perfect Poisson's solids
(Blundy and Wood, 1994), the derived Young's modulus of the
M-sites, 305(98) GPa, should lead to a polyhedral bulk
modulus of ~203 GPa, which also lays between the polyhedral
bulk moduli of the MgOg and AlOg¢ (161(5) and 240(20) GPa,
respectively; Hazen and Finger, 1979). It hence appears that
our assignment of all large La, Ce, Pr and Nd cations to the M-
sites is likely correct.

We could have similarly fitted our experimentally-
determined partition coefficients of those elements on the T-
sites to Eq. (4) if there were radius data for the REEs in four-
fold coordination (Shannon, 1976). As shown in Fig. 12b, the
small REEs such as Lu, Yb, Tm, Er, Ho, and Dy have partition
coefficients smaller than the values predicted for their
appearing on the M-sites (the red broken curve), implying
their predominant presence on the T-sites. In comparison, the
partition coefficients of the intermediate REEs such as Tb, Gd,
Eu and Sm are larger than the values predicted for their
appearing just on the M-sites, potentially implying their
presence both on the M-sites and on the T-sites.

It has to be concluded that the order-disorder process of the
cations in the spinels, distinct at high P, can fundamentally
modify the partitioning behavior of the REEs between the
spinels and the silicate melts. This conclusion should be
similarly applicable to the partitioning behavior of other trace
elements.

The significance of the cation disorder at high P-T condi-
tions on the trace element partitioning may be quantitatively
assessed, as shown for the MgAl,O4-spinel in Fig. 13. Let us
take the condition of P =1 atm, 7= —273 °C and x = 0 as the
reference condition. Without triggering any Mg—Al cation
disordering (Fig. 13a), the sizes of the T-sites and the M-sites
respectively expand by ~2.99% and 4.08%, and by ~3.94%
and 5.36%, as T increases from —273 to 1000 and to 1400 C
at 1 atm. P increase suppresses these site dilatations to some
extents; for examples, the T-sites and M-sites expansions
relative to the reference condition become ~1.39% and 2.36%
at 3 GPa, and —0.21% and 0.63% at 6 GPa when 7' = 1000 OC,
and become ~2.33% and 3.64% at 3 GPa, and 0.73% and
1.92% at 6 GPa when T = 1400 'C. There are even P-T
conditions, with the effect of 7 on the sizes of the T-sites or M-
sites being fully counteracted by the effect of P (the solid lines
in Fig. 13a). The combined effects of P and T are thus limited,
which are in sharp contrast to the large effects of the Mg—Al
cation exchange reaction shown in Fig. 13b. Let us take the
condition of P = 1 atm and T = 25 "C as the reference con-
dition. The experimental results from Andreozzi et al. (2000),
with some extrapolations to both smaller x and larger x, show
that the sizes of the T-sites and the M-sites not only vary
significantly in their absolute values (dt.o and dyy.o indicated
by the solid lines with broken extensions), but also vary
significantly in their relative magnitudes (the numbers along
the square symbols). As x increases from 0 to 0.667, the sizes
of the T-sites and the M-sites decrease by 20.34%, but increase
by 10.63%, respectively. These values are distinctly larger
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the zero T-sites variation and zero M-sites variation are shown as the red line
and black line, respectively. In addition, the P-T conditions of our high-P
experiment are represented by the empty circles. According to Ma and Liu
(2019), the effect of T on the T-sites and M-sites (i.e., thermal expansion)
has been estimated from the neutron diffraction results obtained in the 7-
decreasing experiments below 900 K in Redfern et al. (1999), in which no any
significant Mg—Al cation exchange reaction should have been triggered (i.e., u
should be constant), and linearly extrapolated to higher 7. Furthermore, the
effect of P has been calculated from the equation of state determined by
Nestola et al. (2007), which did not show any Mg—Al cation exchange re-
action at room T (i.e., u was constant). For simultaneous high-P and high-T
conditions, higher order effects of P and T have been ignored. In (b), the solid
curves for the correlations between dr.o and x, and between dy.o and x are
from Andreozzi et al. (2000; room P and T'), and the broken extensions are
extrapolations to both lower x and higher x. They were obtained from
quenched samples, so that no thermal expansion effects were embedded. The
equations used in the calculations were dr.o = a x v/3(u — 0.125) and dy.
o =ax (3u* —2u+0.375)"% (Hill et al., 1979).

than those shown for the combined effects of P and T in
Fig. 13a, implying a fundamentally important role for the
cation exchange reaction in partitioning the trace elements.
Cation order-disorder phenomenon, triggered by P, T or
composition variation, is well known for other geologically

important minerals such as olivine, garnet, pyroxene and
plagioclase (e.g., Carpenter et al., 1985; Cohen and Burnham,
1985; Redfern et al., 1996; Kelsey et al., 2008). How it affects
the trace element partitioning behavior is largely unknown at
the present, and requires extensive experimental investigation.

5. Conclusions

Our major conclusion from this study is that, for the spinel,
the much large degrees of cation disordering induced by high
P at high T can fundamentally alter the partitioning behavior
of some trace elements such as Nb, Ta, Ti and the REEs. It
thus suggests the effects of the cation disordering processes in
other geologically important minerals on the trace element
partitioning behaviors to be similarly experimentally explored.

Other conclusions include:

(1) The coupled substitution of Si*' + Mg?t = 2AP°" is
important for the incorporation of Si in the spinel struc-
ture. Overall, Si is incompatible, with the D§;, values
strongly dependent on the Ciﬁ, values
(Dg, = 8.71(23) x 10_6C§; - 0.0028(4));

(2) Na is only mildly incompatible in the spinel. K, Ca, Sr and
Ba are more strongly incompatible, presumably due to the
larger cation radii. Rb is presumably incompatible as well,
provided that the host spinel does not contain significant
Mg vacancies;

(3) Cr and Ni are possibly much less compatible in the spinel
at respectively Cr-poor and Ni-poor conditions than at
respectively Cr-rich and Ni-rich conditions;

(4) Nb, Ta, and Ti are much more compatible in the spinels at
high P than at low P, with the partition coefficients
increased by orders of magnitudes; additionally, different
coupled substitution reactions such as Nb** (Ta4+, or
Ti*h) + Mg*" 2APT and Nb*" (Ta*', or
Ti*") + Vme = 2Mg®" may operate at different compo-
sitional conditions;

(5) U and Th are incompatible in the spinel but Pb appears
compatible; in the CO,-rich silicate magmas, most Pb
cations probably occur in 44, rather than in 2+;

(6) The REEs are much more compatible in the spinels at high
P than at 1 atm, with the partition coefficients increased by
several orders of magnitudes in general. Moreover, the
partition coefficients of some heavy REEs may become
larger than 1, leading to possible heavy REEs depletion in
the coexisting magmas. These nominal P effects largely
origin from the much larger degrees of cation disordering
at high P, compared to those at 1 atm.
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