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ABSTRACT

Recent works have proposed that chromium (Cr) isotopes could be fractionated during peridotite partial
melting and basaltic magma crystallization. However, until now, inter-mineral Cr isotope fractionation
behavior for major mantle minerals has been poorly constrained. To investigate the mechanism and
magnitude of equilibrium inter-mineral Cr isotope fractionation and to explore its implications for
planetary mantle and crust lithology evolutions, we performed a systematic study of equilibrium
Cr isotope fractionation between major mantle minerals by coupling theoretical ionic modeling with
laboratory isotope analyses of natural samples and Cr valence determinations by X-ray absorption near
edge spectroscopy (XANES). The ionic model considers both charges and coordination environments of
Cr species in mantle minerals, which have proven to be critical factors affecting inter-mineral isotope
fractionation. The ionic modeling results predict a general order of spinel (Spl) > pyroxene (Py) >
olivine (Ol) in 23Cr/>2Cr. Systematic Cr isotope analyses of coexisting mantle minerals of seventeen
peridotite xenoliths from Beiyan in the North China craton were performed. Chromium isotope results for
different mineral pairs of lherzolites (e.g., A53Cr5p1_01 of 0.11%o to 0.16%o, A53Cr5p]_py of 0.04%0 to 0.11%o
and A53Crpy_01 of 0.05%0 to 0.10%o at 870°C to 970°C), document measurable and systematic inter-
mineral Cr isotope fractionation, in excellent agreement with the modeling results predicted with XANES-
determined Cr2*/=Cr values of the mineral separates. This fractionation order could essentially account
for Cr isotope behaviors during partial melting and magmatic crystallization observed in terrestrial
peridotites and lunar basalts.
In contrast, we found that metasomatisms could influence Cr isotope compositions of minerals from
Beiyan metasomatized clinopyroxene- (Cpx-) rich lherzolites and wehrlites by means of mineral-melt
interaction and/or kinetic diffusion, leading to disequilibrium inter-mineral Cr isotope fractionation.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Chromium (Cr), is an essential transition metal and a mod-
erately compatible element that tends to be present in much
greater concentrations in ultra-mafic and mafic rocks than in other
terrestrial reservoirs. Chromium is a redox-active element and
could aid in obtaining a better understanding of oxygen fugac-
ity in rock, fluid, or melt systems during high-temperature ge-
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ological processes. Recent advances in high-precision Cr isotope
analyses using the double-spike method, as well as thermal ion-
ization mass spectrometry (TIMS) and multicollector-inductively
coupled plasma mass spectrometry (MC-ICP-MS) instruments have
generated some contradictory observations on Cr isotope frac-
tionation during high-temperature geological processes, e.g., par-
tial melting of mantle peridotites and fractional crystallization of
basaltic magmas (Schoenberg et al., 2008; Bonnand et al., 2016;
Xia et al., 2017). Schoenberg et al. (2008) first observed that man-
tle xenoliths, ultramafic cumulates, basaltic, and granitic rocks,
have indistinguishable Cr isotope compositions [8°3Cr values rang-
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ing from —0.21% to —0.02%. relative to the National Institute
of Standards and Technology (NIST) Standard Reference Material
979 (SRM979) Cr isotope standard], which may be taken as ev-
idence of limited mineral-melt isotope fractionation. However,
Farka$ et al. (2013) and Shen et al. (2015) observed that the
mantle-derived chromites were isotopically heavier than the av-
erage Bulk Silicate Earth (BSE) and ultramafic rocks, suggesting po-
tential fractionation during chromite crystallization. Recently, Xia
et al. (2017) found distinguishable Cr isotope variations among
worldwide mantle peridotite xenoliths, in which the more re-
fractory ones tended to have heavier Cr isotopes. Furthermore,
Bonnand et al. (2016) observed considerable Cr isotope fraction-
ation during spinel (Spl) crystallization from lunar basaltic magma,
which might be attributed to only Cr3* incorporated into spinel
and predominantly Cr2* in lunar magmatic liquids. Overall, Cr iso-
tope fractionation during high-temperature processes is not neg-
ligible, as originally thought (Schoenberg et al., 2008), and fur-
ther studies are needed to elucidate high-temperature Cr isotope
behaviors. To this end, determinations of equilibrium Cr isotope
fractionation factors between major rock-forming minerals are nec-
essary. Using theoretical and empirical predictions, Moynier et al.
(2011) found that Cr3*-bearing magnesiochromite was Cr isotopi-
cally heavier than Cr’*-bearing olivine (~0.2%o in >3Cr/°Cr), at
temperatures even greater than 800°C. In our recent work (Shen
et al.,, 2015), the coexisting clinopyroxenes (Cpx) and garnets (Gt)
in two garnet clinopyroxenites displayed A>3Crepxge (A>3 Crxy =
8%3Crx — 8°3Cry) of 0.06%0 and 0.34%o, suggesting potential high-
temperature inter-mineral Cr isotope fractionation. However, to
date, there have been no systematic investigations of inter-mineral
Cr isotope fractionation in mantle rocks, which hamper interpre-
tation of the Cr isotope data for mantle-derived and lunar rocks,
hindering further implications of the Cr isotope system in high-
temperature processes.

Macris et al. (2015) and Young et al. (2015) proposed a revised
ion model to interpret inter-mineral iron (Fe) isotope fractionation
such that the reported data almost fall within the range defined by
the model. According to the model, inter-mineral Fe isotope frac-
tionation essentially depends on the different valence states and
coordination numbers that affect Fe-O bond length and stiffness.
A similar approach for inter-mineral Fe isotope fractionations was
used by Sossi and O’Neill (2017), which quantified the degree to
which the effects of coordination and oxidation state were inde-
pendently of one another. Because Cr2* and Fe?*, Cr3t and Fe3+
have identical charges and similar ionic radii (Shannon, 1976),
they might behave similarly in mineral lattices, allowing the simi-
lar speculation for inter-mineral Cr isotope fractionation by model
calculations. This method potentially provides a complementary
approach to laboratory determination of equilibrium inter-mineral
isotope fractionation factors. However, because Cr is often a trace
element, whereas Fe is often a major element, it is necessary to
test whether this model is also applicable to Cr isotopes.

Here, we present the first systematic determination of Cr iso-
tope fractionation among major mantle minerals from the Beiyan
peridotite xenoliths from the North China Craton. To further com-
pare our data with theoretical predictions, we developed an ionic
model for Cr following similar models for Fe proposed by Macris
et al. (2015) and Young et al. (2015). Moreover, to explore the
potential effect of Cr valence states on isotope fractionation, we
performed quantitative analyses of Cr*/=Cr values by X-ray ab-
sorption near edge spectroscopy (XANES) on thirteen mineral sep-
arates from these xenoliths.

2. Samples

Mineral separates studied here include olivine (Ol), orthopyrox-
ene (Opx), clinopyroxene (Cpx), and spinel (Spl) from seventeen

mantle xenoliths (including five lherzolites, seven Cpx-rich lherzo-
lites, and five wehrlites from Xiao et al.,, 2010, 2013) hosted by
Beiyan Cenozoic alkaline basalts (~19 Ma, Xu et al., 2012) in the
North China Craton. The lherzolites have limited forsterite con-
tent variations of Ol (Fo ~ 89.1-90.2) and show spoon-shaped
to slightly light rare earth element (LREE) enrichment relative
to heavy rare earth elements (HREEs), suggesting a low degree
of melt extraction and weak metasomatisms (Xiao et al., 2010).
The Cpx-rich lherzolites and webhrlites have low Fo contents of
Ol (<88) and enriched LREE patterns, reflecting interaction of the
lherzolites with enriched silicate melts (Xiao et al., 2010). The car-
bonate mineral inclusions, positive Ba and Sr anomalies and light
Mg isotope compositions in the wehrlites imply the additional in-
corporation of recycling carbonatitic melt (Xiao et al., 2010, 2013).

All peridotite xenoliths were fresh and free of secondary al-
teration and basaltic veins inside. All samples were spinel facies
with 1% to 2% spinel minerals, varying in modal compositions
for lherzolites (68-73% Ol, 17-22% Opx, 8-10% Cpx, n = 5), Cpx-
rich lherzolites (67-72% Ol, 8-18% Opx, 14-21% Cpx, n = 7), and
wehrlites (62-68% Ol, 0-3% Opx, 29-34% Cpx, n = 5) (Xiao et al.,
2013). Detailed major and trace element abundances of the investi-
gated whole-rock peridotites and minerals have been published by
Xiao et al. (2010, 2013). Briefly, Cr concentrations of Cpx in these
peridotite xenoliths were higher than those of co-existing Opx, but
lower than those in co-existing Spl [Cr,03 of 0.28-1.24 wt.% for
Cpx, 0.25-0.44 wt.% for Opx and 5.1-15.3 wt.% for Spl determined
by electron probe from Xiao et al., 2013].

3. Analytical methods
3.1. Column chemistry and mass spectrometry

Fresh mineral grains were handpicked under a binocular mi-
croscope before dissolution. Dissolution of silicate minerals and
column chemistry were performed following procedures described
in previous studies (Qin et al., 2010; Trinquier et al., 2008). Here,
we present a brief description: silicate mineral grains were dis-
solved in Savillex beakers in a combination of HF-HCI-HNOj3;
Spl grains were ground to fine powders and dissolved in mi-
crowave oven in concentrated HCI-HNOj3 (3:1 in volume) fol-
lowing the same procedure by Xia et al. (2017). After complete
sample digestion, Cr concentrations of the solutions were ana-
lyzed using ICP-MS to ensure that aliquots to be taken out and
mixed with 1 ml >°Cr->4Cr double spike (concentrations of *°Cr
and *4Cr are 2.716 nm/g and 1.742 nm/g, respectively) contained
1 pg Cr. Separation of Cr was achieved by performing the two-
step cation exchange chromatography procedure (Qin et al., 2010;
Trinquier et al., 2008), which involved isolating Cr from matrix
elements with 1 M HCI in the primary column filled with 1 ml
Bio-Rad 200-400 mesh AG50-X8 resin and with 2 M HCI in the
clean-up column filled with 0.33 ml of the same resin. The proce-
dure blanks were typically <3 ng, which was negligible.

Chromium isotope analyses of all minerals were performed us-
ing a Neptune Plus MC-ICP-MS instrument at the CAS Key Lab-
oratory of Crust-Mantle Materials and Environments at the Uni-
versity of Science and Technology of China, Hefei. The sample
solution was introduced with a PFA Aridus ™ desolvating neb-
ulizer system (CETAC Technologies). To minimize potential poly-
atomic interferences from 4°Ar'*N* on °4Cr, the desolvator was
operated with only Ar gas without the addition of N,. The up-
take rate of the sample solution was 50 pL/min by Ar carrier gas
with a flow rate of ~2.0 L/min. Both samples and standards were
dissolved in 2% HNOs and diluted to 200 ppb to avoid instru-
mental “on-mass” background. Chromium isotope analyses were
performed in medium to high resolution modes (5500 < AM/M
< 11000, Bonnand et al., 2016), which could effectively resolve
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polyatomic interferences. Typical intensities of >2Cr were 5-6 V in
high resolution mode. In medium resolution mode, similar analyt-
ical set-up not only allows higher intensity of 12-15 V for >2Cr,
but also leads to significantly enhanced 4°Ar!4N*t and 49Ar160+
signals. Thus, in order to minimize these interferences, intensi-
ties of °2Cr for 200 ppb Cr solutions were generally adjusted to
6-7 V, achieving *2Cr/*Ar!*N* > 25 and >2Cr/*9Ar'60t > 50. Dur-
ing each analytical session, the spiked internal standard (SCP) was
analyzed at intervals of 4-5 samples, and the spiked NIST SRM
3112a was analyzed at the beginning of each session. Each analysis
consisted of a total of 4 blocks with 30 cycles per block. The long-
term instrumental reproducibility was determined by measuring
SCP relative to the NIST standard 979 over a long period between
December 2014 and December 2017, giving a mean value of —0.02
+ 0.04%c (N = 655, 2SD, Supplementary Table S1). The long-
term reproducibility for rock samples was determined by moni-
toring the peridotite standard JP-1 (averaging at —0.10 = 0.06%:)
(N = 26, 2SD, Supplementary Table S1). Most samples were ana-
lyzed twice or more times during a single analytical session. The
uncertainties quoted for individual sample analyses were conser-
vatively defined as the largest of, the 2SD of the replicated sample
measurements (or the 2SE of the internal uncertainty of single
sample measurement when the sample was only analyzed once),
the 2SD of the replicated standard measurements in the same
session, and the long-term reproducibility of the peridotite stan-
dard JP-1. All Cr isotope results were reported relative to the NIST
SRM979. Chromium isotope compositions of the NIST SRM 3112a
and the reference rocks (e.g., BHVO-2, BIR, PCC-1) analyzed dur-
ing the course of this study (Supplementary Table S1) were in
good accord with those performed using TIMS (Shen et al., 2015;
Xia et al., 2017) and with those from previous works (Schoenberg
et al, 2008). Average Cr isotope composition of JP-1 (—0.10 &
0.06%0, n = 26) was also in agreement with published values of
repeated analyses of JP-1 (—0.13 + 0.02%o, n = 14, Bonnand et al.,
2016).

For comparison, mineral separates from three lherzolite sam-
ples (Cl09-62 and Cl09-74, Cl09-65), and one Cpx-rich lherzolite
(C109-81) were analyzed using a Thermo Finnigan Triton multicol-
lector TIMS at the Isotope Geochemistry Laboratory, China Uni-
versity of Geosciences, Beijing. The instrumental analytical pro-
tocol was described in our previous works (Qin et al., 2010;
Xia et al,, 2017). Repeated analyses of NIST SRM979 yielded §°3Cr
values of 0.00 + 0.02%. (2SD, n = 3). Samples were generally an-
alyzed once (420 cycles) with a typical 2SE better than +0.01%.
Low Cr concentrations or interferences from organic matters re-
sulted in low signal intensities for some samples, thus larger 2SE
values, e.g., +0.03%, for Cl09-74 Ol and +0.09%c for Cl09-81 Ol.
The error assigned to the analyses by TIMS was the larger value
of the 2SE of the individual sample analyses and the 2SD of the
repeated standard analyses (0.02%o) in the same analytical session.

3.2. Method for X-ray absorption near edge spectroscopy (XANES)
analysis

3.2.1. Sample preparation and instrument measurement

X-ray absorption near edge spectroscopy (XANES) at the Cr
K-edge of the mineral samples and reference compounds were
conducted at room temperature (~25°C) at the Beijing Syn-
chrotron Radiation Facility (BSRF) in China on the beamline TW1B
using a Si(111) double crystal monochromator. The synchrotron
was operated at 2.5 GeV and 150 to 250 mA. The beam size
of ~0.5 mm (horizontal) x ~0.5 mm (vertical) was controlled
by using a slit in front of the source. Data for Cr metal foil as
a non-valent Cr standard for energy calibration was obtained in
transmission mode with a gas-filled ionization chamber. Triva-
lent Cr reference material Cr(OH)s was diluted to 1 wt.% Cr with

graphite powder by grounding the mixture in an agate mortar
for 30-60 min, and was then compressed to a tablet using a
steel tablet press. All minerals for XANES analyses were hand-
picked carefully under a binocular microscope to avoid inclu-
sions. Cpx, Opx and Spl separates were diluted to ~1000 ppm
Cr with graphite powder and compressed to individual tablets
in the same fashion. To avoid cross contamination, the inter-
faces between the sample powder and the steel sheet were seg-
regated by several dust-free wipes. Due to low Cr concentra-
tions in Ol, approximately 0.5-1 g Ol separates from each sam-
ple were ground to powder without graphite and were pasted
on a plastic tape. The X-ray absorption spectra of the standard
and the minerals (including Ol), which were assembled at 45°
angle to the X-ray beam, were acquired in fluorescence mode
with a Lytle detector positioned orthogonally to the beam. The
consistently low signal intensities of Ol, which were positively
correlated with Cr concentrations, documented the absence of
Spl or Py inclusions during analyses. Additionally, because low
Cr contents in Ol lead to poor signals while using the Lytle de-
tector, the Ol powders were measured using a 19-element Ge
solid-state detector for fluorescence signals to lower the detec-
tion limit. All spectra were collected for the energy range of
5780-6340 eV. The energy step width was set to different val-
ues for individual energy regions, e.g., 30 eV in the far pre-
edge region (5780-5910 eV), 5 eV in the near pre-edge region
(5910-5940 eV), 0.5 eV in the near edge region (5940-6010 eV),
1 eV in the near post-edge region (6010-6090 eV) and 50 eV in
the far post-edge region (6090-6340 eV). The energy was cali-
brated by defining the first derivative peak of Cr in the metal foil
to be 5989 eV.

3.2.2. Data reduction

XANES spectra data were analyzed using Athena software.
The spectra were normalized after energy calibration (Fig. 1a, ¢
and e). Before derivation, the spectra of mineral separates were
first smoothed with a three-iteration moving average because of
poor signal-to-noise ratio (Bell et al., 2014). Based on the intensity
differences of pre-edge peaks (1s-4s), and energy differences of
main edges (derivative highest peaks) and edge crests (zero deriva-
tive points), among Cr%, Cr*, Cr3t and Cr®*, individual Cr species
in minerals could be preliminarily estimated (Sutton et al., 1993;
Berry and O’Neill, 2004; Eeckhout et al., 2007). The key to quan-
titatively determine Cr?t and Cr3* proportions was the shoulder
on the main Cr-K absorption edge. The intensities of this spectral
feature were attributed to different capacities of 1s-4s electron
transition for Cr?t and Cr3+. High-symmetry octahedral coordina-
tion of Cr3* make the 1s-4s electron transition forbidden, while,
Cr?* occurring in a Jahn-Teller distorted environment allows such
electron transition (Sutton et al., 1993). In the normalized pro-
gram, the intensity of this shoulder at ~5994 eV on the K ab-
sorption edge of Cr was proposed to be directly correlated with
Cr2t/Cr3* (or Cr2*/=Cr) in minerals and silicate glasses (Berry
and O’Neill, 2004). Thus, we used intensities of the spectral fea-
ture to determine the Cr?t/XCr ratios in the mineral samples,
which could be easily quantified from the derivative spectrum us-
ing either the area or the height of 1s-4s peak (Bell et al., 2014;
Berry and O'Neill, 2004; Berry et al., 2006; Eeckhout et al., 2007;
Goodrich et al., 2013; McKeown et al., 2014; Sutton et al., 1993).
Replicate measurements of CLB05-15 Ol, for which the calculated
Cr2*+/=Cr ratios are 0.14 and 0.16, give an uncertainty of ~ +0.014
(10). Bell et al. (2014) estimated the inherent uncertainty for cal-
culated Cr>*/=Cr ratios using either the 1s-4s peak height or the
area of XANES spectra to be approximately +0.05 (10). Consid-
ering that the reference standards for Cr2*/XCr calculations were
from Bell et al. (2014), a potential uncertainty associated with the
subjectivity of spectral normalization procedures was added, which
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Fig. 1. Plot (a) presents the normalized Cr K-edge XANES spectra for Ol separates from two lherzlites Cl09-65, Cl09-74, one Cpx-rich lherzolite CLB05-15 and one wehrlite
Cl09-86, as well as the spectra for the Cr metal (zero-valent Cr) and Cr(OH)s (trivalent Cr) standards. Plot (b) presents the corresponding derivative spectra. Plots (c) and (e)
present the normalized Cr K-edge XANES spectra for Cpx and Opx, as well as Spl from the lherzolites and Cpx-rich lherzolites, respectively, while plots (d) and (f) present the
corresponding derivative spectra. The integral range used to determine the area of the 1s—4s peaks in the derivative spectra is also shown by the gray area. The reference
standards in (a) and (b) for Ol minerals are the Cr®*-bearing ureilite Ol (Cr?*/=Cr = 0.95) and the Cr3* feldspar-pyroxene (Fs-Pl) silicate glass (Cr2*/Cr = 0) from Bell et
al. (2014), while the standards in (c) and (d) for Py minerals are two feldspar-pyroxene (Fs-Py) silicate glass with Cr2*/Cr values of 0 and 1 from Berry and O'Neill (2004)
and Bell et al. (2014). The Spl standard is derived from the chromite (Cr?t/£C = 0) from Eeckhout et al. (2007) in (e) and (f).

was estimated to be ~ £0.05 (10) in valences (Goodrich et al.,
2013). Taken together, the error for the calculated Cr®t/=Cr values
in this work is conservatively assigned to be 4+0.10 (10).

The analytical methods for mineral major and trace elements
are presented in Appendix A in detailed.

4. Results
4.1. Chromium isotope compositions of minerals

Chromium isotope compositions for the standards and the min-
eral separates (Ol, Opx, Cpx and Spl), along with the mineral
modes, the Fe/Mg ratios of these minerals, the Ca/Al ratios of Cpx,
the equilibrium temperatures, and the calculated oxygen fugacities
for these peridotites are present in Supplementary Table S1. The
chemical compositions of the minerals and the equilibrium tem-
perature calculations are from Xiao et al. (2013). The equilibrium
temperatures of two unreported samples (Cl09-65 and Cl09-81)

are estimated by two-pyroxene Fe-Mg thermometry (Wells, 1977).
The oxygen fugacities for the lherzolites and Cpx-rich lherzolites
were calculated according to the modified Ol-Opx-Spl oxygen geo-
barometer by lonov and Wood (1992).

The mineral separates display large Cr isotope variations within
each type of minerals, with §°Cr ranging from —0.43%. to 0.09%
in Ol, —0.32%o to 0.14%o in Cpx, —0.32%o to 0.19%. in Opx, and
—0.33%0 to 0.23%c in Spl (Supplementary Table S1); Ol tends
to be the lightest in 6%3Cr. The A33Crcpx-o1, A>Cropx-oi and
A33Crsp_or values range from —0.06%c + 0.08% to 0.36%c +
0.08%0, —0.07%0 £ 0.13%0 to 0.20%o £ 0.08%0, and —0.14%0 +
0.08%0 to 0.39%o & 0.08Y%o, respectively (Table 1). The Cr isotope
results of repeated minerals from lherzolites Cl09-74 and Cl09-62
by TIMS were in good agreement with those by MC-ICP-MS within
errors (Supplementary Table S1). The consistent results further
confirm that our analyses were precise and accurate.
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Table 1
Inter-mineral Cr isotope fractionations (%o) in Beiyan peridotites.

Sample Rock A3 Crspi-ol A3 Cropx-ol A3 Crepx-ol A Cropx-cpx

Cl09-31 Lherzolite 0.14 0.08 0.07 0.01

Cl09-62 Lherzolite —0.04 0.19 —0.02 0.21

0.162 —0.03? 0192

Cl09-65 Lherzolite 0.142 0.10? 0.05° 0.05%

Cl09-73 Lherzolite 0.16 0.05 0.08 —0.03

Cl09-74 Lherzolite 0.11 0.03 0.06 —0.03
0.09? 0.05% 0.07° 0.012

Cl09-06 Cpx-rich lherzolite —0.14 0.10 0.06 0.04

Cl09-33 Cpx-rich lherzolite 0.23

Cl09-35 Cpx-rich lherzolite 0.20 0.36 —0.16

Cl09-47 Cpx-rich lherzolite 0.26 0.06 0.20 —-0.14

Cl09-75 Cpx-rich lherzolite 0.24 0.13 0.16 —0.03

Cl09-81 Cpx-rich lherzolite 0.31°2 —0.052 0.04° -0.112

CLB05-15 Cpx-rich lherzolite 0.23 0.05 0.12 —0.07

Cl09-78 Wehrlite 0.39 0.01

Cl09-82 Wehrlite —0.06

Cl09-84 Wehrlite 0.25 0.16

Cl09-86 Wehrlite 0.15 0.07

Cl09-87 Wehrlite 0.25

@ The value represents Cr isotope data performed by TIMS.
4.2. Chromium valence states in mantle minerals Table 2

Fig. 1a presents the normalized Cr K-edge spectra for the stan-
dards [Cr metal, Cr(OH)3] and four Ol separates from two lherzo-
lites Cl09-65 and Cl09-74, one Cpx-rich lherzolite CLB05-15 and
one wehrlite Cl09-86. The spectra of two synthetic standards with
Cr2t/xCr = 0 (a silicate glass) and 0.95 (an ureilite Ol) from Bell
et al. (2014) are also plotted for comparison purposes. Sutton et
al. (1993) has pointed that the Cr2* spectra for both the syn-
thetic Cr?*-doped forsterite and the silicate glass show leftward
energy shifts in the main peak and the crest edge by 3 to 5 eV
relative to spectra for two Cr3*t standards in the derivative spec-
trum (e.g., Fig. 1b). Additionally, energies of the main peak and the
crest edge for Ol with higher Cr®*/=Cr ratios were more close to
those for Cr®t standards (Bell et al., 2014; Berry and O'Neill, 2004;
Berry et al., 2006; Sutton et al, 1993). In the derivative spec-
trum (Fig. 1b), significantly rightward shifts of edge crest and
main edge energies of Cl09-86 Ol, which overlap those of the
Cr(OH)3 standard and referenced Cr3* silicate standard from Bell
et al. (2014), imply absence of Cr?*. By contrast, the Ol spectra
from Cl09-65, Cl09-74 and CLB05-15 show higher 1s-4s peaks at
~5994 eV, and medium energies of edge crest and main edge be-
tween Cr?t and Cr3* standards, indicating the presences of Cr2+
in these Ol separates. According to simple linear mixing of the
heights of the 1s-4s peaks for Cr* and Cr3* in the derivative
spectra (Bell et al., 2014; Berry and O'Neill, 2004; Berry et al.,
2006), the calculated Cr?*/=Cr ratios of Ol separates from Cl09-65,
Cl09-74 and CLB05-15 are 0.18, 0.20 and 0.16, respectively (Ta-
ble 2). For comparison, the Cr?t/ECr ratios are re-calculated by
using the area of the 1s-4s peaks, by integrating the peak intensity
for energy interval from 5991.3 eV to 5996.3 eV (Bell et al., 2014;
Berry and O'Neill, 2004). The calculated results of Cr2*/=Cr ra-
tios are nearly identical to those calculated using the peak height
method (Table 2). With respect to all Py and Spl separates (in-
cluding four Cpx, three Opx and two Spl), no Cr®t is detected, as
evidenced by their low 1s-4s peaks and right shifts of edge crests
similar to Cr3t standards (Fig. 1c-f).

4.3. Major and trace element data of minerals

The major elements of individual minerals from unreported
Cl09-65 and Cl09-81 in Xiao et al. (2013) are presented in Sup-
plementary Table S2 (Appendix A). Elemental profiles (major and
trace elements) for individual Opx minerals from two lherzolites
Cl09-62 and Cl09-73 are presented in Supplementary Table S3.

The height (His4s) and area (Ais—gs) of 1s-4s derivative peak and calculated
Cr2t[=Cr values, determined from Ol separates from two lherzolites, one Cpx-rich
lherzolite and one wehrlite.

Sample Hisjas Cr2t/=Cr Ats-as Cr2t/xCr
C109-65 Ol 0.0555 018 0.0743 0.17
Cl09-74 Ol 0.0589 0.20 0.0700 0.16
CLB05-15 Ol 0.0524 0.16 0.0833 0.20
0.4585 0.14
C109-86 Ol n.d. n.d.
Cl09-31 Cpx n.d. n.d.
Cl109-31 Opx n.d. n.d.
Cl09-65 Cpx n.d. n.d.
Cl09-65 Opx n.d. n.d.
Cl09-65 Spl n.d. n.d.
Cl09-74 Cpx n.d. n.d.
Cl09-74 Opx n.d. n.d.
Cl09-81 Spl n.d. n.d.
CLB05-15 Cpx n.d. n.d.

n.d. represents not detected.

Notably, all of four grains with different sizes, randomly-selected
from Cl09-62 Opx, display observable elemental zoning of Cr and
Al (Fig. 2a, b). By contrast, no systemic zoning profiles of Cr and Al
are observed for Cl09-73 Opx (Fig. 2a, b).

5. Discussion

Our isotope measurements indicate that there are resolvable
differences in Cr isotope compositions for coexisting mantle miner-
als. Such inter-mineral isotope fractionation may represent equilib-
rium or disequilibrium isotope fractionation. To further test these
results, we propose a simplified theoretical prediction for inter-
mineral Cr isotope fractionation using the ionic model by Macris
et al. (2015) and Young et al. (2015), and we examine the fac-
tors affecting the inter-mineral Cr isotope fractionation in natural
samples.

5.1. Ionic model predictions for equilibrium inter-mineral Cr isotope
fractionation

To determine inter-mineral metal isotope fractionation, both di-
rect experimental petrological determination and theoretical cal-
culation were two common methods in addition to natural sam-
ple analyses. Taken Fe isotopes as an example, inter-mineral iso-
tope fractionations were experimentally determined (Shahar et al.,
2008; Hin et al., 2012; Sossi and O’Neill, 2017). Several theoreti-
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Fig. 2. Concentration zoning of individual Opx grains from Cl09-62 and Cl09-73 for
Cr (a) and Al;03 (b) and Al,03-Cr correlations for the five Opx profiles (c). Each
distance interval for adjacent two points was approximately ~100 pum.

cal models were proposed to interpret the observed isotope data,
such as, the ab-initio method (Blanchard et al., 2009), the M&ss-
bauer/NRIXS methods (Dauphas et al., 2012; Polyakov et al., 2007;
Sossi and O’Neill, 2017) and the ionic model (Macris et al., 2015;
Young et al.,, 2009, 2015). Considering that inter-mineral Fe isotope
fractionation predicted by the ionic model seems to be most in line
with observations of natural mantle minerals (Macris et al., 2015),
the ionic model approach combined with the XANES results is at-
tempted to constrain the inter-mineral Cr isotope fractionations.

Based on the isotope theory (Urey, 1947) and the ionic model
(Macris et al, 2015; Young et al, 2009, 2015), in the case of
high temperature conditions (>600 °C), where quantum effects are
small, inter-mineral Cr isotope fractionation can be simply ex-
pressed as:

§%3Crq — 893Crp ~ 10° Ina >}

103 h\?/ 1 1 \[Kfa Ksp 1)
ky T msy ms3 )| 4w 4m? |

where ms; and ms3 are the atomic masses of >2Cr and >3Cr, re-
spectively. In addition, kj, is Boltzmann’s constant, h is Planck’s
constant, and Ky, and Ky are the average force constants for
phases a and b, respectively. We employ an approach similar to
that used for Fe isotopes by Macris et al. (2015) to incorporate the

influences induced by changes in valence. The average force con-
stants Ky ;; can be written as:

_ 73 2)

where z; and z; are the valences of cation and anion, e is the
charge of an electron, &g is the electric constant (vacuum permit-
tivity), rj; is the inter-ionic spacing defined as equilibrium inter-
ionic distance between cation i and anion j, and n is the Born-
Mayer constant for the repulsion term (empirically equal to 12)
(Young et al., 2015). The equilibrium interionic distance ry; is cal-
culated based on effective cationic and anionic radii from Shannon
(1976) for a given coordination environment and a cationic va-
lence. Recent work has revealed that effective radii are positively
correlated with valences and negatively correlated with coordina-
tion numbers (Gibbs et al., 2014), which are used to calculate the
effective radii of Cr species in this study. In general, according to
the formulas above, we can predict that heavy isotopes concen-
trate in substances in which the coordination number is low and
the valence is high. Before modeling, these two major factors, Cr
valence ratios and coordination environments, need to be evalu-
ated in major Cr-bearing mantle minerals.

The proportion of different valence states of Cr (expressed here
as the Cr?t/XCr ratio) in the mantle minerals mainly depends
on the redox condition and equilibrium temperature. Burns and
Burns (1975) proposed that all Cr species were expected to oc-
cur in the +3 valence state within the range of oxygen fugacity
[fayalite-magnetite-quartz (FMQ) —2 to +2 log units] for terres-
trial basalts. However, Berry et al. (2006) observed that Cr2*/=Cr
ratios of a quenched basaltic glass vary from ~0.45 at the nickel-
nickel oxide (NNO) buffer to ~0.90 at IW buffer at 1400 °C. On the
other hand, Cr2*/=Cr ratios in the mantle were also temperature-
dependent, that Cr’t should only be important in mantle peri-
dotite above 1200°C and predominant above 1500°C based on
thermodynamic data from Li et al. (1995). When temperature de-
creases, Crt becomes unstable due to electron exchange with
Fe3*+ (Berry et al., 2006; Li et al., 1995). Olivine, with the lack of
Fe3t, could effectively record the Cr?t/TCr ratio of its parental
magmatic melt (Bell et al, 2014). For example, Cr?t/ZCr ra-
tios of Ol from some ureilites could reach ~0.92 at IW-3.1 to
IW-2.6 at 1300 °C (Goodrich et al., 2013). Given the more-oxidizing
environment of the Earth’s upper mantle compared with those
of the mantles of ureilite parent bodies (Goodrich et al., 2013),
Cr?*/XCr ratios of Earth mantle minerals should be lower. This
is evidenced by the low Cr2*/XCr ratios (0.16 to 0.20) for the
measured Ol from both lherzolites and Cpx-rich lherzolites. Fur-
thermore, no Cr®* was detected in Cl09-86 Ol, probably implying
that metasomatisms by recycling carbonates lead to oxidation of
Cr?* in these wehrlites. Seven Py separates from both lherzo-
lites and Cpx-rich lherzolites have no detectable Cr*, which is
similar to the observation of co-existing Cr3*-dominated Py and
Cr?*-dominated Ol in lunar basalts 15555 and 70035 by XANES
(Sutton et al, 1993) and Cr’*-dominated Py from the Martian
basalt QUE 94201 (Karner et al.,, 2007). However, an experimen-
tal work proposed that Cr?t preferentially enters into Py lattices
relative to co-existing Ol under high temperature and reducing
conditions in Fe-free systems (Li et al, 1995). Lack of Cr?* in
our Py can be the result of electron exchange reaction Fe3t +
Crt — Fe?t + Cr3* due to the presence of Fe3* in natural melts
or minerals during cooling from mantle temperatures (~1300°C)
to their equilibration temperatures (~950°C) (Berry et al., 2006;
Li et al, 1995). Thus, taking account of low equilibrium temper-
atures of the investigated samples, we propose that the obtained
Cr2*/XCr ratios of the minerals by XANES should represent the
lower limits in their original minerals before cooling. However, to
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Fig. 3. Crystal structures for Cr-bearing Spl, Cpx, Opx, and Ol displaying nearest
neighbors for Cr2t and Cr3*t ions. The structures were built using CrystalMaker
software based on the effective ionic radii for Cr species with different coordination
environments (0.8 A for 6-coordinated Cr>* and 0.615 A for 6-coordinated Cr3*)
reported by Shannon (1976). Oxygen is shown as large red spheres in all structures,
and the small, dark blue spheres represent silicon ions. The orange spheres and the
light blue spheres represent the sites for trivalent ions and bivalent ions, respec-
tively. The 4-coordinated, 6-coordinated, and 8-coordinated Cr-O bonds are shown
in black, yellow, and purple, respectively. It is noteworthy that Cr* can substitute
in distorted octahedral M2 positions with 6- to 8-coordination in the Cpx and Opx
structures. (For interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.)

quantitatively determine the initial Cr2*/Cr ratios for these Py is
very challenging. Although, a prediction of Cr?t preferentially in-
corporated into Py relative to Ol has been made by Li et al. (1995),
their experiments were based on nearly all Cr as Cr?* in crys-
tallized Ol and Py at the Cr-CrO buffer. Under relative oxidizing
mantle conditions, the predominant Cr species is Cr3*t, which also
strongly tends to enter into Py relative to Ol (Duke, 1976), and
thus it is difficult to assess the Cr2*/Cr3* differences between Py
and Ol. Therefore, in our ionic model, the Cr*/=Cr values of nat-
ural Opx and Cpx are assumed to vary within a range similar to
those of coexisting Ol. The Cr’* component in Spl is generally
considered to be limited, and potential Cr>*-bearing species such
as Cr304 is metastable (or stable within a very narrow pressure-
temperature range) under mantle conditions. For Spl from mantle
xenoliths, as well as from lunar basalts, Cr species is always in +3

Table 3

valence state calculated from stoichiometry (O'Neill and Navrotsky,
1984), supported by our XANES analyses of Spl separates from two
lherzolites (Fig. 1e and f). In the model, we calculate the inter-
mineral Cr isotope fractionation assuming Cr?t/XCr ratios in Ol
and Py ranging from 0 to 1 and O for Spl, to assess the effects of
Cr valence states on inter-mineral isotope fractionation over a large
oxygen fugacity range covering most terrestrial and extraterrestrial
conditions.

A comparative study of incorporation of Cr with different va-
lence states into the crystallographic sites of OI, Py and Spl from
planetary basalts has been reported by Papike et al. (2005). Con-
sidering that ionic radii of Cr’* and Cr3* (0.80 A and 0.615 A)
are similar to those of Fe?* and Fe3* (0.78 A and 0.645 A) in
6-coordinated sites (Shannon, 1976), individual Cr species were ex-
pected to substitute the lattice sites for Fe with same valences. The
occupation of Cr in different mineral structures is briefly summa-
rized here (Fig. 3). For Ol with a general formula of (Xmz2, Ym1)SiO4,
Cr2*, with a relatively larger ionic radius, is generally incorporated
into the M2 octahedron site (6-coordination), whereas smaller
Cr3t substitutes the M1-site cation with 6-coordination (Fig. 3,
Hanson and Jones, 1998; Papike et al., 2005; Goodrich et al., 2013).
The general formula for Py can be written as Xy2Ywm1Z206. Here,
in both mantle Cpx and Opx, Cr3t is proposed to be in the octa-
hedral M1 site (6-coordination) and Cr?* preferentially occupy the
distorted M2 site (6-8-coordination) (Burns, 1975), similar to FeZt
occupations in 6-8 coordinated M2 site (Macris et al., 2015). How-
ever, it is difficult to assess the individual portions of Cr2* with 6-
to 8-coordinations, thus, the M2 site for Cr>* is proposed to have
an effective 7-coordination (Fig. 3, Macris et al., 2015). Although
Cpx may have a slightly higher Cr?t/XCr value than co-existing
Opx (Li et al, 1995), there are no observations of notable dif-
ferences in Cr ionic valences and associated crystallographic sites
between them. The typical Spl structure (XY,04) has tetrahedral
(4-coordinated) and octahedral (6-coordinated) sites for divalent
cation X and trivalent cation Y, respectively. In general, Cr>* oc-
cupies the octahedral site, and Cr?t (if present) predominantly
occupies the tetrahedral site (Papike et al., 2005). In our model,
because we assume that no Crt is present in Spl, all Cr3* occu-
pies the octahedral site (Fig. 3).

In brief, the combined charges and coordination numbers of
Cr in mantle minerals are summarized as follows: Cr?* and
Cr3* in Ol are 6-coordinated; Cr3*t is 6-coordinated, and Cr2* is
~7-coordinated in Py; Cr3* in Spl is 6-coordinated. Detailed pa-
rameters and fractionation factor calculations are in Table 3 and
Appendix B. The estimated inter-mineral Cr isotope fractionation
factors are given in Fig. 4a-c. In cases where co-existing Py and
0Ol have similar and low Cr®*/=Cr values (e.g., 0 to 0.2, in Fig. 4c),
the equilibrium fractionation factors between them are close to 0
from 600°C to 1200 °C. With respect to the mineral pairs Spl-Ol

The Cr?*/=Cr values in minerals and associated force constants (K¢cr_o) used in the ionic model. The calculated inter-mineral isotope fractionation factors (A33Cr) are also
presented. The values following in parentheses are the Cr?*/=Cr values in minerals for calculations.

cr2t/scr Kicro (N/m) T (°C) 600 700 800 900 1000 1100 1200
ol 1 979.87 AS3Crpon Spl(0)-01(1) 0.66 0.53 0.43 0.36 0.31 027 0.23
0.25 1641.16 AB3Crgyp o) Spl(0)-01(0.25) 0.19 016 013 011 0.09 0.08 0.07
02 1693.93 AS3Crey o1 Spl(0)-01(0.15) 012 0.10 0.08 0.07 0.06 0.05 0.04
015 1747.94 AB3Crgyp o) Spl(0)-01(0) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 1917.79 AS3Crp_py Spl(0)-Py(1) 0.76 0.61 0.50 042 0.36 0.31 027
Py 1 829.2 ABCroy py Spl(0)-Py(0.2) 019 015 013 0.11 0.09 0.08 0.07
02 1645.79 AS3Crgy_py Spl(0)-Py(0.1) 0.09 0.07 0.06 0.05 0.04 0.04 0.03
01 1785.94 ABCrsy py Spl(0)-Py(0) —0.01 —0.01 —0.01 —0.01 —0.01 —0.01 —0.01
0 1937.14 AS3Crpy o) Py(0)-01(0) 0.01 0.01 0.01 0.01 0.01 0.01 0.01
spl 0 1917.79 AS3Crpy o) Py(0)-01(0.2) 017 0.14 011 0.09 0.08 0.07 0.06
AS3Crpy o) Py(0.2)-01(0.2) —0.03 —0.03 —0.02 —0.02 —0.02 —0.01 —0.01
AS3Crpy o) Py(0.1)-01(0.25) 0.10 0.08 0.07 0.06 0.05 0.04 0.04
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Fig. 4. Calculated inter-mineral equilibrium Cr isotope fractionation factors at differ-
ent temperatures: (a) §°3Crsp =8>3 Croy, (b) 8% Crsp-8>3Crpy, and (c) §°3Crpy-6>Croy
based on the ionic model. The lines in different colors represent the estimations
for the inter-mineral fractionation factors based on different Cr?+/ECr values of
each mineral, which are expressed as the values following the mineral names in all
plots. The filled and open symbols represent Opx-related and Cpx-related mineral
pairs, respectively. The dashed and dotted curves in (a) represent calculated equilib-
rium fractionation factors using XANES-determined Cr valences of Spl and Ol. The
dashed and dotted curves in (b) and (c) are calculated equilibrium fractionation fac-
tors fitting the observed values by adjusting the Cr?*/=Cr ratios of Py. Uncertainties
quoted for A®3Cr in this and all subsequent figures are the square root of the sum
of the square of the uncertainty of the two minerals.

and Spl-Py, because of the similar Cr3* coordination environments
(6-fold coordination) in all minerals, significantly lower Cr’t/=Cr
(0) in Spl relative to those in Py and Ol will almost always lead to
isotopically heavier Cr in Spl than in Ol and Py (Fig. 4a and b).

It should be noted that although Cr is often a trace element
in major mantle minerals (except Spl), the effects of Cr concen-
tration on Cr isotope fractionation between different mineral pairs

were not taken into consideration at this stage. Overall, the pre-
dicted Cr isotope composition among the major mantle minerals
in isotopic equilibrium according to the ionic model is 653Cr5p1 >
833Crpy > 8>3 Crgy, which is similar to that for inter-mineral Fe iso-
tope fractionation (Macris et al., 2015).

5.2. Inter-mineral Cr isotope fractionation

Having established a reasonable ionic model for equilibrium Cr
isotope fractionation, here, we compare the data from Beiyan lher-
zolites and metasomatized Cpx-rich lherzolites and wehrlites to
better understand the systematics of inter-mineral isotope fraction-
ation as well as the processes (metasomatism, diffusion) that could
potentially affect the Cr isotope compositions of minerals.

5.2.1. Chromium isotopic equilibrium in lherzolites

Relative to the Cpx-rich lherzolites and the wehrlites, the lher-
zolites here are thought to have experienced few or no secondary
processes (e.g., metasomatism, alteration) (Xiao et al., 2010, 2013).
Except for Cl09-62, inter-mineral Cr isotope fractionation for differ-
ent mineral pairs is nearly constant among the other four lherzo-
lites (Cl09-31, Cl09-65, Cl09-73, and Cl09-74) (Table 1, Fig. 5a-d),
suggesting equilibrium inter-mineral Cr isotope fractionation. For
example, co-existing Opx and Cpx mineral pairs in these lherzo-
lites display indistinguishable inter-mineral Cr isotope fractiona-
tion (—0.03%o0 to 0.05%0c, Table 1 and Fig. 5d). With respect to
the Spl-Ol pair, inter-mineral Cr isotope fractionation of the four
lherzolites is also constant with a mean value of 0.14 £ 0.04%c
(Fig. 5a). Moreover, combined with constant isotope fractionation
factors of A%3Crpy_o; (0.05%0 to 0.10%0) and A33Crspi_py (0.04%o to
0.11%o), all minerals in these lherzolites are expected to be in Cr
isotope equilibrium (Table 1 and Fig. 5b, c).

The equilibrium inter-mineral Cr isotope fractionation can be
inferred from two other lines of evidence: (1) the isotope vari-
ations in the same mineral type among different samples, such
as 0.44%o for Spl, 0.44%. for Ol, 0.46%o for Opx, and 0.42% for
Cpx, are obviously larger than the variations observed in the inter-
mineral isotope fractionation values, because the inter-mineral
equilibrium fractionation is temperature-dependent and irrelevant
to different samples; (2) the inter-mineral Cr isotope fractiona-
tions observed for natural samples and predicted by the ionic
model are consistent with each other. First, the constant Cr iso-
tope fractionation (~0) between co-existing Opx and Cpx is in
agreement with model predictions of limited equilibrium fraction-
ation because of similar redox states and coordination environ-
ments of the Cr ions present. Thus, in the following discussions,
both Cpx and Opx are treated as Py. Second, according to the
jonic model combined with XANES-determined Cr2*/=Cr values
of Ol separates and equilibrium temperatures for the lherzolites
Cl09-74 and Cl09-65, the calculated equilibrium A>3Crsp_qp are
0.06%0 to 0.09%o and 0.06% to 0.11%o, respectively. The calculated
results are consistent with those measured by both TIMS (0.09 +
0.04%0 for C109-74 and 0.14 £0.03%o for Cl09-65) and MC-ICP-MS
(0.09 & 0.08%o for Cl09-74) within errors. Although Cr2*/=Cr ra-
tios of Ol from other two lherzolites (Cl09-31 and Cl09-73) are not
directly determined, similar whole-rock oxygen fugacities for these
four lherzolites (log fo, of —1.39 to —0.66 relative to FMQ buffer,
Supplementary Table S1) imply that Ol from Cl09-31 and Cl09-73
likely have similar Cr?*/%Cr ratios (~0.2). The Spl-0l fractionation
factors predicted by the model and measured (MC-ICP-MS) for
Cl09-31 and Cl09-73 are also consistent with each other (Fig. 4a).
Finally, based on the A%Crsy_py values, the initial Cr’*/2Cr ra-
tios of Py in equilibrium with Spl and Ol from these lherzolites are
0.10-0.20 (Fig. 4b, c). These values are in agreement with the pre-
diction in section 5.1, and higher than the XANES data, implying
that Cr®t originally in Py was mostly oxidized to Cr3+.
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With respect to the lherzolite Cl09-62, all plotted mineral-pair
data are distant from the equilibrium inter-mineral isotope frac-
tionation lines defined by the other four lherzolites (Fig. 5a-d).
Considering their similar equilibrium temperatures and redox en-
vironments (Xiao et al., 2013), these mineral pairs might not
have reached isotope equilibrium. Similar major element com-
positions of minerals between Cl09-62 and other lherzolites rule
out metasomatism as the predominant cause. Notably, the or-
der of Opx > Cpx > Spl > Ol in 33Cr/>2Cr for Cl09-62 was
similar to some Mongolia peridotite xenoliths in our recent
work, which was interpreted as the result of light >2Cr from
Opx preferentially diffusing into melt during mantle upwelling
based on Al and Cr elemental zoning in Opx (Press et al., 1986;
Xia et al., 2017). Here, we propose that the similar reason has
caused disequilibrium inter-mineral Cr isotope fractionation in
Cl09-62, as we observed similar Al-Cr diffusion profiles for four
randomly-selected Opx grains out of 20 from Cl09-62, but not for
Cl09-73 Opx which is expected to be in Cr isotope equilibrium
(Fig. 2a-c).

5.2.2. Isotopically disequilibrated Cpx-rich lherzolites and wehrlites

Overall, the A33Cr values for different mineral pairs from seven
Cpx-rich lherzolites display large variations (Table 1). It should
be noted that, three of the seven samples (Cl09-47, Cl09-75 and
CLB05-15) have relatively constant inter-mineral A>3Cr values, e.g.,
A33Crspi_o1 Of 0.23%0 to 0.26%0, A>3Crspi-opx Of 0.11%0 to 0.20%
and A33Crspj_cpx 0f 0.06%0 to 0.10%o (Table 1 and Fig. 5a-d), re-
spectively. However, these fractionations are larger than those for
the lherzolites (e.g., Spl-Ol and Spl-Py). Whether these constant
values represent inter-mineral equilibrium fractionations can be
assessed by combining the results of the ionic models.

The equilibrium temperatures for the Cpx-rich lherzolites
(930°C-970°C) are similar to those of the lherzolites (870°C-
970°C) (Supplementary Table S1); thus, temperature effects can

be eliminated. Larger equilibrium fractionation factors could poten-
tially be attributed to larger Cr valence differences for the mineral
pairs than those for the lherzolites. As described above, Spl in all
of our samples have Cr species in the +3 valence state. Accord-
ing to the ionic model, the A53Cr5pl_01 values of 0.23%o to 0.26%0
at 930°C to 970°C require the Cr?*/XCr ratios of Ol achieving
approximately 0.6 to 0.9, which is significantly higher than the
XANES-determined value of 0.16 + 0.10 for CLB05-15 Ol. Further-
more, this value is similar to those determined for Ol from some
ureilites, for which the oxygen fugacity (log fo,) was estimated
to be —14.2 to —11.4 (IW-3.1 to IW) at 1250°C (Goodrich et al.,
2013), significantly lower than those of Spl-facies upper Mantle
(IW40.6 to IW+5.5, Ballhaus, 1993; Foley, 2010) and the Beiyan
Cpx-rich lherzolites (IW+3.1 to IW+4.1). Similarly, high Cr?*/=Cr
values are also required for Opx (up to 0.4) and Cpx (up to 0.2)
to explain A33Crsp_opx Of 0.11%0 to 0.20%0 and A>3Crspi_cpx Of
0.06%0 to 0.11%o, which are higher than those of Ol from both
lherzolites and Cpx-rich lherzolites (0.14 to 0.20), inconsistent with
that Py have lower Cr?t/=Cr values than co-existing Ol obtained
in the isotopically equilibrated lherzolites. Thus, we can conclude
that the mineral pairs in these Cpx-lherzolites are out of Cr isotope
equilibrium.

With respect to relatively oxidized wehrlites, most Cr species
in Ol and Py were in the +3 valence state (e.g., Cr¥t/=Cr ~ 0
for CI09-86 Ol). In this case, the modeling calculations show that
the inter-mineral fractionations of Spl-Ol and Py-0lI should be very
close to 0 at temperatures >800 °C (Fig. 4a, c). However, large and
variable inter-mineral Cr isotope fractionations (e.g., A53Cr5p],01 =
0.15%0 to 0.39%c and A>3Crepx-01 = —0.06%o to 0.25%), as well as
the highly scattered data in Fig. 4a, c and Fig. 53, ¢, indicate that
these mineral pairs (Spl-0l, Py-0l) are out of Cr isotope equilib-
rium.
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Fig. 6. Plot (a) presents Cr isotope compositions of individual minerals as a function of Fe/Mg mole ratios of these minerals in the Cpx-rich lherzolites. Plot (b) presents the
correlations between Cr isotope fractionation values of Py-Ol mineral pairs and Fe/Mg mole ratios of corresponding Py for the lherzolties and Cpx-rich lherzolties. Plot (c)
and (d) display the correlations of §°3Croy, A53Crcpx_01 and the Ca/Al ratios of Cpx from the Beiyan peridotites, respectively. Plot (e) presents the positive correlation of the
Mg isotope and Cr isotope compositions of Ol from the wehrlites, indicating kinetic diffusion effects rather than the mineral-melt mixing. The §°Mgg, data in (e) are from
Xiao et al. (2013). The filled and open symbols in (a)-(e) represent Opx-related and Cpx-related minerals or mineral pairs, respectively. The dotted line in (e) is the calculated
diffusion curve according to the model by Richter et al. (1999, 2003). See detailed description in Appendix A.

Relative to the Beiyan lherzolites, the Cpx-rich lherzolites were
produced by interaction of lherzolites with evolved silicate melt
from asthenosphere, whereas the wehrlites experienced additional
metasomatism by recycling sedimentary carbonates associated
with the Paleo-Pacific slab subduction, as indicated by carbonate
mineral inclusions, positive Ba and Sr anomalies and low Mg iso-
tope compositions (Xiao et al., 2010, 2013). These metasomatisms
could be the cause of inter-mineral Cr isotope disequilibrium.

For Cpx-rich lherzolites, the mineral Fe/Mg ratio is used as
the index of mafic melt metasomatism as suggested previously
(Xiao et al., 2010). Overall, lack of obvious correlations between
the 8°3Cr and Fe/Mg for individual minerals (Fig. 6a) suggest that
the mafic melt metasomatism have no systematic effects on the
Cr isotope compositions of the minerals likely as a result of Cr
isotope heterogeneities in the mantle source. Notably, it seems
that the metasomatism could lead to disequilibrium inter-mineral
isotope fractionations (Cpx-Ol and Opx-Ol), most of which were
larger than the equilibrium fractionation factors (Fig. 6b). For the
wehrlites, we take the Ca/Al ratio in Cpx as an index of addi-
tional carbonatitic melt metasomatism because carbonatitic melts
have higher Ca/Al ratios than mantle peridotites and silicate melts
(Rudnick et al., 1993). Although Cpx from webhrlites show signifi-
cantly enhanced Ca/Al ratios (Fig. 6¢, d), correlation between Ca/Al
ratios and 8°3Cr for Cpx was not observed (not shown here). This
could reflect that carbonate incorporations are insufficient to af-
fect Cr isotope compositions of Cpx, because of the significantly
lower Cr contents of carbonates (several to tens ppm) than Py

(thousands of ppm). However, positive and negative correlations
of §%3Cro; (Fig. 6¢) and A33Crepx-o1 (Fig. 6d) with Ca/Al ratios
of Cpx, are observed, respectively, suggesting that such metaso-
matism shifts Ol to the isotopically heavier side. This might be
attributed to that the sedimentary carbonates in subduction Paleo-
Pacific oceanic crust could inherit heavy isotope compositions
from the contemporary oxidized seawater (Bonnand et al., 2013;
Frei et al, 2009), and Ol has much lower Cr contents than Py
and can be more easily altered in terms of Cr isotope composi-
tion. The positive shift in §°>Crg; can occur by two means: mixing
of Ol with isotopically heavier carbonatitic melt or chemical dif-
fusion of lighter Cr isotopes from Ol into the melt. These two
possibilities can be evaluated by adopting the previous Mg iso-
tope results for the same sample set (Xiao et al., 2013). Because
of the low §%6Mg of sedimentary carbonates (—0.4%o to —5.1%q,
Teng, 2017 and references therein), direct mixing between Ol and
carbonatitic melt will cause the former to be enriched in lighter
Mg and heavier Cr isotopes (Fig. 6e), inconsistent with the positive
correlation of §26Mgg and §°3Crq; for these wehrlites (Fig. 6e).
Therefore, kinetic diffusions of Mg and Cr isotopes could have
occurred; that is to say, isotopically light Mg and Cr both dif-
fused from Ol to carbonatitic melt likely because of lower Mg
and Cr contents in sedimentary carbonates (Frei et al., 2009;
Teng, 2017). This speculation is consistent with the modeling curve
of §26Mg and 8°3Cr during chemical diffusions from Ol to melt
according to Richter et al. (1999, 2003) (Fig. 6e, see detailed calcu-
lations in Appendix A).
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Fig. 7. Plot (a) represents variations of the Cr isotope fractionation between residual
solid and melt as a function of melt fraction (F), and initial oxygen fugacities fol-
lowing the non-modal melting model from Sossi and O'Neill (2017) in both batch
and fractional melting scenarios. The starting material has a composition of a fertile
Spl-facies lherzolite (60% Ol, 24% Opx, 15% Cpx and 1% Spl in volume). The numbers
in parentheses are the Cr3*/XCr values in the initial peridotites summed over each
mineral. In the case of F = 0.1, the two melting scenarios with initial Cr3*+/Cr val-
ues of 0.42, 0.56 and 0.85 (all other parameters are kept constant) would generate
mafic melts with Cr3+/=Cr of 0.13-0.15, 0.21-0.24 and 0.55-0.6, corresponding to
oxygen fugacities of ~IW, ~IW+1.2 and ~IW + 3.8 at 1400°C (Berry et al., 2006),
respectively, which cover the oxygen fugacity range covering most terrestrial and
extraterrestrial conditions [e.g., basaltic melts from Moon (IW-2 to IW), from Mars
(IW to IW+2), from Earth (IW+2 to IW+6), Papike et al., 2005]. Plot (b) represents
variations of the Cr isotope fractionation between crystallized phase (consisting of
Ol and Spl/Chromite in 99:1 volume ratio) and melt as a function of melt fraction
(F) and initial oxygen fugacities during partial crystallization of a basaltic magma.
The values in parentheses are the Cr3*+/Cr values (0.2, 0.6 and 0.8) in the initial
MORB-like melts with oxygen fugacities of IW+0.9, IW+4 and IW+5.7 (Berry et
al,, 2006), respectively. Detailed calculation methods and parameters are given in
Appendix A.

5.3. Implications on Cr isotope fractionation during high-temperature
processes

The observation of the equilibrium inter-mineral Cr isotope
fractionation order (83Crsp > 8%Crpy > 6°3Crqy), based on
both laboratory observations and ion modeling predictions, pro-
vides important constraints on Cr isotope behavior during high-
temperature petrologic processes, particularly during partial melt-
ing and fractional crystallization.

During partial melting of a Spl-facies peridotite at the Spl sta-
ble pressure of ~1 to 2.5 GPa, a general order of mineral con-
sumption is Py, Spl and finally Ol (Walter and Presnall, 1994;
Walter, 2003). Here, we present a non-modal melting approach
following Sossi and O’Neill (2017). Detailed methods and param-
eters were given in Appendix A. Briefly, according to a melt-
ing reaction of 0.15 Opx + 1 Cpx = 0.15 Ol + 1 melt (Walter,
2003), the melts are always Cr isotopically lighter than the resid-
ual phases in both fractional and batch melting scenarios (Fig. 7a).
The Cr isotope fractionations are similar at low partial melting de-
grees for the two scenarios, while enhanced differences could be
resulted from higher melting degrees. As shown in Fig. 7a, re-
dox states of the sources have notable effects on the Cr isotope
fractionation. Larger isotope fractionations occur under more re-
ducing conditions. These phenomena are associated with larger

force constant differences between Cr3t-dominated Spl in the
solids and lower Cr*/=Cr values of the melts from more reduc-
ing sources. Generally, the calculated isotope fractionation trend
is consistent with observations of some slightly isotopically heav-
ier refractory peridotites reported by Xia et al. (2017). Considering
the high oxygen fugacity conditions of the Earth’s upper mantle,
the solid-melt fractionation factor is small, thereby leading to lim-
ited Cr isotope variations in mantle rocks (Schoenberg et al., 2008;
Xia et al., 2017).

Bonnand et al. (2016) obtained positive correlations of whole-
rock Cr contents and isotope compositions with Mg# values of
mare basalts, which were interpreted as a result of fractional crys-
tallization of isotopically heavier Spl from basaltic magma with an
equilibrium fractionation factor (A>3 Cregjig-meit) Of 0.05-0.15%0. Ac-
cording to our modeling results (Fig. 7b), the fractionation would
require Cr>*/Cr ratios in lunar basaltic magma higher than 0.8 at
a temperature of 1300 °C, which is in line with an empirical esti-
mation of ~0.9 based on experimentally determined correlations
of Cr?*/=Cr values and oxygen fugacities in mafic melts (Berry et
al., 2006), given the low oxygen fugacity of the moon mantle (IW-2
to IW) (Wadhwa, 2008 and references therein).

In this study, we have demonstrated that Cr isotopes can be
fractionated at the mineral scale under high-temperature condi-
tions likely because of differences in the redox state and the
coordination environment of Cr between different minerals. This
finding warrants further studies on Cr isotope behavior during
planetary lithology evolutions, particularly where changes in redox
conditions are involved.

6. Conclusion

This paper reports the first systematic attempt at exploring Cr
isotope fractionation between coexisting mantle minerals by com-
bining ionic model predictions and natural sample analyses. The
major conclusions are as follows:

1. We developed an ionic model to make predictions about
the general magnitude of inter-mineral equilibrium Cr iso-
tope fractionations. The inter-mineral Cr isotope fractiona-
tion depends on both the coordination environment and the
Cr?*/XCr value of the minerals, and different oxidation states
are often accompanied by changes in coordination number for
Cr?* and Cr3*. A general order of §°3Crsp > §°3Crpy > §°3Crqy
is achieved, which could provide reasonable interpretations for
observations of Cr isotope fractionation during partial melting
and fractional crystallization.

2. Constant inter-mineral Cr isotope fractionation factors for dif-
ferent mineral pairs (Spl-0l, Py-0l, Spl-Py, and Opx-Cpx) from
Beiyan lherzolites suggest that the minerals are in Cr isotope
equilibrium. These values are in excellent agreement with the
ionic model predictions combining with XANES-determined
Cr?*[=Cr values for minerals from these lherzolites. The dis-
equilibrium inter-mineral Cr isotope fractionation for Beiyan
Cpx-rich lherzolites and wehrlites is likely attributable to
metasomatisms by means of mineral-melt interaction and/or
kinetic diffusion.
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