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Abstract

This study presents calcium isotope data for co-existing clinopyroxenes (cpx), orthopyroxenes (opx), and olivine (ol) in
mantle xenoliths to investigate Ca isotopic fractionation in the upper mantle. 5*4°Ca (§***°Ca (%o) = (**Ca/**Ca)sampLr/
(**Ca/*Ca)srmorsa — 1) in opx varies from 0.95 & 0.05%0 to 1.82 4 0.01%0 and cpx from 0.71 + 0.06%0 to 1.03 £ 0.12%0
(2se). §*49Ca in ol (P-15) is 1.16 £ 0.08%o, identical to §*40Ca of the co-existing opx (1.12 £ 0.09%0, 2se). The
AMY 4°Caop,(,Cpx (A44/ 40Caopx,Cpx = %/ 4OCaOp,rESM/ 4OCanX) shows a large variation ranging from —0.01%o to 1.11%. and it
dramatically increases with decreasing of Ca/Mg (atomic ratio) in opx. These observations may reflect the effect of opx com-
position on the inter-mineral equilibrium fractionation of Ca isotopes, consistent with the theoretical prediction by first-
principles theory calculations (Feng et al., 2014). Furthermore, A*¥/ 40Caop,(,Cpx decreases when temperature slightly increases
from 1196 to 1267 K. However, the magnitude of such inter-mineral isotopic fractionation (1.12%o) is not consistent with the
value calculated by the well-known correlation between inter-mineral isotope fractionation factors and 1/72 (Urey, 1947).
Instead, it may reflect the temperature control on crystal chemistry of opx (i.e., Ca content), which further affects
A44/40Caopx_cpx. The calculated 5***°Ca of bulk peridotites and pyroxenites range from 0.76 £+ 0.06%0 to 1.04 £ 0.12%o
(2se). Notably, §*4°Ca of bulk peridotites are positively correlated with CaO and negatively with MgO content. Such cor-
relations can be explained by mixing between a fertile mantle end-member and a depleted one with low §¥/40Ca, indicating
that Ca isotopes could be a useful tool in studying mantle evolution.
© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Ca is the fifth most abundant element in the Earth and
one of the major rock-forming elements and also an essen-
tial nutrient in the marine and terrestrial biosphere. Ca has
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six stable isotopes (*°Ca, **Ca, ¥Ca, *Ca, *°Ca, and 48Ca)
with the largest relative mass differences of stable isotopes
(Am/m =20%) in the periodic table except H and He.
Due to advances in mass spectrometry technique, Ca iso-
topic variations have been documented in terrestrial sam-
ples including rocks and sediments, demonstrating
significant fractionation associated with numerous geo-
chemical processes. Therefore, Ca isotopes can be used as
a meaningful tracer to constrain Ca transport in planetary
accretion, mantle evolution (e.g., Simon and DePaolo,
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2010; Huang et al., 2012; Valdes et al., 2014), ocean water
cycling (e.g., Zhu and Macdougall, 1998; De La Rocha
and DePaolo, 2000; Hippler et al., 2003; Fantle and
DePaolo, 2007; Farkas et al., 2007; Griffith et al., 2008),
and biochemical processes (e.g., Morgan et al., 2012).

Recent observations have shown considerable Ca iso-
topic fractionation in both mineral and bulk rock scales
in the upper mantle. Huang et al. (2010) observed large off-
sets in A*/40Ca (up to 0.75%0) between opx and cpx from
peridotite xenoliths. Such large inter-mineral Ca isotopic
fractionation could be attributed to the differences in Ca—
O bond length between cpx and opx. Based on first-
principles calculation results, Feng et al. (2014) proposed
that the inter-mineral Ca isotopic fractionation between
cpx and opx may reflect the effect of opx compositions on
equilibrium isotopic fractionation. A negative correlation
between Ca/Mg (atomic ratio) of opx and A 4()Caopx,Cpx
was predicted in Feng et al. (2014). When Ca/Mg of opx
is below 0.01, there is significant Ca isotopic fractionation
between opx and cpx with A 40CaOppr up to 1-2%o.

3*4%Ca of mantle peridotites show a variation from
0.96%0 to 1.15%o in previous studies (Amini et al., 2009;
Huang et al., 2010; Simon and DePaolo, 2010). Amini
et al. (2009) observed that 5**0Ca of ultramafic rocks
was negatively correlated with CaO content but positively
correlated with MgO content, suggesting that igneous pro-
cesses could cause Ca isotopic fractionation in mantle
rocks. A recent study on a series of mantle-derived igneous
rocks including OIB, komatiites, carbonatites, and mantle
xenoliths by Chen et al. (2014) revealed more Ca isotopic
heterogeneity in mantle rocks. However, Ca isotope data
for mineral pairs and bulk rocks are still rare, limiting
our understanding of the mechanisms for Ca isotope frac-
tionation at high temperatures.

Xenoliths are widely found in Cenozoic basalts in the
North China Craton (NCC) and Yangtze Craton (YC) in
Eastern China. Comparison of geochemical compositions
of basalts from the NCC formed before 110 Ma with those
after 110 Ma indicates that the post 110 Ma basalts have
signatures of subducted oceanic crust (e.g., low 5°°Mg, high
U/Pb and Th/Pb ratios) (e.g., Huang et al., 2007; Yang and
Li, 2008; Zhang et al., 2009; Xu et al., 2010; Wang et al.,
2011). Furthermore, major and trace element and Re-Os
isotope data show that lithospheric mantle of Eastern
China has experienced different degrees of melt extraction
(Xia et al., 2004; Reisberg et al., 2005). F. Huang et al.
(2011) also reported Mg and Fe isotope data for xenoliths
from Lianshan, Eastern China, showing that mantle miner-
als are in isotopic equilibrium. Thus, these xenoliths pro-
vide a good opportunity to study Ca isotopic composition
of mantle rocks and minerals, as well as the feedback of
Ca isotopes to mantle evolution processes (e.g., melt extrac-
tion and carbonate metasomatism).

In this study, we measured **Ca/*’Ca of co-existing
pyroxene pairs in mantle peridotite and pyroxenite xeno-
liths from Eastern China. In addition, although CaO con-
tent in ol (<0.05 wt.%) is much lower than that in cpx
(~22 wt.%) and opx (~0.6 wt.%), we also measured an ol
sample for more comprehensive understanding of Ca iso-
topic composition of mantle minerals. The aim of this study

is to investigate the mechanism for Ca isotopic fractiona-
tion between mantle minerals and evaluate the effects of
metasomatism and melt extraction on Ca isotopic composi-
tion of peridotites.

2. GEOLOGIC BACKGROUND AND SAMPLE
DESCRIPTION

Eastern China consists of three parts: North China Cra-
ton (NCC), Yangtze Craton (YC) and Cathaysia Block.
Samples in this study were collected from NCC and YC.
The NCC is the largest and oldest craton in China,
bounded by the Xing’an Mongolian orogenic belt on the
north and the Qinling-Dabie-Sulu high-ultrahigh pressure
metamorphic belt on the south and east (e.g., Jahn et al.,
1987; Zhao et al., 2000; Kusky et al., 2001). The NCC con-
sists of two Archean blocks separated by a 1.8 Ga Protero-
zoic orogenic belt (Zhao et al., 2000). The YC is mainly
Proterozoic which may have experienced multi-stage
reworking of Archean crustal materials as indicated by zir-
con U-Pb age and Hf isotope data (Zhang et al., 2006). A
simplified map with sample sites are available in supple-
mentary materials S-Fig. 1.

According to the studies on Ordovician diamond-
bearing kimberlites and mantle xenoliths, a thick (200 km)
cold lithosphere existed in the NCC in the Paleozoic (e.g.,
Griffin et al., 1998; Menzies and Xu, 1998). However, geo-
physical studies indicated that the lithosphere of the NCC is
thin at present (Chen et al., 2008, 2009), suggesting litho-
spheric thinning of ~100 km since the Paleozoic. Another
important geologic event was the continental collision
between the NCC and the YC along the Qinling-Dabie-S
ulu zone in the Triassic, which formed the eastern part of
the central orogenic belt in China (supplementary material
S-Fig. 1) (e.g., Li et al., 1993).

Eastern China experienced widespread Cenozoic basaltic
volcanism, probably related to the further lithospheric thin-
ning in the Cenozoic. The strata comprises interlayered
tholeiitic and alkali basalts with OIB-like Sr—Nd-Pb isotopic
signature and trace element patterns (e.g., Tang et al., 20006).
The alkali basalts contain abundant mantle xenoliths includ-
ing spinel peridotites, pyroxenites, and mafic to felsic gran-
ulites. Four spinel lherzolite (P-1, P-9, P-10, and P-15) and
two pyroxenite (H-3 and H-16) xenoliths were collected from
the Hannuoba area situated along the north margin of the
NCC, and three spinel lherzolite xenoliths (LHLS-4,
LHLS-6, and LHLS-10) were from the Lianshan area situ-
ated in the YC (S-Fig. 1). Previous studies indicated that all
samples have experienced different degrees of partial melting
(Xia et al., 2004; Reisberg et al., 2005; F. Huang et al., 2011).
Samples selected in this study are fresh and coarse-grained
without any visible alteration in minerals, avoiding possible
Ca isotopic fractionation caused by low temperature sec-
ondary processes such as weathering and alteration. The
mineral modes (Table 2) of Lianshan samples are from F.
Huang et al. (2011) and the modes for Hannuoba samples
(P-1, P-9, P-10, P-15, H-3, and H-16) were calculated from
major element compositions of bulk rocks and minerals using
the least-squares method (elemental data can be found in sup-
plementary material S-Table 1).
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3. ANALYTICAL METHODS

Major element compositions were determined by elec-
tron microprobe (JEOL, JXA-8230) at Hefei University
of Technology. Analytical conditions included an accelerat-
ing voltage of 15 kV, a beam current of 20 nA, and a beam
size of 3 um. Analytical errors were calculated based on 3-6
analyses of different spots. The following standards were
used: garnet (Al, Fe, and Mn), tremolite (Si and Mg), albite
(Ca), jadeite (Na), biotite (K), spinel (Cr), and olivine (Ni).
Major element compositions of minerals and bulk rocks are
available in Supplementary materials S-Tablel. Rare earth
element (REE) compositions of whole rock are from Xia
et al. (2004) and Reisberg et al. (2005) (see more details in
S-Table 3 and S-Fig. 2).

Mineral separation was conducted under a binocular
microscope by handpicking clear and fresh ol, cpx, opx,
and spl (spinel). As emphasized by Huang et al. (2010),
because carbonate is usually isotopically lighter than man-
tle minerals (Fantle and Tipper, 2014 and references there
in), carbonate precipitated on mineral surfaces can bias
the Ca isotopic ratios of silicate minerals. Thus, in order
to remove any possible calcium carbonate (CaCO;) on
the mineral surfaces, handpicked minerals were cleaned in
~1-2ml milli-Q water twice in an ultrasonic bath for
20 min and leached in 6 ml 1 N HCI overnight at room tem-
perature, followed by rinsing with milli-Q water several
times. Finally, they were powdered in an agate mortar. In
order to investigate analytical bias caused by carbonate pre-
cipitation on mineral surfaces, a duplicated opx from P-1
was only processed with milli-Q water in an ultrasonic bath
before dissolution.

The chemical purification procedure for Ca follows
Zhang et al. (2013), Zhu et al. (2013, in press), and Liu
et al. (2013). Briefly, about 1 mg cpx, 15mg opx, or
50 mg ol were weighed into a 7ml PFA beaker. After
digestion using a mixture of concentrated HF and
HNO; (3:1) in a 7ml PFA beaker on hot plate at
110 °C for 2-3 days, the samples were dried down at
80 °C. An aliquot containing ~50 ug Ca was transferred
into a pre-cleaned PFA beaker and mixed with a
*2Ca—*Ca double spike. We used 1 ml cation exchange
resin (Bio-Rad AG MP-50, 100-200 mesh) in HCI media
to remove matrix elements from Ca. In order to obtain
pure Ca solution, the same procedure needs to be pro-
cessed twice. Ca yield for the total chemical procedure
is greater than 99%. As Ca content of ol is usually lower
than 0.05 wt.%, the amount of Ca in dissolved ol aliquot
was decreased down to 10-20 ug Ca so that the cation
resin column was not over-loaded by matrix elements.

Ca isotopic ratios were determined on a thermal ioniza-
tion mass-spectrometer (Thermo Triton) in the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry (GIG), Chinese Academy of Sciences
(CAS). A single-sequence cup configuration was adopted
so that *°Ca, ¥'K, **Ca, **Ca, and **Ca ion beams could
be simultaneously measured. Mass 41 was measured for
4K to monitor interference from oK+
(*K/*K =1.7384 x 10~%). We used an iterative algorithm

for data reduction similar to the routine of Heuser et al.
(2002) using an exponential law. All results are reported rel-
ative to NIST SRM 915a as 3*¥/*’Ca.

The whole procedural blank was 30-50 ng for pyroxene
measurements and 70 ng for ol, which is insignificant rela-
tive to the amount of Ca processed through the purification
procedure. SRM 915a and seawater standard (IAPSO) were
routinely measured to monitor instrumental stability and
reproducibility. If the sample was measured for three or
more times, the errors were reported as 2 standard errors
of the mean (marked as 2se). If it was measured only once
or twice, the error for 5*%°Ca was set as 0.12%o0 based on 2
standard deviations of our long-term standard analyses
(Table 1). The long-term average 5*¥/*°Ca of SRM 915a
and TAPSO seawater are —0.01 £ 0.02%oc (n = 33, 2se) and
1.83 +0.03%0 (n =17, 2se), respectively (Table 1), consis-
tent with previous studies (Skulan et al., 1997; Hippler
et al., 2003; DePaolo, 2004). The analysis error is compara-
ble with Huang et al. (2010) (0.03%o, 2se for IAPSO seawa-
ter; 0.02%o, 2se for SRM 915a) and Valdes et al. (2014)
(0.02%o, 2se for SRM 915a). Three samples (H-16 opx,
P-10 opx, and P-10 cpx) were replicated by digestion of
separate mineral grain aliquots, all showing good repro-
ducibility in Ca isotopic data (Table 1).

4. RESULTS

Ca isotopic compositions for cpx, opx, and ol from Han-
nuoba and Lianshan xenoliths are reported in Table 1 and
Fig. 1. The 5*/%°Ca of cpx ranges from 0.71%oc to 1.03%o.
This range is significantly larger than our analytical uncer-
tainties (0.03%o for 2se and 0.12%o for 2sd, Table 2). Nota-
bly, §*/40Ca of opx shows a larger variation (0.95-1.82%o)
than cpx (Table 1 and Fig. 1). §*4Ca of ol from P-15 is
1.16 + 0.08%0 (2se), consistent with the co-existing opx
(1.12 £ 0.09%0), but heavier than the co-existing cpx (0.91
+ 0.04%o). The 5*/*°Ca of cpx from two pyroxenites (H-3
and H-16) are 0.82 £ 0.03%0 and 0.92 £ 0.05%o, respec-
tively, while §*40Ca of opx in H-3 and H-16 are 1.44
4+ 0.10%0 and 1.05+ 0.05%0, respectively (Table 1 and
Fig. 1). Table 1 and Fig. 1 show that 3*49Ca of most
opx in peridotites are significantly heavier than the co-
existing cpx with A44/4°Ca0px,cpx ranging from 0.16%o to
1.11%e. This is consistent with the data reported in Huang
et al. (2010) in the sense of direction of isotopic fractiona-
tion (A**Caypy cpx = 0.36%0 and 0.75%c). Yet, §*¥*°Ca
of two pyroxenes in P-10 are identical in analytical error
(0.96 +0.04%0 v.s. 0.95+0.05%0, cpx vs. opx) with
AM 40Caopx,cpx of —0.01%c. The ***Ca of the acid-
leached P-1 opx is 1.77 + 0.01%o, identical to the P-1 opx
without acid-leaching (1.76 &+ 0.12%o), indicating that car-
bonates on the mineral surface (if any) do not significantly
affect the §*4°Ca of opx measured in this study. Further-
more, it also indicates that our HCI leaching process did
not introduce any measurable Ca isotopic variation.
Nonetheless, in order to avoid possible isotopic bias caused
by surface carbonates, we leached all the samples before
digestion.
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Table 1

Ca isotopic composition of Hannuoba and Lianshan xenoliths and standards.

Hannuoba lherzolite

Clinopyroxene Orthopyroxene Olivine
§0Ca(%o)  2s¢*  2sd n®  8%Ca(%e)  2se® 2sd n®  8%Ca(%e)  2s¢® 2sd n®

P-1 leached 0.77 0.03 0.05 3 1.77 0.01 0.02 3

P-1 unleached 1.76 0.12 0.17 2

P-1 mean 1.77 0.01 0.02 5

P-9 0.71 0.06 0.10 3 1.82 0.01 0.02 3

P-10 0.98 0.04 0.08 4 0.98 0.07 0.12 3

P-10 repeated 0.95 0.06 0.12 4 0.92 0.05 0.09 3

P-10 mean 0.96 0.04 0.11 8 0.95 0.05 0.12 6

P-15 0.91 0.04 0.07 3 1.12 0.09 0.16 3 1.16 0.08 0.14 3

H-3 0.82 0.03 0.05 3 1.44 0.1 0.17 3

H-16 0.92 0.05 0.11 5 1.08 0.09 0.16 3

H-16 repeated 1.03 0.04 0.07 3

H-16 mean 1.05 0.05 0.12 6

Lianshan lherzolite

LHLS-4 0.94 0.12 0.12 1 1.34 0.12 0.12 1

LHLS-6 1.03 0.12 0.12 1 1.31 0.12 0.12 1

LHLS-10 0.83 0.12 0.12 1 1.21 0.12 0.12 1

Standards

SRM 915a —0.01 0.02 0.11 33

IAPSO seawater 1.83 0.03 0.12 17

@ 2se = 2sd//n. If only once or twice analysis of the sample was available, the error of 5*/*°Ca was set as 0.12%o based on the long-term
measurements of seawater, reflecting the external reproducibility of our analyses.

® n = number for replicate analyses.

P-10 & O CPX ]
€ OPX
H-16 R 4 ® OL
P-15 O —40- Hannuoba
xenoliths
H-3 O ——
P-1 ] *
p-9 |TF ® |
LHLS-6 —_{+— —— —
LHLS-10 —11— —— Lianshan
xenoliths
LHLS-4 -0 —— _
L L L L L L

06 08 10 12 14 16 18 20
8" “Ca(relative to SRM9152) (%0)

Fig. 1. Ca isotopic compositions of cpx, opx and ol in this study.
The open symbols represent cpx and the solid symbols are opx and
ol. The §*¥4°Ca of cpx show a narrow range from 0.71%o to 1.03%o,
while Ca isotopic composition of opx is significantly heavier than
cpx (0.95-1.82%0). 5*/*Ca of ol from P-15 is 1.16 = 0.08%o,
consistent with the co-existing opx in the direction of isotope
fractionation. The error bars used 2se value from Table 1 and some
are smaller than the symbols.

5. DISCUSSION
5.1. Equilibrium or disequilibrium isotope fractionation?

Before discussing the origin of Ca isotopic fractionation
and the implications for mantle evolution, it is important to

evaluate whether xenoliths in this study are in chemical
equilibrium or not. Several lines of evidence indicate that
chemical equilibrium has been achieved within these xeno-
liths on the scale of hand samples: (1) pyroxenes in peri-
dotites (including both Hannuoba and Lianshan samples)
are compositionally homogeneous (S-Table 1). Both opx
and cpx display limited variations in Mg# (90.56-92.02
for cpx; 90.13-91.14 for opx), and Al,O3 (5.96-6.69 wt.%
for cpx; 3.71-4.55 wt.% for opx); (2) Petrographic observa-
tions do not show obvious compositional zoning in miner-
als within these xenoliths; (3) Fe-Mg exchange factor
between opx and cpx ranges from 0.87 to 1.00 (Table 2),
close to the calibrated equilibrium value (1.09 4 0.14)
(Putirka, 2008); (4) Equilibrium temperature estimated by
the two-pyroxene thermometers (Putirka, 2008) and Ca-
in-orthopyroxene thermometers (Brey and Kohler, 1990)
for each sample are identical within the error (i.e., ~50 °
C) (Table 2). Hence, the Ca isotopic offset between opx
and cpx should reflect equilibrium fractionation.

5.2. Compositional effect on inter-mineral Ca isotopic
fractionation

Theoretical studies indicated that the bonding environ-
ment of elements dominate equilibrium inter-mineral iso-
topic fractionation, with stronger bonding favoring
incorporation of heavy isotopes (e.g., Urey, 1947). Because
the coordination number of Ca is § in cpx and 6 in opx and
ol, heavy Ca isotopes should be preferentially enriched in
opx and ol relative to cpx (Huang et al., 2010), which is
generally consistent with our observations. However, a
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Table 2

*4°Ca (%), equilibrium temperature (K), mineral modes (%), and Ca—Mg contents (wt.%) of bulk rocks.

Sample CaO MgO Mgt T(P) T(BK) P (GPa) Kp(Fe-Mg) ol cpx opx spl §*/40Cq 2se

P-1 2.36 40.82 91.7 1234 1194 1.02 0.87 65 12 21 2 0.81 0.03
P-9 1.79 4172 91.1 1218 1196 1.04 0.89 70 9 20 1 0.76 0.06
P-10 2.66 40.88 91.6 1256 1273 1.14 1.00 67 15 17 1 0.96 0.04
P-15 2.76 38.86 914 1196 1239 1.14 0.94 53 15 30 2 0.92 0.04
H-3 14.97 18.94 87.2 1232 1204 1.11 0.85 0 32 68 0 0.93 0.03
H-16 2.00 29.42 89.3 1267 1292 1.13 1.00 0 8 92 0 0.83 0.05
LHLS4 2.78 40.76  90.1 1239 1250 0.96 0.94 62 13 25 1 0.96 0.12
LHLS6 3.21 39.25 89.7 1246 1252 1.09 0.91 60 15 23 2 0.85 0.12
LHLSI10 3.51 37.83 89.6 1237 1238 1.18 0.95 54 16 28 2 1.04 0.12

Elemental compositions of Lianshan peridotites are from Reisberg et al. (2005) and Hannuoba samples are from Xia et al. (2004). Pressures
were calculated using the two-pyroxene barometers in Putirka (2008). T (P) stands for temperatures calculated from two-pyroxene
thermometry in Putirka (2008). And Kp(Fe-Mg) stands for the observed Fe-Mg exchange factor which should be near 1.09 £+ 0.14 if
elemental exchange equilibrium between two pyroxenes has been achieved (Putirka, 2008). T(BK) stands for temperatures calculated from Ca
content in orthopyroxene thermometer using the method in Brey and Kohler (1990). Because cpx dominates Ca budget of the bulk rock, we
used the analytical error of cpx measurements as the error of estimated §**4°Ca in bulk rocks. Mineral modes of Hannuoba samples (P-1, P-9,
P-10, P-15, H-3, and H-16) were calculated from major elements compositions of bulk rocks and minerals (ol, cpx, opx and spl) using the
least-squares method. Elemental data can be found in supplementary material S-Table 1. Mineral modes of Lianshan samples are from F.

Huang et al. (2011).

question that now arises is why A 40Caopx,cpx in xenoliths
from Eastern China span a large range from —0.01%o to
1.11%o.

Equilibrium Ca isotopic fractionation between cpx and
opx can be approximated as:

44/40 44/40 44/40 3 44/40
A¥HCagpy ooy = 8%/*Cagpy — 8% Cagp 2 10 Inof/ %

10 R\ 1 1 [Krops  Keps
o 24 ka My Myy 472 42

44/40 is the equilibrium Ca isotopic fractionation

where Copx opx
factor between cpx and opx; myo and my, are the atomic
masses of “°Ca and *Ca, respectively; k;, is Boltzmann’s
constant; / is Plank’s constant; 7 is temperature in kelvin;
Kropx and Kj ., are the average force constants for opx
and cpx, respectively (e.g., Urey, 1947; Young et al.,
2015; Macris et al., 2015). This equation indicates that Ca
isotopic fractionation between cpx and opx is a linear func-
tion of 1/72 if mass difference between isotopes and the dif-
ferences in force constants are unchangeable. However, the
temperature variation and mass differences denoted by

~<%> (L,L) cannot explain such large inter-mineral
T my M4

fractionation observed in our study. Varying temperature
from 1196 K to 1267 K can only change A44/4°Ca0px,cpx
by 0.13%c. Alternatively, based on first-principles calcula-
tions of Feng et al. (2014), force constants of Ca isotopes
in opx are controlled by the proportions of Ca substitution
in the M1 site in opx. Particularly, Feng et al. (2014) indi-
cated that A% ‘“)Caopx,Cpx strongly depends on the Ca con-
tent of opx when Ca/Mg (atomic ratio) is lower than 0.067.
As shown in Fig. 2, A/ 40CaOp,pr increases dramatically
with decreasing Ca/Mg of opx in peridotites and pyroxen-
ites from Hannuoba and Lianshan, consistent with the
trend predicted by the first-principles method in Feng
et al. (2014). Therefore, the compositional control of opx

is the most reasonable explanation for the inter-mineral
Ca isotopic variation.

It is worth noting that the observed cpx—opx offsets are
systemically smaller than those predicted by first-principles
calculations (Fig. 2). As proposed in Feng et al. (2014), when
Ca/Mg is 0.032, 0.067, 0.14, and 1, the A**°Ca,p cpy
should be 0.37%o, 0.20%0, 0.09%o0, and 0.07%o, respectively.
In our samples, the highest opx Ca/Mg ratio is 0.019
(H-16) and this has a A**Ca,, px Of 0.13 + 0.1%o.
While the exact reason for this discrepancy is not known
yet, it is possible that the theoretical results may not be fully
accurate because the first-principles calculation used an
over-simplified chemical composition model which only

14
[ Lianshan peridotite
1.2 + <> Hannuoba peridotite
¢ <> Hannuoba pyroxenite
J O Huang et al.(2010)
- 1.0 0 — Fengetal.(2014)
< 08 - ¢
Se 0.6 1 ¢
s 04 1 LJI:I
< 02 ¢
0.0 &
-0.2

0.014 0.016 0.018 0.020

Ca/Mg of opx

0.008 0.010 0.012

Fig. 2. Variation of A* 40Ca,px cpx With Ca/Mg (atomic ratio) of
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considers the exchange between Ca and Mg. As a major ele-
ment in opx, Fe may play an important role in changing
fractionation factors of Ca isotopes because Ca also
substitutes for Fe in opx. Similarly, calculation results of
Schauble (2011) also revealed that other elements such as
Cr, Co, and Al could affect the force constants of Mg
isotopes in spinel.

Ca content in opx is controlled by equilibrium tempera-
ture and pressure (Brey and Kohler, 1990), suggesting that
equilibrium temperature can affect crystal chemistry and
force constant of Ca isotopes in opx at a given pressure.
A44/40Caopx,qox measured in this study and Huang et al.
(2010) are plotted against temperature in Fig. 3. As
expected, A 4OCaopX,cpx of xenoliths in this study is nega-
tively correlated with the Ca-in-opx temperature. And
except for P-15, A44/40Caop)pr also depicts a negative
trend with the two-pyroxene temperature. The reason for
the deviation of P-15 from this trend is not clear. Neverthe-
less, with equilibrium temperature increasing from 1196 to
1267 K, A% 4OCaopx,Cpx decreases dramatically from 1.11%e
to —0.01%o, revealing an unrecognized role of temperature
in changing Ca isotope fractionation between opx and
cpx, an effect that has not been observed for other isotopes
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Fig. 3. A44/40Caopx,cpx of xenoliths in this study show a negative
correlation with Ca-in-opx temperatures (a). Except for P-15,
A 4()Caop,(,Cpx also depicts a negative trend with the two-pyroxene
temperature (b). The two samples from Huang et al. (2010) were
also plotted. The error bars of A* 4OCa.Op,(,CpX were calculated by
the 2se of cpx and opx from Table 1.

like Fe and Mg (e.g., Schauble, 2011; Huang et al., 2013;
Young et al., 2015). This can be attributed to the fact that
Fe and Mg are major elements in both cpx and opx, and
hence temperature variation does not cause resolvable vari-
ations on their force constants and isotope fractionation.
Our observation suggests that temperature effects on force
constants should be taken into account when studying iso-
tope fractionation of minor element systems (e.g., Ca in
opx) among minerals.

At a similar Ca/Mg of opx (Fig. 2) and temperature
(Fig. 3), the A*/*°Cay x of San Carlos and Kilborne
Hole peridotites from Huang et al. (2010) are significantly
larger than the samples from Hannuoba and Lianshan. It
is also not clear why there is such discrepancy. It could
reflect the large uncertainties of measurement of the low
CaO content in opx by electron probe. In our study, we cal-
culated the CaO content of opx based on *°Ca/**Ca ratio of
sample after spike mixing, i.e., using the isotope spike
method (more details can be found in supplementary mate-
rial S-Table 2). It is also unknown whether kinetic processes
may affect the isotopic fractionation in San Carlos and Kil-
borne Hole samples from Huang et al. (2010). Apparently,
more studies on theoretical calculation and measurements
for natural samples are needed to better understand Ca iso-
tope fractionation between opx and cpx in San Carlos and
Kilborne Hole peridotites.

5.3. Ca isotopic composition in bulk peridotites

Cpx and opx are the two major Ca-bearing minerals in
spinel-phase peridotites and pyroxenites. Therefore, Ca iso-
topic compositions of bulk peridotites and pyroxenites
(Table 2) can be estimated based on mineral modes and
CaO contents of cpx and opx. The §*40Ca of peridotites
and pyroxenites in this study ranges from 0.76%o to
1.04%o¢ (Table 2 and Fig. 4), which is comparable to the
range (0.96-1.15%0) in previous studies (Amini et al.,
2009; Huang et al., 2010; Simon and DePaolo, 2010).
Although this range is smaller than the variation of
§*4°Ca in basalts (up to ~0.7%o) (DePaolo, 2004), it still
reveals substantial Ca isotopic heterogeneity in the upper
mantle beneath Eastern China. The most primitive sample
in our study (LHLS-10) has the highest §*40Ca of
1.04%0 £ 0.12%0, consistent with the average §*40Ca of
the upper mantle estimated by Huang et al. (2010) of
1.05 + 0.04%0. Hereafter, we will discuss the processes
responsible for the Ca isotopic variation in peridotites from
Eastern China.

5.3.1. Melt extraction process

Amini et al. (2009) observed that §*40Cq is negatively
correlated with CaO and positively correlated with MgO
in a series of ultramafic rocks. Such correlation can be
explained by partial melting of mantle peridotites. Experi-
mental studies on anhydrous melting of peridotites indi-
cated that CaO decreases and MgO increases with
progressive melt extraction (Green, 1973). Meanwhile,
mantle melting consumes cpx more rapidly than opx in
the residue (e.g., Green, 1973; Jaques and Green, 1980).
As opx is enriched in heavy Ca isotopes relative to cpx,
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the 5*/4°Ca of refractory residue should be correlated neg-
atively with CaO and positively with MgO, similar to the
observation in Amini et al. (2009). However, on the con-
trary of the melting trend, 3*40Ca of 7 spinel lherzolites
in this study depict positive correlations with CaO, Yb,
and Lu contents, but negatively with MgO content
(Fig. 4). Because Ca, Yb, and Lu are preferentially parti-
tioned into melts during mantle melting, the trend of
3*4Ca with CaO, Yb, Lu, and MgO depicted in peri-
dotites from Eastern China cannot be simply caused by
melt extraction of a fertile mantle.

5.3.2. Mantle metasomatism by carbonate melts

Because carbonate sediments in subducted slabs could
have higher CaO contents (up to 50 wt.%) and possibly
lower 5*4°Ca (—1.09%0 to 1.81%c with an average value
of 0.61%c from Fantle and Tipper (2014) and references
therein) than the primitive mantle with CaO of ~3.65 wt.
% (Palme and O’Neill, 2007) and 8**Ca of 1.05
4+ 0.04%0 (Huang et al., 2010), metasomatism by Ca-rich
carbonate melt/aqueous fluids with low §*4Ca  could
easily modify the Ca isotopic composition of the upper
mantle. For example, S. Huang et al. (2011) observed that
the 5*#°Ca of Hawaiian basalts is correlated with Sr/Nb

and ¥Sr/®Sr, which was explained as a result of mixing
of recycled ancient marine carbonates and mantle source.
Previous studies on basalts from the NCC revealed
metasomatism of carbonates from subducted oceanic crust
in their mantle source (Chen et al., 2009; Zeng et al., 2010;
Yang et al., 2012; Huang et al., 2015). High U/Pb, Th/Pb,
Ce/Pb, and Nb/U ratios in <110 Ma basalts in Yang et al.
(2012) relative to the basalts older than 120 Ma reflect recy-
cled oceanic crust features in their mantle source. 8*°*Mg of
<110 Ma basalts ranges from —0.60%0 to —0.42%o, lighter
than the normal mantle-derived basalts (—0.24%0, Yang
et al., 2012), further suggesting that their mantle source
was likely metasomatized by carbonates from the recycled
subducted oceanic crust. However, considering that the
mantle xenoliths in this study with light Ca isotopic compo-
sition also have low Ca and incompatible element contents
(Fig. 4) but carbonates usually have high Ca and incompat-
ible element contents, the variation of 3*4Ca in peri-
dotites cannot be solely explained by carbonate
metasomatism. Therefore, we propose a mixing model
between a fertile mantle end-member and a depleted one
with low 8**4°Ca to explain the trends in Fig. 4. The ques-
tion focuses on how to form such a mantle reservoir with
depleted incompatible element signatures and low
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§*4Ca. We propose two possible origins for such mantle
reservoir:

First, the depleted mantle reservoir could form from
melt extraction (which decreased the contents of incompat-
ible elements and increased 5/ 40Ca), followed by carbon-
ate metasomatism that lowered the 5**°Ca and increased
CaO content of the peridotites (process 1 in Fig. 4c). How-
ever, such process could produce a LREE-enriched pattern
in cpx which is contradictory with the LREE-depleted pat-
tern observed in these samples (S-Fig. 2).

Alternatively, it is also possible that the upper mantle
was first metasomatized by carbonate and subsequently
experienced melt extraction (process 2 in Fig. 4c). Such pro-
cess can produce a mantle end-member with low Ca con-
tent, LREE-depleted pattern, and low 54/ “0Ca, more
consistent with the geochemical features observed in peri-
dotites in this study.

6. CONCLUSIONS

We measured the co-existing pyroxenes and one oli-
vine from 7 mantle peridotites (4 from North China Cra-
ton and 3 from Yangtze Craton) and 2 pyroxenite
xenoliths (both from North China Craton) from Eastern
China. Ca isotopes are significantly fractionated between
co-existing opx and cpx with the A 40Caop,pr ranging
from —0.01%0 to 1.11%c. 3¥*°Ca of the ol is 1.16
4+ 0.08%0, consistent with the co-existing opx (1.12
4 0.09%0). We also found that the A 40Ca0p,pr is neg-
atively correlated with Ca/Mg (atomic ratio) of opx,
which may reflect the compositional effect of Ca content
in opx on the inter-mineral fractionation of Ca isotopes.
Furthermore, as Ca content of opx is controlled by equi-
librium temperature, temperature would also affect the
force constants of Ca isotopes in opx, resulting in a neg-
ative correlation between equilibrium temperature and
A44/40Caopx,cpx. The §***°Ca of bulk mantle peridotites
estimated based on pyroxene pairs range from 0.76%o
to 1.04%o, revealing considerable Ca isotopic heterogene-
ity in the upper mantle. The 8**/*°Ca values of peridotites
from Eastern China show a positive correlation with CaO
content and negatively with MgO content, likely due to
two end-member mixing between a fertile mantle and a
depleted one with low 3*/40Ca which formed by carbon-
ate metasomatism followed by melt extraction.
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