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Calcium is a major element of the Earth, the Moon, terrestrial planets, and rocky meteorites. Here we 
present equilibrium Ca isotope fractionation factors of Ca-bearing minerals using the first-principles 
calculations based on density functional theory (DFT). The sequence of minerals from the isotopically 
heaviest to the lightest in Ca is forsterite > orthopyroxene (opx) > grossular ∼ pigeonite > diopside >
anorthite > oldhamite. Overall, the equilibrium fractionation of Ca isotopes is mainly controlled by the 
average bond lengths. Although oldhamite is enriched in light Ca isotopes relative to silicate minerals 
in equilibrium, natural oldhamite of enstatite chondrites are isotopically heavier than coexisting silicate 
materials. This implies that enstatite chondrites oldhamites should have been formed during solar nebular 
gas condensation instead than during parent body processing.
Following previous models for crystallization of the Lunar Magma Ocean (LMO), we simulated Ca isotopic 
fractionation of the LMO based on our calculated equilibrium Ca isotope fractionation factors. It shows 
that the δ44/40Ca of the lunar anorthositic crust should be lower than the average of the bulk Moon by 
0.09–0.11�. Considering that the lunar mantle might have overturned and mixed after solidification of 
the LMO, we further predict that the lunar mantle should be isotopically heavier than the bulk Moon 
by 0.17–0.26� if the mantle was fully overturned, or only by 0.06–0.08� for the case of fully mixing. 
Therefore, we predict that the potential offset of Ca isotopic composition between the anorthositic crust 
and the lunar mantle can be used to test LMO evolution models.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Calcium is the sixth most abundant element of the Earth and 
has six stable isotopes (40Ca, 42Ca, 43Ca, 44Ca, 46Ca, and 48Ca). 
The relative mass-difference between 40Ca and 48Ca is the largest 
among isotopes of elements of the periodic table at the exception 
of H and He. Because Ca has a high 50% condensation temper-
ature of 1505–1517 K (Lodders, 2003), a highly lithophile affin-
ity, and a single valence state, its isotopes show a great po-
tential in investigating high-temperature geochemical and cos-
mochemical processes such as the formation and evolution of 
the terrestrial planets and the genetic relationships among me-
teorites, Earth, Moon, and Mars (e.g., Simon and DePaolo, 2010;
Valdes et al., 2014; Magna et al., 2015; Huang and Jacobsen, 2017;
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Amsellem et al., 2017; Simon et al., 2017; Kang et al., 2016, 2017; 
Zhao et al., 2017).

Knowledge of Ca isotopic compositions of different chondrites 
is the premise of using Ca isotopes as a geochemical tracer. Pre-
vious studies have measured mass-dependent Ca isotopic compo-
sitions in enstatite chondrites, ordinary chondrites, and carbona-
ceous chondrites to explore the chemical heterogeneity of mete-
orites, planets, and protoplanetary disk (Simon and DePaolo, 2010;
Valdes et al., 2014; Huang and Jacobsen, 2017; Amsellem et 
al., 2017). A special attention has been given to enstatite chon-
drites since they are usually the isotopically closest meteorites to 
the Earth and have been proposed as candidates for the build-
ing blocks of the Earth (e.g., Javoy et al., 2010). However, there 
is still discrepancy on the Ca isotopic compositions of enstatite 
chondrites measured by different labs. For example, Simon and 
DePaolo (2010) found that enstatite chondrites are enriched in 
heavy Ca isotopes relative to the Earth by 0.16 to 0.51�, while 
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Valdes et al. (2014) and Huang and Jacobsen (2017) have docu-
mented that enstatite chondrites are isotopically identical to the 
bulk silicate Earth (BSE). Valdes et al. (2014) suggested the possible 
reason for this disagreement is that the dominant Ca-bearing min-
erals in enstatite chondrites (such as CaS, oldhamite) are isotopi-
cally different from other Ca-bearing minerals (such as anorthite 
and diopside), which sheds important light on the origin and dif-
ferentiation of enstatite chondrites. There is however no theoretical 
information on how Ca isotopes behave between oldhamite and 
other Ca-bearing minerals. Therefore, to better understand how 
the main Ca-bearing minerals formed in enstatite chondrites us-
ing Ca isotopic data, it is critical to investigate the equilibrium Ca 
isotope fractionation factors among major Ca-bearing minerals in 
meteorites.

Calcium isotope compositions of rock and mineral samples can 
also be used to constrain the formation and evolution of the 
Earth and Moon. Calcium is a major element in clinopyroxene 
(cpx), anorthite, amphibole, garnet, pigeonite (∼3 wt%) and Ca-
perovskite, a minor element in orthopyroxene (opx, ∼0.5 wt%), 
and a trace element in olivine (<0.1 wt%) and spinel (<0.1 wt%). 
Previous studies revealed up to ∼1� offset of δ44/40Ca (de-
fined as [(44Ca/40Ca)sample/(44Ca/40Ca)SRM915a − 1] ∗ 1000�) be-
tween co-existing opx and cpx in peridotites (Huang et al., 2010;
Kang et al., 2016). Based on the measurements of fertile peri-
dotites, Kang et al. (2017) estimated that the average δ44/40Ca of 
the upper mantle was 0.94 ± 0.05� (relative to SRM915a), slightly 
lower than the value estimated from cpx and opx data in Huang 
et al. (2010). Anorthosites and basalts in the lunar crust were con-
sidered to originate from the crystallization and segregation of pla-
gioclase, olivine, opx, and cpx during the solidification of the lunar 
magma ocean (LMO) (e.g., Snyder et al., 1992; Norman et al., 2003;
Elkins-Tanton et al., 2011). Although Ca isotope data for lunar sam-
ples are scarce (Simon and DePaolo, 2010; Valdes et al., 2014;
Huang and Jacobsen, 2017; Simon et al., 2017), equilibrium frac-
tionation factors of Ca isotopes among major Ca-bearing minerals 
are important for future Ca isotopic studies on the LMO processes.

Experimental calibration of inter-mineral equilibrium isotope 
fractionation at high temperature is still challenging because of 
the uncertainty and difficulty to reach the thermodynamic equi-
librium among minerals. No high temperature experimental data 
for Ca has been reported in the literature. With recent advances 
in the computational capability, the first-principles calculations, 
which are based on the density functional theory (DFT), have been 
widely used to estimate equilibrium isotope fractionation factors 
for many stable isotope systems including Mg, Si, Ca, Fe, Ni, Cu, Zn 
(e.g., Fujii et al., 2011, 2014; Schauble, 2011; Huang et al., 2014;
Ducher et al., 2016; Wang et al., 2017a; Moynier and Fujii, 2017). 
The DFT method can provide reliable data for mineral structure 
with the precision comparable to experimental studies (Lajaeghere 
et al., 2016), which can be further applied to accurately calculate 
isotope fractionation factors.

Recently, Feng et al. (2014) and Wang et al. (2017b) calculated 
the equilibrium Ca isotope fractionation factors between opx and 
cpx, which is dependent on Ca/Mg of opx. However, Ca isotope 
equilibrium fractionation factors among most other Ca-bearing 
minerals, including those common in the meteorites, the crust and 
mantle of the Earth and Moon, have not been investigated. Here 
we calculate equilibrium fractionation factors of Ca isotopes us-
ing the first-principles calculations based on the DFT method. The 
major Ca-bearing minerals investigated in this study include anor-
thite, forsterite, grossular, pigeonite, and oldhamite. This study pro-
vides an important dataset for equilibrium Ca isotope fractionation 
among common Ca-bearing minerals and explores the controlling 
factors on the Ca isotope fractionation from the perspective of 
crystal chemistry. Furthermore, we explore the formation of old-
hamite in enstatite chondrites and predict the possible Ca isotopic 
fractionation between the anorthositic crust and the lunar mantle 
to constrain the solidification process of the LMO.

2. Methods

2.1. Equilibrium isotope fractionation factor

The isotope fractionation factor of an element X between min-
eral A and B, αA−B , is defined as the ratio of their isotope ratios. 
αA−B is related to the equilibrium constants of isotopic exchange 
reactions which can be derived from statistical physics and quan-
tum mechanics with a series of approximations when it comes to 
gaseous reactions (Urey, 1947; Bigeleisen and Mayer, 1947) and 
minerals (Schauble, 2004). With regard to element X in crystal 
A, we can define a function βA which is called reduced partition 
function ratio (RPFR), identical to the isotope fractionation factor 
between the phase A and the ideal gas of X atoms. βA can be 
written as:

βA =
3N−3∏

i=1

ui,h

ui,l

e− 1
2 ui,h

1 − e−ui,h

1 − e−ui,l

e− 1
2 ui,l

(1)

where ui,h = hpνi,h
kb T , νi,h is the vibrational frequency and i repre-

sents the ith vibrational mode, N is the number of atoms in the 
unit cell, h and l refer to the heavy and light isotopes, respectively. 
Parameter hp is the Planck’s constant, kb is the Boltzmann’s con-
stant, and T is temperature in Kelvin. According to the definition 
of equilibrium fractionation factor, αA−B = βA/βB , where βB is de-
fined equally to βA .

2.2. DFT calculations

The β factors of minerals can be calculated using Eq. (1) based 
on the vibrational frequencies obtained from the first-principles 
calculations. The electronic structure calculations were performed 
with the Quantum ESPRESSO, an open source software pack-
age based on the DFT, plane wave, and pseudopotential method 
(Giannozzi et al., 2009). The type of exchange correlation func-
tional used here is local density approximation (LDA) (Perdew and 
Zunger, 1981) because the LDA has been proved to provide reliable 
vibrational frequencies of minerals as discussed in previous studies 
(Huang et al., 2013, 2014; Feng et al., 2014).

The pseudopotentials for O, Mg, Al, Si, and Ca used in this study 
are the same as those used in Huang et al. (2013). The pseu-
dopotential for S was generated by Vanderbilt method (Vanderbilt, 
1990) with the valence configuration 3s23p4 and the cutoff radii 
of 1.70 Bohr. The plane-wave energy cutoffs were set to 70 Ry. 
Brillouin zone summations over electronic states were performed 
over N1 × N2 × N3 k-mesh with Ni dependence on the materi-
als (see Table S1). Each structure was optimized using variable 
cell shape molecular dynamics (Wentzcovitch, 1991) until resid-
ual forces acting on every atom were less than 1 × 10−4 Ry/Bohr 
and unit-cell stresses were less than 0.5 kbar. Dynamical matri-
ces were computed on regular q-mesh using the density functional 
perturbation theory (DFPT) (Baroni et al., 2001) and then interpo-
lated in a dense q-mesh to obtain the vibrational density of state 
(VDoS) of minerals (Table S1). Therefore, their RPFRs can be de-
rived from vibrational frequencies. For minerals with more than 
150 atoms, because the calculations of VDoS based on the DFPT 
require extremely huge computations, the RPFRs were obtained 
from force constants calculated by the small displacement (0.02 Å, 
0.04 Å, and 0.06 Å from equilibrium position) method (Schauble, 
2011) based on the high-temperature approximation (Bigeleisen 
and Mayer, 1947).
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3. Results

3.1. Crystal structures and vibrational properties

The initial crystal structures of anorthite, forsterite, grossular, 
oldhamite, and pigeonite are available in American Mineralogist 
Crystal Structure Database (AMCSD). Calcium is a trace or minor 
element in forsterite and pigeonite, which both have two non-
equivalent Mg sites (M1 and M2). Magnesium atoms in forsterite 
and pigeonite can be replaced by Ca atoms to form Ca-doped 
structures. Our calculations show that Ca prefers to occupy the 
M2 site relative to the M1 site in forsterite and pigeonite. Thus, 
the case that Ca atom is incorporated into the M2 site was taken 
into account in this study. Ideal primitive cells of forsterite and 
pigeonite contain 28 and 40 atoms, respectively. The initial Ca-
bearing structures of forsterite with the CaO content of 2.48 wt.% 
and 1.25 wt.% were generated by substituting one M2-site Mg atom 
with one Ca atom in the 112-atom and 224-atom supercells of 
forsterite, respectively. The 112-atom supercell was constructed by 
expanding the primitive cell of forsterite twice along both of a and 
c directions. Similarly, we separately expanded the primitive cell 
twice along a, b, and c directions to obtain the 224-atom one. For 
Ca-bearing pigeonite, we expanded the primitive cell twice along b 
and c directions to obtain the 160-atom supercell, and considered 
three different CaO contents (6.86 wt.%, 3.47 wt.%, and 1.74 wt.%). 
The initial structures with 6.86 wt.% and 1.74 wt.% CaO were ob-
tained by substituting one M2-site Mg atom with one Ca atom in 
its primitive cell and 160-atom supercell; the one with the CaO 
content of 3.47 wt.% was generated by substituting two M2-site 
Mg atoms with two Ca atoms in the 160-atom supercell. Because 
there is more than one configuration for the initial structures of 
pigeonite with 3.4 wt.% CaO, all nonequivalent configurations were 
calculated and the configuration with the lowest total energy was 
selected for the 103 ln β calculations.

The relaxed crystal structures of anorthite, grossular, oldhamite, 
pigeonite, and forsterite are shown in Fig. S1 and the relaxed cell 
parameters and volumes of these minerals at static conditions are 
compared with experimental measurements at ambient conditions 
in Table S2. Because the effects of zero-point motion and temper-
ature are not considered in this study, the calculated results are 
slightly underestimated relative to the experimental data, which 
is typical for the LDA calculations (Wentzcovitch et al., 2010;
Feng et al., 2014; Wang et al., 2017a, 2017b). Notably, our pre-
vious studies (Huang et al., 2013, 2014) have clearly demonstrated 
that, after accounting for the contributions of zero-point motion 
and temperature, the calculated volumes of minerals within the 
LDA at ambient conditions agree well with experimental results. 
Moreover, the distributions of the theoretical and experimental 
Ca–O/S bond lengths in anorthite, grossular, and oldhamite agree 
well with each other, indicating that relaxed crystal structures are 
reliable (Fig. S2). The underestimation of volume in this study 
may lead to significant variations in 103 ln β , but this does not 
significantly affect 103 lnα among minerals because the system-
atic offsets of 103 ln β can be canceled out. This is also strongly 
supported by previous theoretical results that the LDA and the 
generalized gradient approximation (GGA) predict similar 103 lnα
of Mg and Si isotopes among minerals (Méheut et al., 2009;
Schauble, 2011; Huang et al., 2013; Méheut and Schauble, 2014;
Qin et al., 2016), although the volume is slightly underestimated 
by the LDA and overestimated by the GGA (Wentzcovitch et al., 
2010).

The comparison of calculated frequencies with experimental 
data are presented in Fig. 1 and Table S4. Our calculated results 
agree well with experimental measurements for grossular with 
the slope between calculated frequencies and measured frequen-
cies being 1.002 ± 0.002 (1σ , R2 = 0.9996). For oldhamite, the 
Fig. 1. Comparison of the calculated frequencies with the measured values (data are 
in Table S3).

lower frequency obtained from calculation significantly deviates 
from the experimental one (240 cm−1 vs 285 cm−1) whereas 
the higher frequencies from calculation and experiment are iden-
tical (349 cm−1 vs 350 cm−1). All the frequencies in an ideally 
ordered oldhamite are infrared-active but inactive in Raman ac-
cording to the group theory. However, the experimental frequen-
cies in Avril et al. (2013) are identified by Raman spectroscopy. 
Avril et al. (2013) mentioned that the Raman frequencies were 
activated by local symmetry breaking. The vibrational frequencies 
might be shifted in this process. Except for the lower frequency 
in oldhamite, our calculated frequencies well match the exper-
imental results, which demonstrates the reliability and accuracy 
of the calculated equilibrium isotope fractionation factors. Because 
103 ln β is proportional to the square of the scale factor at high 
temperature and is positively correlated to the scale factor at low 
temperature (Bigeleisen and Mayer, 1947; Méheut et al., 2009;
Cao and Liu, 2011), the uncertainties of our calculated 103 ln β

and 103 lnα are less than 0.5% and 1%, respectively, in relative 
deviation. Specifically, the calculated 103 lnα of 18O/16O among 
minerals in this study agree well with the experimental calibra-
tions at equilibrium (Fig. S3 and Table S5), further demonstrating 
the reliability of our calculations.

3.2. Average bond lengths

Bond lengths of Ca–O/S in calculated minerals as well as their 
coordination numbers (CN) are reported in Table 1 and Table S3. 
Our calculations show that Ca is 6-fold coordinated in forsterite 
and oldhamite, and 7-fold coordinated in pigeonite. For anorthite, 
there are four different Ca atoms with 6, 7, 7, and 7-fold coordi-
nation, respectively; the average CN of Ca is 6.75. In addition, the 
CN of Ca in grossular is 8. The average lengths of Ca–O bonds in 
the investigated minerals range from 2.269 Å to 2.470 Å (Table 1), 
while the average Ca–S bond length in oldhamite is 2.826 Å. Av-
erage Ca–O bond lengths in forsterite with 2.48 wt.% to 1.25 wt.% 
CaO content are almost identical (2.269 Å and 2.267 Å, respec-
tively), which are the shortest among all calculated minerals. The 
variation of CaO content in pigeonite shows a small effect on the 
average Ca–O bond length, which slightly decreases from 2.375 Å 
to 2.361 Å when the CaO content decreases from 6.86 wt.% to 
1.74 wt.%. The average Ca–O/S bond length increases in the or-
der of forsterite < pigeonite < grossular < anorthite < oldhamite. 
Such a large variation in average Ca–O/S bond lengths suggests 
significant Ca isotope equilibrium fractionations among those Ca-
bearing minerals.
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Table 1
Fitting parameters of calculated reduced partition function ratios of 44Ca/40Ca (103 lnβ), average bond Ca–O/S lengths with a cutoff of 3.0 Å, and the CNs. Fitting equation: 
1000 lnβ = ax3 + bx2 + cx, where x = 106/T 2, T is temperature in Kelvin. The temperature range for fitting is 275–2275 K.

Minerals Formulae a b c Bond length 
(Å)

CN

Anorthite CaAl2Si2O8 6.21 × 10−5 −5.68 × 10−3 1.307 2.455 6.75
Forsterite Ca1/16Mg31/16SiO4 1.63 × 10−4 −1.51 × 10−2 2.355 2.269 6
Forsterite Ca1/32Mg63/32SiO4 0 0 2.362 2.267 6
Grossular Ca3Al2(SiO4)3 1.08 × 10−4 −1.08 × 10−2 2.025 2.393 8
Oldhamite CaS 4.89 × 10−6 −1.71 × 10−3 0.957 2.826 6
Pigeonite Ca1/8Mg7/8SiO3 1.15 × 10−4 −1.11 × 10−2 1.942 2.375 7
Pigeonite Ca2/32Mg30/32SiO3 0 0 1.964 2.373 7
Pigeonite Ca1/32Mg31/32SiO3 0 0 2.097 2.361 7
Orthopyroxene∗ Ca1/48Mg47/48SiO3 1.94 × 10−4 −1.32 × 10−2 2.104 2.300 6
Diopside∗ CaMgSi2O6 1.18 × 10−4 −6.89 × 10−3 1.458 2.470 8

Data sources: ∗ , Wang et al. (2017b).
Fig. 2. The calculated 103 lnβ44/40 for anorthite, forsterite, grossular, oldhamite, 
and pigeonite at volumes corresponding to zero pressure using the static first-
principles calculation. 103 lnβ44/40 for diopside and orthopyroxene are from Wang 
et al. (2017b) in which the same calculation method was employed. (For interpre-
tation of the colors in the figure(s), the reader is referred to the web version of this 
article.)

3.3. Calculated Ca isotope fractionation factors

The RPFR (103lnβ) of 44Ca/40Ca ratios are shown in Fig. 2 and 
their polynomial fitting parameters with the temperature from 
275 K to 2275 K are given in Table 1. Combining our previous 
studies (Wang et al., 2017b) and current calculations, we find that 
the enrichment of heavy Ca isotopes follows the order of forsterite 
> opx > grossular ∼ pigeonite > diopside > anorthite > old-
hamite, suggesting large equilibrium fractionations of Ca isotope 
among these common Ca-bearing minerals even at high tempera-
ture. For example, the equilibrium isotope fractionation (103 lnα)

of 44/40Ca between forsterite and oldhamite at 1000 K is up to 
1.4�.

4. Discussion

4.1. Effect of crystal structure and concentration on Ca isotope 
fractionation

In general, the 103 ln β of an element are controlled by the 
bond strengths, which are significantly affected by oxidation states, 
electronic configurations, and the local crystal structures of miner-
als such as the CN (Schauble, 2004). Generally, shorter chemical 
Fig. 3. Negative correlation between 103 lnβ44/40 at 1000 K and the average Ca–O/S 
bond lengths.

bonds correspond to stronger bond strengths and have higher vi-
brational frequencies, which result in the enrichment in heavier 
isotopes relative to longer chemical bonds (Urey, 1947; Schauble, 
2004; Hill and Schauble, 2008; Young et al., 2009; Wang et al., 
2017a, 2017b). Our results suggest that the variation in 103lnβ

of 44Ca/40Ca of the calculated minerals is also mainly ascribed to 
the difference in the local structure. Overall, minerals with shorter 
bond lengths are more enriched in heavy Ca isotopes than those 
with longer bonds (Fig. 3).

Previous studies (Feng et al., 2014; Wang et al., 2017a, 2017b) 
suggested that the variation in chemical compositions (such as 
Mg or Ca content) at a certain range shows a significant effect 
on 103 ln β (or 103 lnα), which is corresponding to the variation 
of the bond lengths. For instance, 103 lnα of 44Ca/40Ca between 
opx and diopside increases significantly from 0.14� to 0.64� at 
1000 K when the CaO content in opx decreases from 6.84 wt.% 
to 1.16 wt.%, but it almost remains constant when the CaO con-
tent is lower than 1.16 wt%, showing a good linear correlation with 
their average Ca–O bond lengths (Fig. 5a in Wang et al., 2017b). As 
two solid solutions, Ca-bearing forsterite and pigeonite have vari-
able Ca contents. Here we also performed theoretical calculations 
to investigate the Ca concentration effect on 103 ln β of 44Ca/40Ca 
of forsterite and pigeonite. Our results show that both the av-
erage Ca–O bond lengths and 103 ln β of 44Ca/40Ca of forsterite 
with 2.48 wt.% and 1.25 wt.% CaO are almost identical (Table 1
and Fig. 4), suggesting that the CaO content of 2.48 wt.% is a 
threshold below which the Ca concentration effect is negligible. 
For pigeonite, 103 ln β of 44Ca/40Ca at 1000 K slightly increases 
from 1.931� to 2.097� when the CaO content decreases from 
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Fig. 4. Effects of Ca concentration on Ca isotope fractionation at 1000 K for forsterite, 
pigeonite, and enstatite. The intervals, where Ca isotope fractionation shows signif-
icant concentration effect, are similar for pigeonite and enstatite.

6.86 wt.% to 1.74 wt.% and average Ca–O bond length increases 
from 2.361 Å to 2.375 Å, indicating a mild effect of Ca concentra-
tion on 103lnβ (Table 1 and Fig. 4).

4.2. Constraints on the origin of oldhamite in enstatite chondrites

Enstatite chondrites are the isotopically closest meteorites to 
the Earth for many elements, including O, Ca, Ti, Cr, and Ni (e.g., 
Clayton, 2003; Huang and Jacobsen, 2017; Trinquier et al., 2009;
Mougel et al., 2018; Regelous et al., 2008). They are therefore 
particularly important for understanding the chemical composi-
tion and evolution of the Earth. Enstatite chondrites are among 
the most reduced meteorites and contained some unusual sulfide
minerals such as oldhamite (CaS) in which about half of the Ca in 
the enstatite chondrite Indarch is stored (Valdes et al., 2014). Some 
previous studies (e.g., Gannoun et al., 2011; El Goresy et al., 2017) 
suggested that oldhamite may originate from nebular condensa-
tion according to thermodynamic calculations, their REEs patterns, 
and the intergrowth of minerals, while others argued that old-
hamite are secondary products of parent body processes because 
of their igneous texture and the unique mineral inventories such 
as the coexistence of silica and sulfide (e.g., Lehner et al., 2013). 
There is a lack of efficient indicators that can distinguish these 
processes. For instance, REE enrichment in oldhamite can origi-
nate from either nebular condensation (Lodders and Fegley, 1993;
Lodders, 1996) or complex igneous processes including fractional 
crystallization, subsolidus annealing and exsolution (Dickinson and 
McCoy, 1997). Here we show that the Ca isotopic composition of 
oldhamite provides a useful way to constrain its formation process.

4.2.1. Formation of CaS by silicate sulfidation?
Lehner et al. (2013) investigated petrography and mineral 

chemistry of EH3 chondrites and proposed that sulfides (e.g., FeS, 
CaS, and MgS) formed from the sulfidation of FeO-bearing sili-
cates during igneous processes. Such an open-system interaction 
between silicates and a S-rich gas can explain the mineral inven-
tories, such as the association of silica with abundant niningerite 
(MgS) and troilite (FeS) in the EH3 chondrites, as well as their low 
bulk Mg/Si ratios. This implies that the oldhamite (CaS) could form 
via the reaction:

CaxMg(2−x)Si2O6(s) + S2(g)

= xCaS(s) + (2 − x)MgS(s) + 2SiO2(s) + O2(g) (2)
If the Ca-bearing pyroxene is exhausted, the product CaS will in-
herit the REE and Ca isotopic compositions from the pyroxene. 
Otherwise, the REE and Ca isotopes will be redistributed between 
CaS and pyroxene during the reaction. In the latter case, CaS 
should be enriched in lighter Ca isotopes relative to the coexisting 
silicates because CaS has the lowest 103 ln β44/40 among all calcu-
lated minerals (Table 1 and Fig. 2). However, Valdes et al. (2014)
found that the δ44/40Ca of CaS in the Indarch enstatite chondrites 
(EH4) is higher than the silicate portion by at least 0.36�, arguing 
against formation of CaS by the silicate sulfidation.

4.2.2. Nebular gas condensation
The condensation of solar nebular gas in reducing environment 

has been regarded as a possible mechanism for the formation of 
oldhamite in enstatite chondrites (e.g., Herndon and Suess, 1976;
Yokoyama et al., 2017). The β factor of a mineral can be regarded 
as the equilibrium fractionation factor of Ca isotopes between this 
mineral and vapor. Thus, condensed Ca-bearing minerals from neb-
ular gas are enriched in heavy Ca isotopes relative to the residual 
gaseous Ca because β-factor values are greater than unity. Previ-
ous theoretical studies based on thermodynamic calculations on 
enstatite chondrites suggested that oldhamite is one of the early 
Ca-bearing minerals condensing from nebular gas, while anorthite 
and diopside may form from later reactions between CaS and iso-
topically light gas at slightly lower temperature (Lodders and Feg-
ley, 1993). If so, the silicate phases in enstatite chondrites should 
be enriched in the lighter Ca isotopes compared to oldhamite. 
Therefore, the condensation of oldhamite prior to other Ca-bearing 
minerals can well support the observed enrichment of heavy Ca 
isotopes in oldhamite relative to the coexisting silicate portion 
(Valdes et al., 2014).

4.3. Heterogeneous Ca isotopic composition in the Moon?

It is widely accepted that the Moon formed from the giant 
impact between the proto-Earth and an impactor, named Theia, 
and underwent the solidification and differentiation of the LMO 
(e.g., Canup, 2004, 2012; Ćuk and Stewart, 2012; Warren, 1985;
Snyder et al., 1992). Here we will show that the calcium isotopic 
compositions of lunar rocks can be used to test different models of 
Moon formation and the differentiation of the LMO. From the sur-
face of the Earth and Moon to depth, the major Ca-bearing phases 
gradually change from plagioclase + cpx to garnet + cpx. Due to 
the large equilibrium Ca isotope fractionations among those Ca-
bearing minerals, it is likely that mineral crystallizations from the 
LMO have produced Ca isotope heterogeneity. Although the pri-
mordial Ca isotope heterogeneity in the Earth disappeared due to 
intensive mantle convection, such signatures could be well pre-
served in the solid Moon due to the lack of plate tectonics (Head 
and Solomon, 1981), which can thus be used to constrain the evo-
lution of the Moon.

On the basis of our calculations, we simulated the evolution of 
the Ca isotopic composition during the crystallization of the LMO. 
Although there are different solidification processes in different 
LMO models due to the distinct initial settings of the major and 
trace elements, the general trends for crystallization of Ca-bearing 
minerals are similar (Snyder et al., 1992; Elkins-Tanton et al., 2011;
Elardo et al., 2011; Lin et al., 2017) and the first-order estima-
tion of Ca isotopic variations does not depend on the selected LMO 
models. For instance, according to Elkins-Tanton et al. (2011), the 
solidification process of the Moon can be divided into four stages: 
(1) 100% olivine, (2) 90% orthopyroxene + 10% olivine, (3) 20% 
olivine + 10% orthopyroxene + 20% pigeonite + 50% plagioclase, 
and (4) 30% orthopyroxene + 20% clinopyroxene + 40% plagioclase 
+ 10% oxides. The temperature gradient of the LMO is assumed to 
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follow the solidus of the residual magma used in Elkins-Tanton et 
al. (2011):

T (r) = −1.3714∗r2/104 −0.1724∗r+1861− 4.4

0.2 ∗ L + 0.01
(3)

where r is the radius in km and L is the residual magma fraction.
Based on the calculated fractionation factors in this study and 

the LMO solidification models, we estimated the Ca isotopic frac-
tionation during the evolution of the LMO. For simplicity, density 
differences among all phases under different temperatures and 
pressures are neglected which means that mass fraction of the 
minerals can be converted to volume fractions. In each stage, ac-
cording to the mass balance of 40Ca and 44Ca, we have

d(F ∗ [40Ca]) = (KD40 ∗ [40Ca] + w40) ∗ dF (4)

d(F ∗ [44Ca]) = (KD44 ∗ [44Ca] + w44) ∗ dF (5)

where [40Ca] and [44Ca] are mass fractions of Ca isotopes in the 
melt, K D40 and K D44 are bulk partition coefficients of 40Ca and 
44Ca between solid phases (excluding diopside or anorthite) and 
melt, w40 and w44 are mass fractions of 40Ca and 44Ca in the cu-
mulate from diopside (and/or anorthite), respectively, and F is the 
remaining liquid fraction relative to the initial value in each stage. 
For example, during the third stage of the solidification process 
where the cumulate consists of olivine, opx, pigeonite, plagioclase, 
and melt, we obtain

KD40 = Pmelt × KD40,melt

+ P forsterite × KD40,forsterite + Penstatite × KD40,enstatite

+ Ppigeonite × KD40,pigeonite (6)

KD44 = Pmelt × KD44,melt

+ P forsterite × KD44,forsterite + Penstatite × KD44,enstatite

+ Ppigeonite × KD44,pigeonite

= Pmelt × KD40,melt × αmelt + P forsterite × KD40,forsterite

× αforsterite + Penstatite × KD40,enstatite × αenstatite

+ Ppigeonite × KD40,pigeonite × αpigeonite (7)

w40 = Panorthite × wanorthite (8)

w44 = Panorthite × wanorthite × αpigeonite × ([40Ca]/[44Ca]) (9)

where ‘P ’ is the mass weight of mineral or melt in the cumulate, 
‘KD’ is the partition coefficient between minerals and melt, ‘α’ is 
the equilibrium Ca isotope fractionation factor between minerals 
and melt, and ‘w ’ is the mass fraction of Ca in minerals in which 
Ca is the major element such as diopside and anorthite. The pa-
rameters used for modeling are listed in Table S6.

Because diopside is the main reservoir of Ca among solid 
phases during partial melting of the mantle, we assume that 
�44/40Ca between diopside and melt is 0 ± 0.05� at 1000 K 
(Qi et al., 2017), which can be further used to estimate equilib-
rium fractionation between melt and other Ca-bearing minerals 
(Fig. 5). Temperatures for the mineral crystallization at different 
depths are obtained from Eq. (3). Plagioclase floats upward to the 
Moon’s surface forming anorthosite layer, while other minerals are 
crystallized from the bottom of the LMO (e.g. Wood et al., 1970;
Warren, 1985; Suckale et al., 2012).

Equations (4) and (5) were solved sequentially with the param-
eters listed in Table 1 and Table S6 to obtain an integral picture 
about the Ca isotopic evolution and distribution in the solidified 
LMO (see animation 1 and the Matlab code in Supplementary 
Materials for details). As the solidification proceeds, δ44/40Ca of 
Fig. 5. Equilibrium Ca isotope fractionation between melt and cumulates, of which 
crystallizing assemblages vary during the solidification process of the LMO (Table 
S5). 1% of interstitial melt is considered in cumulates. The partition coefficients of 
Ca between minerals and melt for olivine, opx, and pigeonite are approximately set 
to 0.02, 0.12, and 0.6 respectively.

Fig. 6. Calcium isotopic fractionation (δ44/40Ca–δ44/40Ca0) of the crystallized LMO 
before overturning. δ44/40Ca0 is the initial Ca isotope composition of the LMO. The 
lunar mantle is divided into 5 layers with different mineral assemblages. Simulation 
stops when the fraction of residual melt is less than 6% where the content of Ca in 
the melt sharply decreases due to crystallization of plagioclase and cpx, as shown 
with a vertical line in δ44/40Ca in the layer 2. The grey zone represents propagation 
error of δ44/40Ca assuming that the error for �44/40Cacumulate-melt is ±0.05�.

olivine and opx that cumulate at the bottom of the LMO is higher 
than the initial Ca isotopic composition by 0.17 to 0.26� (Fig. 6) 
because olivine and opx are enriched in heavy Ca isotopes relative 
to the melt. Despite of up to 80% of crystallization, δ44/40Ca of the 
remaining melt only changes by less than 0.05� due to the low 
Ca content in olivine-opx cumulate (about 16% Ca of the whole 
LMO). After this stage, plagioclase crystallizes with the enrichment 
of light Ca isotopes relative to the coexisting melt. Because of their 
low density, plagioclases float to the top of the LMO forming the 
anorthositic crust. Although the mafic cumulate at the bottom is 
enriched in heavy Ca isotopes, δ44/40Ca of the remaining melt only 
increases slightly because plagioclase has a much higher Ca con-
tent than the mafic minerals except cpx which has a similar Ca 
isotopic composition to the melt (Qi et al., 2017). The simulation 
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Fig. 7. Calcium isotopic fractionation (δ44/40Ca–δ44/40Ca0) of the overturned lunar 
mantle. δ44/40Ca0 is the initial Ca isotope composition of the LMO. Two extreme 
situations are shown: (a) full-overturn, layer 2 with oxides and higher density in 
sinks into the bottom of the LMO; (b) full-mixing, in which case layers below the 
buoyant anorthosite crust are well mixed and homogenized.

stops when the fraction of residual melt is less than 6%, where 
the Ca content of the melt sharply decreases due to the crystal-
lization of plagioclase and cpx. Our models show that the final 
δ44/40Ca of the anorthositic crust is lower than the starting com-
position by 0.09 to 0.11�, suggesting that the anorthositic crust 
is slightly enriched in light Ca isotopes relative to the bulk LMO 
(Fig. 6). This small offset can barely be resolved within the current 
analytical uncertainty (0.1–0.15�). However, our models predict 
that the δ44/40Ca of the lunar mantle is higher than that of the 
anorthositic crust by 0.26 to 0.33�, which is resolvable and could 
be tested in future studies.

We further investigated the gravitationally driven overturn of 
the lunar mantle, which may affect the structure and Ca iso-
topic composition of the lunar mantle. Two extreme situations are 
considered here, i.e., full overturn and full mixing. For the case 
of full overturn, the cumulate in layer 2 (cpx, opx, and oxide) 
sinks to the bottom of the LMO due to its higher density. The 
shallower lunar mantle (mixture of layer 3, 4, and 5) is mainly 
composed of olivine, opx, and pigeonite with δ44/40Ca 0.17–0.26�
higher than the initial composition (Fig. 7a). If the lunar man-
tle is well mixed, its Ca isotopic composition is homogeneous, 
which is slightly heavier than the LMO by 0.06–0.08� based on 
the mass balance with the anorthositic crust (Fig. 7b). There-
fore, regardless of the overturn process, the lunar mantle should 
have distinct Ca isotopic composition from that of the anorthositic 
crust. Although Ca isotope data of the Moon rocks and miner-
als are still rare (Simon and DePaolo, 2010; Valdes et al., 2014;
Simon et al., 2017), and future analyses of lunar samples to deter-
mine the composition of the lunar mantle and of the anorthosites 
will allow to test the models of differentiation of the LMO.

5. Conclusions

Equilibrium Ca isotope fractionation factors of Ca-bearing min-
erals are investigated using first-principles calculations based on 
the DFT. The sequence of heavy Ca isotope enrichment is forsterite 
> orthopyroxene (opx) > grossular ∼ pigeonite > diopside >

anorthite > oldhamite. Equilibrium Ca isotope fractionation factors 
are mainly controlled by the Ca–O bond lengths.

Our results show that under equilibrium oldhamite is enriched 
in light Ca isotopes relative to other Ca-bearing minerals. Given 
that oldhamites in the Indarch enstatite chondrite are isotopically 
heavier than the silicate phases, they should not be in isotopic 
equilibrium with the coexisting silicates. This implies that old-
hamite should originate from the condensation of solar nebular 
gas, rather than being produced by igneous processes. Further-
more, our simulations for the solidification of the LMO predict 
that the average δ44/40Ca of the lunar anorthositic crust are lower 
than the bulk Moon by 0.1�, while the lunar mantle could have 
higher δ44/40Ca than the bulk Moon by 0.17–0.26� if the man-
tle is overturned and stratified, or by 0.06–0.08� if the mantle 
is fully mixed and isotopically homogeneous. Therefore, Ca isotope 
data for lunar rocks can be used to test the solidification and evo-
lution models of the LMO.
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