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Howardite-Eucrite-Diogenite (HED) meteorites represent a large suit of crustal and sub-crustal rocks
from the Vesta. This work presents systematic examination of the Ca isotope data on multiple varieties
of HED meteorites for a better understanding of the magmatic evolution of the Vesta. Falls and finds
possess similar Ca isotope compositions, and no correlation is observed between §44/4°Ca and (Sr/Eu*)y,
indicating that terrestrial weathering effect on Ca isotopes is insubstantial. According to the data in
literature, the inner solar system may have a homogeneous §%4/40Ca and the average of inner solar

Keywords: system bodies (0.97 £ 0.03%0) can approximate the composition of bulk silicate Vesta (BSV). Basaltic
Ca isotopes eucrites define a cluster in §4%/49Ca (0.95 + 0.07%o, 2SD, N = 15) that is higher than the terrestrial
eucrite mid-ocean ridge basalts (~0.85%¢). Combined with partial melting and magma ocean differentiation
diogenite modeling, the Ca isotope signatures suggest that eucrites represent the residual melts evolved from

Vesta a magma ocean formed by primordial Vesta’s moderate-to-high degree melting (20-100%). Diogenites
achondrite have distinguishingly higher §44/40Ca (1.18 4 0.15%0, 2SD, N = 7) than the basaltic eucrites, which
displays a negative correlation with the 1000 x Lu/Ti ratio and a positive correlation with 1/Ca. However,
magma ocean crystallization can only explain diogenites with §%4/40Ca higher than 1.17%o, suggesting
that diogenites have complicated petrogenesis and are not necessarily cogenetic with eucrites. Diogenites
with §44/40Ca < 1.17%o may result from magma-ocean-cumulate partial melts intruding the eucritic crust.
Mixing models suggest that the eucritic component in these diogenites may be less than 10%. Two
howardites have lower §*4/40Ca of 0.80 + 0.04% and 0.86 + 0.05%o than eucrites and diogenites. This
signature may reflect the addition of carbonaceous chondritic materials due to impact brecciation.
© 2023 Elsevier B.V. All rights reserved.

1. Introduction (from asteroids to differentiated planets), can preserve informa-
tion about the early solar system. The howardite-eucrite-diogenite
(HED) clan of meteorites is the most common achondrite in the
global meteorite collection. Eucrites have a chemical composition
like basalt and their magmatic textures suggest a volcanic or intru-
sion formation, referring to basaltic eucrites and cumulate eucrites,
respectively. Diogenites are mostly coarser-grained orthopyroxen-

ites and howardites are polymict breccias comprised of both eu-

The primordial characteristics of the planets were molded by
early solar system magmatism, but most rock records have been
lost due to protracted geological activity. Achondrite, which repre-
sents magmatic remnants in different stages of planetary evolution
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critic and diogenitic clasts. The similar chemistry and mineralogy
between the HED clan and 4-Vesta were revealed by remote sens-
ing spectroscopy (e.g., Gaffey et al., 1989) and visible and infrared


https://doi.org/10.1016/j.epsl.2023.118171
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2023.118171&domain=pdf
mailto:kjt@ustc.edu.cn
https://doi.org/10.1016/j.epsl.2023.118171

Y. Xue, J. Kang, S. Liao et al.

spectroscopy by the Dawn spacecraft (e.g., Russell et al., 2012), in-
dicating that HEDs are samples from the Vestan crust. Therefore,
HED meteorites provide a valuable opportunity to study the early
evolution of a differentiated planetesimal through a combination
of geochemical analyses of meteorites, remote sensing, and spec-
troscopic studies of the planetary surface.

Although HED meteorites have been extensively studied for
petrology and mineralogy over the past fifty years, their petro-
genesis is still enigmatic. Two models have been proposed for
the origin of eucrites and diogenites. First, eucrites and diogen-
ites may result from partial melting of a primitive asteroid, with
the eucritic magma extracted to the surface and leaving behind
an olivine-rich residual mantle (e.g., Stolper, 1977). Alternatively,
the radioactive decay of short-lived isotopes such as 26Al and ®°Fe
may have caused global melting on early Vesta and formed a deep
magma ocean (Greenwood et al., 2005). Diogenites are generally
thought to originate from crystals settling from the magma ocean,
while eucrites represent residual liquids (e.g., Ashcroft and Wood,
2015; Righter and Drake, 1997; Ruzicka et al., 1997). Recently,
many studies argued that the formation of eucrites and diogen-
ites is more complex than previously thought, and it may involve
ultramafic cumulate remelting, differentiation in discrete magma
chambers, and contamination by crustal melts (e.g., Barrat et al.,
2010; Mandler and Elkins-Tanton, 2013; Mitchell and Tomkins,
2019; Zhang et al., 2020).

With the advancement of isotope analytical techniques over the
past two decades, the application of a range of metal-stable isotope
systems sheds light on planetary accretion, differentiation, and
magmatic evolution. Calcium is both a lithophile and refractory el-
ement with a 50% condensation temperature of 1517 K (Lodders,
2003), which means that Ca remains unaffected by metallic core
formation or volatilization during planetary accretion (e.g., Valdes
et al, 2021). Thus, the Ca isotope fractionation in differentiated
asteroids is mainly controlled by magmatic processes. Terrestrial
sample studies (e.g., Huang et al.,, 2010) and theoretical calcula-
tions (e.g., Feng et al., 2014; Wang et al., 2017) have demonstrated
that olivine (Ol) and orthopyroxene (Opx) show heavier Ca iso-
tope compositions than clinopyroxene (Cpx) and plagioclase (Plg).
Melting of an Ol-rich mantle causes Ca isotope fractionation in
liquids and its scale depending on the melting degree (e.g., So-
derman et al., 2022). For example, melts generated by low-degree
partial melting (e.g., MORB, 10-20%, Eriksen and Jacobsen, 2022)
are isotopically lighter than the bulk silicate earth estimate (BSE,
0.94-1.05%0, Huang et al., 2010; Kang et al., 2017). Consequently,
the Ca isotope signature in HED meteorites can provide novel in-
sights on the magmatic evolution of Vesta.

In this study, we present high-precision Ca isotope data for
fifteen eucrites, nine diogenites, and two howardites. Our new
data reveal a Ca isotope dichotomy between diogenites and eu-
crites. Basaltic eucrites have nearly consistent Ca isotope com-
position with the bulk silicate Vesta (BSV), indicating a magma
ocean origin. In contrast, diogenites show higher and more scat-
tered §%4/40Ca, revealing that complicated magmatism occurred on
Vesta.

2. Samples and methods
2.1. Sample descriptions

Twenty-six HED meteorites were analyzed in this study. Of this
sample set, six samples are falls, and the remaining twenty sam-
ples are finds. In addition, two USGS terrestrial standards (BHVO-
2 and PCC-1) were measured for data quality control. Eucrites
are basaltic or accumulative rocks. This study includes fourteen
basaltic eucrites and one cumulate eucrite. Basaltic eucrites occur
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Fig. 1. (a) Ti vs. Mg and (b) Hf vs. Mg for HED meteorites showing distinct com-
position ranges for basaltic eucrites, diogenites, cumulate eucrite, and mixing sig-
nature of polymict breccias. Literature data of monomict basaltic eucrites and mo-
nomict diogenites are from Mittlefehldt (2015) and references therein. The field for
polymict breccias and cumulate eucrites follows the ranges defined in Mittlefehldt
(2015).

as fine-grained volcanic rocks and cumulate eucrites are coarser-
grained gabbros and plutonic rocks (Mittlefehldt, 2015). Diogenites
are mostly coarse-grained orthopyroxenites and a small number
of Ol-bearing diogenites have Ol abundance >10%. This study in-
cludes eight orthopyroxenites and one Ol-bearing sample (NWA
5480, with 30.2% Ol, Tkalcec et al., 2013).

HED meteorites are classified into two subcategories as mo-
nomict breccias and polymict breccias. Polymict breccias are
formed by impact fragmentation and are mixtures of eucritic and
diogenitic clasts as well as chondritic or other exogenous clasts
derived from the impactor. Conversely, monomict breccias are de-
fined as composed of nearly 100% of single primary lithology.
The polymict breccias thus form a continuum on major elemental
plots from monomict basaltic eucrite to monomict diogenite brec-
cias (Fig. 1). Howardites are typical polymict breccias that contain
>10% diogenite mixed with >10% eucrite (Delaney et al., 1983). In
this study, diogenites NWA 10079 and NWA 11055, eucrite NWA
11704, and howardites NWA 10695 and NWA 8362 are polymict
breccias.

2.2. Analytical methods

To guarantee representative sampling, 500 mg of each mete-
orite was crushed and powdered into an agate mortar. About 50
mg of sample powder was weighed and fully digested by sequen-
tial mixtures of concentrated HF-HNO3; and HNO3-HCl. The solu-
tion was separated into two fractions for element and Ca isotope
analyses, respectively. Major elements (except for Ca) and trace el-
ement compositions were analyzed by a Thermal Fisher ICP-MS
X2 at Guizhou Tongwei Analytical Technology Co., Ltd. following
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Table 1

Ca isotope compositions of HED meteorites.
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Sample Find/Fall ~ Type?® Mg# CAS results CDUT results

5%4/40Ca (%0)  2SD  2SE n  §*%40Ca (%) 2SD  2SE n
NWA 8336 . . 1.00 0.06  0.03 3
NWA 8336-R Find MG-NL eucrite 424 1.00 1
NWA 11031 Find MG-NL eucrite 454 0.89 0.01 0.01 3
NWA 2988-R1 0.92 0.01 0.01 3
NWA 2988-R2 Find MG-NL eucrite 39.9 1.02 0.04  0.02 3
NWA 2988 Average 0.97 0.04 0.03 6
NWA 2784-1° 0.92 0.11 007 3
NWA 2784-2° . . 0.95 0.03 002 3
NWA 2784-3 Find MG-NL eucrite 372 0.99 011 0.06 3
NWA 2784 Average 0.95 007 004 9
Camel Donga Find MG-NL eucrite 38.8 0.99 0.11 0.06 3
NWA 8009 Find MG-NL eucrite 389 0.88 007 004 4
NWA12570 Find MG-NL eucrite 379 0.91 009 005 3
NWA12569 Find MG-NL eucrite 38.4 0.96 0.06  0.03 3
NWA12933 Find MG-NL eucrite 38.0 0.93 0.03 002 3
Millbillillie . 0.96 0.11 006 3
Millbillillie-R Fall MG-NL eucrite 43.0 093 1
Serra Pelada Fall St eucrite 384 0.99 0.12 0.06 4
NWA 13995 Find St eucrite 40.0 0.94 0.06  0.03 3
NWA 13583 Find St eucrite 40.7 0.98 0.05 0.03 3
Dhofar 007 Fall Cumulate eucrite 51.5 1.06 0.09 0.05 3
Tatahouine Fall Orthopyroxenite diogenite 770 119 0.08 0.05 3 1.23 0.07 004 3
Bilanga Fall Orthopyroxenite diogenite 80.2 113 0.03 0.02 3
NWA7831 Find Orthopyroxenite diogenite 71.2 1.09 0.05 0.03 3
NWA 14011 Find Orthopyroxenite diogenite 72.5 1.24 0.03 0.02 3
Mazichuan Fall Orthopyroxenite diogenite 783 1.28 0.03 0.02 3
Dhofar 700 - L . 1.22 0.05 0.03 3
Dhofar 700-R Find Orthopyroxenite diogenite 66.8 122 1
NWA5480 Find Olivine diogenite 74.6 110 0.03 002 3
NWA 11704 Find Polymict eucrite 56.6 0.95 0.08 0.05 3
NWA 10079 - S . 111 0.09  0.05 3
NWA 10079-R Find Polymict diogenite 60.4 1.06 1
NWA 11055 Find Polymict diogenite 49.4 0.92 0.01 0.01 3
NWA 10695 Find Howardite 58.0 0.80 0.08 004 3
NWA 8362 Find Howardite 66.0 0.86 008 005 3

@ MG-NL eucrite: main group Nuevo Laredo trend eucrite; St eucrite: Stanner trend eucrite.
b NWA 2784-1 is from the fusion crust and show the highest degree of alteration. NWA 2784-2 is the sample between the fusion crust and the fresh

core. NWA 2784-3 is from the fresh core and underwent the least alteration.

procedures in Eggins et al. (1997) with modifications as described
in Li et al. (2005). The analytical precision is about 2-5%. Due to
the interference of Ar and CO; on Ca during ICP-MS analysis, the
Ca content was measured by an iCAP 7200 inductively coupled
plasma-optical emission spectrometer (ICP-OES) at the University
of Science and Technology of China. USGS standard W-2a was used
as a reference standard and cross-checked with BHVO-2 and other
reference materials.

The purification of Ca in solution follows the method described
in Zhu et al. (2016). Briefly, the aliquot, which contains ~50 pg
Ca, was mixed with a 42Ca-*3Ca double spike to make an optimal
40Cagample/**Caspike Of 7 and was subsequently re-dissolved in 1.6N
HCl. Calcium was purified using a Teflon micro-column filled with
1 ml of AG MP-50 (100-200 mesh) resin. 6N HCl and Milli-Q wa-
ter were alternately employed to clean the resin three times. 6N
HCI and 8N HNO3 were passed through the resin-filled columns
to decrease the Ca blanks. The columns were then conditioned by
5 ml of 1.6N HCI. The spiked aliquot was loaded onto the column
and eluted with 1.6N HCL. The first 21 ml of 1.6N HCl was uti-
lized for matrix elution, while the following 25 ml was collected
for pure Ca solution. Column chemistry typically exhibited yields
exceeding 99%. To verify reproducibility and quality, each batch of
column chemistry involved processing at least one reference mate-
rial and blank as unknown samples. The overall procedural blank
was less than 100 ng, which is insignificant relative to the 50 pg
of Ca loaded onto the column.

Calcium isotope compositions were measured with thermal ion-
ization mass-spectrometers (Thermo Triton) at two independent
labs: State Key Laboratory of Isotope Geochemistry, Guangzhou In-
stitute of Geochemistry (GIG), Chinese Academy of Sciences (CAS)
and the State Key Laboratory of Oil and Gas Reservoir Geol-
ogy and Exploitation, Chengdu University of Technology (CDUT).
Both labs used the same Faraday cup setting on TIMS with 4°Ca,
41K, 42Ca, 43Ca, and **Ca measured in static mode on the L2,
C, H1, H2, and H3 cups, respectively. Each run consisted of six-
teen blocks of thirteen cycles each, using an integration time of
4s. The #'K was monitored to correct for “°K interference on
40ca using 40K/4K = 1.7384 x 10~3 (Heuser et al, 2002). In-
strumental bias was corrected using the double-spike method by
applying an iterative algorithm with the exponential law (Heuser
et al,, 2002). Calcium isotope compositions were reported rela-
tive to NIST SRM 915a using & notation: §44/40Ca(%0) = 1000 x
[(*4Ca/*0Ca)symple/(**Ca/*OCa)sgm 9152 — 1. Two standard devia-
tions of §%/40Ca in SRM915a measured throughout the course
of this investigation is 40.13%c (N = 32), which represents long-
term external precision. Duplicates of NWA 8336, NWA 2988, NWA
10079, and Millbillillie obtained by digestion of the two batches of
powder were reproduced within the analytical error (Table 1). Dur-
ing the run, the §44/4°Ca for PCC-1 and BHVO-2 are 1.13 =+ 0.06%0
(2SD, N=3) and 0.82 + 0.08%0 (2SD, N = 3), respectively, which
are consistent with literature values (Table S1). Tatahouine was
measured at both labs to test reproducibility and their results
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Fig. 2. Inter-lab Ca isotope data comparison. Data source: Simon and DePaolo (2010); Schiller et al. (2015); Zhu et al. (2023).

are consistent within analytical errors (1.19 4= 0.08%o at CAS vs.
1.23 £ 0.07%0 at CDUT).

3. Results
3.1. Major and trace element compositions

Bulk rock element compositions are shown in Table S2 and
Fig. 1. Most eucrites and diogenites show a limited variation in Mg
content of 35-45.8 mg/g and 148-177 mg/g, respectively, falling
into the range defined by literature monomict breccias (Fig. 1, Mit-
tlefehldt, 2015 and references therein). The cumulate eucrite Dho-
far 007 shows a higher Mg# (51.5) and a lower Ti content (1.86
mg/g) than basaltic eucrites. Eucrites and diogenites show a sig-
nificant variation in trace element compositions. The monomict
diogenites have La content from 25 to 225 ng/g and Lu from 11
to 41 ng/g. Basaltic eucrites have La content from 1960 to 6180
ng/g, Sc from 24.97 to 33.40 pg/g, and Hf from 0.75 to 2.09 ng/g.
Polymict breccias (howardites NWA 10695 and NWA 8362, diogen-
ite NWA 10079 and eucrite NWA 11704) show intermediate Ti, Mg,
and Hf content between monomict eucrites and diogenites (Fig. 1).
Notably, NWA 11055 is described as a polymict diogenite in the
Meteoritical Society database, but its element compositions (Fig. 1)
and Ca isotope compositions (Table 1) closely resemble the mo-
nomict eucrites. The lithology distribution in NWA 11055 may be
heterogeneous and the investigated piece should be from a section
that is mostly composed of eucritic clasts. Therefore, NWA 11055
is recognized as a monomict basaltic eucrite in the following dis-
cussion.

3.2. Calcium isotope compositions

Calcium isotope compositions are reported in Table 1. The
basaltic eucrites show a homogeneous §44/4°Ca from 0.88 to 1.02%
with an average of 0.95 4 0.07%0 (2SD, N = 15), in agreement
with the BSE estimate (0.94-1.05%o, Huang et al., 2010; Kang et
al., 2017). The §%*/49Ca of cumulate eucrite Dhofar 700 (1.06 +
0.09%0) is consistent with basaltic eucrites (0.95 =+ 0.07%o). Dio-
genites show heavier Ca isotope compositions than eucrites with
§44/40Ca from 1.09 to 1.28%o¢ (on average of 1.18 & 0.15%). The
polymict eucrite NWA 11704 (0.95 =+ 0.09%¢) and polymict dio-
genite NWA 11055 (0.95 4 0.02%o) show consistent §44/40Ca with
monomict eucrites (0.88-1.00%c). Similarly, the polymict diogenite
NWA 10079 has §%4/40Ca of 1.11 + 0.09%, overlapping the range
of monomict diogenites (1.09 to 1.28%c). The two howardites NWA
10695 and NWA 8362 have Ca isotope compositions lighter than

both eucrites and diogenites, with §%#/40Ca of 0.80 + 0.08%o and
0.86 =+ 0.08%0, respectively.

4. Discussion
4.1. Mass-independent isotope variations in HED meteorites

40Ca is one of two daughter products from the branched decay
of 40K (half-life 1.397 Ga, Steiger and Jiger, 1977). The measured
§44/40Ca can be decreased due to the ingrowth of 49Ca, whose
scale depends on the age and K/Ca ratio of samples. For instance,
according to estimations in Fantle and Tipper (2014), samples with
a K/Ca of 1 and an age of 1.0 Ga would have a 0.05%¢ drop in
44/40(a, Since diogenites have negligible K, their §4*4/49Ca should
not be affected. Eucrites have K concentrations ranging from 200
to 600 pg/g and K/Ca from 0.002 to 0.009 (Mittlefehldt, 2015).
The average age of eucrites is 4.57 Ga (Hublet et al.,, 2017). Us-
ing the method in Fantle and Tipper (2014), the radiogenic in-
growth of %0Ca is predicted to decrease the §44/40Ca by 0.002
to 0.008%o in eucrites, which is much smaller than the analyt-
ical uncertainty (#£0.13%o¢). Huang and Jacobsen (2017) did not
find measurable isotope anomaly on 4°Ca of eucrite Juvinas either.
Therefore, the §44/40Ca data of this study should not be affected
by mass-independent Ca isotope variation.

4.2. Inter-lab data comparison

Stable calcium isotope compositions of HEDs have been mea-
sured by three different labs with different methods. Simon and
DePaolo (2010) first reported eucrite Juvinas and diogenite Bilanga
obtained by a 4*Ca-*Ca double spike TIMS technique. Schiller
et al. (2015) reported eucrite Juvinas and Stannern obtained by
sample-standard bracketing MC-ICP-MS technique. Recently, Zhu
et al. (2023) also used the sample-standard bracketing MC-ICP-
MS technique on nine eucrites and four diogenites. Fig. 2 shows
a comparison of our results with these studies. Our eucrites have
844/40Ca of 0.95 + 0.07%o (2SD, N = 15), consistent with the
Juvinas (0.98 to 1.03%o) and Stannern (0.91 + 0.05%o) reported
by Simon and DePaolo (2010) and Schiller et al. (2015). However,
it shows that our eucrites are systematically heavier than those
(0.83 £ 0.04%0) measured by Zhu et al. (2023). Three diogenites in
this study (NWA 5480, Tatahouine, and Dhofar 700) were also an-
alyzed by Zhu et al. (2023). Results of NWA 5480 are consistent
for both studies (1.10 & 0.03%o for this study and 1.16 % 0.06%o
for Zhu et al., 2023) but our Tatahouine (1.23 4 0.07%.) and Dho-
far 700 (1.22 4 0.05%0) values are both higher than the results
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(1.1440.09%¢ and 1.08 +0.02%o, respectively) in Zhu et al. (2023).
Zhu et al. (2023) argued that the TIMS data can be inaccurate for
early formed meteorites due to radiogenic ingrowth 4°Ca. As we
discussed in the previous section, this is not true for HEDs be-
cause of their extremely low K concentration (K, O of BSV estimate
is <0.01 wt.%, Righter and Drake, 1997). Although the reason for
the systematically low §44/4°Ca in Zhu et al. (2023) is not clear, it
possibly reflects sample heterogeneity or artificial bias. Neverthe-
less, the Ca isotope composition of HEDs needs further investiga-
tion. The following discussion only focuses on the new data in this
study to avoid systematic uncertainty among different labs.

4.3. Terrestrial contamination

Although terrestrial weathering can significantly alter the
chemical composition of HED meteorites (e.g., Barrat et al., 2010),
there are several lines of evidence suggesting that weathering has
a negligible Ca isotope effect in HEDs. (1) There is no systematic
§44/40C3 offset between the falls and the finds (Fig. 3a); (2) the al-
tered minerals such as phosphates, sulfates, and carbonates will
elevate the (Sr/Eu*), ratio (n denote chondrite normalized) in
HEDs (Barrat et al., 2010). However, the §44/40Ca shows no correla-
tion with the (Sr/Eu*), ratio (Fig. 3b); and (3) the three duplicates
of NWA 2784 were taken from different zones on the hand spec-
imen. NWA 2784-1 was taken from the fusion crust and shows
the highest degree of alteration. NWA 2784-2 was collected be-
tween the fusion crust and the fresh core with moderate alteration.
NWA 2784-3 was sampled from the fresh core with minor alter-
ation. These three fractions show an indistinguishable §44/49Ca
of 0.92 £ 0.11%o, 0.95 & 0.03%0 and 0.99 + 0.11%., respectively
(Fig. 3a). Therefore, the Ca isotope variations in HEDs should not
reflect terrestrial weathering.

4.4. Calcium isotope composition of bulk silicate Vesta

The Ca isotope composition of BSV is a critical parameter as
it provides a benchmark for differentiation of the internal and
surface reservoirs for Vesta. The Vestan mantle is the largest geo-
chemical reservoir for calcium, and the most reliable estimate for
BSV should be based on observations of mantle rocks. However,
the remote sensing of the Dawn spacecraft indicates that most
HED meteorites sample the Vestan crust (Russell et al., 2012). Only
a small number of Ol-bearing diogenites may represent mantle
fragments (e.g., Tkalcec et al., 2013). This study measured one Ol
diogenite NWA 5480. Tkalcec et al. (2013) observed the preferred
orientation in Ol for NWA 5480 and attributed it to the solid-state
plastic deformation that occurred in mantle conditions. However,

whether NWA 5480 represents a mantle fragment of Vesta or not
remains debated. Prior studies (Mitchell et al.,, 2021a; Yamaguchi
et al, 2015) observed element zoning in Ol, Opx, and chromite
in NWA 5480. In addition, Opx in NWA 5480 is fine grain size,
which is contrary to the medium to coarse-grained Opx found
in most diogenites. These signatures may reflect a rapid cooling
event that occurred near the surface, suggesting that NWA 5480
represents an impact melt sheet instead of a mantle fragment.
Therefore, NWA 5480 may not represent the composition of BSV.
Eucrites are mantle-derived melts and may be used to investigate
the Ca isotope composition of the Vestan interior. However, partial
melting of a peridotite source can cause Ca isotope fractionation.
For example, MORBs, generated by 10-20% partial melting of the
terrestrial upper mantle, have Ca isotope compositions (~0.85%0)
lighter than the BSE estimate (0.94-1.05%o). It is not known to
what extent the eucrite represents the primary Vestan mantle.
Alternatively, the BSV can be estimated based on the character-
istic of building blocks of Vesta. Nucleosynthetic isotope anomalies
are effective tools in assessing the genetic relationships between
meteorites and its planetary bodies. Several prior studies have re-
vealed nucleosynthetic isotope dichotomy (e.g., >°Ti and 4Cr) be-
tween carbonaceous chondrites (CC) and non-carbonaceous chon-
drites (NC) (e.g., Kruijer et al., 2020). Such a signature has been
interpreted to reflect the formation of meteorite parent bodies
in the inner (NC) and the outer (CC) solar systems. Zhu et al.
(2023) indicates that the inner solar system bodies may have het-
erogenous §*4/40Ca. However, the compilation of meteorite data in
this study shows a contrasting conclusion. Within the NC group
(Fig. 4), ordinary chondrites (OC) (0.97 £ 0.05%o, 2SE, N = 11),
angrites (0.94 + 0.0.08%o, N = 3), aubrites (0.97 4= 0.07%., N = 6),
bulk silicate Mars (1.04 £ 0.09%o estimated by Magna et al., 2015),
bulk silicate Moon (0.94 + 0.03%¢ estimated by Wu et al., 2020),
and BSE (0.94-1.05% estimated by Huang et al., 2010; Kang et
al.,, 2017) show a similar Ca isotope composition. Regarding en-
statite chondrites (ECs), the pioneering study by Simon and De-
Paolo (2010) found that they have a systematically higher §44/40Ca
(1.16 to 1.51%o) than OCs. However, following studies (Amsellem et
al., 2017; Huang and Jacobsen, 2017; Valdes et al., 2014) found no
measurable Ca isotope variation between ECs (0.97 4 0.04%) and
0OCs (0.97 £0.05%0). Huang and Jacobsen (2017) indicated that the
§44/40C3 of the ECs in Simon and DePaolo (2010) may be affected
by washing with water, which can dissolve oldhamite, the main
Ca carrier in ECs. Thus, the Ca isotope composition of ECs should
be similar to other NC groups. Notably, the two ureilites reported
by Schiller et al. (2015) show heavier Ca isotope compositions
(1.15 and 1.22%o, respectively) than OCs. This signature may reflect
isotope fractionation during magmatic differentiation because ure-
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ilites contain abundant olivine, which is isotopically heavier than
other silicate minerals and melts (e.g., Xiao et al., 2022 and refer-
ences therein). Nevertheless, it shows that most inner solar system
bodies have a relatively homogeneous §44/4°Ca (0.97 +0.03%o, 2SE,
N =29, defined by the average of OCs, ECs, angrites and aubrites).

The °9Ti and >*Cr isotope anomalies reveal that HED meteorites
fall within the field of NC groups, suggesting that Vesta should be
accreted in the inner solar system (e.g., Kruijer et al., 2020). There-
fore, we conclude that the §44/40Ca of the BSV is 0.97 & 0.03%q,
similar to the average of inner solar system bodies (Fig. 4).

4.5. Calcium isotope compositions of basaltic eucrites: partial melting
and magma ocean

It has been debated for decades whether the basaltic eucrites
are remnant liquids of magma ocean differentiation (high melting
degree, Greenwood et al., 2005; Mandler and Elkins-Tanton, 2013;
Righter and Drake, 1997; Ruzicka et al., 1997) or are formed by
partial melting of a primordial planetesimal (low melting degree,
Mitchell et al., 2021b; Stolper, 1977). The homogenous oxygen iso-
tope composition (e.g., Greenwood et al., 2005) and siderophile
element signatures in basaltic eucrites (e.g., Co, Mo and W, Mc-
Sween et al,, 2010) favor extensive melting of Vesta, which forms
a deep, global magma ocean. The magma ocean rapidly segregated
and crystallized to yield a metallic core, Ol-rich mantle, Opx-rich
lower crust, and basaltic upper crust. However, melting experi-
ments conducted by Stolper (1977) show that some eucrites are
saturated with pyroxene, Plg, Ol, metal, and spinel (Spl), indicat-
ing a origin of partial melting with degree <25%. Recently, MELTS
modeling by Mitchell et al. (2021b) also suggested that eucrites
should be generated by 15-20% partial melting of the primitive
Vestan mantle.
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Calcium isotopes can be fractionated during partial melting of
a peridotitic source. Huang et al. (2010) first found that Opx in
peridotite is isotopically heavier than the co-existing Cpx. Because
Cpx is preferentially exhausted by melting compared to Opx and
Ol, partial melts will be isotopically lighter than the refractory
residue. This is consistent with observations on depleted peri-
dotites (e.g., Kang et al., 2017) and MORBs (e.g., Eriksen and Ja-
cobsen, 2022) that exhibit higher (4+0.1-0.2%¢) and slightly lower
(—0.1%0) 8§*/40Ca than the BSE estimate, respectively. The equi-
librium Ca isotope fractionation value between mineral and melt
(A*40Ca ineral-melt) is @ key parameter to quantitatively evaluate
the partial melting effect. Zhang et al. (2018) estimated the frac-
tionation factors between melt and minerals (Cpx, Opx, and Plg)
by first-principal calculation and ionic model. They conducted a
peridotite melting simulation and indicated a negligible §44/40Ca
offset between partial melts (0.89-0.93%) and BSE (0.94%c), which
cannot explain the §%**/40Ca of MORB (~0.85%o). Notably, the sim-
ulation in Zhang et al. (2018) did not consider the Ca isotope effect
of Ol. Although CaO in Ol (<0.1 wt%) is lower than Cpx (~20
wt.%) and Opx (0.2-1 wt.%), its role in partial melting may not be
neglected because Ol is isotopically heavier than the co-existing
Cpx and Opx. Recently, Eriksen and Jacobsen (2022) and Soderman
et al. (2022) used the fractionation factor of Ol, Opx, and Cpx re-
ported by recent first-principal studies (e.g., Antonelli et al., 2019;
Huang et al,, 2019) to simulate the partial melting of peridotite.
Their results indicate that the Ca isotope offset between partial
melts and peridotite source should be larger than the predictions
in Zhang et al. (2018) and can explain the Ca isotope composition
of MORB.

We applied a similar model as Soderman et al. (2022) to con-
strain the partial melting of Vestan mantle. Since the mineral as-
semblage and the melting equations for Vestan pristine mantle
remain unclear, we assume the lithology of Vestan pristine man-
tle similar to peridotite. KLB1 peridotite with a BSV-like §44/40Ca,
(a commonly used experimental composition as an analog for the
upper terrestrial mantle; Davis et al.,, 2009), is used as the initial
input. The melting is assumed to be isobaric with pressure an-
chored at 5 kbar and temperature is increased from 1373 K to
2123 K. The equilibrium Ca isotope fractionation factors are con-
sistent with the values used in Soderman et al. (2022) and can be
found in Table S3. Modeling results are presented in Fig. 5. The
844/40C3 of partial melts varies from 0.86 to 0.93%o at melting de-
gree <20% and 0.88 to 1.00%c at melting degree >20%. The 95%
C.L (ie. confidence interval) of eucrite §44/4°Ca can be explained
by >20% degree of partial melting. Therefore, Ca isotope signature
indicates that eucrites can be formed by a moderate to high degree
of partial melting of the pristine Vestan mantle.

Furthermore, we applied crystallization modeling to test the
magma ocean hypothesis. Righter and Drake (1997) suggested
that the early stage of Vestan magma ocean evolution should
be by means of equilibrium crystallization because the efficient
mixing of magma hampers the separation of crystalized minerals
from melts. Mandler and Elkins-Tanton (2013) proposed a detailed
magma ocean model that includes 60-70% equilibrium crystalliza-
tion followed by continuously extraction of residual melt to shal-
low crustal magma chambers. Here, we used MELTs (Asimow and
Ghiorso, 1998) to calculate Ca isotope evolution during magma
ocean differentiation. The magma ocean is assumed to be gener-
ated by 100% melting of Vesta. The modeling invokes two scenar-
ios: 60% and 70% equilibrium crystallization followed by fractional
crystallization. The equilibrium crystallization modeling was run
on the BSV composition estimated by Ashcroft and Wood (2015)
from 1913 K downwards, decrementing the temperature by 1 K
at each step. The fractional crystallization was run on the 60% or
70% melt composition predicted by the equilibrium crystallization
model. The pressure was fixed at the atmospheric pressure. The
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isotope fractionation factors can be found in Table S3. Notably,
Zhu et al. (2023) adopted 0.92 & 0.11%o as the bulk §44/40Ca of
the magma ocean, which is slightly heavier than their BSV esti-
mate (0.83 4 0.04%0). There is no clear reason why the magma
ocean has a heavier Ca isotope composition than the BSV because
(1) Ca isotopes cannot be fractionated by evaporation or metallic
core separation during magma ocean differentiation; (2) residue
minerals such as Ol and Opx are isotopically heavier than partial
melts. Even if the magma ocean is generated by low degree partial
melting, its bulk composition should be isotopically lighter than
the BSV estimate.

The modeling results are presented in Fig. 6. The predicted crys-
tallization sequence is similar to the results obtained by Mandler
and Elkins-Tanton (2013), which can be roughly separated into four
stages: (1) only Ol; (2) Ol 4+ Opx; (3) Opx+ Spl; (4) Cpx+ Plg + Spl.
Mandler and Elkins-Tanton (2013) indicated that basaltic eucrites
may represent the residual melt of stage (4). Modeling shows that
the magma ocean differentiation will not significantly alter the
8%4/40C3 of residue melt. Most importantly, the calculated result
of residue melts in stage (4) has consistent Ca isotope composition
with basaltic eucrites measured in this study. Combined with the
results from the melting model, the Ca isotope signature may indi-
cate that basaltic eucrites represent the evolved melt of a magma
ocean that is generated by a moderate to high degree of partial
melting (>20%).

4.6. Calcium isotope variations in diogenites: crustal contamination

Within the magma ocean model (Fig. 6), diogenites represent
the cumulates formed at stages (2) and (3) (e.g., Mandler and
Elkins-Tanton, 2013; Righter and Drake, 1997). From this view-
point, eucrites and diogenites had a common parental melt and
were directly cogenetic. However, several studies found that the
magma ocean model cannot explain the wide variations of trace el-
ements in diogenites and thus argued that diogenites and eucrites
are not necessarily related. Instead, they may be crystalized in
multiple small magma chambers (e.g., Mandler and Elkins-Tanton,
2013) or formed by ultramafic melts that are derived from magma
ocean cumulate intruding into the eucritic crust (e.g., Barrat et
al,, 2008, 2010; Mitchell and Tomkins, 2019). The intrusion model
is further supported by Dawn’s gravity data, which found high-
density areas within the crust, and they may represent diogenitic
intrusions (Ermakov et al., 2014).
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Diogenites in this study show a variation of 0.3%c in §%4/40Ca
from 1.01 to 1.28%o. However, the §%4/40Ca of cumulates produced
in stages (2) and (3) of magma ocean are expected to be >1.17%o
in either 60% or 70% equilibrium crystallization scenarios (Fig. 6).
Therefore, diogenites in this study with §44/4°Ca < 1.17%o may not
be produced in the magma ocean stage and are not cogenetic with
basaltic eucrites. This suggests that diogenites had a complex pet-
rogenesis. The short-lived radioactive-isotope signatures also sug-
gest diogenites do not share a common source. Schiller et al.
(2017) showed that diogenites can be classified into two groups:
(1) negative 2Mg anomaly and little variability in Eu/Eu*; (2) pos-
itive 26Mg anomaly and negative correlation between Eu/Eu* and
26Mg anomaly. The former reflects cumulates derived from a thor-
oughly mixed magma ocean, while the latter should be produced
in isolated magmatic systems.

The light Ca isotope composition (<1.17%.) of diogenites can
be explained by crustal contamination. The §44/49Ca of diogenites
show a positive correlation with 1/Ca (Fig. 7a) and a negative cor-
relation with the 1000 x Lu/Ti (Fig. 7b). The diverse concentrations
of incompatible elements in diogenites have been attributed to
the incorporation of trapped melt during crystallization (e.g., Mc-
Sween et al.,, 2010) or assimilation of crustal melts (Barrat et al.,
2010). Barrat (2004) argued that if trapped melt was added to the
crystalized diogenite in the absence of plagioclase, the Eu/Eu* will
increase. However, there is no correlation between §*/4°Ca and
Eu/Eu* (Fig. 7c), indicating that the variations in §44/40Ca cannot be
attributed to the involvement of trapped melt. Alternatively, as eu-
crites have higher Lu/Ti and higher Ca content and lower §44/40Ca
than diogenites, the correlation observed in Fig. 7a and b can be
explained by mixing between parental melt of diogenite and eu-
crite partial melts.

A mixing model is presented in Fig. 7b. The §44/40Ca for the
parental melt of diogenite is assumed to be from 1.17 to 1.32%q,
similar to the composition of diogenites crystallized from the
magma ocean. The 1000 x Lu/Ti ratio was assumed from 0.012 to
0.063 based on the diogenites in Barrat et al. (2008). The Ca iso-
tope compositions and Lu and Ti contents of crustal partial melts
are calculated by a batch melting model following the method in
Barrat et al. (2007). The initial composition of eucrite used the
Juvinas data in Barrat et al. (2007) and we calculated the par-
tial melts compositions with 1%, 5%, 10% and 20% melting degree.
Other parameters, including partition coefficients (D) and mineral
abundance, are listed in Table S4 and modeling results are shown
in Table S5.

The modeling results indicate that the 1000 x Lu/Ti ratio
(0.063 to 0.068) and §*/4%Ca of melts (0.963 to 0.965%¢) vary
slightly with melting degree (1-20%). This is due to the similar-
ity between bulk rock Dy, (0.121) and Dgj (0.106) and the low
A*/40Cap i ockemele (—0.02%o). Therefore, the 1000 x Lu/Ti ratio
of eucrite melts end member is fixed at 0.068 and §*/40Ca of
0.963%0. The modeling shows that the §44/40Ca variation in dio-
genites can be explained by mixing with partial melts derived from
the eucritic crust. In addition, our results suggest that the propor-
tion of eucrite partial melts should be smaller than 10%, which
is consistent with the conclusion in Barrat et al. (2010) based on
the correlations between Eu/Eu* and Sm. Overall, the Ca isotope
data in this study provide new evidence to show the complicated
petrogenesis of diogenites. Samples with high §44/40Ca (>1.17%),
low Lu/Ti, and low Ca content may be formed in the magma ocean
stage, while the others with low §*/4°Ca (<1.17%), high Lu/Ti,
and high Ca content may be generated by magma ocean cumulate
remelting and underwent subsequent intrusion-assimilation within
the eucritic crust.
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4.7. Calcium isotope compositions of polymict breccias

The §4/40Ca of two howardites, NWA 10695 (0.80 £ 0.04%o)
and NWA 8362 (0.86 + 0.05%c), are lower than both eucrites and
diogenites (Fig. 3b and Table 1). Such a light isotope signature
cannot be inherited from either eucritic or diogenitic clasts. Al-
ternatively, it may reflect the signature of the impactor exogenous
to Vesta. The addition of meteoritic materials in HEDs is character-
ized by the elevation of siderophile elements such as Ni because
chondrites (1-1.7 wt.%, Wasson and Kallemeyn, 1988) and iron me-
teorites (5-17 wt.%, Haack and McCoy, 2003) have significantly
higher Ni contents than HEDs (<30 pg/g). The two howardites
in this study show high Ni content of 371 pg/g for NWA 8362
and 9822 pg/g for NWA 10695, indicating the incorporation of
meteoritic material. The extraordinarily high Ni and other metal
contents of NWA 10695 can be a manifestation for the incorpo-
ration of iron meteoritic material (see description for NWA 10695
on Meteoritical Society Database). Iron meteorites have no Ca and
thus cannot affect the Ca isotope compositions of howardites, but
most carbonaceous chondrites (Fig. 4) show lighter Ca isotope
compositions than HEDs, which may explain the low §4/40Ca of
howardites.

We used a three-endmember mixing (diogenites, eucrites, and
carbonaceous chondrites) to estimate the proportion of carbona-
ceous chondrites (Fig. 8). The chondrite-free sample is assumed
to be a mixture with diogenite: eucrite ratio of 7:3. The chon-
drite endmember contains the compositions of CV, CR, and CM,
which are the most abundant chondritic clasts in howardites (War-
ren et al., 2009). The modeling suggests that a 40-50% addition
of carbonaceous chondrites is necessary to explain the §44/40Ca of
howardites. Despite the fact that some howardites can contain up
to 60% chondrite fragments (Herrin et al., 2011), it is in contrast
with the petrography observation that most howardites only con-
tain a small percentage of chondritic materials (e.g., Zolensky et al.,
1996). It may reflect that most chondritic materials melted during
high-velocity impact. More studies are helpful for better under-
standing the Ca isotope composition of polymict breccia.

5. Conclusions

This study presents §44/49Ca data on multiple varieties of HED
meteorites, including basaltic eucrites (0.88-1.00%o), cumulate eu-
crite (1.06 & 0.05%0), diogenites (0.92-1.28%o), and howardites
(0.80-0.86%). Due to the extremely low K concentration in HEDs,
radiogenic 49Ca ingrowth has a negligible effect on their §44/40Ca.

Falls and finds show no systematic Ca isotope offset and no corre-
lation is observed between §44/4°Ca and (Sr/Eu*),, suggesting that
terrestrial weathering does not have obvious effect on Ca isotope
composition of HED meteorites of this study.

Reported meteorite data show that inner solar system bodies
have a homogeneous Ca isotope composition. The §44/40Ca of BSV
is estimated to be 0.97 & 0.03%¢ based on the average of OCs,
ECs, angrite, and aubrite. Combined with partial melting and the
magma differentiation model, eucrites can be explained as the
evolved melts of a magma ocean that are generated by moderate
to high degree partial melting (>20%) on primary Vesta.

Diogenites are generally heavier than basaltic eucrites and show
~0.3%0 §*4/40Ca variations. According to the magma ocean model,
diogenites with §%4/40Ca<1.17%o cannot be regarded as magma
ocean cumulates. The §44/40Ca of diogenites show a negative cor-
relation with the 1000 x Lu/Ti ratio and a positive correlation with
1/Ca. This signature can be explained by magma-ocean-cumulate
partial melts intruding into the eucritic crust and assimilating
<10% crustal partial melts. Two howardites show lower §44/40Ca
(0.80-0.86%0) than both eucrites and diogenites, which may reflect
the involvement of isotopically light chondritic materials. Overall,
this study shows that Ca isotopes provide new insights into the
formation of achondrites and the magmatic processes of the early
solar system.
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