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Abstract

The past decade has see. sigi.ificant advancements in analytical capabilities and with it a
marked increase in the use of U2 1sotopes to advance our understanding of the Solar System’s
and Earth’s evolution. He:¢, n..ss-dependent and non-mass-dependent Ca isotopic variations in
bulk meteorites and c. on 'rit: components are discussed. This contribution also examines how
Ca isotopes record nebi lar processes, including evaporation/condensation and mixing of
chemically and isotopically distinct reservoirs in the protoplanetary disk. The applicability of
non-mass-dependent Ca isotopic variations to tracing the nature and timing of stellar mass
contributions to the parental molecular cloud is discussed. This includes the constraints Ca
isotopic data provide on the nature of and the relationships between planetary building blocks.
This contribution also explores the effects of parent body-based and terrestrial secondary
processes, and variable sampling of isotopically heterogeneous Ca-rich components, on bulk
meteorite compositions. Using the data reviewed here, this contribution attempts to reconcile the
chemical and isotopic Ca data from bulk meteorites and meteorite components to address a major
goal in planetary science, the development of a comprehensive model of the chemical and
isotopic evolution of the Solar nebula into our planetary system.
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1. Introduction

Understanding how a habitable planet formed requires an understanding of how its host
planetary system and star evolved. The study of major elements and their isotopes, such as Ca,
provides key constrains on the chemical evolution of the Solar System. The generalities of the
process are understood, but much of the detail is yet to be revealed.

The Solar System originated from a portion of a parent. | molecular cloud which was
composed of dust and gas that had accumulated from earlier gen~+ation stars. This includes dust
that was added to the interstellar medium at least ~3 + 2 Ga pric - to .he start of the Solar System
(Heck et al., 2020). The cause of the separation between the | rotc -nebula and the main molecular
cloud mass is debated (for a review, see Montmerle et a.. 20u6). It may have been caused by
shockwaves from a neighboring supernova (Cameron ar d 1 -uran, 1977; Boss, 1995) or sufficient
weakening of the magnetic field support following ambiy nlar diffusion (Shu et al., 1987). This
fragment formed a rotating disk (generally refer ec fo as a protoplanetary disk) nested in the
molecular cloud. At the center of the protoplane ary Jisk, the “proto-sun” began hydrogen fusion
when sufficiently high temperature and pre:surc were reached. Subsequently, planets, their
satellites grew out of the protoplanetary disk via accretion, a process that describes the
coalescence of um-sized solid particle: into cm-sized pebbles, km-sized planetesimals, and
finally the planets (for reviews, see Jcnz..~en and Lambrechts, 2017; Simon et al., 2018). Most of
the material that did not accrete tc .we _ianets or their satellites remains in the Solar System as
asteroids, where the majority of th.~ mass is stored in the main asteroid belt (equivalent to ~4%
of the Moon’s mass) and lies >ety een Mars and Jupiter. Some parent bodies in the asteroid belt
are sampled by Earth in t.» form of meteorites. As remnants of the protoplanetary disk,
meteorites can be used to ¢onstrain the chemical (e.g., elemental abundances) and isotopic
building blocks of the Sc'ar System and planets.

Meteorites are v.oadly classified into two groups: chondrites, which originate from
unmelted (undifferentiated) parent bodies, and achondrites, which originate from melted
(differentiated) parent bodies. Both groups provide important chemical and isotopic constraints
on Solar System evolution. For example, through the comparison of element abundances in
unmelted meteorites to the Sun’s photosphere, it was concluded that CI chondrites provide the
closest chemical match to the non-volatile' composition of the Solar nebula (Anders, 1971).
Element abundances in meteorites have since been used to infer element fractionation due to
nebular processing and parent-body igneous processes (e.g., Nittler et al., 2004). In combination

! Refractory elements have 50% condensation temperatures (T,) above 1335 K, moderately volatiles between 1335
and 665 K, volatile elements below 665 K, and highly volatile elements below 371 K. Condensation temperatures
refers to the equilibrium condensation appearance temperature of an element into a compound (solid phase) from a
Solar composition gas at 10 bar total pressure (Lodders, 2003).



with planetary observations, these and other chemical data obtained from meteorites indicate a
relatively volatile depleted inner Solar System vs. a volatile enriched outer Solar System. Here,
the inner and outer Solar System refers to inboard or outboard of Jupiter (following Warren,
2011).

Chondrites preserve discrete meteorite components that formed in the disk prior to the
accretion of the parent body. The meteorite components were likely sampled by achondrite
parent bodies to varying degrees; however, differentiation mixed these components into the bulk
composition of the body such that they are no longer visible. There are several types of
refractory inclusions, chondrules, dark fragments, and dark inclusions found in chondrites. Here,
these materials are collectively referred to as “chondrite components” and the constraints their
Ca isotopic compositions provide on early Solar System evolutic*. are discussed in Section 3.
Calcium-aluminum-rich inclusions (CAls) are one type of refrac.u.™ riclusion which are among
the first aggregates that formed from disk material. These refrac o, inclusions have an average
condensation age 4567.30 = 0.16 Ga (Connelly et al., 2012) and in most cosmochemical studies
this age defines “time zero” (to) and the start of the Solai System. The primary mineralogy of
these inclusions is enriched in refractory elements (e._ ., C1, Al, and Ti) as oxides or silicates,
which are among the first phases predicted to condens’, frcm a cooling gas of Solar composition
(Grossman, 1972; Yoneda and Grossman, 1995; I'e*acv and Wood, 1998). As indicated by their
complex mineralogy, CAlIs experienced m.ltipic heating and cooling events prior to
incorporation into larger bodies (e.g., Pets 2v 7ad Jacobsen, 2009). The coexistence of refractory
inclusions and volatile elements (e.g., C, N, ™) in some carbonaceous chondrites indicates large
temperature gradients in the disk and m..-ing between different regions during the formation of
some parent bodies.

Despite the different envir yn.~euts and thermal/chemical processing that occurred in the
disk, a record of presolar dust s 1ctained in meteorites (e.g., Lewis et al. 1987; Zinner et al.
1987; Dauphas et al. 2010; Me. 1yuvaev et al., 2002; Simon et al., 2019). Although only unmelted
meteorites preserve these cra.~< such that they can be isolated by chemical treatment, presolar
dust was inherited by bcth rielted and unmelted meteorites (Zinner, 2014). Presolar grains, a
type of presolar dust, foi.ned in stellar outflows or ejecta and remained intact throughout their
journey into the Solar >ystem where they were preserved in meteorites (Lodders and Amari
2005). Because presolar grains contain isotopes in relative abundances reflective of the stellar
environment in which they formed, these grains have very different (vary on the %o- to %-scale)
compositions compared to material that formed from the protoplanetary disk (e.g., Burbidge et
al., 1957; Cameron, 1957; Clayton et al., 1973; Lewis et al., 1987; Bernatowitz et al., 1987;
Zinner et al., 1987; Amari et al., 1990; Zinner, 2014). It is generally considered that presolar
grains were heterogeneously distributed in the protoplanetary disk, where some grains may have
been introduced to the Solar nebula after its initial accretion. The heterogeneous distribution of
presolar material is indicated by the existence of variable non-mass-dependent isotopic
compositions (so-called nucleosynthetic isotopic variations) in bulk meteorites and their
components (see review by Qin and Carlson, 2016). By studying non-mass-dependent isotopic



compositions in meteorites and their components, the stellar events that contributed material to
the Solar System and their distribution in the protoplanetary disk can be identified.

This review synthesizes Ca isotopic variations in bulk meteorites” and their components
with the constraints these data provide on the early stages of Solar System evolution. The focus
is on how mass-dependent and non-mass-dependent Ca isotope effects provide information about
the compositions of cosmochemical building blocks, thermal processing in the disk, and parent
body alteration. It concludes with a summary of outstanding questions in cosmochemistry and
the future avenues of research Ca isotopes present.

1.1. The role of Ca in cosmochemistry

Calcium is one of the most refractory elements in the “olar System (T. = 1659 K;
Lodders, 2020). Consequently, some Ca condensed into CAls a-.c ot.er early formed meteorite
components, thereby preserving chemical and isotopic informatic ~oout the early disk. As Ca is
a major component in asteroids (e.g., ~1-8 wt% in HEDs, My tlefehldt, 2014) and terrestrial
planets (2.52 wt% in bulk silicate Earth; McDonough an.' Sun, 1995), it can also be used to
investigate parent body compositions, differentiation (Huang et al., 2010), and parent body
alteration (Zolensky and McSween, 1988).

The utility of the Ca isotope system sterrs “rcm the high number of stable Ca isotopes
and the mass range they cover, the existence f a short-lived radioactive Ca isotope, and the
diversity of nucleosynthetic pathways tha’ prc Juce Ca isotopes. Calcium comprises twenty-four
isotopes, six of which (403, 42,43, 44, 46, an 484) are considered to be stable isotopes (Amos et
al, 2011). The 20% range between the liohtest and heaviest stable Ca isotopes is more than any
element except for H and He (Clay o', 2004), which makes Ca isotopes a sensitive tool for
recording mass-dependent isotop’'c “actionation. Cosmochemical Ca isotope studies exploit
these features to track proce ses that generate Ca mass-dependent isotope fractionation,
including nebular condensaticn «nd evaporation, parent body differentiation, and aqueous
alteration.

Non-mass-deg~nc>nt Ca isotopic compositions preserve information about the stellar
sources that contributed . vaterial Solar nebula and how these were distributed in the disk (e.g.,
Dauphas et al., 2014a). 1 ne dominant nucleosynthetic pathways for Ca are listed in Table 1 and
for detailed review of Ca isotope nucleosynthetic pathways and stellar sources see Burbidge et
al. (1957), Meyer (1996), and Wanajo et al. (2013). Also of cosmochemical relevance is the
short-lived radioactive system *'Ca—*'K (*'Ca t;» = 103 ka), where *'Ca forms via neutron
capture on *°Ca. The first definitive evidence for live *'Ca in early Solar System came from
correlating K/¥K ratios with Ca/K in Efremovka (CV3) CAls (Srinivasan et al. 1994, 1996),
and subsequent studies of hibonites from Murchison (CM2) and Allende (CV3) (Sahijpal et al.,

? Bulk meteorite refers to a homogenized sample of the entire meteorite, as opposed to a sample of distinct meteorite
components.

3 “'Ca abundances can be affected by the p-decay of K (**K t,,, = 1.25 Ga).

*Ca is radioactive with a t;, of 4.3 x 10" years; however, its long half-life permits it to be considered a stable isotope.



1998, 2000). Newer data on the same and additional CAls (from NWA 3118 and Vigarano, both
CV3) indicate that the early Solar System *'Ca/**Ca was lower than indicated in earlier works
(Liu et al., 2012; Liu, 2017). Cosmic ray exposure ages can be calculated for meteorites and
lunar soils using this short-lived radioactive system (Bogard et al., 1995; Nishiizumi et al.,

1997).

2. Background
2.1. Calcium isotope basics and nomenclature

The Ca isotope ratio determinations of Russell et al. (1978) provide the basis for current
measurements. Established on sample measurements where radiogenic *°Ca/*Ca excesses are
negligible, these values are used to represent the normal terrestri.! composition at about 0.01%
precision. Modern *°Ca/*'Ca and *Ca/**Ca measurements of .. fic achondrites and oceanic
basalts by Simon et al. (2009) were used to reevaluate thc irgtial terrestrial Ca isotopic
composition. Assuming the normal **Ca/*Ca = 0.31221 of Russell et al. (1978), the weighted
means of these measurements yield **Ca/**Ca = 47.1480 + © 0004 (20) and *Ca/**Ca = 0.064868
+ 0.000001 (20) that are consistent with the previou: det rminations by Russell et al. (1978)
showing that at the bulk rock scale many planetary m-.cer.cls exhibit a homogenous Ca isotopic
composition. It should be noted that Simon et al (ZC99) report a resolvable (+0.05 to +0.1%o)
Ca/*Ca excess for the commonly used carhoi. te standard SRM915a°. More recently, and also
at higher precision, *Ca/**Ca, **Ca/*Ce ar i *Ca/*Ca measurements show that some bulk
meteorites exhibit resolvable **Ca/*Ca anon.. lies (Dauphas et al., 2014a, Schiller et al. 2015, as
discussed in more detail below).

For radiogenic enrichment 2.1c nucleosynthetic heterogeneity studies, non-mass-
dependent Ca isotopic variatious are commonly reported as &*Ca/**Ca (equal to 10
(MCa/**Ca)sampieny/(FCa/**Ca); ngaracey — 1)), where x is 40, 42, 43, 46, 48, and subscript N
refers to internal normalization *» *Ca/**Ca = 0.31221 to remove both instrumental fractionation
and mass-dependent fracti~ma.~a intrinsic to the sample. The normalization value, however, is
dependent on the ch»ic: o' mass fractionation law, and the same law is not necessarily
appropriate for both instru mental and intrinsic fractionation (see Zhang et al., 2014).

In the early literature, stable Ca isotope studies used §*°Ca/*'Ca notation (equal to 10°
((4OCa/44Ca)sample/(40Ca/44Ca)standard — 1)) as a measure of the natural isotopic variations, including
both mass-dependent and non-mass-dependent, intrinsic to the sample. This notation has the
somewhat confusing consequence where natural mass-dependent heavy isotope enrichments lead
to negative delta values (Russell et al. 1978). Skulan et al. (1997) used the Russell et al. (1978)
ratios as references for assessing natural mass-dependent isotopic variation, and introduced the
§**Ca/*’Ca designation (equal to 10° ((44Ca/40Ca)Sample/(44Ca/4°Ca)Standard — 1)), which is more
consistent with the notation used for other stable isotope systems, where the heavier isotope is in
the numerator such that the high values for both the isotope ratio and delta value represent

> See similar reports discussed in the high-temperature geochemistry contribution (Antonelli and Simon, 2020) to
this special issue.



relative enrichment of heavy isotopes. This d-notation is adopted by most recent stable Ca
isotope studies; however, we note that this tradition is not strictly followed in literature as most
non-mass-dependent Ca isotopic data for meteorite components are reported using d-notation. It
is important to note that the most abundant isotope, **Ca, is also one of the radioactive decay
products of “°K (half-life of ~1.25 Ga). 8"*Ca/*’Ca therefore includes potential radiogenic
ingrowth of *°Ca in the samples. This complication can be avoided by either measuring
§*Ca/*Ca and then converting to §**Ca/**Ca by multiplying by approximately 2° (e.g., Huang et
al., 2012; Fantle and Tipper, 2014; Valdes et al., 2014; 2019; Zhang et al., 2014; He et al., 2017;
Amsellem et al., 2017, 2019), or by measuring **Ca/*’Ca directly and then correcting for
radiogenic *’Ca ingrowth using additional (unspiked) measurements when necessary.

In this review, when the terms “anomalous” or “variable ~ are used, we refer to mass-
dependent isotopic compositions which, with consideration of tien internal and external errors,
depart from what is expected by mass-dependent fractiona*:>n Zad fall outside the range of
values estimated for bulk Earth or the terrestrial standard re‘c -enr ed in the study. Regarding non-
mass-dependent isotopic compositions, the terms refer to Ca isotopic compositions that fall
outside the composition of a terrestrial standard. ~-~ ar.alytical precision improves, subtle
radiogenic enrichment effects in samples, and the p.opagation of poorly recognized isotopic
artifacts in standard materials and those potentia’.y produced during instrumental mass bias
correction, need to be considered as possible ~xp'anations for observed Ca isotopic variation.

There are currently more than fcr .ifferent reference values commonly used in the
modern literature for Ca isotope meesuremets (including CaF,, Bulk Silicate Earth “BSE”,
modern seawater, and artificial calci'm -arbonates SRM915a and SRM915b). Although the
SRM915a standard is no longer com.n .rcially available, it is presently still used in the majority
of cosmochemical studies. Those stuc‘es that used BSE as a reference value have estimated its
Ca isotopic composition relativ: to SRM915a (844Ca/40CaBSE_SRM915a) in a number of ways. For
example, Huang et al. (2010) n. ~deled 644Ca/40CaBSE_SRM915a from the Ca isotopic compositions
of the principal Ca-beari.g muierals in mantle peridotites. More recently, Kang et al. (2017)
estimated 844Ca/40CaBbL Sk.. 15a through the measurement of spinel and garnet lherzolites. The
different approaches yielc nearly identical values (+1.05 + 0.04 vs. +0.95 + 0.05, respectively;
see Antonelli and Simon (2020) and discussion therein).

Here, +0.95 is adopted as the Ca isotopic composition of BSE relative to SRM915a
because this estimate is based on a larger sample set. In order to facilitate inter-study
comparison, all data discussed have also been converted to both SRM915a and BSE scales
(*Ca/Caggr = 8" Ca/*’Cagrmorsa — 0.95) in Supplementary Table 1. For the remainder of this
review, SRM915a composition is referred to as “Earth” and data discuss as referenced to
SRM915a. For original data and conversion information, see Supplementary Table 1. Positive
8**Ca/*Ca indicate heavy isotopic compositions and negative 8**Ca/*’Ca indicate light isotopic
compositions. Non-mass-dependent data are referenced to the standard reported in the relevant

62.05 for the canonical exponential mass law, 1.93 for the Rayleigh law which may be associated with kinetic
isotopic fractionation, or 2.10 for the equilibrium mass law.



reference, where the mass fractionation law and reference ratios reported are summarized in
Supplementary Table 1. While it is possible that differences in reporting non-mass-dependent
data may cause issues when comparing datasets, since non-mass-dependent data are always
reported relative to a terrestrial standard, the subtle difference in the calculated mass
fractionation corrected e-values introduced by those different approaches is comparable or
smaller than the reported analytical uncertainty.

2.2. Theoretical mass-dependent fractionation models

Theoretical and experimental studies provide a basis for understanding the stable isotopic
composition of planetary materials, in particular isotope effects related to evaporation at low
pressures (Esat et al., 1986; Davis et al., 1990; Grossman et al., 7000; Humayun and Cassen,
2000; Nagahara and Ozawa, 2000; Richter et al., 2002; Young . 1., 2002; Zhang et al., 2014;
Davis et al., 2015). Such studies imply that evaporative reside. ~.ast have been heated at low
pressures to produce appreciable mass-dependent isotopic fr. ctic nation (Esat et al., 1986; Davis
et al., 1990; Young et al., 1998; Richter et al., 2002; Yam.a et al., 2006; Richter et al., 2007;
Shahar and Young, 2007; Knight et al., 2009; Zhang e. al., 2014). As such, the heavy Mg and Si
isotope enrichments of many CAls require that they .xpc-ienced evaporation at low pressures
(<10 bar), conditions that are thought to be typie. 1 ear the proto-Sun. In contrast, the normal
Mg and Si isotopic compositions reported ir <o.e parts of CAls (Bullock et al., 2013; Simon et
al., 2005) and for chondrules (Galy et al 20)0; Cuzzi and Alexander, 2006; Alexander et al.,
2008) imply that these materials formed 1.~m high local partial pressures and/or dust-rich
regions of the Solar nebula distinct frcm the hot inner Solar nebula. Thus, the degree of
enrichment of heavier Mg and Si isc'cpe. in disk materials provides evidence of heating and a
record of the pressure, possibly dve 1w tne local concentration of solids under which they formed
(Cuzzi and Alexander, 2006).

To test models for mas. tractionation related to evaporation, it is useful to compare the
refractory Ca isotopic sigr~tu= in early formed solids to that of moderately volatile element
isotopic signatures, si~h 2s Mg. Because of its highly refractory nature, Ca isotopic signatures
record early mass-depenc 'nt isotope fractionation. In contrast, Mg isotopic records preserved in
individual CAls may be dominated by the last isotopic exchange event, overprinting the record
of the earliest stages of nebular evolution.

Comparison of Ca and Mg isotopic data for CAls (e.g., Niederer and Papanastassiou,
1984; Simon et al.,, 2017) and numerical models demonstrates the apparent inconsistency
between Ca and Mg isotope effects (Fig. 1). There remains a limited number of samples in which
Ca isotopes have been measured along with Mg, and many of these are FUN (Fractionated with
Unknown Nuclear effect) inclusions. Because of the relatively large uncertainty (£3 %o) in
§*Ca/*’Ca ratios reported by early Ca isotope studies, more high precision measurements are
needed to fully interpret the interrelationships between Ca and Mg effects in chondrite
components. Though the analytical precision of Ca isotopes has significantly improved, it is
worth noting that current mass spectrometry methods may require further refinement. This is



especially true where large naturally occurring isotope fractionation that occurred during CAI
formation may not follow an exponential fractionation law (e.g., Lee et al., 1979; Ireland et al.,
1992). As such, current instrumental mass bias corrections could lead to apparent non-mass-
dependent isotope anomalies (see Huang et al., 2012; Zhang et al.,, 2014). Nevertheless,
published results support the hypothesis that enrichment of heavy Ca isotopes arose from
extensive evaporation of CAls (Zhang et al., 2014) followed by later addition of less fractionated
Mg (see Fig. 1). This could be analogous to the “flash heating” hypothesis (Wark and Boynton,
2001) used to explain the formation of spinel-hibonite Wark-Lovering rim layers surrounding
many CAls. More generally, it is critically important to understand the range of temperature
conditions as well as the effects of open system isotopic exchange, because both have
implications for the nebular settings in which chondrite compone~s formed and evolved. Such
insights may help reconcile some of the differences reported f~.. Al-Mg chronologies between
different nebular materials and studies (e.g., Simon and Youne 207 (; MacPherson et al., 2012),
and/or the observed abundances of various short-lived rad.onu lides. For example, this could
help explain why the abundances of both *Ca and °Al tend to be correlated, but are
unexpectedly absent in some CAIs (Goswami, 20C'; S-inivasan et al., 1996; Liu, 2017).
Integrating these isotopic signatures in nebular pratei’als is essential to understand the
connections between distinct nebular environment s 7.1 ‘pace and time.

Kinetic isotopic fractionation effects ¢ ring condensation and evaporation have been
modeled (e.g., Humayun and Cassen, 2()0; Simon and DePaolo, 2010; Simon et al., 2017).
Simon et al. (2017) compiled studies with n. lti-element isotopic measurements of CAls to test
the latest condensation model. These coi narisons help to evaluate the isotopic consequences of
condensation from a nebular gas ~os dering the kinetics of condensation, the degree of
undercooling, and potential res.rv~u effects. While it is possible to directly measure
fractionation factors for evapora 101 ‘aevap) in the laboratory, this is not the case for condensation

fractionation factors (0gond). In.*ead, a condensation model is needed to indirectly obtain 0.ong.

Invoking the law of mas< ~cuun, Simon et al. (2017) showed that: aeq = Zeond - Bquilibrium

Qevap

fractionation factors ca. be calculated or measured experimentally, allowing one to solve for
Ocond (Simon et al., 2017}

Kinetic isotopic fractionation during condensation depends upon the relative roles of
collisional frequency (between gas species and the grain surface), compared to the ability of a
gas species to incorporate into the condensed phase (Simon and DePaolo, 2010). Partition of the
lighter isotopes into the condensates is favored when collisional frequency is the dominant
controlling effect. In the nebula, the magnitude of fractionation is mainly controlled by both the
speciation transformed from vapor to solid or vice versa, and the degree of evaporation or
condensation. Zhang et al. (2014) showed experimentally that when an element, Ti in this case,
has more than one significant evaporating species, this can be important (see Simon et al., 2017
for a worked example that accounts for both TiO and TiO, in the vapor phase). For Ca, one can
assume a simpler scenario in which @.q, for any given solid-vapor reaction, only has Ca in the



vapor phase. This can be justified because at realistic nebular conditions Ca >> CaO in the vapor
phase (Zhang et al., 2014).

Ultimately, the relative importance of equilibrium versus kinetic isotope effects in isotope
fractionation depends on the degree of exchange “overstepping” as measured by the saturation
index S; = Pi/P;¢q, with S; > 1 implying condensation. S; can be equated with a temperature
difference (e.g., undercooling) from the equilibrium condensation temperature using the Van’t
Hoff equation and the enthalpy for the condensation reaction (Simon and DePaolo, 2010).

This model shows that for fractionation during condensation (Simon and DePaolo, 2010;
Simon et al., 2017):

Tcond = ae:%ll(;rf;km where Akin 7 aevapaeq\/%

with m; and mi’ being the masses of the lighter and heavier isclup s of the species of interest,
respectively. A preliminary comparison of coordinated multi ~le.nent measurements can be
made to the condensation model (Fig. 2). Other than showin_ th: t heterogeneity exists, the early
TIMS data (open symbols) are insufficiently precise t¢ constrain the model. The steadily
growing data available (e.g., Huang et al., 2012, Simc 1 et al., 2017, Bermingham et al., 2018),
however, allows us to quantify the undercooling associ .tec with condensation. Moreover, we see
clear evidence that various CAI types formed fro n V{2 isotopic reservoirs that are distinct from
that which is “normal” to planetary bodies (sec also Huang et al., 2012 and Bermingham et al.,
2018, summarized in Section 3.2.6, for ‘arth2r information on this interpretation). We expect
clarity on these promising findings whe. more precise measurements are made on a
representative suite of CAls.

3. Calcium isotope constraints o1. u.. 2 vrigin of chondrite components

Early meteorite studies ex,loited the naturally high Ca concentrations in meteorite
components to collect coupleu mass-dependent and non-mass-dependent Ca isotopic data (e.g.,
Lee et al., 1978,1979; Niede,~r and Papanastassiou, 1984; Ireland, 1990; Ireland et al., 1991,
1992). The elemental anc iso opic compositions of chondrite components provided some of the
first sample-based consu ints on the thermal and chemical characteristics of the disk. Here,
studies reporting Ca isotupe ratios in chondrite components are reviewed and a synthesis of these
data is presented. Although the emphasis of this review is on Ca isotopes, the significance of
chondrite component Ca isotopic data in deciphering Solar System evolution is bolstered when
interpreting the data in the context of Ti, Mg, and O isotopic data and rare earth element (REE)
abundance data.

3.1. Refractory inclusions

Refractory inclusions are small (um to cm) objects that are dominated by refractory Al,
Ca, Ti, Mg, and Si oxides. Refractory inclusions in CM chondrites have higher abundances of
hibonite and spinel compared to Ca-Al-rich silicates in CV chondrites (MacPherson et al., 1983).
Rare earth elements are trace in abundance in refractory inclusions. Their relative fractionation



patterns are highly variable as a result of the inclusions undergoing complex thermal processing
in the disk prior to accretion to a parent body (e.g., Boynton, 1975; Davis and Grossman, 1979;
Ireland, 1988). Based on mineralogy and elemental composition, refractory inclusions can be
grouped into the following types hibonite-bearing refractory inclusions, Ca-Al-rich silicate CAls
(Type 1 — VI’; Martin and Mason, 1974; Mason and Taylor, 1982), and ameboid olivine
aggregates (AOAs).

3.1.1. Hibonite-bearing refractory inclusions

Hibonite-bearing refractory inclusions are smaller (um-scale) than Ca-Al-rich silicate
CAIs and AOAs (mm- to cm-scale); however, their isotopic variations can be an order of
magnitude or more anomalous (Fig. 3). Hibonite-bearing refractor - inclusions are predominantly
found in CM2, but some have been found in CV3, CO3, CR, and ii? c..ondrites. These refractory
inclusions preserve early disk chemistry because hibonite is prea:~ted to be one of the first major
element-bearing phases (after corundum) to condense froin thz Solar gas (Grossman, 1972;
Davis et al., 1982) or it is the distillate of Solar gas evapoi-tion (Ireland et al., 1992). There are
at least five principal types of hibonite-bearing inclusi ns, which are distinguished on the basis
of petrography and morphology. This includes Blv. A“igregates (BAGs), hibonite-bearing
spherules, HAL-type inclusions (HAL-type), PL Aty hibonite Crystal fragments (PLACs), and
Spinel-HIBonite spherules (SHIBs) (but see “6op et al., 2016a for a description of some
hibonite-rich objects in Murchison which .0 n st clearly fall into these morphological categories).

3.1.1.1. BAGs

Blue AGgregates are rare hirc.n >-rich refractory inclusions found in CM chondrites.
They are pleochroic blue (as ob.e1 "eu using an optical microscope) bladed hibonite crystal
aggregates and comprise cryst? pi.tes and fragments. Blue AGgregates typically have similar
TiO, (5.1 to 6.5 %), low ‘race element abundances with large relative depletions in
ultrarefractory elements (Grou "I-like patterns), and an absence of spinel (Ireland, 1988; 1990).

Only one BA“5 (13- 3) has been documented for Ca isotopic compositions (Ireland,
1990). This inclusion docs not display Ca or Ti isotope mass-dependent fractionation, but it is
depleted in £**Ca/*Ca (-133 + 47) and €°Ti/**Ti (-227 + 31). Other BAGs that have been
analyzed have similar depletions in *°Ti; however, BAG 10-31 has a near-normal >°Ti
composition (Ireland, 1990). Inclusion 13-23 and other BAGs possess heavy mass-dependent Mg
isotopic compositions (A*Mg®). Generally, mass-independent §*°Mg’ isotopic compositions
have been linked to in-situ decay of short-lived radioactive isotope A1 (t;, ~0.7 Ma). Typically,
BAGs have unresolved §*°Mg compositions (e.g., BAG 13-23) from the standard, or are depleted

! Group IV CAls are mainly composed of chondrules.

§ AMg refers to mass-dependent Mg isotopic compositions, where positive A*Mg is defined as an enrichment in the heavy
isotopes relative to terrestrial Mg (Ireland, 1988).

? 3%*Mg refers to non-mass-dependent Mg isotopic composition from which the radiogenic component from live *°Al can be
determined (Ireland, 1988) where canonical 26Al/*’Al, is ~5.3 x 107> (MacPherson et al., 1995; Jacobsen et al., 2008; Larsen et
al., 2011).



in *°Mg which could suggest some BAGs did not contain live “°Al (Ireland, 1988; 1990; Liu et
al., 2009). The combined isotope and trace element data are consistent with BAGs being
condensates from a gas from which lower temperature components have been removed (Ireland,
1990). Given the rarity of BAGs and the absence of multi-element and isotopic datasets,
however, the origin of these inclusions remains poorly constrained.

3.1.1.2. Hibonite-bearing spherules

Hibonite-bearing spherules comprise a rare subset of refractory inclusions identified in
CM2, CO3, and CH3 meteorites (Ireland et al., 1991; Russell et al., 1998). These spherules
contain hibonite and silicate glass, or are glass-free but contain hibonite and pyroxene. From
Ireland et al. (1991) and Russell et al. (1998), hibonite-bearing sp. - rules display a range of REE
abundance patterns, including Group II patterns. Characteristic.ii”, .ibonite-bearing spherules
record large, coupled excesses in €°Ca/*Ca (up to +400) and ~*i/**Ti (up to +200) in both
glass and hibonite, where each phase is similarly enriched. There is an absence of Ca and Ti
mass-dependent isotope fractionation, except hibonite in vne spherule (MUR7-228) is slightly
light (8**Ca/*Ca -11 + 3) (Ireland et al., 1991). Mag. =siu 1 isotopes can be mass-fractionated
(heavy, in both glass and hibonite) (Ireland et al., 19 1). Generally, hibonite-bearing spherules
are depleted 5°°Mg which infers an absence of *‘A’; owever, hibonite in MUR7-228 recorded
evidence of *°Al as an excess of 8*°Mg (Jrelad et al., 1991). Because of the rarity of these
inclusions, their petrogenesis remains un (ea’, however, they may have formed via melting of
various precursors under disequilibrium -onditions and rapid cooling after hibonite
crystallization (Ireland et al., 1991). The large excesses in **Ca and *°Ti suggests they formed
early in the disk, prior to incorporatio1 st °Al.

3.1.1.3. HAL-type refractory in- wusi 1s

Hibonite-bearing refrac‘ory inclusions are compositionally unusual hibonite-bearing
inclusions. They include B A L "ibonite ALlende, from Allende), DH-H1 (from Dhajala, H3), 7-
404 and 7-971 (from *Mu.<hison), and Isna SP16 (from Isna, CO3.7). HAL-type inclusions have
been studied extensively, where thus far HAL is the largest hibonite-bearing inclusion and is a

FUN inclusion based on its highly anomalous O, Mg, Ca, and Ti isotopic compositions (e.g.,
Allen et al., 1979, 1980; Lee et al., 1979, 1980; Davis et al., 1982; Bischoff and Keil 1984;
Hinton and Bischoff 1984; Fahey et al., 1987b; Hinton et al., 1988; Ireland et al., 1992; Russell
et al., 1998; Sahijpal et al., 2000).

HAL-type inclusions display light (LREE) or heavy (HREE) REE enrichments, strong
depletions in Ce and V or Yb, and they generally have low Mg and Ti concentrations compared
to other hibonites (Fahey et al., 1987a; Hinton et al., 1988; Ireland et al., 1992; Russell et al.,
1998). Samples HAL, DH-HI1, 7-404, and 7-971 possess homogeneous non-mass-dependent
depletions in £**Ca/*Ca (~ -500) (except Isna SP16 which shows no variations in **Ca) and can
be anomalous in & Ti/*Ti -40 (7-971) and +150 (HAL) (Ireland et al., 1992; Russell et al.,
1998). HAL-type inclusions show non-correlated enrichments in heavy Ca (up to 8"*Ca/*’Ca



+53) and Ti isotopes' (up to Frj +19; Ireland et al., 1992; Russell et al., 1998). Mass-dependent
Ti isotope fractionation is inversely correlated with Ti concentrations (Ireland et al., 1992).
HAL-type inclusions tend to display low inferred initial *°Al/*’Al; however, Isna SP16 records a
high initial BA17 Al (Lee et al., 1979; Fahey et al., 1987a; Ireland and Compston, 1987; Russell
et al,, 1998). Samples HAL, DH-HI1, 7-404, and 7-971 are enriched in 160 relative to the
terrestrial mean, and heterogeneous mass-dependent fractionation towards heavy O compositions
(Lee et al., 1980; Ireland et al., 1992).

The origin of HAL and HAL-type inclusions is debated. Models suggest they are
distillation residues (Lee et al., 1980; Ireland et al., 1992), or aggregates of condensate grains
from a reservoir characterized by F and UN isotope signatures (Allen et al., 1980; Davis et al.,
1982). Russell et al. (1998) concluded that the range in chemica. ind isotopic compositions of
HAL-type inclusions suggests they formed by distillation of isot~ . ~aily distinct mixtures of less
refractory material. Regardless of the true formation proces~ .he variety in composition
displayed by these inclusions in different meteorites (CV2, CM2, CO3, and H3) indicates that
HAL-type hibonites are samples from different composii.™nal regions of the disk at different
times (following Russell et al., 1998).

3.1.1.4. PLACs and PLAC-like CAls

PLAty-Crystals (PLACs) are one of v vo predominant hibonite crystal morphologies
found in CM chondrites (Ireland, 1988). ‘che other type of morphology is hibonite intergrown
with Al-Mg spinel (Spinel-HIBonite spheru:~s, SHIBs) which are discussed in the following
section. PLAC hibonites are colorless (as ~bserved with an optical microscope), small (<150 um)
broken crystal fragments which are l: ey {from larger inclusions and possess a restricted <2.7 %
Ti0, composition (Ireland, 1988; I oln ¢t al., 2016a).

PLACs and hibonite-rich “Als (“PLAC-like CAIs”) are primarily found in CM
chondrites and have been s.'dicd in detail. They record distinct chemical and isotopic
compositions compared to ou e refractory inclusions (e.g., Ireland, 1988; 1990; Ireland et al.,
1988; Lui et al., 200¢- K36p =t al., 2016a; Koop et al., 2018a,b). PLACs tend to be depleted in
relatively volatile elemer.‘s and display a decrease in HREE (e.g., Ireland et al., 1988; Ireland
1990). A characteristic isotopic feature of PLACs is that they possess the most isotopically
anomalous (for Solar System-derived materials) non-mass-dependent **Ca compositions
(e*®*Ca/*Ca = -600 to +800) and *°Ti compositions (¢*°Ti/**Ti = -700 to -170; note PLAC 13-13
has anomalously high £®Ca/MCa = 1040 and £ °Ti/*®Ti = 2730; Ireland, 1990; Koop et al.,
2016a). Most PLACs have the same mass-dependent Ca and Ti isotopic composition as the
terrestrial standard (e.g., Ireland, 1990; Koop et al., 2016a). As mass-dependent Ca and Ti
isotope effects are small, non-mass-dependent Ca or Ti isotopic compositions do not couple with
mass-dependent Ca or Ti isotope fractionation. One PLAC (7-644) has 8*Ca/*°Ca +50 + 20

' Following Ireland (1990), Fy; is defined as A*’Ti deviations from the terrestrial *’Ti/*'Ti (defined by Niederer and
Papanastassiou, 1984). Note, subsequent publications report Fr; is defined as A**Ti deviations from the terrestrial
*Ti/*Ti (defined by Niederer and Papanastassiou, 1984).



which is resolved from the standard composition, but its mass-dependent Ti isotopic composition
is the same as the standard (Ireland, 1990). This hibonite grain may, however, be related to HAL-
type hibonites as it has a depletion in Ce (Ireland, 1990). Oxygen isotopic compositions'' range
from A'’O -28 to -17 %o (see K&6p et al., 2016a for this most recent compositional range). There
are no Mg-isotopic effects indicating that PLACs did not reach high enough temperature to cause
mass-dependent Mg isotope fractionation (Ireland, 1990). PLACs generally have low inferred
initial 2°A1/*’Al indicating an absence of *°Al (Ireland, 1988; Ireland, 1990; K&dp et al., 2016a).

There is a broad correlation between non-mass-dependent anomalies of 48Ca, 50Ti, and
A"0. PLAC-like CAIs with the largest A'’O values tend to possess the most anomalous **Ca
and *°Ti compositions, while those with the lowest A'’O values have generally the least
anomalous or normal **Ca and *°Ti compositions (K66p et al., 2016a). This may indicate a
physical link between **Ca and *°Ti carriers and a '°®O-poor 1o voir, where the initial Solar
nebula was isotopically heterogeneous with respect to *Ca and *°T* carriers and this region was
also '°O-poor (see Koop et al., 2016a for details). A sirvilar relationship is found in bulk
meteorites (e.g., Yin et al.,, 2009; Warren et al., 2011; Dauphas et al., 2014a; Huang and
Jacobsen, 2017). The correlation could be used to con trani the timing of the CO self-shielding
process (Huang and Jacobsen, 2017). Alternatively, “ne ~orrelation may imply local isotopic
variability in the Solar nebula gas, or that PLAC ~qlibrated in a gas of an evolving isotopic
composition (e.g., Krot et al. 2012). Based on ti = low inferred initial °A1/*’ Al compositions, the
PLAC-forming region may have existed - rio’ to tne incorporated of *°Al, indicating these may
be the earliest formed objects in the Solar Sys=m (Ko6dp et al., 2016a).

3.1.1.5. SHIBs

Common refractory inclusion. i1 CM chondrites are “SHIBs” which are small (<160 pm)
mineralogically complex grains do..~inated by hibonite and spinel. They possess variable TiO,
hibonite concentrations <10 %, and clinopyroxene and refractory metal nuggets are trace phases
in some SHIBs (Ireland, 198C: ".60p et al., 2016b, 2018a, and references therein). There are at
least five SHIB morptol.gie: (bladed, compact, massive, spherule, crystal; Ireland, 1990). The
REE patterns of SHIb. are variable (ultrarefractory-deleted, ultrarefractory-enriched, or
unfractionated REE patterns) and may correlate with morphology (e.g., Ireland, 1990).

Generally, SHIBs do not to possess large non-mass-dependent or mass-dependent Ca or
Ti isotope effects. If these isotopes are variable in SHIBs, they are usually £10 % of the
terrestrial value (Zinner et al., 1986; Ireland, 1990; K&op et al. 2016b, 2018a). Koop et al.
(2016b) determined that SHIBs have a nearly constant A'’O value (~ -23%o), and a generally
high, near-canonical inferred initial *°Al/*’Al although variability in *°Al/*’Al exists (Ireland,
1990; Ko6p et al., 2016b). Variability in *°Al/*’ Al may indicate variable “°Al distribution in the
SHIB-forming region (e.g., Fahey et al., 1987a; Ireland, 1988; 1990; Sahijpal et al., 2000; Liu et
al., 2009). It has also been suggested, however, that variable “°Al/*’Al in SHIBS is consistent

A0 refers to non-mass-dependent O isotopic compositions and is equivalent to 3'’0 - 0.52%5'%0. A170 (Clayton, 1993).



with high temperature processing of refractory precursors that formed with initially
approximately canonical °A1/*’Al ratios (K66p et al., 2016b; Liu et al., 2019).

Generally non-anomalous Ca and Ti isotopic compositions and uniform '°O isotopic
compositions of the SHIB forming region must be reconciled with their variable 2°A1/*"Al. This
compositional profile may indicate that the SHIBs formed early in a region achieved isotopic
homogeneity in O, Ca, and Ti isotopes prior to the homogenous distribution of *°Al, such that
these inclusions record the admixing of live *°Al into the disk under variable thermal processing
conditions (following Liu et al., 2012; see Ko0p et al., 2016b). As noted by Kodp et al. (2016b),
however, SHIB formation during variable addition of *°Al would result in supracanonical and
subcanonical ratios and a negative correlation between non-mass-dependent isotopic
compositions and “°Al is predicted. As these effects are not o>served, Kodp et al. (2016b)
cautiously concluded that the subcanonical *°Al/*’Al composiicns likely resulted from the
resetting of the “°Al-*°Mg system. If so, the homogeneity of the O ‘sotopic compositions would
imply that a homogeneous '°O-rich region persisted until .t le st ~0.7 Ma after formation of
most CAls, and SHIBs allow study of this phase of disk fo1.~ation.

3.1.2. Ca-Al-rich silicate refractory inclusions

Ca-Al-rich silicate CAls are found mainly (4 - 13 vol%) in carbonaceous chondrites CO
> CV > CM > CK, in lower abundance (~1 v.'%) m CR > CI > CH > CB, and <0.1 vol% in
ordinary, enstatite-, K-, and R- chondrites (Kvot, 2014). The CAI primary mineralogy is similar
to the first phases that are predicted to cownlense from a hot gas of Solar composition (e.g.,
Yoneda and Grossman, 1995; for review. see MacPherson et al., 2005 and MacPherson, 2014).
The fractionated REE patterns of C/ Is 1 .{lect multiple stages of evaporation and condensation
of Solar nebular material in the disk \Tanle 2). These observations, coupled with the ancient age
of CAls (e.g., 4567.30 £ 0.16 M1; Connelly et al., 2012), support the interpretation that CAls are
among the first condensates o 1crm in the protoplanetary disk. The most widely used CAI
classification scheme is b2<e ~n the compositions of large (mm to cm-scale) silicate-bearing
(with minor hibonite} C: s 1:-om Allende because this meteorite is the most abundant in large
CAls and thus they have “een studied in the most detail. According to the absolute and relative
REE patterns of these Cals, CAls can be classified into one of six groups (Group I to Group VI;
Mason and Taylor, 1982).

3.1.2.1. Silicate-bearing “regular” CAls

Silicate-bearing inclusions, so-called “regular” CAls, refer to those CAls that are
dominated by silicate mineralogy and with minor hibonite (Ireland et al., 1991). Many studies
have investigated the Ca isotopic composition of mineral phases, acid leachates, and bulk rock
samples of silicate-bearing CAls from the CV and CM parent bodies (e.g., Niederer and
Papanastassiou, 1979; Jungck et al., 1984; Niederer and Papanastassiou, 1984; Hinton et al.,
1988; Weber et al., 1995; Sahijpal et al., 2000; Simon et al., 2009, 2017; Moynier et al., 2010a;




Huang et al., 2012; Chen et al. 2015; Amsellem et al., 2017; Bermingham et al., 2018; Schiller et
al., 2018).

Refractory inclusions from Allende are considered to have condensed with approximately
uniform A'’O values (~ -23%o) and canonical *°A1/*’ Al ratios. Smaller CAls from other meteorite
groups (thermally unequilibrated ordinary chondrites and carbonaceous chondrites) record
variable '°0 and heterogeneous “°Al (Krot et al., 2012). In CAls from CV and CR chondrites,
small and generally positive £¥Ca/*Ca (<+10; e.g., Huang et al., 2012; Bermingham et al.,
2018) and & Ti/Y"Ti (+7 to +12; e.g., Trinquier et al., 2009; Davis et al., 2018; Torrano et al.,
2019) anomalies have been measured. Mass-dependent Ca isotopic compositions of CAls are
variable but predominantly light (8**Ca/*°Ca -14 to +6). Two Allende CAIs contain small
excesses in £*°Ca/*Ca that correlate with excesses in £ Ti/*'Ti a. - £'*°Ba/ 13GBat, and deficits in
¢ Nd/"**Nd and £'**Sm/"**Sm (Simon et al., 2009).

The non-mass-dependent Ca isotope anomalies may ot.rirate from the heterogeneous
distribution of matter from either Type II or Type la snperncvae (e.g., Simon et al., 2009;
Moynier et al, 2010a; Huang et al; 2012; Dauphas et al.. 2014a; Chen et al., 2015; Huang and
Jacobsen, 2017; Bermingham et al., 2018). Yet to be ¢ ster nined, however, are the number and
type(s) of presolar *Ca carriers and the timing of their "atr luction into the Solar nebula.

Combining the mass-dependent Ca isotoj ic ¢ mpositions with chemical signatures for
the inclusions, Huang et al. (2012) observed th..- mass-dependent Ca isotopic compositions from
bulk silicate-bearing CAls correlate with <EF abundance patterns. CAls with Group II patterns
tend to possess light §**Ca/**Ca compositions ~ompared to those with Group I patterns. Huang et
al. (2012) interpreted these data to ina:~ate that up to 3% of an ultrarefractory evaporation
residue from a chondritic reservoit v/a. segregated prior to the formation of these CAls.
Bermingham et al. (2018) applied u.'s model to additional CAls and AOAs samples from CV
and CR meteorites. Some CAls ana AOAs followed the same trend documented by Huang et al.
(2012). For those components *ha. display unfractionated REE patterns, however, Bermingham
et al. (2018) proposed thev lin>!y formed through the coaccretion of the evaporative residue and
condensate following Gioup II CAI formation or the chemical and isotopic signatures were
decoupled via disk or parcat body alteration.

Although mass-aependent bulk CAI Ca isotope characteristics are largely consistent
throughout the reported studies, Simon et al. (2017) observed intra-CAI Ca mass-dependent
isotope zoning in an Allende CAI. These observations indicate that a refractory element can be
isotopically fractionated at the scale of an inclusion. This possibility was suggested in the
pioneering work by Niederer and Papanastassiou (1984) on Ca isotope studies in refractory
inclusions; however, it was not confirmed until high precision mass spectrometry could be paired
with micromilling techniques (Simon et al., 2017). Given these findings, isotopic variability
within a meteorite component needs to be better documented to determine how accurately a bulk
inclusion composition reflects the initial (presumably inner) CAI isotopic composition. For
example, by expanding the database for isotope zonation studies to quantify the extent of
isotopic variation for different elements from core to rim.



3.1.2.2. Silicate-bearing FUN CAls
Silicate-bearing inclusions include unusual FUN CAls. These refractory inclusions are

mineralogically indistinguishable from normal CAls and are only identifiable using their isotopic
compositions that are highly fractionated (e.g., 5*Ca/**Ca -6 to +68, most displaying heavy
compositions), display large non-mass-dependent isotopic variations (e.g., £*°Ca/**Ca -140 to
+430), and have generally low inferred initial 2°Al/’Al (e.g., Koop et al., 2018b and references
therein). Decoupling between the F and UN properties of FUN inclusions has been observed,
where CAls can show either highly mass-dependent fractionated compositions (F) or highly
anomalous non-mass-dependent compositions (UN; e.g., PLACs and PLAC-like CAls)
(Wimpenny et al., 2014; Park et al., 2014, 2017; Kodp et al., 20.b). These studies also found
that the inferred initial **Al/*’ Al compositions are canonical in T nciasions but are low in UN
inclusions. Where oxygen data are available, it appears as thore, CAls with canonical °Al/*’Al
ratios have approximately constant A'’O values (-23%o), whrea, CAls with low inferred initial
Al*Al ratios have variable A'’O values (K&op et al.,, 2018b). Consequently, these highly
variable compositions are likely a result of FUN-like it. *lus ons forming over an extended period
of time sampling different stages of disk evolution and coun~ibutions from the parental molecular
cloud (e.g., K6op et al., 2018b; Simon et al., 2019 .

3.1.3. Amoeboid olivine aggregate refract ry 7 iclusions

Amoeboid olivine aggregates are oliv.. e (forsterite)-rich with trace Fe-Ni metal. They are
irregularly shaped inclusions found in c.vbonaceous chondrites in similar abundances to CAls
(Grossman and Steele, 1976; for revizv : ce Krot et al., 2014). They are complex in their minor
phase mineralogy, suggesting that t.ov are aggregates of material that formed under a range of
disk conditions (Ruzicka et 2., .112; MacPherson, 2014). This makes it difficult to link
elemental and isotopic variaticns rom bulk AOA analyses to their causation processes in the
disk (Bermingham et al. 201%,

3.1.3.1 Ameboid olivine « “gregates

Ameboid olivine aggregates have not been extensively studied for Ca isotopic
compositions. Bermingham et al. (2018) analyzed five AOAs from Allende and reported similar
variations to many regular CAls, with small £**Ca/*Ca (<+10) isotope anomalies and generally
light Ca mass-dependent isotopic compositions (5*'Ca/*’Ca -0.95 to +0.72). There is no
correlation between non-mass-dependent and mass-dependent Ca isotopic compositions. Type II
REE pattern were recorded in some AOAs and this can correlate with light Ca isotopic
composition; however, this is not pervasive. When these compositions are decoupled, it is likely
a result of non-equilibrium condensation of the primary Ca-bearing mineral phases. Instead, bulk
compositions may reflect an average REE and Ca isotopic composition of different mineral
assemblages within the aggregate. Alternatively, the variable non-mass-dependent composition
may indicate that AOAs formed over different regions or time periods of disk evolution. Isotopic



and chemical zonation studies and bulk sample analyses on additional AOAs are required to
evaluate these interpretations.

3.2. Other meteorite components (chondrules, dark fragments, dark inclusions)

Recent studies report Ca isotopic compositions from bulk samples of chondrules, AOAs,
dark fragments, and dark inclusions from CV, CM, R- and O-chondrites (Amsellem et al., 2017;
Bermingham et al., 2018; Schiller et al., 2018). Following publications on refractory inclusions,
these recent studies take a multipronged approach to sample analysis by comparing the
mineralogy, REE compositions, and isotopic compositions of aggregates to provide chemical
contexts in which to interpret the Ca isotopic composition of these complex sample types.

3.2.1. Chondrules

Chondrules are small (mm-sized) silicate-rich spheric.! <bjects commonly found in
chondrites. They are generally considered to form from flasy he iting/cooling events in the disk
over a period of up to ~3 Ma after t; (e.g., Pape et al., 20.9). Several chondrules from Allende
have been studied for mass-dependent Ca isotopic eff" <ts, where Ca isotopic compositions can
be either normal, slightly heavy, or slightly light rela*ive ‘o Earth (§*'Ca/*Ca +0.30 to +1.59)
(Amsellem et al., 2017; Simon et al., 2017; Berm aca. m et al., 2018). Bermingham et al. (2018)
noted that some Ca mass-dependent isotopic c. mpositions do not correlate with REE patterns,
which was interpreted to indicate the -on itions that set the chemical signatures of the
chondrules were not responsible for determin.~g their Ca isotopic compositions. Three chondrule
compositions may preserve the relation."hip between REE and Ca mass-dependent isotopic
composition, where chondrules wtk Troup I REE patterns and moderate Ca isotope
fractionation accreted both the corue. saie and the ultrarefractory residue.

Non-mass-dependent Ca is¢opic compositions have been obtained from chondrules in
CV, R- and O-chondrites (Bei.ningham et al., 2018; Schiller et al., 2018). In general, the non-
mass-dependent Ca isotemic ~ompositions of chondrules are variable and exhibit small
e®Ca/MCa (<+12) isc*op» an)malies. Schiller et al. (2018) suggested that the variation in non-
mass-dependent Ca isoto, ic composition may indicate a rapid change in the composition of the
material of the protoplanetary disk during the ~1 Ma time period over which ordinary chondrite
derived chondrules formed. Future studies combining age determination and Ca isotope analyses
will be critical in evaluating this interpretation.

3.2.2. Dark fragments and dark inclusions

Dark fragments from R chondrites are considered to be among the most primitive R-
lithologies (Bischoff et al., 2011). Dark inclusions from Allende (CV3) are lithic chondritic
clasts that may have formed in the disk (Kurat et al. 1989) or on the CV parent body (Krot et al.,
2000a). Neither the dark fragments nor the dark inclusions possess variations in non-mass-
dependent Ca isotopic compositions (Bermingham et al., 2018). These samples, however, display
slightly heavy Ca isotopic compositions (8**Ca/*°Ca +1.26 to +1.33), indicating that they likely



do not sample materials with highly variable Ca isotopic compositions and thus are not
aggregates of direct nebular condensates. The Ca isotopic compositions support the interpretation
that the inclusion formed in situ on the parent body as a variably altered fragment of the CV3
parent body lithology (Krot et al., 2000a). From Bermingham et al. (2018), the Ca isotopic
composition of some dark inclusions may have been reset during parent body-based aqueous
alteration events after lithification and aggregation of the inclusion. During alteration, diffusion-
driven Ca isotope exchange reactions (for details, see Krot et al., 2000b) between the
surrounding matrix and the inclusion may have occurred and resulted in the formation of Ca-rich
rims. During these reactions, Ca isotopic compositions would become progressively lighter in the
rim-deposits (see Section 2.2 for details on Ca isotope effect during diffusion). Isolation of this
inclusion from the matrix resulted in the removal of rim material .-« thus likely biased the bulk
Ca isotopic composition recorded to the heavier core compositic... Fuwre chemical and isotopic
zonation studies that pair high precision mass spectrometrv w’cth micromilling techniques
(following Simon et al., 2017) would provide the means to t st t iis hypothesis and constrain the
process(es) that fixed the Ca isotopic composition of Allens.~ dark fragments.

3.3. Synthesis of meteorite component Ca isotopic dat .

Reconciling chemical and isotopic data froi1 all types of chondrite components to
produce a coherent model of protoplanetary di. - evolution is challenging because many studies
do not consistently generate coupled che aics: and multi-isotopic (e.g., Ca, Ti, O, Mg-Al, and
REE) datasets. To date, the chemical and 1s.topic data reviewed above indicates that the disk
was isotopically and chemically heteroge. 2ous over space and time.

Bermingham et al. (2018) att r.p >d to constrain the origin of Ca isotopic variations in
the disk by contrasting the Ca mar s-’=pendent and non-mass-dependent isotopic composition of
different components. Non-mass-acpendent isotope effects are generally considered to be the
result of poorly mixed presoi.~ carrier phases throughout the disk; however, debate remains
regarding the process by which these grains became heterogeneously distributed in the disk. It
has been posited thct r.on-rnass-dependent Ca isotopic heterogeneity is the result of two-
component mixing of an . nomalous endmember component (e.g., Type la or Type Il supernova)
with a Solar component (Simon et al., 2009; Chen et al., 2011; Huang et al., 2012; Dauphas et
al., 2014a; Chen et al., 2015; Wasserburg et al., 2015; Huang and Jacobsen, 2017).

Thermal processing of multiple carrier phases has been proposed as an alternative
interpretation (Schiller et al., 2015). If high enough temperatures were reached during thermal
processing events, preferential removal of light Ca isotopes would have occurred, leaving an
isotopically heavy and isotopically anomalous **Ca residue (Bermingham et al., 2018). This
effect may be apparent when comparing non-mass-dependent and mass-dependent Ca isotopic
compositions, where heavy isotope signatures would be coupled with more anomalous non-
mass-dependent compositions, thus a positive 8**Ca/*’Ca and &**Ca/*'Ca correlation was
predicted.



A recent investigation of this relationship indicated that mass-dependent and non-mass-
dependent Ca isotopic compositions in nine “regular” silicate-bearing CAls were not linearly
coupled, although light 8**Ca/*’Ca compositions were generally coupled with enrichments in
¢*®Ca/*Ca (Bermingham et al., 2018). From a preliminary investigation (see Fig. 3), a simple
correlation is absent when comparing Ca isotopic compositions of meteorite components. Davis
et al. (2018) found no relationship between mass-dependent and non-mass-dependent
fractionation for Ti isotopes in 46 Allende CAls, even though there is a significant range in both
mass-dependent and non-mass-dependent fractionation among CAls. Thus, the lack of such a
ubiquitous relationship for Ca isotopes is perhaps not surprising, but the reason remains unclear.
To determine the relationship between mass-dependent and non-mass-dependent isotopic
compositions coupled datasets are required. Extending this test to . ther chondrite components is
most judiciously done by comparing datasets that report couplec ni ss-dependent and non-mass-
dependent data from the same samples, using the sarm~ ~uss fractionation laws and
normalization schemes, and data collected using similar an~1y+*ica. methods.

Similar to the trend noted by Ireland (1990), the,~ is a continuum in the degree of
£*Ca/*Ca heterogeneity between CAls-types: PLAC/I "IN > hibonite-bearing spherules > SHIB
> regular CAls > AOAs/chondrules. Additionally, sy «emctic relationships are apparent among
chondrite components. (1) PLACs record the :nvst extreme enrichments and depletions in
e*Ca/**Ca compositions of Solar System--=1, 'ed materials, yet mass-dependent Ca isotope
fractionation is absent. (2) FUN (includi.:¢ ¥, UN) and HAL-type possess large excesses and
depletions in £**Ca/*'Ca and these inclusion. are predominantly heavy in mass-dependent Ca
isotopic composition. (3) Hibonite-heaing spherules generally record large excesses in
£*®Ca/*Ca compositions, whereas mass- ependent Ca isotope fractionation is not evident. (4)
SHIBs possess moderate (6 to 1€ tu.es less anomalous than PLACs) non-mass-dependent Ca
isotope anomalies; however, sc*ne 1 LACs have similar Ca isotopic compositions as SHIBs. (5)
Silicate-bearing “regular” CAls arc dominated by relatively small excesses in £*Ca/**Ca which
are commonly coupled wit™: liy. mass-dependent Ca isotopic compositions.

The absence ~f -esrlved mass-dependent Ca isotope fractionation in PLACs and
microspherules suggests \hat if thermal processing event(s) produced non-mass-dependent Ca
isotope anomalies, they did not concurrently establish the observed mass-dependent effects. The
fact that in some FUN CAls, large excesses or depletions in £**Ca/*Ca are coupled with large
heavy mass-dependent fractionation suggests there may be a causal relationship between the two
effects, but this is not ubiquitous because the relationship is not seen in all FUN, F, or UN CAls.
The Ca isotope systematics change in regular CAls where positive €°Ca/**Ca anomalies are
predominately coupled with light Ca isotopic compositions (Fig. 3b). Given that “regular” CAls
have the light Ca effects, it is possible that these CAls formed from the fractionated gas that was
enriched in light Ca isotopes imparted from earlier fractionation.

Studies that couple Ca isotopic compositions with chemical and isotopic data of other
elements which record thermal processing events in the disk (e.g., REE, and O-, Al- and Ti-
isotopic data) are required to determine how the Ca isotopic composition of meteorite



components originate. This multi-element approach to analyzing chondrite components will also
provide constraints that directly inform the following fundamental questions in cosmochemistry:
(1) what were the combination and timing of stellar precursors into the Solar nebula; (2) what is
the significance of non-mass-dependent isotopic compositions of refractory inclusions regarding
mixing processes and location of these reservoirs in the disk; and (3) are non-mass-dependent
compositions linked to mass-dependent isotopic compositions?

4. Planetary building blocks: bulk chondrites and achondrites

The building blocks of the Earth may be found in our meteorite collection; thus, studying
meteorites in detail can provide insight into how a life-bearing planet evolved. This section
surveys constraints provided by Ca isotopes in bulk chondrite- and achondrites, including
samples from the Moon and Mars.

4.1 Introduction to bulk meteorite samples

Bulk meteorites are useful for evaluating the genetic relationships between parent bodies
that formed from isotopically distinct reservoirs in th- disk (e.g., Chambers, 2001; Drake and
Righter, 2002; O’Brien et al., 2006; Warren, 2011). J,oto,Mic variations among bulk meteorites
can be used to constrain the chemical nature of Eir'a’s accretionary assemblage and to link this
assemblage to specific formation locations with: 1 the protoplanetary disk.

Chondrites have been divided into fist'act classes that are defined primarily by their bulk
chemical compositions, and secondarily by »narameters such as mineralogy, oxygen isotopic
composition, and chondrule abundance (. "rearley and Jones, 1998; Weisberg et al., 2006; Krot et
al., 2014). Most chondrites fall into 01e o " three main classes: carbonaceous chondrites, ordinary
chondrites, and enstatite chondritss. Tue cause of differences among classes is interpreted to
reflect distinctive accretion loca ion.> within the disk (Wasson and Kallemeyn, 1988; Rubin and
Wasson 1995; Wood, 2005; ay.nond et al., 2009). CI chondrites are the most chemically
primitive meteorites as thev h-ve compositions—volatile elements excluded—similar to the
Solar photosphere (e.r., Jrgi eil CI; Anders and Grevesse, 1989; Palme et al., 2014; Lodders,
2020). Carbonaceous cho  drites, however, are by no means unaltered, as some have undergone
extensive aqueous alteration (e.g., Zolensky and McSween, 1988; Brearley, 2006). Some
members of the carbonaceous chondrite group contain the highest volatile element content
compared to the Earth (e.g., Bland et al., 2005); thus, they are inferred to have originated from
asteroidal parent bodies that accreted far from the sun (Gradie and Tedesco, 1982).

Ordinary chondrites are also rich in volatiles compared to the Earth, but to less so than
most carbonaceous chondrites (Palme et al., 2014; Scott and Krot, 2014;); they feasibly derive
from parent bodies formed in the inner asteroid belt (Binzel et al., 1996). In enstatite chondrites,
iron exists mainly in its metallic form or as a sulfide, in contrast to carbonaceous and L- and LL-
type ordinary chondrites, where Fe is mostly present in oxides. The high metal content and low
oxygen fugacity of enstatite chondrites indicates these meteorites formed in reduced part of the



disk, possibly in the inner Solar System (Krot et al., 2014; Palme et al., 2014; Scott and Krot,
2014).

Achondrite meteorites sample the silicate crust and mantle of parent bodies that reached
temperatures high enough to induce partial or wholesale melting (including 4-Vesta, the ureilite
parent body, the Moon, and Mars). As such, achondrites present an opportunity to study the
Earth’s accretion of planetesimals that had already differentiated to some degree (e.g., Kleine
etal,, 2005; Kruijer etal.,, 2014). Chemical and isotopic analyses along with dynamical
simulations have suggested that the parent bodies of achondrites possibly accreted earlier and
closer to the Sun than the parent bodies of chondrites and some iron meteorites (e.g., Wasson and
Wetherill, 1979; Grimm and McSween, 1993; Kleine et al., 2005; Bottke et al., 2006; Warren,
2011). Thus, through the analysis of achondrites and chond.es different regions of the
protoplanetary disk can be probed.

Most current models propose that the Earth accreted fre™ a heterogeneous mixture of
chondritic and achondritic precursors that formed at differcnt I cliocentric distances; however,
the relative proportion of each precursor type remains deu~ted (e.g., Drake and Righter, 2002;
Fitoussi et al., 2016; Dauphas et al., 2017; Liebske ¢ 'd k han, 2019). It has been argued that
reduced, non-carbonaceous material (including achonrrite.} dominated the early part of Earth’s
main accretion history, while more oxidized, vol iti’e rich carbonaceous chondrite-like material
accreted toward the end of Earth’s formation (¢. 7., schonbéchler et al., 2010; Rubie et al., 2015;
Budde et al., 2019; Grewal et al., 2019 Hepp et al., 2020). It is feasible that the transition
occurred at the time of the Moon-forming ..mpact (e.g., Schonbéchler et al., 2010). To a first
approximation, however, Earth’s bulk ~lemental composition is chondritic as the relative
proportions of non-volatile elements n 5 ~E are close to those found in chondrites (the so-called
“chondritic Earth” model; Larimer, 17 1; Kargel and Lewis, 1993; Palme and O’Neill, 2014).

4.2 Non-mass-dependent Ca 15>topic variations among chondrite groups

The discovery of lai;» Xe and Ne isotopic anomalies in carbonaceous chondrites
(Reynolds and Turner 1¢44; 3lack and Pepin, 1969; Lewis et al., 1975) and A'’O heterogeneity
among meteorites and the 't components (Clayton et al., 1973) challenged the paradigm that the
Solar System formed out of an initially homogeneous gas cloud (e.g., Cameron, 1962). Because
these anomalies could not be linked to fission, spallation or Solar wind implantation, they were
interpreted to derive from stellar lineage and, therefore, predate the Solar System. The
subsequent identification of diamond (Lewis et al., 1987), silicon carbide (Bernatowitz et al.,
1987; Zinner et al., 1987), and graphite (Amari et al., 1990) presolar grains as the host phases of
noble gas anomalies provided evidence that presolar isotopic diversity had survived the nebula
phase and was preserved in meteorites.

The idea of early Solar nebula heterogeneity was further strengthened by the detection of
non-mass-dependent isotopic effects in major rock-forming elements, including Ca, in CAls and
other refractory chondrite components (e.g., Lee et al., 1978, 1979; Niederer and Papanastassiou,
1984; see Section 3). Technical refinements and improvements in analytical sensitivity of TIMS



and MC-ICP-MS permitted expansion of sample types that could be measured. This resulted in a
shift of focus from refractory inclusions to bulk meteorites. Detection of non-mass-dependent
effects in bulk meteorites showed that the heterogeneous distribution of Ca isotopes was
preserved at the planetary scale (Simon et al., 2009; Chen et al., 2011; Dauphas et al., 2014a;
Bermingham et al., 2018). This demonstrated the utility of Ca isotopes for probing the genetic
relationship between meteorite groups, the Earth, and other rocky planets, because they
ostensibly formed in (isotopically) distinct regions of the disk (Dauphas, 2017).

Until rather recently, only two bulk Ca isotopic measurements had been published, both
on Allende (Niederer and Papanastassiou, 1979, 1984). Anomalous £*°Ca/*'Ca (-140) and
e®Ca/*Ca (-29) were detected by Niederer and Papanastassiou (1979) but not Niederer and
Papanastassiou (1984). Later, Simon et al. (2009) measured £*°Ca **Ca and £*’Ca/*Ca variations
in a suite of enstatite, ordinary, and carbonaceous chondritr,. ™n this study, measurement
uncertainties are generally too large to resolve chondrite com,~<c.tions from Earth; however,
carbonaceous chondrites Murray (CM2) and Vigarano, a1 d o:dinary chondrites St. Severin
(LL6) and Dhajala show £"%Ca/*Ca and £*Ca/*Ca enrichi.~nts of +0.3 to +2.3 relative to Earth
(Fig. 4). These data indicate that the isotopic reservoi. * sainpled by carbonaceous and ordinary
chondrites are distinct from the dominant compositiop of L~rth’s building blocks. Moynier et al.
(2010a) corroborate these results by showing that D'ia ala is distinct from Earth, with anomalous
£*Ca/*Ca ~+2 and £¥Ca/*Ca ~+0.5. In add*+..» to data for £*°Ca/*Ca and £*Ca/**Ca, Moynier
et al. (2010a) present data for £*°Ca/*C« ard £*°Ca/**Ca: anomalies in *°Ca/*Ca can not be
resolved, but Dhajala, Murray, and Vigaicno have distinct ¢°Ca/**Ca from Earth with
enrichments of up to +4.

Dauphas et al. (2014a) identi.y ervichments in £**Ca/*Ca between +2 to +4 in CI, CO,
and CV chondrites. The authors also i.easure ordinary chondrites (LL, L and H); however, these
are indistinguishable from Eartl: Lik2wise, enstatite chondrites Adhi Kot (EH) and Jajh (EL) are
also within analytical uncertain. of Earth (Fig. 4). The results of Huang and Jacobsen (2017)
support these findings as “.ov 7ind no discernable £*'Ca/**Ca or £ Ca/*Ca anomalies in a suite
of nine chondrites (Ci, C1.* .V, L, H, and EH) relative to Earth at the = 1 and + 2 g-unit levels,
respectively. This study de es not detect £**Ca/**Ca anomalies in enstatite chondrites and ordinary
chondrites, though all carbonaceous chondrite types show &*Ca/**Ca excesses between +2 and
+3. Yokoyama et al. (2017) present data for seven ordinary chondrites, four of which display
small but resolvable £*°Ca/**Ca excesses, where the largest anomaly is recorded by Bhola (LL3)
(e*°Ca/*Ca +2.5).

By obtaining an order of magnitude higher precision than previous studies, Schiller et al.
(2015) report non-mass-dependent **Ca/**Ca, **Ca/**Ca, and **Ca/*Ca effects in ordinary and
carbonaceous chondrites. One ordinary chondrite (Bovedy, L3) records &“Ca/*Ca and
£*°Ca/*Ca compositions that are unresolvable from Earth but have a £**Ca/**Ca depletion of -
0.35. Ivuna (CI) is enriched in £*Ca/*Ca (+0.11), £**Ca/**Ca (+0.96), and £"*Ca/*Ca (+2.06)
relative to Earth. Schiller et al. (2018) also show that the £**Ca/*Ca compositions of ordinary
and carbonaceous chondrites (including CI, CM, CR, C2-ungrouped) do not overlap with that of



Earth. The &'Ca/*Ca depletion in ordinary chondrites (-0.35 to -0.25) and excess in
carbonaceous chondrites (+2.06 to +3.14) are similar to that reported in Schiller et al. (2015).

4.2.1 Earth’s building blocks constrained by non-mass-dependent Ca isotopes in chondrites

That the Ca isotopic compositions of carbonaceous chondrites and ordinary chondrites
are anomalous relative to Earth indicates that these meteorite types likely do not make up a
significant proportion of Earth’s precursor material. In contrast, the lack of non-mass-dependent
Ca isotopic effects in enstatite chondrites suggests that the Earth and the enstatite chondrite
parent body formed from a similar isotopic reservoir in the disk. These findings place Ca on the
growing list of elements that display isotopic similarity between Earth and enstatite chondrites
but not between the Earth and other meteorite groups— this inclu “es 0", Si, Ni, Ti, Cr, Sr, Zr,
Ru, Ba, and Mo (O: Clayton, 2004; Ni: Regelous et al., 2008; T-. T+inquier et al., 2009; Cr: Qin
et al., 2010; Sr: Moynier et al., 2012; Zr: Akram et al., 2015; P, Wi,cher-Godde et al., 2015; Ba:
Bermingham et al., 2016; Mo: Worsham et al., 2017).

Using models based on mixing calculations, Daunh. < et al. (2014a) and Dauphas (2017)
demonstrated that Earth’s A”O, 848Ca, 850Ti, 854CI', % li, and £’Mo isotopic composition
cannot be reproduced unless the proportion of enste'ite chondrites in bulk Earth was >90%.
Accretion of significantly less enstatite chondrite n-at »rial yields a mismatch between the Earth
and calculated isotope mixtures for one or m~re ~f the elements. The non-mass-dependent O, Ca,
Sr, Ti, Cr, Ni, Zr, Ru, Ba, and Mo isotop’ : si-ailarity between the Earth and enstatite chondrites
supports the interpretation that the Earth p. marily accreted material with approximately the
same isotopic composition as that sam,led by enstatite chondrites (Dauphas et al., 2014a;
Dauphas, 2017).

How closely enstatite chor dri.=s are related to Earth, however, has long been the subject
of debate (e.g., Javoy and Pinez:, 1°83; Javoy, 1995; Javoy et al., 2010). The discussion focuses
on the fact that, though enstatii. chondrites and Earth resemble each other isotopically, they have
very dissimilar elemental ~on.;ssitions. In particular, enstatite chondrites are depleted in FeO,
enriched in volatiles, ~nc hase Si/Mg ratios higher than BSE (Wasson and Kallemeyn, 1988;
Allegre et al., 1995). It m. y be that Earth and enstatite chondrites formed from the same parental
nebular reservoir but experienced different condensation processes (Jacobsen et al., 2013;
Dauphas et al., 2014a; Dauphas, 2017; Huang et al., 2017). Experimental data and numerical
modelling that simulates the condensation processes responsible for the observed differences in
element composition is required to evaluate the validity of this hypothesis. Presently, however,
non-mass-dependent Ca isotopic data support the hypothesis that the Earth formed primarily
from material similar to enstatite chondrites.

4.3. Mass-dependent variation among chondrite groups

12 Proposals for the origin of meteoritic O isotopic variations now include photochemical effects (Clayton 2002) and
non-mass-dependent chemical effects (Thiemens and Heidenreich 1983).



Early studies determined that the §*°Ca/*'Ca signatures of bulk carbonaceous, ordinary,
and enstatite chondrites (represented by CI, H6, and EH types: Russell et al., 1978; CV: Niederer
and Papanastassiou., 1979, 1984) were indistinguishable from Earth, with no systematic
variation in **Ca/*Ca by chondrite type. More recent data indicates that some **Ca/*Ca variation
does, in fact, exist among chondrite groups, and between chondrite groups and Earth, at the
<0.1%o level of precision (Fig. 5). Specifically, carbonaceous chondrites display 8**Ca/**Cac,
+0.42 to +1.13, §*Ca/*Cacy +0.55 to +0.84, §**Ca/*Caco +0.77 to +1.19, §*Ca/*Cacy +0.10
to +0.78, ordinary chondrites display 844Ca/40CaLL,L,H +0.91 to +1.16, and enstatite chondrites
display 844Ca/40CaEH,EL +0.90 to +1.54 (Simon and DePaolo, 2010, Valdes et al., 2014, Schiller
et al., 2015; Amsellem et al., 2017, Huang and Jacobsen, 2017, Simon et al., 2017). Notably,
analytically resolvable differences in §**Ca/**Ca have also been . -oorted in the same meteorite
sample measured by different groups—for example, in Allenic, Muarchison (CM2), Orgueil,
Abee (EH4), Indarch (EH4), and Qingzhen (EH3) (Valdes e =1, 2014; Bermingham et al.,
2018).

Generally, studies agree that carbonaceous chondt.“es are enriched in light Ca isotopes
relative to Earth and ordinary chondrites have **Ca/*’C a cc mpositions that are indistinguishable
from Earth (Simon and DePaolo, 2010; Huang and Jar obscn, 2017; Valdes et al., 2014; Schiller
et al., 2015; Bermingham et al., 2016; Amselle n et al., 2017; Simon et al., 2017). There is
disagreement, however, on whether enstatit. cnondrites also possess identical HcaCa
compositions to Earth. Some studies, e.g. Va'des et al. (2014) (844Ca/4OCaEL,EH +0.90 to +1.01),
Amsellem et al. (2017) (644Ca/40CaErd,EH +2 91 to +1.06), and Huang and Jacobsen (2017)
(8**Ca/*Cagy +0.90 to +0.96), reported no analytically resolvable Ca isotope fractionation
between Earth and enstatite chondri es. T2 contrast, Simon and DePaolo (2010) reported that
enstatite chondrites have 8**Ca/*°C ag,. compositions up to +0.5 higher than that of the Earth. The
findings by Simon and DePaole (2u0) also stand contrary to data for other multi-isotopic major
elements, such as O (e.g., Clay*on et al., 2003), Fe (e.g., Poitrasson et al., 2004; Craddock and
Dauphas, 2011; Wang et 2L, ?J14), Mg (e.g., Teng et al., 2010), and Si (e.g., Savage and
Moynier, 2013), whic™ iri lica e that enstatite chondrites and Earth are isotopically uniform.

4.3.1 The origin of mass-dependent Ca isotope variability between and within chondrite groups
It has been suggested that the variability between and within chondrite groups was
established by a heterogeneous distribution of primitive solids with variable §*Ca/*’Ca
compositions imparted during early disk processing (see Section 3) (Simon and DePaolo, 2010;
Valdes et al., 2014; Huang et al., 2017; Bermingham et al., 2018). For example, the light
8**Ca/**Ca signatures of bulk carbonaceous chondrites may reflect an overabundance of CAls
that are isotopically light as a result of non-equilibrium condensation (Simon and DePaolo, 2010)
or ultrarefractory evaporative residue loss (Huang et al., 2012; Bermingham et al., 2018).
Notably, however, CI chondrites do not contain obvious CAls but do have light §**Ca/*’Ca
signatures (Valdes et al., 2014; Huang and Jacobsen, 2017; Bermingham et al., 2018). Thus, the
isotopically light Ca compositions of bulk carbonaceous chondrites cannot be exclusively



attributed to CAI abundance, and likely reflects several generations of early nonequilibrium
solid-gas fractionation including some prior to CAI formation (Simon and DePaolo, 2010).
Neither can chondrules, which on average have 8*'Ca/*’Ca signatures identical to Earth,
exclusively account for the light, variable 8**Ca/**Ca signatures in bulk carbonaceous chondrites.

As a fluid-mobile element, Ca can be strongly chemically fractionated among alteration
products in chondrite matrices (Brearley, 2006); thus, it is possible that parent body alteration
and/or terrestrial weathering produced mass-dependent Ca isotope fractionation effects in Ca-
bearing chondrite phases. In this case, meteorites that variably sample phases modified by parent
body alteration and/or terrestrial weathering may record isotopic differences between and within
chondrite groups or conceal isotopic signatures imparted by the heterogeneous distribution of
primitive solids.

Bermingham et al. (2018) suggested that if parent boiy agaeous alteration played a
significant role in establishing §*'Ca/*’Ca differences amon. ~hondrites, meteorites from
chondrite groups that are substantially affected by In\/-teraperature alteration (e.g., CI
chondrites) would display greater §**Ca/*'Ca variability tha.> those chondrite groups less affected
(e.g., CO chondrites; Brearley, 2006). Indeed, CI chor ' 'tite (8**Ca/*Cac; +0.42 to +1.13) show
more Ca isotopic variation than CO chondrites (8**Ca/*"Ca_+ +0.77 to +1.19), thereby supporting
the interpretation that parent body alteration pliv, 1 role in modifying the bulk 8*Ca/*Ca
composition.

It is less clear if aqueous alteratio’ as 1 result of terrestrial weathering has a measurable
effect on the bulk §**Ca/*°Ca compositions of chondrites. For example, Bermingham et al.
(2018) noted that some oldhamite grai~s in MacAlpine Hills 88136" display evidence of
aqueous alteration (Lundberg et al., "9%4,, and suggested that alteration of oldhamite may have
overprinted the primary Ca icowne signature imparted during accretion. Although a
heterogeneous distribution of isotcpically heavy oldhamite cannot be the sole cause of Ca
isotopic variation in chondrite y-oups, it may cause Ca isotope variability within a group. Prior to
this, it had been proposed th.t .errestrial alteration of oldhamite, which is highly soluble and
easily aqueously mob liz 4, n.ay result in its preferential dissolution and the removal of light Ca
isotopes, resulting in w1 anomalously heavy oldhamite, and therefore bulk, 8*‘Ca/*Ca
composition (Bermingham, 2011, Valdes et al., 2014). Valdes et al. (2014), however, dismiss
this interpretation because the heavy §*'Ca/*’Ca signatures for oldhamite obtained in their
Indarch leaching experiment were not fractionated enough from the bulk composition to account
for the magnitude of the MacAlpine Hills 88136 offset from Earth as reported by Simon et al.
(2010). Conversely, according to the ab initio calculations of Huang et al. (2019), oldhamite
should have lighter Ca isotope signatures compared to bulk under equilibrium conditions, which
is in disagreement with the results of Valdes et al. (2014).

Further investigation of Ca isotopic variability in bulk samples as a consequence of fluid
alteration of oldhamite (and other Ca-bearing phases) is necessary to constraining parent body

" MacAlpine Hills 88136 is the sample that provides the upper limit for the §*Ca/*’Ca +0.5 offset of enstatite
chondrites from Earth (Simon et al., 2010).



compositions. As reported, bulk §*'Ca/**Ca data suggest that the Earth may have accreted
primarily from precursors with a composition similar to that of enstatite and/or ordinary
chondrites; however, future studies should carefully evaluate for the effects of variably sampling
isotopically heterogeneous primitive solids when using the Ca isotopic compositions of bulk
meteorites to trace planetary building blocks.

4.4. Non-mass-dependent and mass-dependent Ca isotopic variation among achondrites, the
Moon, and Mars
4.4.1. Achondrites

Mass-dependent and non-mass-dependent Ca isotopic data for bulk achondrites are
presented in Figs. 4 and 5. Studies are in agreement that bu.'- angrites, aubrites, ureilites,
winonaites, and presumed differentiation products of 4-Ve~.. (cacrites, diogenites) have
WcaMCa, ¥PCaMCa, ¥Ca/**Ca, and **Ca/**Ca compositions a* are indistinguishable from
Earth at a precision of <0.2%o0 (Simon and DePaolo, 2010; Val les et al., 2014; Schiller et al.,
2015; Schiller et al., 2018). These achondrite groups c<vhibit uniform non-mass-dependent
YCa/**Ca, ¥Ca/*Ca, and *°Ca/**Ca compositions that are 10t analytically resolved from Earth
(Simon et al., 2009; Chen et al., 2011; Dauphas et al , 2v"4a; Schiller et al., 2015; Huang and
Jacobsen, 2017; Yokoyama et al., 2017; Schiller e* &'., 2018). All primitive achondrite groups
studied to date, however, have well-resolved **{'a geticits (848Ca/44Ca -1 to -2) relative to Earth.
Achondrite groups vary in degree of Ca i otoe heterogeneity, with group-average **Ca deficits
increasing in the order of eucrites > angrites - diogenites > ureilites (Chen et al., 2011; Dauphas
et al., 2014a, Schiller et al., 2018).

The cause of £"°Ca/*'Ca het r,g aeity is debated. In bulk achondrite groups, it may
derive from variable mixing betwcen material of Solar composition with isotopically anomalous
material ejected from Type la ¢ electron-capture supernova explosions (e.g., Simon et al., 2009;
Moynier et al, 2010a; Chen ¢. ai., 2011; Dauphas et al., 2014a; Huang and Jacobsen, 2017,
Bermingham et al., 2018). Al .atively, £**Ca/**Ca anomalies may be indicative of selective and
variable unmixing be“wen ty¥o homogeneously distributed dust reservoirs via sublimation of
thermally unstable, isotop ‘cally anomalous presolar carriers (Schiller et al., 2015). Regardless of
the cause, it is evident that, despite unfractionated mass-dependent Ca isotopic compositions of
bulk achondrites from that of Earth, planetary formation and differentiation processes were
ineffective in fully homogenizing the Ca isotopic composition of the Solar System.

4.4.2. The Earth-Moon system

The canonical giant impact theory for the formation of the Moon proposes that a Mars-
sized body (Theia) collided with the proto-Earth and ejected material into an Earth-orbiting disk,
which subsequently re-accreted to form the Moon (e.g., Hartmann and Davis, 1975; Cameron
and Ward, 1976). A long-standing question concerns the composition of the impactor. Early
impact models predicted the Moon to be largely derived from the impactor (e.g., Cameron, 2000;
Canup and Asphaug, 2001, 2012); however, in this scenario it is remarkable that the O, Si, Ti,



Mg, and Cr isotopic compositions of Earth and the Moon are indistinguishable, within analytical
uncertainty (e.g., Lugmair and Shukolyukov, 1998; Wiechert et al., 2001; Spicuzza et al., 2007,
Fitoussi et al., 2010; Qin et al., 2010; Armytage et al., 2011; Warren, 2011; Zhang et al., 2012;
Sedaghatpour et al., 2013; Young et al., 2016; Bonnand et al., 2016; Mougel et al. 2017). Given
the variability exhibited by these isotopes among other planetary bodies, the similarity between
the Earth and the Moon is significant. This similarity has been used to support the interpretation
that the proto-Earth and the impactor formed from the same reservoir of material located in the
inner part (<1.5 AU) of the disk (Jacobsen et al., 2013; Dauphas et al., 2014b), or that the Moon
was primarily formed from the proto-Earth (Zhang et al., 2012). Alternatively, the proto-Earth
and the impactor may have been compositionally distinct, but this would require, for example,
turbulent mixing and equilibration in the aftermath of the -iant impact to isotopically
homogenize the system (Pahlevan and Stevenson, 2007; Young et al, 2016). Recently,
numerical calculations based on a fast-spinning Earth and a hish cne,gy impact (Cuk and Stewart
2012; Lock et al., 2018) have predicted isotopic similarity bet'veen the Earth and Moon as a
consequence of the Moon’s direct condensation from a . omogenized disk of vapor deriving
primarily from Earth’s mantle (Lock et al., 2018; see re ent -eview by Lock et al., 2020).

The number of studies that have published Ca 7,0t Mic data for bulk lunar samples is still
limited (Figs. 4 and 5), but the few available de @ pHints show that the Moon and Earth have
identical mass-dependent and non-mass-depenc 't La isotopic compositions. In 15 lunar basalts
(meteoritic, as well as from Apollo 11, 12 14 and 15), Simon and DePaolo (2010), Valdes et al.
(2014), and Simon et al. (2017) find 8**C."*°Ca compositions indistinguishable from Earth.
There is no systematic variation in Ca iso:apic composition between brecciated and unbrecciated
basalts, nor between high-Ti (Apollc "1 and low-Ti (Apollo 12, 14, 15) basalts. Three green
glass samples exhibit no resolvab’e i actionation from lunar basalts and Earth. One anorthosite,
however, Dhofar 026, is isotopi- ally 'ight relative to Earth (Schiller et al., 2018).

Non-mass-dependent C.. isutopic data has only been reported for four basaltic meteorites
and one Apollo 16 anorthe-ite. *either the **Ca/**Ca compositions measured in basalts (Schiller
et al., 2018) nor the **"a/ *Ca, *Ca/**Ca and **Ca/**Ca compositions measured in the anorthosite
show any fractionation frc m Earth within analytical uncertainty.

What the Ca isotopic similarity between the Earth and Moon indicates about their genetic
relationship is not clear. It is yet to be understood if the data best support (i) the formation of the
Moon predominantly from proto-Earth material (Zhang et al, 2012), (ii) the isotopic
equilibration of the Earth-Moon system after the giant impact (Pahlevan and Stevenson, 2007;
Young et al., 2016), or (i1) the derivation of the proto-Earth and the impactor from the same,
isotopically homogeneous reservoir of material (Jacobsen et al., 2013; Dauphas et al., 2014b).
Thus, the Earth and Moon’s identical Ca isotopic signatures remain a significant characteristic of
the system that dynamical models need to reproduce.

4.4.3. Mars



Twelve Martian samples have been analyzed for non-mass-dependent Ca isotopic
compositions. Five samples do not exhibit distinct non-mass-dependent *°Ca/*Ca, *Ca/*Ca, or
*Ca/*Ca compared to Earth (Simon et al., 2009; Chen et al., 2011) (Fig. 4). The two exceptions,
ALH84001 and QUE9420, have slightly elevated £*°Ca/**Ca compositions (+0.59 and +0.88,
respectively). These small excesses are likely not a primary feature, but rather may be attributed
to an unrecognized secondary alteration process on Mars (Simon et al., 2009). Additionally,
Chen et al. (2011) and Schiller et al. (2018) measured the £**Ca/**Ca compositions of nine
Martian meteorites. While Chen et al. (2011) did not detect any significant departures of Martian
meteorites from Earth, Schiller et al. (2018), who measured at slightly higher precision, found
that they exhibit an average resolvable £*°Ca/**Ca deficit of -0.2 + 0.03 compared to Earth.

More than 20 samples have been analyzed for mass-deper ent Ca isotopic compositions
(Fig. 5). Magna et al. (2015) performed the most comprehensiv. .‘uuy by measuring the mass-
dependent Ca isotopic composition of 22 different shergottites, n2'.hlites, chassignites (SNCs),
and a Martian OPX (ALH84001, and demonstrated that he werage 8" *Ca/*’Ca of Martian
meteorites is indistinguishable from Earth, ordinary chona.ites, and enstatite chondrites, within
analytical uncertainty. Similarly, Simon and DePa:lo 12010) did not identify 3*‘Ca/*’Ca
variation in a shergottite and ALH94001. Combining *.1e J~tasets from Magna et al. (2015) and
Simon and DePaolo (2010), Martian meteorites e <h.o’t a range in 8*Ca/*Ca of ~ +0.4%o (from
8**Ca/*Ca +0.71 to +1.15) and may reflect ,rass-dependent Ca isotope fractionation during
magmatic differentiation, though this hss n/t been explored in detail. Magna et al. (2015)
estimated a mean §**Ca/*’Ca of +1.04 + 0.0v for bulk silicate Mars, identical to the estimate for
BSE by Kang et al., (2017), which is co..~istent with the assertion made by Simon and DePaolo
(2010) of uniform bulk Ca isotopi: cumpositions of the inner Solar System planets. The
similarity in 8**Ca/**Ca between }1a.< and the Earth can be interpreted to indicate that isotopic
homogenization for Ca was cor ple.> by the time the inner Solar System planets formed (Simon
et al., 2009).

As with Earth, there e a general consensus that Mars accreted from a mixture of
materials represente¢ Lv kaown meteorite types. Given that the estimated &*Ca/*Ca
composition of bulk si.‘cate Mars overlaps with those of ordinary chondrites, enstatite
chondrites, some carbonaceous chondrite types, and most achondrites, the constraints that mass-
dependent Ca isotopic data place on the building blocks of Mars are limited. Nevertheless, a
variety of models have been proposed. Most attempts to model combinations of precursor
material types based on stable isotope constraints agree that the likely building blocks of Mars
were predominantly non-carbonaceous (Lodders and Fegley, 1997; Sanloup et al., 1999;
Mohapatra and Murty, 2003; Burbine and O’Brien, 2004; Tang and Dauphas, 2014; Fitoussi et
al., 2016; Liebske and Khan, 2019). There is disagreement, however, in the relative proportions
of precursor types. For example, Lodders and Fegley calculated that Mars could be made of 85%
ordinary chondrites +11% CV chondrites +4% CI chondrites. In contrast, the results of the model
from Sanloup et al. (1999) point to an exclusively non-carbonaceous Mars, made up of 55% H
chondrites + 45% enstatite chondrites. This was subsequently confirmed by the results of Tang



and Dauphas (2014). Dauphas et al. (2014a) calculated £*Ca/*’Ca compositions for bulk Mars
using the mixtures proposed by Lodders and Fegley (1997) and Sanloup et al. (1999) and found
that only the value (-0.24 = 0.30) produced by assuming the mixture of Sanloup et al. (1999)
agreed with the average £**Ca/*’Ca composition (-0.11 = 0.16) for SNCs measured by Chen et al.
(2011). However, neither the Lodders and Fegley (1997) nor Sanloup et al. (1999) models, or
any in the studies mentioned above, were able to self-consistently explain isotopic data, major
element chemistry, and geophysical properties simultaneously.

5. Future directions

The field of Ca isotope cosmochemistry is rapidly expanding as new research pathways
emerge. A promising avenue of research is to assess which (-nd to what extent) nebular
processes fractionate Ca isotopes. This could be advanced by oba.~ing coupled mass-dependent
and non-mass-dependent Ca isotopic data on disk condensates "1 ™ic dataset would identify if the
thermal events that caused non-mass-dependent Ca isotope ¢ non alies were linked to events that
generated mass-dependent Ca isotope fractionation (e.g., Niederer and Papanastassiou, 1984;
Huang et al., 2012; Simon et al., 2017; Bermingham et - L., 2 918).

Another research pathway would be invest'gat.,g how Ca isotopes fractionate in
response to parent body and terrestrial aqueous il*eration processes. On parent bodies, multi-
stage, low-temperature aqueous events mobili. °d and redistributed elements within the matrix
and between individual components and t+ ¢ m strix (e.g., McGuire and Hashimoto, 1989; Kojima
& Tomeoka 1996; Krot et al. 2000b; McSwec . 1987; Brealey, 2006). As Ca is fluid mobile, it is
potentially sensitive to isotopic fractiona..on effects as a result of elemental redistribution among
primary phases and/or the formatior c: .zcondary phases. Post-fall terrestrial weathering may
also have resulted in Ca isotope f ac‘iounation, depending on the residence time and location of
the meteorite (e.g., Gounelle an< Z¢'ensky, 2001; Bland et al., 2006). Presently, there exists only
indirect or presumed evidence ~t Ca isotopic fractionation in meteorites as a result of aqueous
alteration on the bulk scale ‘e.; Magna et al., 2015; Deng et al., 2018; Bermingham et al., 2018)
and on the componen’ sc. le (:..g., Bermingham et al., 2018). An important research focus for the
near future is to identn_ -~ potential mass-dependent Ca isotopic effects of parent body and
terrestrial aqueous alteraton events on bulk meteorites and their components. Determining the
extent to which these effects obscure primary mass-dependent Ca isotopic variability is required
to identify planetary building blocks (Simon and DePaolo, 2010; Valdes et al., 2014; Simon et
al., 2017; Bermingham et al., 2018).

Future studies that concurrently collect mass-dependent and non-mass-dependent Ca
isotopic data in component and bulk samples will be most informative in addressing the
significance of anomalous Ca isotopic compositions in chondrite components regarding mixing
processes and the location of parent body reservoirs in the disk. The use of multi-isotopic proxies
of elements that record thermal processing events (e.g., REE, O, Al, Mg, and T1i), along with Ca,
will be particularly useful for providing constraints on the physical conditions of different parts
of the protoplanetary disk (Bermingham et al., 2018). Forthcoming work should continue to take



advantage of the extensive datasets that have made Ca isotopes a benchmark for comparison with
other isotope systems. This approach is required if a comprehensive, self-consistent formation
model of the Solar System is to be formulated using isotopic datasets derived from meteorites
and their components.

To this end, future work would benefit from refining current high-precision isotope
measurement techniques for bulk rocks and components and coupling them with petrographic
observations, mineral compositional data, major and trace element data, and in sifu analytical and
imaging techniques. This work could include advancing established analytical techniques (e.g.,
SIMS, NanoSIMS, and LA-MC-ICP-MS), or employing new ones such as atom probe
tomography (APT) which are increasingly being used in geo- and cosmochemistry to determine
isotopic compositions and spatial distributions in three dimensioln - at the nanometer level (e.g.,
Heck etal. 2014; Greer et al., 2020). Future studies may a..o consider using advanced
micromilling techniques (following Simon et al., 2017) to com,'e*:ly remove components and
their rims for ex situ work.

Finally, we emphasize the importance of standardi.'ng future Ca isotopic data reporting
methods. A significant problem in the Ca isotope coi'mu ity is that the direct comparison of
published datasets is hindered by the lack of univers-( ag-eement on which reference material
should be used as the standard for Ca isotopes. _ra:equently, over the years Ca isotopic data
have been reported relative to many different -eference materials (e.g., SRM915a, SRM915b,
CaF,, modern seawater, and BSE). This *. fu ther complicated by the fact that mass-dependent
Ca isotope studies are inconsistent in which 1.~tope ratios they report. Some report, for example,
deviations in 44Ca/4OCa, 40(321/44(321, 44L.A’42Ca, or 42Ca/44Ca, while others report data as Fc,
(8*°Ca/*Ca or *Ca/*’Ca in %o/amu). r..: non-mass-dependent data, many studies are unclear
about or make no mention of v mich 1sotope ratio and mass fractionation law are used to
normalize and correct for instruinen.~l mass bias. In order to limit unnecessary complexity in the
comparison of cosmochemica. C. isotopic datasets, we encourage more uniformity in data
reporting. Specifically, we recor.mend the presentation of mass-dependent variations in the form
of 5*Ca/*Ca and the ~o1 ver: ion of data to the SRM915a scale, regardless of original reference
material, to facilitate inte.'aboratory comparison. For non-mass-dependent data, we propose that
data are normalized to the terrestrial **Ca/*Ca composition relative to CaF, as defined by
Russell et al. (1978) using the appropriate mass fractionation law for the study.

6. Conclusions

The chemical properties of Ca make its isotopes among the most robust tracers of
cosmochemical processes. Here, mass-dependent and non-mass-dependent Ca isotopic variations
among bulk meteorites and their components have been explored in the context of tracing the
establishment and preservation of non-mass-dependent heterogeneities in the disk, understanding
the effects of nebular thermal processing, and constraining the compositions of planetary
building blocks.



Well resolved non-mass-dependent isotope effects, generally considered to be the result
of a poorly homogenized protoplanetary disk, are present in both bulk chondrites and their
components. It is clear from these variations that isotopically distinct contributions of various
nucleosynthetic origins were incorporated into the disk and survived long enough to be preserved
in planet-building materials. Debate, however, persists as to how and when the presolar grain
carriers of these Ca isotope anomalies became heterogeneously distributed in the disk. Presently,
non-mass-dependent Ca isotope anomalies in most chondrite components are decoupled from
mass-dependent variations. This suggests the thermal processing events that generated Ca
isotope anomalies occurred at a different time or location in the protoplanetary disk from those
that generated mass-dependent Ca isotope fractionations.

Compared to chondrite components, bulk meteorites displ.~ limited, but resolved, mass-
dependent and non-mass-dependent Ca isotope variations. In ‘L. cuntext of chondritic Earth
models, these variations provide constraints on the genetic linky hs¢ween chondrites and Earth,
as well as between Earth and the Moon. Specifically, Ca isc opi'. data support the interpretation
that 1) material isotopically similar to ordinary or enstati.> chondrites comprised a significant
portion of the precursors that accreted to Earth, ana 2) the Moon may have formed
predominantly from proto-Earth material, or, if from ir.pac*or material, then only if the impactor
had the same isotopic composition as the proto-E 1ty »r if the vaporous material from both fully
homogenized after impact. These interpretatic 's, uowever, rely on the assumption that bulk
samples are representative of parent body cor positions. Determining the extent to which parent
body and terrestrial alteration effects obscui. orimary mass-dependent Ca isotope variability is
central to constraining the nature of planc:ary building blocks.
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Table 1. Stable Ca isotopes, their natural abundr.uces, and nucleosynthetic pathways of
production.

Isotope Natural abundance Nucleosynthesis

OCa 96.941 N O and Si-burning

“1Ca” - Neutron capture on *’Ca

“Ca 0.647 O and Si-burning

“Ca 0.135 O and Si-burning

ey 2046 Decay product of 44Ti#, pr‘oduced during O and
Si-burning

Ca .00+ S-process

480y ( 187 Neutron-rich processes: Type la or e capture SN

of AGB

“*ICa (t;, = 103 ka)

4T (4, = 60 a)

+ %8Ca is radioactive (t, = 4.3 x 10" a); however, its long half-live permits it to be
considered a stable isotope

Table 2. Typical REE patterns seen in silicate CAls (from Mason and Taylor,

1982)
Abundance
Group REE fractionation pattern (rel. to CI
chondrite)

I Relatively unfractionated (excepting a small positive Eu anomaly) ~10-15




Highly fractionated, with depletion of the heavy lanthanides (Gd-Er)

II . . <1to20
and Eu, and positive Tm and Yb anomalies
I Unfractionated (excepting negative Eu and Yb anomalies) ~20
v Relatively unfractionated ~2-4
A" Relatively unfractionated ~10-20
VI Relatively unfractionated (excepting positive Eu and Yb anomalies) ~10-20
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Figure captions

Figure 1. Modeled Rayleigh-like isotope fractionation due to evaporation of CAl-like
precursors; Ca-red and Mg-blue curves are calculated by Simon and DePaolo (2010). This work
shows how CAls with high §*Ca*Ca compositions record at least two and likely three distinct
nebular events, the first involved extensive high temperature evaporation leading to Ca isotope
fractionation, the second included significant Mg (and Si) addition, and the third involved
additional evaporation leading to fractionated high §*’Mg**Mg compositions. Complete (>99%)
evaporative loss of Mg is implied by CAls with high §*Ca*Ca compositions (off-scale)
(Niederer and Papanastassiou, 1984) (i.e., heavier than all values of Ca-curve). Based on the
fraction of Ca loss implied by the typical Mg isotopes of CAls (i.. upper range shown by blue
column), minimal fractionation should exist. The models t.ac. changes in residual melt
composition during evaporative loss of MgO, SiO,, Al,Os, =7 C.O and match experiments of
Richter et al. (2002). Once CaO and Al,O3; dominate the rc~idr.e (>80% Mg loss) evaporation
rates of CMAS melts are less well understood and isot~nic fractionation models that assume a
constant evaporation coefficient for calcium (e.g., Simc.» an 1 DePaolo, 2010; Shahar and Young,
2007; Richter et al., 2002; Young et al., 1998) match _xpei.ments less well. Calcium dominated
evaporation experiments of Zhang et al. (2014) rdirate ~4x greater Ca isotope fractionation,
which is still broadly consistent with the me 7~Is <hown, but indicate the need for refined models
that more accurately account for changing ~v# poration rates and the chemical species pertinent to
evaporation of materials that are largely mau~ of CaO and Al,Os. Simon and DePaolo (2010)
define §*Ca/*°Ca = 0 as the BSE comoy “ition, which has a value of +0.95 relative to the Ca
standard SRM915a (see Section 2.1).

Figure 2. §*'Ca/**Ca and M »/*"1.ig as a function of oversaturation (S;) calculated from the
condensation model of Simon (t al. (2017). Double-spike Ca TIMS data (Simon et al., 2017;
Huang et al. 2012) couple’ wili MC-ICPMS Mg data (Bullock et al., 2013; Jordan et al. 2013)
for several CAls (typ. B, bb.e circle; type B forsterite bearing, green square; and type A fine-
grained, red triangle) ana early data of Niederer and Papanastassiou (1984) (open circles) are
shown. These authors define 8**Ca/**Ca = 0 as the BSE composition, which has a value of +0.95
relative to the Ca standard SRM915a (see Section 2.1).

Figure 3. Non-mass-dependent (8*'Ca/*Ca) vs. mass-dependent (£**Ca/*'Ca) isotopic
compositions obtained from the same meteorite component. Error bars are those reported in the
original publications. Mass-dependent data reported relative to SRM915a. The area around the
origin in (a) is shown in (b) displaying regular CAls only.

Figure 4. Non-mass-dependent &'°Ca*'Ca, £”Ca™Ca, £*°Ca™*'Ca, and £*Ca™Ca isotopic
compositions of chondrites, achondrites, lunar samples, and Martian samples. Error bars are
those reported in the original publications. Error bars smaller than data points are not shown.



Figure 5. Mass-dependent §*Ca/*Ca compositions of chondrites, achondrites, lunar samples,
and Martian samples. Data have all been renormalized to Ca standard SRM915a. Boxes
represent the spread of data about the median and the “error bars” indicate outliers. Data are
from Niederer and Papanastassiou (1979, 1984), Simon and DePaolo (2010), Valdes et al.
(2014), Magna et al (2015), Schiller et al. (2015), Amsellem et al (2017), Huang and Jacobsen
(2017), Simon et al. (2017), Bermingham et al. (2018), and Schiller et al. (2018). The dotted line
and grey band represent the BSE estimate of Kang et al. (2017), 0.95 + 0.05.



