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ABSTRACT

Chondrites are undifferentiated meteorites that can provide information on the compositions of materials
in the early solar System, including the building blocks of the terrestrial planets. While most chondrites
belong to well-defined groups based on their mineralogy and chemical composition, a minor fraction
have unusual characteristics and are classified as ungrouped chondrites. These ungrouped chondrites
reflect the diversity of chondritic materials in the early solar system; however, they are not as well stud-
ied as grouped meteorites and their origins are poorly understood. In this study, we present high-
precision mass-independent Cr, Ca and Mg isotope data for 17 ungrouped chondrites. The €>*Cr and
£8Ca (g expresses parts per ten thousand mass-independent isotope deviation) data for ungrouped chon-
drites also provide important constraints for assessing their relationships to the known chondrite groups,
and the radiogenic Mg isotope ratios (u?°Mg*) can be used to track the early solar system history. We also
present the first high-precision data for a Kakangari (KC) chondrite, an enstatite chondrite, and for four
enstatite-rich meteorites. The £>*Cr and £*8Ca values for the KC are —0.44 + 0.04 and —1.30 % 0.25, respec-
tively, and £*®Ca value for SAH 97096 (EH3) is —0.19 + 0.22 that overlaps with that of those of Earth-
Moon system and ordinary chondrites. All the carbonaceous chondrite-like (CC) ungrouped chondrites
show positive €>*Cr and £*®Ca values, and all the non-carbonaceous chondrite-like (NC) ungrouped chon-
drites and KCs (also belong to the NC trend) show zero or negative €>*Cr and £*3Ca values. This observa-
tion confirms the CC-NC dichotomy for primitive solar system materials. LEW 87232 (KC) also shows the
highest >>Mn/>2Cr ratio and £>3Cr value amongst all the chondrites. There is a positive trend between
55Mn/>2Cr ratios and £>3Cr values among all the chondrites that mostly reflects a mixing between mul-
tiple chondritic components. Previously it has been reported that there is a bulk 2°Al-2®Mg correlation
line amongst chondrites. This correlation has been interpreted as being due to mixing of CAls (high
27Al/>*Mg ratios and pu*®Mg* values) and other silicate material (e.g., chondrules and matrix). By provid-
ing additional 2°Al->*Mg chondrite data, we show that there is no 26Al-2Mg correlation line for the chon-

drites, ruling out the two-endmember (i.e., CAls and other silicates) mixing model.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

parent bodies of chondrites did not undergo significant melting
(though most underwent varying degrees of thermal metamor-

Chondrites are the oldest cosmic sedimentary rocks, the most
pristine of which preserve information about the origin and early
evolution of the Solar System (e.g., Krot et al., 2014). Most of the
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phism) and thus did not differentiate. Therefore, bulk chondrite
samples have chemical compositions that are thought to be repre-
sentative of their bulk parent bodies and have been taken as prox-
ies for the compositions of bulk differentiated planets such as the
Earth (Allegre et al., 1995). Chondrites represent the best suited
samples to investigate the evolution of the Solar System and planet
formation.
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Most chondrites have been classified into distinct groups (e.g.,
Krot et al., 2014) based on similarities in petrological, chemical
and isotopic characteristics. Each of these groups potentially repre-
sent a distinct parent body. However, there are a minority of chon-
drites that are ungrouped (e.g., Bischoff et al., 2021; Torrano et al.,
2021; Zolensky et al., 2002) that represent a diversity of poorly
sampled chondrite parent bodies.

The chondrite groups also exhibit large chemical and isotopic
variations (Alexander, 2019a, b; Kleine et al., 2020; Palme and
O'Neill, 2014; Warren, 2011) that are the result of nebular and par-
ent body accretion processes. The variations in nucleosynthetic
isotopic anomalies in Cr, Ti, and Ca between different groups of
chondrites, reported as €>Cr (Shukolyukov and Lugmair, 2006;
Trinquier et al., 2007), €°Ti (Leya et al., 2008) and £*¥Ca (Chen
et al., 2011), have been shown to be robust tracers of genetic rela-
tionships between chondrites (& units indicate the mass-
independent isotope variations per 10,000 relative to terrestrial
samples). This is because these mass-independent isotope varia-
tions are not affected by parent body processes. Hence, measuring
the isotopic compositions of ungrouped chondrites is important for
understanding their potential relationships with the established
chondrite groups and expanding the number of likely chondrite
parent bodies that are sampled by our collections (Clayton and
Mayeda, 1984; Schiller et al., 2018; Trinquier et al., 2007; Zhang
et al,, 2012; Zhu et al., 2021b).

As firstly noted by Trinquier et al. (2007), Trinquier et al. (2009)
and Warren (2011), all the carbonaceous (CC) chondrites and
related achondrites (Gopel et al., 2015; Sanborn et al., 2019), have
€%4Cr, €°°Ti and €*8Ca values that are higher than those of the
Earth-Moon system, while the non-carbonaceous (NC) meteorites:
enstatite (ECs), ordinary (OCs), and Rumuruti (RCs) chondrites and
the NC achondrites (e.g., aubrites, Martian meteorites, angrites and
howardite-eucrite-diogenite clan) have terrestrial-like or negative
€>4Cr, €°°Ti and £*%Ca values (Dauphas et al., 2014; Gopel et al.,
2015; Schiller et al., 2018; Shuai et al., 2022; Trinquier et al.,
2007; Trinquier et al., 2009; Zhang et al., 2012; Zhu et al.,, 2021a;
Zhu et al., 2021b). Currently, a number of models have been pro-
posed for the isotopic differences between the CCs and NCs, includ-
ing snow line migration (Lichtenberg et al, 2021), a ringed
structure create by pressure maximum in the disk near Jupiter’s
location (Brasser and Mojzsis, 2020), or Jupiter formation (Kruijer
et al.,, 2017).

A generally similar dichotomy for chondrites is seen in bulk O
isotope anomalies, with the CCs having A'’O values below and
the NCs similar to or above those of the Earth-Moon system
(Javoy, 1995). Unlike chondrites, this dichotomy is less clear with
some achondrites. The ureilites are C-rich achondrites with CC-
like O isotope compositions (Goodrich, 1992). Hence, the ureilites
were thought previously to derive from a CC-like parent body
(Clayton and Mayeda, 1988). However, the nucleosynthetic iso-
topic anomalies in Cr (Qin et al., 2010b; Yamakawa et al., 2010;
Zhu et al., 2020b), Ti (Trinquier et al., 2009), Ca (Chen et al,,
2011; Schiller et al., 2018), Ni (Quitté et al., 2010) and Mo
(Budde et al., 2019), all suggest that the ureilites belong to the
NCs. At present, it is not clear whether the ureilite parent body
accreted in the inner Solar System (Schiller et al., 2018; Schiller
et al.,, 2020; Yamakawa et al., 2010) or the outer Solar System
(Goodrich et al., 2015). By contrast, Northwest Africa [NWA] 011
is a C-free achondrite with a petrology that is similar to the
eucrites (Yamaguchi et al., 2002), but its positive €>*Cr signature
(1.37 £ 0.04; 2SD, N = 2) (Warren, 2011) precludes a NC origin, at
least as currently defined. Chondrites are thought to reflect the
compositions of primitive building blocks of terrestrial planets
and achondrite parent bodies (Allégre et al., 1995; Krot et al,,
2014; McDonough and Sun, 1995), but ureilites, eucrites and dio-
genites possess more negative £>*Cr, €°°Ti and £*3Ca values than
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any known chondrites (Chen et al., 2011; Schiller et al., 2018;
Trinquier et al., 2007; Trinquier et al., 2009; Van Kooten et al.,
2017; Yamakawa et al., 2010; Zhu et al., 2020b), suggesting that
there should exist some unsampled chondrite reservoirs. Analyzing
ungrouped chondrites and achondrites may expand the range of
nucleosynthetic and O isotope anomalies, thereby testing the
apparent existence of interelement correlations within and
between the NC and CC families and, indeed, the CC-NC dichotomy
itself.

Calcium is a major (with content of >1 wt%) refractory litho-
phile element in meteorites and most planetary igneous rocks, so
it can be used for determining kinships (Dauphas et al., 2014;
Schiller et al., 2018). The £*8Ca literature values for the ECs (from
—0.58 + 0.40 to —0.22 £ 0.35, 2SE) overlap with those of the Earth,
Moon, ordinary chondrites (OCs), angrites and eucrites (Dauphas
et al., 2014), and the precision of the measurements is a factor of
6 - 10 times lower than more recent work based on improved
techniques using plasma-based mass spectrometer (Lewis et al.,
2022; Schiller et al., 2018). The isotopic similarities between the
ECs and the Earth-Moon system, in particular, have been used to
argue for EC-like material dominating the Earth’s building blocks
(e.g.,Javoy et al., 2010; Mougel et al., 2018; Zhu et al., 2020a). Some
new enstatite-rich meteorites/clasts have been recently reported,
such as samples from the Almahata Sitta strewn field that are
believed to come from a ~500 km asteroid, (Harries and Bischoff,
2020), EH7-anomalous Itqiy and NWA 2526 (Keil and Bischoff,
2008; Moynier et al., 2020; Patzer et al., 2001). Their relationships,
if any, to the ECs and the Earth-Moon system are poorly under-
stood. Investigating their £*8Ca compositions by Multicollector
Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) can
potentially provide information on their relationships to known
meteorite groups and better test the Earth-EC connection. Addi-
tionally, the KC grouplet (Davis et al., 1977; Weisberg et al,
1996) lacks any nucleosynthetic isotope data.

Investigating the radiogenic Mg isotope compositions (reported
as n*®Mg*, the parts per million deviation of the normalized 2°-
Mg/>*Mg isotope ratios relative to a terrestrial standard) of bulk
chondrites can shed light on the thermal histories of early Solar
System planetesimals (Larsen et al., 2016a; Larsen et al., 2011;
Luu et al., 2019). There is a positive correlation between p**Mg
and &>Cr values for the solar system material, which is interpreted
as reflecting progressive thermal processing of infalling 26Al-rich
molecular cloud material in the inner Solar System (Larsen et al.,
2011; Van Kooten et al., 2016). However, this correlation is mostly
controlled by the CAI-AOA components, and individual CCs do not
fall on this correlation line (Luu et al., 2019). Hence, more com-
bined p2°Mg* and €>*Cr data of chondrites are needed to further
test this correlation and its significance.

Here, we report the bulk elemental ratios and high-precision
mass-independent Cr, Ca and Mg isotope data for four enstatite
meteorites, one KC, 17 ungrouped chondrites (three that have been
classified as NCs and 14 as CCs) and two terrestrial samples. We
also report the bulk £*8Ca data for three enstatite-rich achondrite
samples (Harries and Bischoff, 2020; Zhu et al., 2021c). We will dis-
cuss the significant implications of our results for the diversity of
isotope reservoirs in the solar system, the NC-CC dichotomy, the
classification for ungrouped chondrites, and for the early solar sys-
tem chronology defined by chondrites.

2. Samples and analytical methods

2.1. Samples and digestion

This main focus of this study is to report Cr, Ca and Mg isotopic
anomalies in ungrouped chondrites. Since the KC grouplet only
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contains four members, as of 2021 (Gattacceca et al., 2021), and
lack any published measurements of their mass-independent iso-
tope compositions, we also selected one of them for analysis. Addi-
tionally, Itqiy (EH7) and some enstatite-rich clasts show similar
€>4Cr values, and possibly originate from a common parent body
(Zhu et al., 2021c). We also determined their Ca and Mg isotope
compositions to test this hypothesis. The sample suite analyzed
in this study includes: 1) one EC, Sahara [SAH] 97096 (paired with
SAH 97072 and many others); 2); one KC, Lewis Cliff [LEW] 87232;
3) three ungrouped NCs, Miller Range [MIL] 15362, Grosvenor
Mountains [GRO] 95551, and NWA 5717; 4) 15 ungrouped CCs:
Miller Range [MIL] 090292 (C1), MacAlpine Hills [MAC] 87300
(C2), Queen Alexandra Range (QUE) 99038 (C2), Bells (C2), MAC
87301 (C3), MAC 88107 (C3), Dar al Gani [DaG] 430 (C3), DaG
429 (C3), NWA 1152 (C3), NWA 12416 (C3), DaG 978 (C3), Buckley
Island [BUC] 10933 (CR2), MIL 07513 (CR2), MIL 090001 (CR2), and
Ninggiang (C3); and 5) Itqiy (Patzer et al., 2001), and two enstatite-
rich stones (MS-MU-019 and MS-MU-036) (Bischoff et al., 2022;
Harries and Bischoff, 2020) from the Almahata Sitta strewn field
(Harries and Bischoff, 2020; Horstmann and Bischoff, 2014). Note
that BUC 10933, MIL 07513 and MIL 090001 are currently classified
as CR2 chondrites in the Meteoritical Bulletin, but their classifica-
tions are still under debate (Alexander et al., 2013). We also mea-
sured two terrestrial peridotites for data quality control. These two
peridotites experienced carbonatite metasomatism (Hauri et al.,
1993), and because of their resulting high Sr contents they are
not suitable for standards of Ca isotope data determination using
our Ca isolation protocols. All the sample information can be found
in Table 1.

For each chondrite, 0.2-1 g chips were ground to powders, from
which 30-100 mg aliquots were weighed for digestion. The sam-
ples were dissolved following the protocol described in Inglis
et al. (2018) using Teflon bombs and an Analab EvapoClean that
has been successfully used in previous studies (Zhu et al., 2019b;
Zhu et al., 2021b; Zhu et al., 2021c; Zhu et al., 2020b). The proce-
dure involved heating the samples in concentrated HF and HNO;
(2:1) at 140 °C for two days, drying down the samples and subse-
quent dissolution of the solid residues in 6 M HCI (also at 140 C)
for another two days to ensure complete digestion of fluorides,
and refractory phases such as chromite and spinel. No visible par-
ticles could be seen in the solutions, except the C phases on the
beaker walls. After digestion, all the samples were dissolved in
1 mL of 6 M HCL. Ten percent (100 pl) of each solution was pre-
served for measurements of elemental concentrations. Roughly
5 mg of each solution was taken for mass-independent Cr isotope
analysis, using the method described in Zhu et al. (2021b). A sepa-
rate 10-20 mg of each solution was taken for mass-independent Ca
and Mg isotope analysis, followed the methods described in
Schiller et al. (2015b) and Bizzarro et al. (2011) respectively.

2.2. 27AlP*Mg and >>Mn/>’Cr ratio measurements

The element concentrations in the solutions were determined
with an Agilent 7900 quadrupole inductively coupled plasma mass
spectrometer (ICP-MS) housed at the Institut de Physique du Globe
de Paris (IPGP). Elements with masses between that of Na (23) and
As (75), as well as Ag (107), Cd (111) and Gd (157), were mea-
sured using a collision-reaction cell with helium gas (5 mL/min)
to remove polyatomic interferences. All other elements were mea-
sured without collision gas. Sc, In and Rh internal-standards were
injected after inline mixing with the samples to correct for signal
drift and matrix effects. Two sets of multi-element calibration
standards (one for major and one for trace elements) were ana-
lyzed to confirm and model (through simple linear regression)
the linear relationship between signal and concentration. The
model was then used to convert measured sample counts to
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concentrations. Reported uncertainties were calculated using error
propagation equations and considering the combination of stan-
dard deviations on replicated consecutive signal acquisitions
(n 3), internal-standard ratio and blank subtraction. The
non-linear term (internal-standard ratio) was linearized using a
first-order Taylor series expansion to simplify error propagation.
27A1/?*Mg ratios were directly calculated from the Al and Mg con-
centrations. The upper limit of two standard deviation uncertain-
ties (2SD) precision for the 27Al/?**Mg ratios were estimated to be
5 % based on multiple measurements of BE-N (0.764 + 0.021;
2SD, N = 3), BHVO-2 (1.866 * 0.005; 2SD, N = 3) and BCR-2
(3.761 £ 0.024; 2SD, N = 4).

We employed a Neptune Plus MC-CP-MS to measure the
55Mn/>2Cr ratios. The detailed method was described in Zhu et al.
(2021b). The 20 uncertainties in the >>Mn/>?Cr ratios were esti-
mated to be 2 %, based on multiple measurements of DTS-1
(0.228 + 0.002), PCC-1 (0.353 + 0.002, N = 7) and BHVO-2 (5.173,
N = 1) and comparison with literature data (Qin et al., 2010a;
Trinquier et al., 2008b).

2.3. Cr isotope measurements

To chemically purify Cr, we used a four-step column chemistry
described in Zhu et al. (2021b). We first used an anion chromato-
graphic purification scheme to efficiently remove Fe from the
remaining sample in 6 M HCI, followed by elution of Cr on a
1 mL cation exchange column in 20 mL of 0.5 M HNOs to remove
the major elements including Mg, Ca, Al, Ni (Bizzarro et al., 2011)
and collect all the Cr species (major Cr® and minor Cr?* and Cr**)
to reach an ~100 % recovery. Prior to sample loading on the cation
column, we used a Cr pre-treatment procedure involving dissolu-
tion in 10 M HCI at > 120 °C to efficiently promote the formation
of Cr(Ill)-Cl species, which have a low affinity for the cation
exchanger and thus elutes early (Larsen et al., 2016b; Trinquier
et al., 2008a). The third clean-up column involved Cr purification
from Al, Fe, V, and Ti (and other high-field-strength elements)
and Mn, Na, and K on a small (0.33 mL) cation exchange column
using 0.5 M HNOs, 1 M HF and 6 M HCI (Larsen et al., 2018). Prior
to sample loading onto this last column, we used a Cr pre-
treatment procedure involving exposure to 0.5 M HNO3 + 0.6 %
H,0, at room temperature for > 1 day to promote the formation
of Cr3* (Larsen et al., 2016). However, it is difficult to transform
all the Cr to Cr3*, so we collect the Cr° Cr*, and Cr?* in 0.5 mL solu-
tion of sample loading and 0.5 mL 0.5 M HNOs elution to increase
the recovery to > 95 % in this column. Finally, in the fourth column,
0.7 mL of TODGA resin was used in 8 M HCl to remove the residual
Fe, V, and Ti, which are isobars for >*Cr (**Fe) and °Cr (*°V and
50Ti) (Pedersen et al., 2019). The four columns can reach a total
yield between 95 % and 99 %, and effectively remove Fe, V, and
Ti, which benefits the isotope analysis by MC-ICP-MS. The total
blank of <5 ng is negligible compared to the 15-20 pg of Cr pro-
cessed through the columns. The final Cr solutions were re-
dissolved in 100 pl of concentrated HNO5; and then dried again
2-3 times to transform the acid media and to minimize residual
organics (i.e., from the cation exchange resin).

The Cr isotopic compositions were determined using a Neptune
Plus MC-ICP-MS located at the Centre for Star and Planet Forma-
tion, Globe Institute, University of Copenhagen. Detailed analytical
and data reduction method are described in (Zhu et al., 2021b).
Sample solutions with concentrations of 0.5-1 ppm were intro-
duced via an ESI APEX desolvating nebulizer and analyzed at a
52Cr signal of 30-40 V, and the signals of samples always match
those of NIST 979 standard within 5 % uncertainty. Each sample
was measured five times by sample-standard bracketing relative
to the NIST SRM 979 Cr standard. The >3Cr/>?Cr and >*Cr/>2Cr ratios
were normalized to a constant *°Cr/>2Cr ratio of 0.051859 using an
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Table 1
Cr and Ca isotope data for enstatite, Kakangari and ungrouped chondrites.
Samples NameNa Type Total Mass (g)  °°Mn/°’Cr  error  &3Cr  2se g>cr 2se N eBca  28E  £*ca 2SE N  AYO#  Error &°Ti#  2se
SAH 97096 EH3 0.0332 0.650 0.013 0.25# 0.03 0.17# 0.08 5 0.02 0.07 -0.19 0.22 5
LEW 87232 K 0.0457 1.322 0.026 0.50 0.02 -0.44 0.04 5 —0.03 0.05 -1.30 0.25 4 -1.22 0.08
MIL 15362 Ungrouped/H4-an 0.0487 0.593 0.012 0.18 0.02 -0.37 0.05 5 0.01 0.10 -0.83 0.17 5
GRO 95551 Ungrouped 0.0724 0.397 0.008 0.01 0.03 -0.07 0.08 5 0.00 0.06 -0.40 0.03 5 0.49 0.08
NWA 5717 Ungrouped 3.05 0.0454 0.705 0.014 0.22 0.02 —0.34 0.10 5 0.57 0.08 —0.61 0.07
MIL 090292 Ungrouped C1/CR1 0.14 0.02 1.26 0.04 5 —-2.21 0.77
MAC 87300 Ungrouped C2 0.1075 0.491 0.010 0.09 0.02 0.74 0.05 5 0.12 0.03 3.16 0.12 5 —4.93 0.05 4.67 0.15
MAC 87301 Ungrouped C3 0.0577 0.475 0.010 0.10 0.03 0.81 0.05 5 0.14 0.02 3.17 0.11 5 —4.79 0.06 4.12 0.15
MAC 88107 Ungrouped C3 0.0500 0.470 0.009 0.11 0.03 0.68 0.04 5 —4.63 0.03 3.13 0.15
QUE 99038 Ungrouped C2/CM2/CV3 0.0371 0.401 0.008 0.06 0.01 0.92 0.01 5 0.13 0.03 2.83 0.21 5
Tagish Lake Ungrouped C2 1.690 0.020 0.53# 0.05 1.19# 0.10 2.91# 0.05 —0.87 0.54 2.76 0.26
Bells Ungrouped C2 0.0358 0.556# 0.011 0.15 0.01 1.23 0.07 5 0.11 0.03 1.94 0.13 5 -1.90 0.08
DaG 430 Ungrouped C3 0.0342 0.424 0.008 0.04 0.02 0.75 0.04 5 0.09 0.05 231 0.17 5 -4.52 0.08
DaG 429 Ungrouped C3 0.0446 0.389 0.008 0.02 0.04 0.69 0.03 5 0.07 0.06 2.28 0.17 5
DaG 978 Ungrouped C3 0.0388 0.385 0.008 0.09 0.03 0.86 0.08 5 0.13 0.05 247 0.20 5
NWA 1152 Ungrouped C3 0.0426 0.424 0.008 0.10 0.02 0.72 0.04 5 0.11 0.08 2.03 0.20 5 -3.77 0.03
NWA 12416 Ungrouped C3 0.0500 0.580 0.012 0.17 0.03 1.40 0.05 5 0.11 0.05 0.28 0.29 5 -5.93 2.66
BUC 10933 Ungrouped C2/CR2 0.0332 0.396 0.008 0.07 0.04 0.86 0.05 5 0.12 0.03 3.07 0.10 5
MIL 07513 Ungrouped C2/CR2 0.0334 0.422 0.008 0.11 0.03 0.93 0.07 5 0.25 0.03 3.91 0.07 5
MIL 090001 Ungrouped C2/CR2 0.0370 0.529 0.010 0.12 0.11 2.46 0.11 5
Ninggiang Ungrouped C3 0.0569 0.11 0.03 0.75 0.08 10* —4.55 0.08
Flensburg Ungrouped C1 0.20# 0.04 0.95# 0.05 17 3.31 0.08
Itqiy EH7-an (Bulk) —0.01 0.02 -0.40 013 5
Itqiy EH7-an 0.52# 0.04 —0.27# 0.10 13* —0.02 0.03 -0.29 0.13 5
MS-MU-019 Enstatite achondrite clast 1.76# 0.04 —0.25# 0.08 11* —0.01 0.03 -0.32 0.07 5
MS-MU-036 Enstatite achondrite clast 0.03 0.07 -0.38 0.17 5
SAV 1-1 Terrestrial peridotite 0.0297 0.02 0.02 0.06 0.07 5
TBA 1-9 Terrestrial peridotite 0.0374 0.02 0.02 0.02 0.07 5

1D 32 1ONUAOJ IUPPIL “1IIYIS W TYZ N

Note: # indicates literature data, and these include all the A'70 and £°°Ti data, and some of the Cr data. A'70 data sources: (Clayton and Mayeda, 1999; Greenwood et al., 2020; Schrader et al., 2014; Torrano et al., 2021) and
Meteoritical Bulletin; £°°Ti data source: (Bischoff et al., 2021; Torrano et al., 2021); €>*Cr data source: (Bischoff et al., 2021; Petitat et al., 2011; Zhu et al., 2021b; Zhu et al., 2021c). The Cr isotope data marked with * were measured
by total evaporation method on TIMS, and the method is described in Zhu et al. (2021c). We also report the £*6Ca data (with large uncertainty) in supplementary material (Table S1).

891-9S1 (£20Z) THE PIDY DIMUIYIOWSOD J9 DINUIYI0ID
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exponential law (Lugmair and Shukolyukov, 1998) and are
expressed in the epsilon notation:

(Xcr/ 32 Cr)sample
(*Cr/32Cr) st sru 979

with x =53 or 54.

exCr = (

— 1) x 10,000, (1)

2.4. Ca isotope measurements

Calcium was separated from the sample aliquots by ion-
exchange chromatography in a four-step procedure following the
protocol described in (Schiller et al., 2018; Schiller et al., 2015a).
Individual chromatography separation steps were repeated when
the presence of contaminants could affect the analysis (for exam-
ple, when the Sr/Ca ratio was higher than 1 x 10~%). The Ca isotopic
compositions for which sufficient Ca was available were measured
with a Neptune Plus MC-ICP-MS at the Centre for Star and Planet
Formation, Globe Institute, University of Copenhagen relative to
the NIST SRM 915b Ca standard. Data were acquired in the static
mode using six Faraday collectors, one for each of the isotopes
48Ca, 47Ti, “5Ca, #2Ca, **Ca and #Ca. The Faraday cup used for 4’Ti
was connected to an amplifier with a 10'2 Q feedback resistor,
whereas the other collectors were connected to amplifiers with
10''-Q feedback resistors. Samples were aspirated into the plasma
source by means of an Apex sample introduction system with an
uptake rate of 20 pl min~!, and the Ca isotopes were measured
at medium resolution, with a mass resolving power (M/AM, as
defined by the peak edge width from 5 % to 95 % at full peak height)
that was always >5,000. Calcium concentrations with 5-8 ppm
under these analytical conditions (i.e., uptake rate, resolution,
etc.) gave total Ca signals of 750-1250 V. An individual measure-
ment was comprised of 100 cycles with integration times of
8.4 s, followed by 340 s of baseline measurements. Each sample
measurement was bracketed by measurements of SRM 915b. All
sample measurements were repeated five times. The “¥Ca/**Ca
ratio was normalized to a constant *>Ca/**Ca ratio of 0.31221,
using an exponential law and is expressed in the epsilon notation:

( 8 Ca/ 4 Ca)sample
(*8Ca/ *4Ca)nyst srm 915

The data reduction was conducted off-line using Iolite 4 and
changes in mass bias with time were interpolated using a
smoothed cubic spline. For each analysis, the mean and standard
error of the measured ratios were calculated using a two-
standard-deviation threshold to reject outliers. The final uncertain-
ties reported here are twice the standard error of the mean of the
repeat analyses.

e8Ca = (

~1) x 10,000. 2)

2.5. Mg isotope measurements

The purification of Mg followed an established column chro-
matography protocol as described in Bizzarro et al. (2011). Purified
Mg samples were typically analysed with a signal intensity of 20-
45 V on mass 2*Mg and each sample was systematically analysed
10 times. Mass-dependent Mg isotope data are reported in the
d-notation as deviations from the DSM3 using DTS-2b standard
(8 2’Mgpgms = -0.122 = 0.017 %0 (2SD, Bizzarro et al., 2011) accord-
ing to the following formula:

XM, 24M
—(X g/ - 8sampl —1) x 1000,
(*Mg/ **Mg)prs_ap

where x = 25 or 26.

The mass-independent component of 2°Mg (. 2°Mg*) is reported
in the same fashion, but represents parts per million (ppm) devia-
tions from the internally normalized 2°Mg/>**Mg of the sample from

*Mg = ( 3)
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the reference standard, normalized to 2>Mg/>*Mg = 0.126896, using
the exponential mass fractionation law (Bizzarroetal.,2011). All Mg
data reduction was conducted off-line using the lolite 4. Within this
software, changes in mass bias with time were interpolated using a
smoothed cubic spline. For each analysis, the mean and standard
error of the measured ratios were calculated using a two-
standard-deviation threshold to reject outliers. Individual analyses
of a sample were combined to produce an average weighted by the
propagated uncertainties of individual analyses and reported final
uncertainties are the 2SE of the mean. The external reproducibility
of our measurements using this method is 20 and 2.5 ppm for the
5 2°Mg and p 2°Mg*, respectively Bizzarro et al. (2011).

3. Results

The detailed Cr and Ca isotope data are reported in Table 1,
while the Mg isotope data are reported in Table 2. The measure-
ments of the two terrestrial peridotite xenoliths produced isotopic
compositions that are consistent with previous measurements of
terrestrial €33Cr, €4Cr (Mougel et al., 2018; Qin et al., 2010a;
Trinquier et al., 2007; Trinquier et al., 2008b; Yamakawa et al.,
2009; Zhu et al.,, 2021b) and p?®Mg* values (Larsen et al., 2011;
Luu et al., 2019; Van Kooten et al., 2016), confirming the accuracy
of the Cr and Mg isotope data in this study. However, the two sam-
ples contain carbonates that are rich in Sr, which created isobaric
interferences on the Ca mass array. The column chemistry we used
cannot totally remove the Sr, so we do not report their £*3Ca data.
The £>*Cr data for MAC 87300, MAC 87301, and MAC 88107 are
also consistent with literature data (Torrano et al., 2021), albeit
with a higher precision (~0.06 vs ~0.14; 2SE).

The €°*Cr and £*8Ca values for the ungrouped chondrites and KC
(LEW 87232) vary from —0.44 + 0.04 to 1.40 + 0.05, and —1.30 £ 0.
25 to0 3.91 £ 0.07, respectively (Fig. 1). All the ungrouped CCs show
positive €°#Cr (>0.68) and &*¥Ca (>0.28) values, while the
ungrouped NCs and the KC show negative or close-to-zero £>*Cr
and £*8Ca values. SAH 97096 (EH3) possesses an £*¥Ca value of
—0.19 + 0.22, and LEW 87232 (K) has €>*Cr and &*8Ca values of
—0.44 + 0.04 and —1.30 £ 0.25, respectively. Itqiy (EH7) and the
two enstatite-rich samples, MS-MU-019 and MS-MU-036, show
homogenous &*Ca values, averaging at —0.35 = 0.10 (2SD,
N = 4). The relationships between £>Cr, £8Ca, €°°Ti and A'70 val-
ues are shown in Fig. 2. The correlation between £>*Cr and £*¥Ca is
similar to that between €*Cr and &°°Ti (Fig. 2).

LEW 87232 has a solar-like 2’Al/**Mg ratio of 0.104 and a
u?°Mg* of —4.0 + 1.8, while MIL 07513 (Ungrouped C2/CR2) has
an anomalously high ?’Al/>*Mg ratio, corresponding to a high
u2%Mg* value of 39.0 + 2.6. Some chondrites, e.g., MIL 15362 (un-
grouped), GRO 95551 (ungrouped), MAC 87301 (C3) and MAC
88107 (C3), with similar 27Al/>**Mg ratios of ~0.19 have different
u?%Mg* values ranging from —0.3 + 2.5 to 19.0 # 2.3. There is no
significant linear correlation of 2’Al/**Mg - p**Mg* for the chon-
drites, when combined with literature data (Larsen et al., 2011;
Luu et al, 2019; van Kooten et al.,, 2020) (2SE, MSWD = 21,
N = 50; Fig. 3), but there is a positive trend. If regressing them as
a linear correlation with slope of 162.8 + 49.2 and a y-axis intercept
of —16.0 + 5.5 when using a model 3 (due to MSWD > 1) fit with
IsoplotR (Vermeesch, 2018).

Most of the chondrites have >>Mn/>2Cr ratios in the range 0.4 -
0.8, while LEW 87232 (KC), possesses a high >*>Mn/>Cr ratio of 1.32
and a correspondingly high €>3Cr value of 0.50 + 0.02. All the
ungrouped chondrites and the KC in this study fall on a >*Mn/>2Cr
- £%3Cr correlation line (Fig. 4), with a slope of 0.484 * 0.051 (2c;
MSWD = 4.2; N = 16) and intercept (y-axis) of —0.13 = 0.03, also
using a model 3 (due to MSWD > 1) fit with IsoplotR
(Vermeesch, 2018).
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Table 2
26A1-2°Mg and Mg isotope data for the chondrites.
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Sample Type 27A1%4Mg Error (5 %) n2Mg* 2SE 52°Mg 3%Mg.psm 2SD 2SE 3%Mg 2SE N

SAH 97096 EH3 0.085 0.004 -14 14 -0.03 -0.15 0.06 0.02 -0.05 0.04 10
LEW 87232 K 0.104 0.005 —-4.0 1.8 0.00 -0.12 0.05 0.02 —0.01 0.03 10
MIL 15362 Ungrouped/H4-an 0.185 0.009 -0.3 2.5 —0.05 -0.17 0.06 0.02 -0.10 0.03 10
GRO 95551 Ungrouped 0.194 0.010 0.6 2.5 -0.09 -0.21 0.04 0.01 -0.17 0.02 10
NWA 5717 Ungrouped 3.05 0.091 0.005 -13 2.6 —0.06 -0.19 0.10 0.03 -0.13 0.06 10
MAC 87300 Ungrouped C2 0.118 0.006 129 21 -0.11 —0.23 0.09 0.03 -0.21 0.05 10
MAC 87301 Ungrouped C3 0.204 0.010 9.8 2.4 -0.05 -0.17 0.03 0.01 -0.08 0.02 10
MAC 88107 Ungrouped C3 0.192 0.010 19.0 23 -0.03 -0.15 0.04 0.01 -0.03 0.03 10
QUE 99038 Ungrouped C2/CM2/CV3 0.130 0.007 8.2 2.7 0.06 —0.06 0.03 0.01 0.13 0.02 10
Bells Ungrouped C2 0.096 0.005 —6.6 1.8 0.00 -0.12 0.09 0.03 -0.01 0.06 10
DaG 430 Ungrouped C3 0.103 0.005 4.6 19 0.01 -0.11 0.12 0.04 0.03 0.07 10
DaG 429 Ungrouped C3 0.112 0.006 2.5 1.2 —0.02 -0.15 0.09 0.03 —0.04 0.06 10
DaG 978 Ungrouped C3 0.134 0.007 73 2.5 0.01 -0.12 0.06 0.02 0.02 0.04 10
NWA 1152 Ungrouped C3 0.113 0.006 2.2 2.0 -0.01 -0.13 0.03 0.01 -0.02 0.02 10
NWA 12416 Ungrouped C3 0.124 0.006 7.0 1.5 -0.05 -0.18 0.06 0.02 -0.10 0.04 10
BUC 10933 Ungrouped C2/CR2 0.146 0.007 9.3 2.0 —0.04 -0.16 0.05 0.02 —0.07 0.03 10
MIL 07513 Ungrouped C2/CR2 0.310 0.016 39.0 2.6 -0.02 -0.14 0.07 0.02 0.01 0.04 10
MIL 090001 Ungrouped C2/CR2 0.125 0.006 -4.7 14 0.01 -0.12 0.06 0.02 0.01 0.04 10
SAV-1-1 Terrestrial peridotite 0.04 0.00 32 2.7 -0.03 -0.15 0.06 0.02 —0.06 0.04 10
TBA 1-9 Terrestrial peridotite 0.10 0.01 0.6 1.8 0.00 -0.12 0.11 0.04 0.01 0.07 10

Note: u*®Mg* represents parts per million (ppm) deviations from the internally normalized 2Mg/>*Mg of the sample from the reference standard, normalized to 2>Mg/?*-

Mg = 0.126896, using the exponential mass fractionation law.

The £%Cr Variation in Chondrites

The €8Ca Variation in Chondrites
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Fig. 1. The £°*Cr and £*8Ca compositions of ungrouped chondrites and other Solar System materials (literature £*Ca measured by TIMS were shown as small grey circles).
Red triangles are ungrouped carbonaceous chondrites (Un-CCs), and the blue triangles are the ungrouped non-carbonaceous chondrites (Un-NCs). The grey bars represent the
Earth and Moon values. It can be seen that all the Un-CCs and Un-NCCs have positive and negative £>*Cr and £%3Ca values, respectively. Literature data: £>*Cr (Qin et al.,
2010a; Schiller et al., 2018; Schiller et al., 2015b; Trinquier et al., 2007; Zhu et al., 2021a; Zhu et al., 2021b); £*8Ca (Dauphas et al., 2014; Moynier et al., 2010; Schiller et al.,
2018; Schiller et al., 2015b). Note: in Dauphas et al. (2014), some £*3Ca data measured respectively in multidynamic and static modes are not consistent. Here, we cited the
data from multidynamic measurements; we did not cite the £*¥Ca data with uncertainty > 1 in Moynier et al. (2010). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

4. Discussion
4.1. Cr and Ca isotope compositions

Unlike some chondrite groups, e.g., CVs, COs and CMs (Fig. 1)
that show large intra-group €>*Cr and €°°Ti heterogeneities
(Trinquier et al., 2009; Zhang et al., 2012; Zhu et al., 2021b), the
ECs have €>Cr and €°°Ti values that fall in a restricted range
(Zhang et al., 2012; Zhu et al., 2021b). Hence, the £*¥Ca values
for bulk ECs could also be homogeneous, and one EC sample may
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well be representative of the £*8Ca isotope compositions for all
ECs. In this study, the €*Ca value for SAH 97096 (—0.19 + 0.22,
2SE) is consistent with previous €*®Ca data (Dauphas et al.,
2014), albeit with better precision. SAH 97096 has the same
£%8Ca value, within error, as that of Earth (0.00 + 0.11, 2SD) and
the Moon (0.04 + 0.04, 2SD) (Schiller et al., 2018; Schiller et al.,
2015b). The &*8Ca similarity between the ECs and the Earth-
Moon system is consistent with their £>*Cr and A'’0 (per 1000
deviation from terrestrial samples for mass-independent O isotope
fractionation) isotope systematics (Clayton et al., 1984; Mougel
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Fig. 2. The relationships between A'70, £>4Cr, £°°Ti and £*3Ca for the Solar System materials. Colorful circles are chondrites, same as those in Fig. 1, while the grey areas
represent the differentiated planetesimals and planets. The dashed lines are the boarders of CC and NC material. Literature data: A'’0 (Greenwood et al., 2017; Torrano et al.,
2021) and Meteoritical Bulletin, £>*Cr (Qin et al., 2010a; Trinquier et al., 2007; Zhu et al., 2019b; Zhu et al., 2021a; Zhu et al., 2021b; Zhu et al., 2021c; Zhu et al., 2020b; Zhu
et al., 2022), €°°Ti (Torrano et al., 2021; Trinquier et al., 2009; Zhang et al., 2012) and €*3Ca (Dauphas et al., 2014; Schiller et al., 2018; Schiller et al., 2015b). Note: we use grey
circles to represent the £*3Ca data of CO chondrites in Dauphas et al. (2014), due to the relatively large data uncertainty of the TIMS measurements. The £*¥Ca data of CV
chondrites are not consistent between Moynier et al. (2010) and Dauphas et al. (2014), ranging from ~0 to ~3.8 (also Fig. 1), so we did not show them in these figures.

et al,, 2018; Qin et al., 2010a; Trinquier et al., 2007; Zhu et al,,
2020a), supporting a similar isotopic composition between the
ECs and Earth materials for these elements (Javoy et al., 2010;
Moynier and Fegley Jr, 2015). The £*8Ca value for SAH 97096 also
overlaps with those of the OCs (—0.35 + 0.15, 2SD) (Dauphas
et al., 2014; Schiller et al., 2018; Schiller et al., 2015b), which is
not consistent with other isotope system, e.g., °°Ti that was
assumed to has same isotopic carrying phase as “Ca. Hence, more
precise £*8Ca data for ECs are needed for possibly detecting a £*8Ca
gap between ECs and OCs.

Itqiy (EH7) has a similar €*8Ca value to those of the two
enstatite-rich stones from the Almahata Sitta strewn field, which
is consistent with their similar £>*Cr values (Zhu et al., 2021c).
The three samples, possibly representing the Itqiy parent body,
give an average £*8Ca value of —0.35 + 0.10 (2SD, N = 4). This value
is clearly lower than that of the Earth-Moon system and similar to
that of the EH3 chondrite (£*8Ca = -0.19 # 0.22). This combined
with their £34Cr (—0.26  0.03, 2SD, N = 2) and £°°Ti data (—0.34

+ 0.03, 2SD; two replicate measurements for Itqiy) (Trinquier
et al., 2009; Zhu et al., 2021c) suggests that Itqiy is not an EH,
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but came from a distinct EC-like parent body. Although the £*8Ca
values for the Itqiy parent body is consistent with that of the OCs
(-0.35 + 0.15), any genetic relationship can be excluded due to
their distinct €>Cr, €°°Ti and A'’0 compositions (Patzer et al.,
2001; Trinquier et al., 2009; Zhu et al., 2021c).

The KCs are a rare grouplet (Davis et al., 1977; Weisberg et al.,
1996). LEW 87232 has £>*Cr value of —0.44 + 0.04 that is the same
within uncertainty as that of the OCs with £°*Cr —0.39 + 0.10 (2SD)
(Pedersen et al., 2019; Qin et al., 2010a; Trinquier et al., 2007), but
they do not share common A'’0 and £*¥Ca compositions (Fig. 2),
with ~-1.2 %0 and -1.30 * 0.25 for LEW 87232 (Weisberg et al.,
1996) and 0.7 - 1.2 % and -0.35 = 0.15 for OCs, respectively
(Clayton et al., 1991). Therefore, a direct genetic relationship
between the KC and the OCs is unlikely.

Based on our data (Fig. 1), all the ungrouped CCs have £>*Cr
values > 0.3, while the three ungrouped NCs and the one KC
(belongs to NC) possess £>*Cr values that are lower than 0.3. Note
that, the £>*Cr = 0.3 is usually set as the boundary of between the
CCs and NCs (Zhu et al., 2021a; Zhu et al., 2021b), because some
terrestrial samples have reported &>Cr values of up to 0.2
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26A1-25Mg Diagrams of All Chondrites
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Zhu et al,, 2021a; Zhu et al., 2021b).
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(Mougel et al., 2018), and there is no £>*Cr value for CCs lower than
0.4 (Zhu et al., 2021Db). All the three ungrouped NCs and the one KC
possess negative €*Ca values (at most —0.4), while all the
ungrouped CCs have positive £*8Ca values (>0.28). Note that NWA
12416 has the lowest £*3Ca (0.28 + 0.29) and A'0 (—5.93 * 2.66;
2SD) values among chondrites, so it may need more petrological
studies to figure out the origin for its extreme isotope compositions.
Both the €°*Cr and £*8Ca systematics of the ungrouped chondrites
are consistent with the CC-NC isotopic dichotomy.

The anomalous £°*Cr, also €*¥Ca and &°°Ti, compositions for
ureilites (Chen et al., 2011; Qin et al.,, 2010b; Schiller et al.,
2015b; Trinquier et al., 2009; Yamakawa et al., 2010; Zhu et al.,
2020b) and NWA 011 (Warren, 2011) suggest the CC-NC dichot-
omy is more related to the petrology (mainly for chondrites) and
isotope compositions (Kleine et al., 2020) rather than to the carbon
contents (Mason, 1963) for chondrites. In detail, although most of
CCs have higher carbon contents than OCs and ECs with petrolog-
ical types of 3, some CCs, with petrologic types > 3, possess similar
carbon contents as ECs and OCs (Mostefaoui et al., 2000; Otting and
Zdahringer, 1967), which suggests thermal metamorphism had
depleted the carbon contents in the meteorites. Also it should be
noted that ureilites, with carbon contents ranging from 3 wt% to
7 wt% (Goodrich et al., 2015), experienced partial differentiation
(Cohen et al.,, 2004). Since magmatic differentiation processes
decrease the carbon content, the ureilite precursor was likely more
carbon-rich than most CCs (e.g., CI chondrites have a carbon con-
tent of ~3.19 %) (Otting and Zdhringer, 1967).

4.2. Suggestions of potential associations of the ungrouped chondrites

Combining A'70, &>Cr, €°°Ti and £*®Ca values is a robust
method for classifying chondrites. For example, MIL 15362 and
NWA 5717 have OC-like £°*Cr values (Zhu et al., 2021b), but their
A0, €°°Ti and &*8Ca values (they do not share common isotope
compositions) do not overlap with those of the OCs. Hence, they
must originate from parent bodies that are distinct from those of
the known OCs. GRO 95551 possesses RC-like (Zhu et al., 2021a)
and EC-like (Mougel et al., 2018; Qin et al.,, 2010a; Trinquier
et al., 2007; Zhu et al., 2020a) €>*Cr values, while its *¥Ca value
resembles those of the OCs. Its A'70 value does not match any
known chondrite groups, so this chondrite likely represents a
new NC chondrite parent body.

There are many ungrouped chondrites among the CCs. MIL
090292 was originally classified as a CR1 (Schrader et al., 2014).
Then, it has been suggested to be an ungrouped type 1 CC because
of its distinct mineralogy from GRO 95577 (CR1) and the O isotopic
composition of its magnetite (Jilly-Rehak et al., 2018). Its €>*Cr (1.
26 +0.04) and A'70 (—2.21 % 0.77 %) values supports it is a CR-like
chondrite.

MAC 87300 and MAC 87301 are potentially paired due to their
similar chondrule textures and mineralogies (Grossman, 1994),
which is consistent with their similar A'0, €>3Cr, €>*Cr and
£%Ca values. However, they have different £°°Ti values (Torrano
et al., 2021), making their relationship debatable. MAC 88107 has
similar a €>*Cr value to those of MAC 87300 and MAC 87301, but
different A'70, €°°Ti and €*8Ca values, suggesting that MAC
88107 originated from another parent body. Similar to the argu-
ments in Torrano et al. (2021), MAC 87300 and MAC 87301 may
be classified as CO-like, due to their similar A0, £°°Ti and £>*Cr
values as COs.

QUE 99038 is composed of many large and igneously rimmed
chondrules, many CAls and other refractory inclusions, and only
a small amount of matrix. Its petrology is closer to that of a CV
rather than CM (Grossman and Zipfel, 2001). Since CVs and CMs
have similar £>*Cr values (Zhu et al., 2021b) and the £*3Ca compo-
sition for the CVs is not well constrained [from ~1.92 to ~3.92;
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TIMS data; (Dauphas et al., 2014; Huang and Jacobsen, 2017)],
the isotope compositions reported here cannot distinguish
between the two chondrite groups. Previously, Bells was regarded
as a CM with unusual petrologic characteristics (Metzler et al.,
1992; Mittlefehldt, 2002). Although its €>*Cr value falls in the
range of CMs (van Kooten et al., 2020), its distinct £*8Ca value does
not support Bells being a CM.

DaG 429 and DaG 430 were found close to one another
(Grossman, 1999), and they have highly consistent €>3Cr, €>*Cr
and &*8Ca values, suggesting that they are paired meteorites, and
are potentially also paired with DaG 055 and DaG 056
(Grossman, 1999). Their €>*Cr and A'70 values (Greenwood
et al., 2020) indicate that they are CO-like or CV-like chondrites,
but their £*8Ca values do not overlap with that of one CO chondrite,
Lancé with £*8Ca = 3.87 + 0.56 (Dauphas et al., 2014). As for DaG
978, its €>*Cr value is also consistent with a CO- or CM-like group-
ing, but that is not the case for the £*8Ca systematics. Since there is
presently no precise £*8Ca compositions for the CVs, it cannot be
inferred that DaG 978 is a CV-like chondrite.

Previous study of NWA 1152 show that its petrographic charac-
teristics are similar to those of CRs, while its O isotope composition
is similar to CVs (Smith et al., 2004). Interestingly, its €>*Cr and
£%8Ca values overlap with those of CVs and CRs, respectively. This
chondrite’s intermediate isotopic compositions suggest that it rep-
resents a distinct CC parent body. NWA 12416 is regarded as a CO-
like chondrite because it possesses small chondrules and CO-like
bulk A0 values (Gattacceca et al, 2020; Greenwood et al.,
2020). However, its €>4Cr (~1.4) and £*8Ca (close to 0) values do
not support a genetic relationship with the COs or any other CC
group. Hence, NWA 12416 may represent yet another poorly sam-
pled CC parent body.

BUC 10933, MIL 07513 and MIL 090001 were originally classi-
fied as CR2s (Garvie, 2012; Ruzicka et al., 2015). However, for
BUC 10933 and MIL 07513 neither their £>*Cr nor their £*3Ca val-
ues match those of CRs. Hence, they are better regarded as
ungrouped C2s. The classification for MIL 090001 has been debated
between a CV or CR chondrite. It has similar £*¥Ca compositions to
CR chondrites is consistent with a CR classification. However, MIL
090001 has a different N isotope composition from other CRs
(Alexander et al., 2013).

Ninggiang is a unique ungrouped C3 chondrite. Detailed petro-
logical, mineralogical, O isotopic and bulk chemical studies indi-
cate that it bears many similarities with oxidized CV and CK
group chondrites (Kallemeyn et al., 1991; Rubin et al., 1988;
Wang and Hsu, 2009). For instance, its chondrule and matrix abun-
dances are CV-like, while refractory lithophile elements (1.01 x CI
on average) are closer to the CK (1.20 x CI) than CV (1.29 x CI)
groups (Wang and Hsu, 2009). Thus, its classification has been con-
troversial. Zhu et al. (2021b) has found a clear £>*Cr difference
between bulk CK (0.51 + 0.15, 2SD) and CV (0.89 £ 0.30, 2SD) chon-
drites. Therefore, the £°*Cr value (0.75 # 0.08) suggests that Ning-
giang is more like a CV chondrite.

4.3. Revisiting the 2°Al->Mg and >3*Mn->3Cr chronology of chondrites

In this study, we report high-precision 2°A1-2Mg data for one EH
chondrite, one K chondrite and a number of ungrouped CCs and NCs.
Fig. 3 combines our data with high-precision 26A1-*®Mg data for indi-
vidual meteorites taken from the literature (Larsen et al., 2011; Luu
etal., 2019; van Kooten et al., 2020; Van Kooten et al., 2016). As can
be seen, there is no well-defined 2°Al-2°Mg correlation line for all the
chondrites, with MSWD = 21. However, we can still calculate the cor-
responding 2°Al/*’Al ratio of (2.27 + 0.69) x 107>, anchored to CAls
with 26A1/27Al ratio of (5.23 = 0.13) x 107> (Jacobsen et al., 2008)
and absolute age of 4567.3 + 0.13 Ma (Connelly et al., 2012). In
Fig. 3b, we show the 26Al-2®Mg chondrite group averages, and there
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is still a lack of a relationship between ?’Al/?**Mg ratios and p**Mg*
values. Although all the ungrouped chondrites in this study are finds,
given that there are no systematic differences of Al/Mg ratios
between of OC and EC falls and finds (e.g., Kramer Creek, Barratta,
SAH 97096 and SAH 97159 are finds), the influence of terrestrial
weathering on their Al/Mg ratios should be minor. This poor correla-
tion in Fig. 3 is caused by the CR chondrites (Luu et al., 2019), the K
chondrite, and some ungrouped chondrites with 2’Al/>*Mg ratios
of ~0.13 and ~0.19. Two ungrouped NC chondrites (with few CAls),
MIL 15362 and GRO 95551, have high 2”Al/?**Mg ratios, but low
u?5Mg*. This could be caused by their late formation time, or low ini-
tial u?5Mg* values that suggests a heterogeneous distribution of 26Al
in the solar system (Larsen et al., 2011). The lack of an Al-Mg corre-
lation persists if only considering the CCs. Therefore, the Al/Mg and
u?%Mg* variations cannot solely be explained as a mixing of two end-
members originating from a common reservoir, e.g., CAls and other
silicates (Luu et al., 2019).

There is no a priori reason why all the chondrites should form a
common 26Al-2®Mg isochron since they have distinct photochemi-
cal and/or nucleosynthetic isotope anomalies, including O, Cr, Ti,
Ni, Ca, Mo (Budde et al., 2019; Clayton and Mayeda, 1999;
Dauphas et al., 2014; Qin et al.,, 2010a; Schiller et al., 2018;
Steele et al., 2012; Trinquier et al., 2007; Trinquier et al., 2009;
Zhang et al., 2012; Zhu et al., 2021b), reflecting variability in the
makeup of their precursors and/or their formation environments
within the protoplanetary disk. Rather, chondrites are complex
assemblages of CAls, AOAs, chondrules and matrix (Alexande,
2019a) that formed at different times and under varying conditions
(Connelly et al., 2012). For example, although CAls and some chon-
drules did form at the same time (see the internal isochron ages;
Connelly et al., 2012; Bollard et al., 2017), these objects have dis-
tinct nucleosynthetic anomalies [Cr and Ti: (Gerber et al., 2017;
Trinquier et al., 2009; Zhu et al., 2019a; Zhu et al., 2020a)], and,
as such, must have formed in distinct reservoirs. The matrix also
has a distinct origin based on its variable nucleosynthetic isotope
signatures [Cr, Ti, Mo and W; (Budde et al., 2016a; Budde et al.,
2016b; Schneider et al., 2020)]. The implications of a similar lack
of a bulk correlation in the >*Mn->3Cr systematics in chondrites,
and has been discussed by Zhu et al. (2021b) and Zhu et al.
(2021a). Thus, chondrites are mixed assemblages of different com-
ponents with different formation times and origins, which violates
the basic rules for producing isochrons.

MIL 07513 possesses the highest 27Al/**Mg ratio and p?°Mg*
value among all the chondrites analyzed to date, which may be
related to it also having the highest £%8Ca value. CAls usually have
much higher 2’Al/?*Mg ratios (up to ~8), p?*Mg* (up to ~3000 L)
and &*8Ca values (up to ~6) than bulk chondrites (Bouvier and
Wadhwa, 2010; Jacobsen et al., 2008; MacPherson et al., 2010;
Moynier et al., 2010; Schiller et al., 2015b; Thrane et al., 2006).
Given that CAls are rich in Ca and Al, if present in significant abun-
dance they will influence the bulk Al/Mg ratios and Ca isotope
compositions of chondrites. The CVs, for instance, have high CAI
contents (Krot et al., 2014) and also exhibit higher Al/Mg ratios
and £*®Ca values than most other chondrites. Amoeboid olivine
aggregates (AOAs) also have elevated p?°Mg* values, ranging from
~16 ppm to ~120 ppm (Larsen et al., 2011), and can also poten-
tially have a large effect on the bulk p?®Mg* composition of a chon-
drite. This is especially true for the CVs, COs and CMs that have
high AOA contents (Krot et al., 2014). However, their 2’Al/>*Mg
ratios are not particularly high (0.08 - 0.36; Larsen et al., 2011),
so that they may not modify the 2’Al/**Mg ratios of bulk chondrites
greatly. Chondrules and matrix account for >90 vol% of most chon-
drites and can also contribute to the variations in 2’Al/>*Mg ratios,
and p?®Mg* and £*8Ca values of bulk chondrites. CR chondrules
have 27Al/**Mg ratios that are similar to bulk CVs and CRs, while
CV and CM chondrules have systematically lower 27Al/?>*Mg ratios
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than bulk CMs (Olsen et al., 2016; van Kooten et al., 2020). This
could be the result of high contents of CAls in CV and CM chondrule
precursors (Krot et al., 2014). Moreover, CV chondrules have simi-
lar p?®Mg* values but higher 27Al/>*Mg ratios than CM chondrules
(Olsen et al., 2016; van Kooten et al., 2020). CV chondrules also
have similar 27Al/?>*Mg ratios but higher u?*Mg* values than CR
chondrules (Olsen et al., 2016). As for £*¥Ca systematics, one OC
has chondrules with heterogeneous but NC-like (i.e., < 0) £*8Ca val-
ues, while two CR chondrules show homogeneous &*Ca values
similar to those of bulk CR chondrites (Schiller et al., 2018). These
27A1/2*Mg, u**Mg* and £*3Ca differences between chondrules from
different chondrite groups, resulting from their different formation
times and precursor compositions, also contribute to the lack of an
Al-Mg correlation amongst bulk chondrites. Overall, there is no
well-defined 2°Al-2Mg correlation amongst bulk chondrites, and
the positive trend between 2’Al/>*Mg and p**Mg* mostly reflect
a rough mixing of high and low Al/Mg ratio reservoirs.

Fig. 4 shows the bulk Mn-Cr systematics in chondrites. Tagish
Lake (C2) is highly altered and very rich in carbonates that possess
high Mn/Cr ratios (Zolensky et al., 2002). As a result, the measured
Mn-Cr data may not represent its primitive composition (Petitat
et al., 2011), and it is not included in the figure. In addition to
the data reported in literature (Gopel et al., 2015; Qin et al,
2010a; Trinquier et al.,, 2008b; Zhu et al., 2021a; Zhu et al,,
2021b), we have added one K chondrite and more ungrouped
chondrites. It can be seen that LEW 87232 [K] shows the highest
55Mn/>2Cr ratio and €>3Cr value, leading to a positive trend
between >°Mn/>2Cr ratios and £°Cr values among all the chon-
drites. As for the Al-Mg system, there is also no well-defined
Mn-Cr correlation line, and this can also be caused by the different
origins of the chondrites and/or multiple chondritic components
mixing, as discussed in Zhu et al. (2021a) and Zhu et al. (2021b)
in detail.

5. Conclusion

This study reports high-precision mass-independent Cr, Ca and
Mg isotope data for enstatite meteorites, Kakangari and ungrouped
chondrites. The results are used to discuss the diversity of chon-
drite isotope reservoirs, test the CC-NC dichotomy, explore the
potential classification of the ungrouped chondrites, and revisit
the bulk >>Mn->3Cr and 26Al-2Mg chronology of chondrites. This
large dataset is used to reach the following conclusions:

1. One primitive EH3 enstatite chondrite (SAH 97096) has a £*8Ca
value of —0.19 % 0.22, which is similar to the Ca isotope compo-
sition of the Earth, Moon and maybe the ordinary chondrites.

. Itqiy [EH7] and two other potentially related enstatite-rich
rocks from the Almahatta Sitta fall show similar £*Ca composi-
tions, —0.35 + 0.10 (2SD), which is different from those of the
Earth-Moon system. This suggests the existence of a distinct
Itqiy parent body, consistent with their £>*Cr values.

. The first nucleosynthetic isotope data for one Kakangari chon-
drite, LEW 87232, is reported with £*8Ca and £>*Cr values of-1
.30 £ 0.25 and —0.44 * 0.04 respectively, indicating that it
belongs to the NCs.

. All the ungrouped carbonaceous chondrites show positive £>*Cr
and £*8Ca values, and all the ungrouped non-carbonaceous chon-
drites show zero or negative £>*Cr and £*Ca values. This observa-
tion confirms the CC-NC dichotomy for the solar system materials.

. Based on the new &3*Cr and £*Ca values, as well as their previ-
ously determined isotopic and petrologic properties, none the
ungrouped chondrites belong to any of the known chondrite
groups, and they probably come from separate chondrite parent
bodies.
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6. When the ungrouped chondrite data are combined with the lit-
erature data for chondrites, there are no well-defined bulk
26A1-25Mg and >3Mn->3Cr correlation lines. Hence, the bulk
chondrite compositions cannot be explained by mixing of only
two endmembers (e.g., CAls and other silicates), but are the
result of multiple-component mixing.
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