E% University of
OPEN (2" ACCESS BRISTOL

Zhu, K., Becker, H., Li, S. J., Fan, Y., Liu, X. N., & Elliott, T. (2022).
Radiogenic chromium isotope evidence for the earliest planetary
volcanism and crust formation in the Solar system. Monthly Notices of
the Royal Astronomical Society: Letters, 515(1), L39-L44.
https://doi.org/10.1093/mnrasl/slac061

Peer reviewed version

Link to published version (if available):
10.1093/mnrasl/slac061

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via Oxford University Press at https://doi.org/10.1093/mnrasl/slac061.Please refer to any applicable terms of use
of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.1093/mnrasl/slac061
https://doi.org/10.1093/mnrasl/slac061
https://research-information.bris.ac.uk/en/publications/3e42a14d-545c-40e6-be3b-bf2c29d7d902
https://research-information.bris.ac.uk/en/publications/3e42a14d-545c-40e6-be3b-bf2c29d7d902

[a—

10

11
12

13

14
15

16

17

18

19

20

21

22

23
24

Radiogenic chromium isotope evidence for the
earliest planetary volcanism and crust formation in

the solar system

Ke Zhu (% #7)"**, Harry Becker!, Shi-Jie Li?, Yan Fan??, Xiao-Ning Liu* and Tim
Elliott*

! Freie Universitit Berlin, Institut fiir Geologische Wissenschaften, Malteserstr. 74-
100, Berlin 12249, Germany

2 Center for Lunar and Planetary Sciences, Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang 550081 China

3 Department of Geology, Northwest University, Xi’an 710069, China

* Bristol Isotope Group, School of Earth Sciences, University of Bristol, Wills
Memorial Building, Queen’s Road, Bristol BS8 1RJ, United Kingdom

*corresponding author: ke.zhu@bristol.ac.uk

Accepted for publication in MNRAS Letters on June 1, 2022



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Abstract

Erg Chech (EC) 002 is a meteorite with andesitic composition, potentially
recording the lava crystallization and crust formation of its parent body.
Nucleosynthetic Cr isotope composition (>*Cr = —0.35 + 0.06) for EC 002 suggests a
non-carbonaceous region of the solar system, and possibly represents the crustal
composition of the brachinite parent body. The **Mn-to->*Cr decay system shows it
crystallized at 4566.6 = 0.6 Ma, i.e., 0.7 = 0.6 Ma after solar system formation (only
considering the cogenetic matrix fractions with similar €*Cr values). This age
represents the earliest recorded evidence for planetary melting and volcanism in the
solar system, suggesting that the planetary crust formation occurred very early, only
within the first few hundred thousand years of solar system history. However, the >>Mn-
53Cr age does not overlap with 2A1-*Mg dating results, which might indicate that non-
carbonaceous achondrites have lower initial 2°A1/2’Al than the canonical value defined

by refractory inclusions in carbonaceous chondrites.

Key words: meteorites, meteors, meteoroids; planets and satellites: formation;

planets and satellites: composition; astrochemistry.
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1. Introduction

Rocky planets are the only harbor for life form in the solar system, so unravelling
their origin and history is fundamental for understanding the habitability of planets
other than Earth (Cockell et al., 2016; Lineweaver and Chopra, 2012). For example,
mantle-crust differentiation on Earth has set boundary conditions through redox
conditions and early degassing processes that liquid water can occur on the surface of
Earth. Geochemical studies, mainly elemental and isotopic compositions, on the
specimens from these planets provide significant information about differentiation
processes and their timing. Sample-return missions represent one way to obtain these
specimens from the differentiated planets (e.g., Anand et al., 2020), but at great time
and expense. Nonchondrite meteorites (including achondrites) also originate from
differentiated asteroids and planets, e.g., from Moon, Mars and Vesta, and the angrite
and ureilite parent bodies (Agee et al., 2013; Binzel and Xu, 1993; Bischoff et al., 2014;
Marchi et al., 2013; Weiss et al., 2008). Some nonchondritic meteorites have a unique
mineralogy and bulk composition, indicative of core, mantle and crustal domains of
their parent bodies and thus, these samples record large-scale early planetary
differentiation events. For instance, ureilites (Mg-rich, dominated by olivine and
pyroxene) and iron meteorites (Fe-Ni metal) are from the mantle and core of asteroids
respectively, and record planetary mantle differentiation and core formation (Goldstein
et al., 2009; Goodrich et al., 2004). In contrast, shergottite and howardite—eucrite—

diogenite (HED) meteorites which are inferred to derive from Mars, 4 Vesta and related
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bodies, reflect a variety of crustal compositions and processes (Mezger et al., 2013;
Mittlefehldt, 2015). In addition to the well-known achondrite groups with numerous
members, ungrouped achondrites, e.g., Northwest Africa (NWA) 011 (Yamaguchi et
al., 2002), Graves Nunatak (GRA) 06128/06129 (Day et al., 2009), NWA 11119
(Srinivasan et al., 2018), and NWA 7325 (Koefoed et al.,, 2016) expand the
compositional range of achondrites towards chemically more evolved compositions
(e.g. higher SiO; contents) and thus showcase the diversity of planetary and asteroidal
crusts in the solar system. Some achondrites , e.g., NWA 11119 and NWA 7325, yield
evidence for their accretion and differentiation within the first ~5 million years after the
formation of Ca-Al-rich inclusions (CAls) (Barrat et al., 2021; Koefoed et al., 2016;
Srinivasan et al., 2018; Zhu et al., 2019b). Hence, dating more achondrites is beneficial
to map the early history of solar system.

Erg Chech (EC) 002 is a recently (2020) recovered achondrite with andesitic
composition which formed by asteroid partial melting and fractional crystallization
processes (Barrat et al., 2021). Therefore, its crystallization age should record the
eruption age of the magma and the formation of part of its early planetary crust. Barrat
etal. (2021) and Fang et al. (2022) employed *°Al-**Mg measurements that suggest that
this achondrite crystallized at 4564.97 £ 0.01 Ma (in-situ SIMS) or at 4565.43 £ 0.01
Ma (MC-ICP-MS) respectively (i.e., 2.33 + 0.01 Ma and 1.87 = 0.01 Ma after solar
system formation), if the Al-Mg systematics are anchored to CAls (Amelin et al., 2010;

Connelly et al., 2012; Jacobsen et al., 2008). However, these 2°Al-2Mg dates would be
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~1.2 Ma older if anchored to the D’Orbigny angrite meteorite (Amelin, 2008a;
Brennecka and Wadhwa, 2012; Schiller et al., 2015). These different 2°A1->Mg ages
may reflect heterogeneity of initial solar system 2°Al/2’Al (Larsen et al., 2011; Sanborn
et al., 2019; Schiller et al., 2015; Wimpenny et al., 2019), at least between the CAI and
angrite formation regions. Such an age difference can also be analytical or a function
of sample heterogeneity. Although it might be expected that minerals within magmatic
samples such as EC 002 are homogeneous, previous studies of the primitive achondrite
Tafassasset and mantle-derived samples of the ureilite parent body possess
heterogeneous mass-independent Cr isotope compositions (Gopel et al., 2015;
Kruttasch et al., 2022; Zhu et al., 2020b). Thus, additional isotopic and age constraints
on EC 002 from other decay schemes would be useful.

53Mn->*Cr chronometry can also be used for dating events during the first 20 Ma
of the solar system (Birck and Allegre, 1988; Glavin et al., 2004; Gopel et al., 2015;
Yamashita et al., 2010; Zhu et al., 2019b; Zhu et al., 2020b). Manganese and Cr are
relatively abundant in meteorite samples, e.g., usually more than 1000 ppm in
chondrites that are regarded as putative planetary precursors (Kallemeyn and Wasson,
1981), and therefore allow precise measurement of Cr isotopic compositions even in
small samples. Particularly in achondrites, the variation of the Mn/Cr ratios between
minerals is large enough to ensure high-precision ages. For instance, Cr spinels have
very low, pyroxenes intermediate and olivine high Mn/Cr ratios, depending on their

chemical compositions (Lugmair and Shukolyukov, 1998). The good concordance
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between U-Pb, 'S2Hf-'2W and 3*Mn->*Cr ages in carbonaceous, non-carbonaceous
chondrites and achondrites supports an initially homogeneous distribution of the
33Mn/>Mn ratio in both inner and outer Solar System, as is indicated by Gujba CB
chondrules: (Bollard et al., 2015; Yamashita et al., 2010); carbonaceous achondrites
(Amelin et al., 2019; Sanborn et al., 2019); angrites (Amelin, 2008a; Brennecka and
Wadhwa, 2012; Kleine et al., 2012; Zhu et al., 2019b) and ecucrite-like achondrites
(Wimpenny et al., 2019).

Additionally, mass-independent variations of **Cr/°*Cr ratios, expressed as £**Cr
(per ten thousand isotope ratio deviation relative to NIST standard), serve as
fingerprints for presumed domains from which solar system materials were derived
(Trinquier et al. 2007). For example, all known carbonaceous chondrite-like (CC)
meteorites show £>*Cr values > 0.3, while the non-carbonaceous chondrite-like (NC)
meteorites (or bodies) have £*Cr value < 0.3 (Qin et al., 2010; Trinquier et al., 2007;
Zhu et al., 2021a). Hence, the >*Cr information provides insights into the accretion
location of EC 002 in the context of other solar system objects. Furthermore, £*Cr data
enables testing whether or not different mineral fractions in the sample were
isotopically equilibrated at the time of their crystallization. Here, we report high-
precision radiogenic and nucleosynthetic Cr isotope data for bulk rock and mineral
separates of EC 002, aiming at 1) testing the £**Cr homogeneity inside this achondrite
meteorite, 2) understanding the possible initial location of its parent body in the solar

system, and 3) dating the crystallization of this meteorite.



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

2. Results

EC 002 has a porphyritic texture comprising large orthopyroxene xenocrysts, with
anhedral Mg-rich cores (Mg# from 0.79 to 0.86), with euhedral rims of lower Mg#
(from 0.57 to 0.73), compositionally similar to a population of smaller phenocrysts
(Figure 1 and S1). In the matrix, low-Ca and high-Ca pyroxenes (with Mg# of ~0.44
and ~0.55 respectively), plagioclase and K-rich alkali feldspar, silica minerals and
spinel occur, which is consistent to the previous petrological studies (Barrat et al., 2021).
Their chemical compositions were determined by electronic microprobe (EMP), and
the data are shown in Table S1-S5 and Figure S1-S2.

Sample preparation and analytical methods for Cr isotope analysis are described
in the Appendices, and the data are reported in Table 1. Bulk EC 002 shows a &>*Cr
value of —0.35 = 0.06 (Figures S3 and S4), whereas some separated mineral fractions
show &**Cr heterogeneity (Figure S3). Two pyroxene fractions, XPX and HPX3, and
one spinel, SP2 (the HNO; + HF leaching residue from XPX), have different £*Cr
values ranging from —0.17 + 0.05 to —0.06 + 0.09, whereas the other mineral fractions
and bulk EC 002 have homogeneous &>*Cr averaging at —0.33 + 0.10 (2SD, N = 5).
Note that, XPX possesses much higher Mg# (0.86) than bulk EC 002 and other
pyroxenes in the matrix (0.43 — 0.58). The bulk EC 002 and different mineral
components have variable >>Mn/>2Cr ratios (from 0.014 to 1.999), and if we only
consider the four mineral fractions (LPX, HPX1, HPX2 and SP1) with similar £**Cr

values (Figure 2, S3), they fall on a well-defined correlation line with a slope of 0.516

7
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+ 0.040 (2SE) and Y-axis intercept of —0.054 £ 0.050 (2SE, MSWD = 0.90; Figure 4).
If the bulk EC 002 is included on the isochron, the slope is 0.506 + 0.038 (2SE) and Y-

axis intercept of —0.064 + 0.050 (2SE, MSWD =4.1).
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3. Discussion

3.1 Isotopic disequilibrium in Erg Chech 002 and the origin of £Cr

heterogeneity

Cosmogenic effects can alter mass-independent Cr isotope compositions (Qin et
al., 2010; Shima and Honda, 1966), but this likely is not be the case for the &**Cr
heterogeneity inside EC 002. Fe is the major target element for cosmogenic production
of Cr isotopes (Shima and Honda, 1966) and it can be seen that the £**Cr values for EC
002 components do not correlate with Fe/Cr ratios (Figure SS5). Further, EC 002
possesses a relatively low cosmic ray exposure age (CREA) of ~26 Ma (Barrat et al.,
2021) and a bulk Fe/Cr ratio of 22. Since bulk angrites have longer CREA (up to 60
Ma) and higher Fe/Cr ratios (up to ~600), yet show homogeneous £>*Cr (Zhu et al.,
2019b), the cosmogenic effect on Cr isotope compositions on EC 002 should be less
than the analytical uncertainty.

From the BSE images of EC 002 (Figure 1), it is clear that there are xenocrystic
pyroxenes likely did not crystallize from the current magma host. In detail, the
xenocrystic pyroxenes are rich in Mg and poor in Fe (with Mg# > 70; Table S1),
compared to all the pyroxenes phenocrysts (with Mg# < 60; Table S2). These chemical
differences can be used to distinguish the xenocrystic and matrix pyroxenes; for
example, XPX with Mg# of 0.86 can belong to xenocrystic assemblage. Its leaching
residue, which comprises spinel (SP2), shows a higher £>*Cr of —0.06 + 0.09. We

interpret the small £*Cr difference between XPX and SP2 as reflecting Cr exchange

9



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

between matrix material and XPX at high temperatures, around 1200 °C (Barrat et al.,
2021). Thus, the Cr-rich SP2 may most closely represent the Cr isotope composition of
the original orthopyroxene xenocryst-spinel inclusion assemblage. Similarly, HPX3
(with Mg# of 0.53 lower than that of XPX) also shows a higher £**Cr value (—0.17 =
0.11) than most of other EC 002 components and bulk, which may be also a mixture of
inherited higher £**Cr from the xenocrysts and lower £>*Cr of surrounding melt, now
represented by the matrix. The A'7O values of EC 002 matrix (—0.14 + 0.01%o; 2SE, N
=3) and xenocrysts (—0.11 £ 0.01%o; 2SE, N =4) are also slightly different (Gattacceca
et al., 2021), lending support to the notion of isotopic heterogeneity between mineral
phases in the EC002 parent body.

Recently, internal £>*Cr heterogeneities were reported from other achondrites. The
mineral separates and leachates from Tafassasset [CR-like primitive achondrite] show
&>*Cr variability from 1.48 £ 0.12 to 3.71 £ 0.17 (Gépel et al., 2015). Unlike on the EC
002 parent body, Tafassasset only experienced localized partial melting and the melts
did not segregate from the residue (Gardner-Vandy et al., 2012). Nevertheless, the Cr
isotopic data on Tafassasset show that magmatic conditions may not necessarily
homogenize £*Cr heterogeneities inherited from nebular precursor materials. Other
evidence for £>*Cr heterogeneity in achondrites comes from ureilite analyses. The acid
leachates of main-group ureilite show &**Cr values ranging from ~—1.2 to ~0.8
(Kruttasch et al., 2022),which is consistent with a previous study of samples from the

ureilite parent body which reported £*Cr heterogeneity with values ranging from —0.68
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+ 0.09 to —1.06 £ 0.04, interpreted to reflect mantle heterogeneity (Zhu et al., 2020b).
The ureilite parent body is believed to have undergone core-mantle-crust differentiation
(Barrat et al., 2016; Goodrich et al., 1987; Warren et al., 2006). Because both the bulk
ureilites and ureilite leachate fractions show the €**Cr heterogeneity, these results
suggest that planetary magmatic processes may not fully homogenize heterogeneous
nucleosynthetic isotope signatures. Note that, both Tafassasset and ureilites belong to
the primitive achondrites. According to >*Cr systematics, EC 002 most closely matches
the brachinites, which is also a group of primitive achondrites (Keil, 2014). This will
be further discussed in the next section.

Another possible origin for the £**Cr heterogeneity might be late accretion of
material with a chondritic bulk composition. Late accretion of chondritic material
(Morbidelli and Wood, 2015), can have a major influence on the siderophile budget
e.g., Ni, of planetary mantles. However, bulk EC 002 and all the mineral fractions have
very low Ni/Mg ratios (Table 1), relative to chondrites with Ni/Mg (atom) ratios of
~0.04 (Alexander, 2019). Assuming mixing between bulk EC002 and CI chondrite,
with €3*Cr (highest among chondrites) and Ni/Mg ratios of 1.50 and 0.045 respectively,
achieving the Ni/Mg ratio of XPX (~0.004) requires ~90% bulk EC 002. If XPX was
mixing by 90% EC 002 + 10% CI chondrites, however, it cannot account for a £>*Cr =
XX rather than the value of —0.17 = 0.06 in XPX. Hence, chondritic contamination as

a cause for £*Cr heterogeneity in EC 002 appears minor.
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The &>*Cr difference between EC 002 xenocrysts (up to ~—0.06) and fine-grained
andesitic matrix (< —0.35, represented by bulk EC 002) possibly suggests
heterogeneous mantle sources of £>*Cr in the EC 002 parent body. The high-Mg
pyroxene xenocrysts may have crystallized as magmatic cumulates in the mantle or
lower crust of the EC 002 parent body. Then they might have been captured by the
andesitic magma that formed from another source region with different £>*Cr signatures,
and both were transported close to the surface of the parent body. Possibly due to the
small-size of EC 002 parent body and rapid cooling of the magma, the pyroxene
xenocrysts were not fully equilibrated and dissolved only partially, and thus were
preserved in EC 002. This situation is also indicated by the £Cr difference between
SP1 (¢°3Cr=-0.06 + 0.06, from the fine-grained matrix) and SP2 (¢**Cr=—-0.13 £ 0.05,
leaching residue associated with xenocrysts; Figure 1), which suggest using the Mn-Cr
model ages (Anand et al., 2021) that spinel in xenocrysts with lower &*Cr values
formed earlier than the spinel in matrix. In details, chromites have Mn/Cr ratios close

to 0, their lower £>3Cr values means less radiogenic **Cr ingrowth and earlier formation.

3.2 Erg Chech 002 derived from a brachinite-like body from the inner

solar system

The €3*Cr values for both bulk and all the mineral components are lower than 0.3
(Table 1) and fall in the range of NC materials (Qin et al., 2010; Trinquier et al., 2007,
Zhu et al., 2021a), hence the EC 002 parent body likely accreted in the inner Solar

System. The £*Cr value of bulk EC 002, —0.35 + 0.06 (Figure S4), is similar to angrites

12
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[-0.42 £ 0.13; (Trinquier et al., 2007; Zhu et al., 2019b)], brachinites [-0.44 + 0.13;
(Williams et al., 2020)] and ordinary chondrites [—-0.39 + 0.09; (Pedersen et al., 2019;
Qin et al., 2010; Trinquier et al., 2007; Zhu et al., 2021a)]. Mass-independent O isotope
compositions, i.e., A'’O =—0.13 £ 0.03%o [2SD, N = 7; average values of matrix and
xenocryst; (Gattacceca et al., 2021)] suggest an affinity of EC 002 closest to brachinites
with A0 of —0.23 + 0.14%o (Figure S4). However, brachinites have a different
chemical composition (Keil, 2014) than EC 002 and are ultramafic primitive
achondrites that did not undergo large-scale differentiation and presumably come from
relatively deep in their parent body (Keil, 2014). In contrast, EC 002, with andesitic
petrography and composition, possibly represents a part of the upper crust of the parent
body. If EC 002 and brachinites indeed derive from the same parent body, this would
imply a partially melted and differentiated body that retained some little differentiated
domains and formed from broadly chondritic materials (Collinet and Grove, 2020; Keil,
2014). Thus, a heterogeneous interior of the EC 002 parent body would be indicated if
it is related to the brachinites as A'’0O and £*Cr values similar to brachinites suggest.
Brachinites are primitive achondrites (Keil, 2014) in which mass-independent isotope
compositions have not been fully homogenized by melting processes (Gopel et al., 2015;

Zhu et al., 2020b).
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3.3 Age of Erg Chech 002, representing the oldest volcanism and crust

formation in the solar system

For accurate Mn-Cr isotopic dating, a requirement is that mineral fractions on the
isochron formed from an isotopically homogeneous reservoir regarding initial >*Cr/>*Cr
ratios. Hence, the role of the internal £**Cr heterogeneities in EC 002 needs to be
assessed. Using EC 002 mineral fractions from the matrix portion with similar £**Cr
values (—0.32 £ 0.11; 2SD, N = 4) for >*Mn->Cr dating should avoid problems caused
by the xenocryst assemblage with different £*Cr. These proportions with similar £**Cr
values should reflect crystallization from a common magma source (Figure S3), at the
same time, the linear correlation in the isochron diagram suggests that Mn/Cr was not
disturbed. The correlation line of >Mn/>?Cr and £>*Cr values (Figure 2) for the mineral
fractions with overlapping £>*Cr values can be interpreted as a >*Mn->*Cr isochron that
records fast, magmatic crystallization of the andesite. The slope of the mineral isochron
corresponds to a **Mn/>>Mn value of (5.85 + 0.45) x 10 that can be translated to an
absolute age of 4566.6 = 0.6 Ma, i.e., 0.7 = 0.6 Ma after CAls, if this age result is
anchored to the initial **Mn/>*Mn of (3.24 £ 0.04) x 10~ for the fast-cooled D’Orbigny
angrite which has a well-defined Pb-Pb age of 4563.37 £ 0.25 Ma that has been
corrected for U isotope compositions (Amelin, 2008a; Brennecka and Wadhwa, 2012;
Glavin et al., 2004). The age uncertainty reflects propagated uncertainties on the slope
of the isochron, the half-life of ¥Mn, the U-corrected Pb—Pb age, and the >*Mn/>**Mn

ratio of D’Orbigny. The bulk rock of EC 002 has an £**Cr consistent with the mineral
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compositions that define the isochron (Table 1 and Figure S3), suggesting that the
fraction of xenocrysts in the Cr isotope balance must be small and within uncertainties.
If we include the bulk EC 002 on the >*Mn->*Cr isochron, the >*Mn/>*Mn ratio and
absolute age change only marginally to (5.74 + 0.43) x 107® and 4566.5 + 0.6 Ma,
respectively (with a higher MSWD value of 4.1). These two ages with a difference of
only ~0.1 Ma are highly consistent. We mainly discuss the age excluding bulk EC 002
due to a much lower MSWD.

We also calculated the Mn-Cr isotope age of the three components with higher
£>*Cr values (SP2, XPX and HPX3), which results in a slope of 0.538 = 0.044 (2SE,
MSWD = 0.36), a Y-axis intercept of -0.147 + 0.038 (2SE), a >*Mn/>*Mn ratio of (6.10
+0.50) x 10°°, and an absolute age of 4566.8 + 0.6 Ma (anchored to D’Orbigny).These
two similar ages suggests there is only a very short time gap between crystallization for
xenocrysts and matrix melt.

Currently, this *Mn->Cr age of 4566.6 = 0.6 Ma for crystallization for EC 002
represents the oldest record of volcanism in the Solar System. For example, the oldest
crust formation of Earth and Moon only dates back to ~4.3-4.4 Ga (Borg et al., 2019;
O’Neil and Carlson, 2017), and Mars, Vesta and the angrite and main-group aubrite
parent bodies show ages of mantle-crust differentiation at ~4547 Ma (Bouvier et al.,
2018), 4564.8 = 0.6 Ma (Trinquier et al., 2008), 4563.2 = 0.2 Ma (Zhu et al., 2019b)
and 4562.5 £ 1.1 Ma (Zhu et al., 2020a), respectively. The crystallization age of EC

002 also predates all those of the other dated achondrites, such as angrites (Amelin,
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2008a, b; Connelly et al., 2008), ureilites (Bischoff et al., 2014; Goodrich et al., 2010),
NWA 8704/6693, NWA 11119 (Srinivasan et al., 2018), and NWA 7325 (Koefoed et
al., 2016). The result strongly supports the notion that advanced silicate differentiation
occurred and evolved planetary crust formed very early in the Solar System, i.e., within
the first 1 Ma after CAI formation (4567.3 £ 0.1 Ma, (Amelin et al., 2010; Connelly et
al., 2012). The crystallization of andesitic crust must postdate both accretion and core
formation on the EC 002 parent body, which is also consistent with evidence for early
core formation for some asteroids derived from some iron meteorites (Anand et al.,
2021; Kruijer et al., 2014). The age for EC 002 is older than some of the chondrule
formation ages (Bollard et al., 2017; Connelly et al., 2012; Zhu et al., 2020a). This
observation supports previous suggestions that many chondrites and their components
reflect younger nebular processes, postdating the oldest differentiated planetesimals,
such as the EC 002 parent body. Thus, chondrules may not necessarily reflect an
important ingredient in the accretion history of terrestrial planets (Johansen et al., 2015),
although this cannot be excluded for earlier chondrule precursors with older generations
(Zhu et al., 2019a). Considering its very old age and the short half-life of 0.7 Ma of
26Al, the heat source for melting of the EC 002 parent body must have been the decay
of 2°Al. The reason why EC 002 cooled and crystallized so early might have been that
its parent body was of a much smaller size than the terrestrial planets, since small bodies
cannot retain their heat well. The size of the EC 002 parent body may have been smaller

than the size of asteroids like Vesta (with mean radius 0f 262.7 km; (Russell et al., 2012)
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and the angrite and aubrite (main-group) parent bodies, which differentiated later, at
2.5 — 5 Ma after CAls (Amelin, 2008a; Trinquier et al., 2008; Zhu et al., 2019b; Zhu et

al., 2021b).

3.4 Inconsistencies between 3*Mn->*Cr and 2°Al1->Mg ages

EC 002 has been dated by the 2°A1->Mg chronometer, resulting in two resolvably
different ages, 4564.97 £ 0.01 Ma (Barrat et al., 2021) and 4565.43 £ 0.01 Ma (Fang et
al., 2022) by SIMS and MC-ICP-MS respectively. The **Mn->*Cr age of EC 002 is ~1.1
Ma or ~1.5 Ma older than these two ages. The age inconsistencies between **Mn->*Cr
and 2°Al-**Mg chronometry can in principle be 1) xenocryst material was included in
the Al-Mg isochron; 2) different closure temperatures of the two systems; 3) 2°Al-2Mg
systematics may have been disturbed by terrestrial weathering (Luu et al., 2019;
Wimpenny et al., 2019); 4) Al heterogeneities in the early Solar System (Larsen et al.,
2011; Schiller et al., 2015). Fang et al. (2022) did not report the chemical composition
(e.g., Mg#) of the EC 002 mineral fractions used to establish their AI-Mg isochron, so
it is difficult to estimate the influence from xenocrysts. It is clear that the xenocrysts
are older than the matrix mineral assemblage, which is also supported by the >*Mn->*Cr
model age for spinels. Including xenocrysts on the isochron will only increase the Al-
Mg isochron age, which contradicts its younger age. EC 002 represents an andesitic
volcanic rock, implying that most of the rock underwent rapid cooling and
crystallization after eruption. Based on the Fe-Mg exchange in the xenocryst

assemblage and other mineralogical evidence (Barrat et al., 2021) estimated that the
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cooling time scale for EC 002 after eruption might have lasted several decades at most,
far less than the 3*Mn->*Cr and 2°Al-*’Mg age uncertainty. Hence, the 3*Mn->*Cr system
and both 2°A1-2Mg systems of SIMS and MC-ICP-MS measurements in EC 002 should
have closed essentially at the same time. The inconsistent °Al-*Mg ages dated by
SIMS (Barrat et al., 2021) and MC-ICP-MS (Fang et al., 2022) can be mostly attributed
to inaccurate Al/Mg ratio measurements on SIMS due to lack of suitable standards,
which may cause matrix effects during measurements (Fukuda et al., 2020). Note that,
the D’Orbigny anchored 2°Al->Mg age (4566.6 + 0.01 Ma; 0.7 + 0.01 Ma after solar
system formation) is consistent with the >*Mn->*Cr age (4566.6 + 0.6 Ma) in this study,
in contrast to the CAl-anchored *°Al-*Mg age (4565.4 + 0.01 Ma; 1.9 + 0.01 Ma after
solar system formation).

Although EC 002 is a meteorite find, its degree of terrestrial weathering is low
(Gattacceca et al., 2021). Plagioclase with high Al/Mg ratios mostly controls the slope
of the 26A1-*Mg isochron and could have lost Mg in weathering processes on Earth’s
surface (Luu et al., 2019; Wimpenny et al., 2019). Since terrestrial weathering should
only cause mass-dependent Mg isotope fractionation that does not change the mass-
independent §°°Mg* values, loss of Mg and increasing the Al/Mg ratios for plagioclase
would decrease the slope of the 26A1-**Mg isochron and yield a younger age, which
would be consistent with the younger 2°Al->*Mg age reported in Fang et al. (2022). On
the other hand, one of the time anchors, D’ Orbigny angrite is also a meteorite find that

experienced terrestrial weathering that might disturb the 2°Al-**Mg isotope composition
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in its plagioclase. Schiller et al. (2015) precisely measured the mass-dependent Mg
isotope compositions (8**Mg data) of mineral fractions in D’ Orbigny, and showed that
the plagioclase with higher Al/Mg ratios have lighter Mg isotope compositions than the
bulk, which is inconsistent with a weathering origin from the observation that terrestrial
weathering causes isotopically heavier Mg residues (Teng et al., 2010). Hence, it
appears that terrestrial weathering is not likely the cause of the age inconsistencies
either.

As we discussed in the introduction, different choices of age anchors for the 26Al-
2Mg decay system, CAls vs. the D’Orbigny angrite, result in different ages with a
difference of 1 — 1.5 Ma. The differences can be interpreted as a reflection of different
initial 2°Al/2” Al in the CAI accretion region, closest to the Sun (MacPherson et al., 1988;
Sossi et al., 2017) compared to the initial *A1/*’Al in the angrite formation region. In
fact, CAls also show large mass-independent isotopic anomalies for multiple elements,
e.g., O, Cr and Ti (Krot et al., 2020; Trinquier et al., 2009), which suggest that they
formed in different nebula environments compared to achondrites like angrites and EC
002. In Figure 3 and Table S6, we show U-Pb, >*Mn-3Cr and 26Al-**Mg age
comparisons for several achondrites. The data indicates that for all NC-like achondrites
(>*Cr values < 0.3; (Zhu et al., 2021a)), their U-Pb ages and, >*Mn->*Cr and 2°Al-*Mg
ages anchored to D’Orbigny are consistent. This consistency may indicate that the
abundance of initial 2°Al/>’ Al value of NC achondrites at 4567 Ma may have been lower

in the non-carbonaceous region relative to the canonical initial solar system value of
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26A1/%7 Al derived from CAls (Schiller et al., 2015). However, for NWA 6704 which has
a CR chondrite-like £3*Cr, its *Mn->3Cr ages are more consistent if its 26A1->°Mg age
is anchored to CAIs, which suggests that the 2°Al abundance of the CC bodies in the
outer solar system may follow that of CAls. This conclusion is also consistent with the
olivine grains (with Al/Mg ratio close to 0) in carbonaceous chondrites having the
canonical initial p**Mg (~—35 ppm), indicating that the initial ?A1 abundance in CCs
at 4567 Ma was similar to that of CAls (Gregory et al., 2020). Thus, the age difference
of 2°A1->Mg ages relative to **Mn->Cr ages can be caused by a different initial
abundance of “°Al in the inner relative to the outer solar system. We note that the U-Pb
age of NWA 2976 overlaps the Al-Mg ages anchored to both CAls and D’Orbigny.
This issue warrants more detailed assessment and discussion, e.g., the U-Pb dating
(Krestianinov et al., 2021), however, mineral fractions used for dating should avoid

xenocrystic material that may have formed at different times and from different sources.
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403 Table 1 3Mn->3Cr data for bulk and mineral components from Erg Chech 002.

EC 002 Mass(g) Mn Cr Ni Ti Ni/lMg Fe/Cr Ti/lCr Mg# SSMn/52Cr e3Cr 2SE  £%Cr 2SE N
Bulk 0.0394 3837 4135 4 2596 0.00004 22 0.68 0.49 1.322 0.55 0.04 -—-0.35 0.06 15
LPX 0.0131 1482 1047 11 1214 0.00026 33 1.26 0.54 1.999 0.97 0.05 —-0.27 0.09 12
HPX1 0.0013 5862 8169 23 2538 0.00011 16 0.34 0.58 1.014 0.49 0.04 —0.M1 0.10 15
HPX2 0.0044 5659 6205 14 2727 0.00009 20 0.48 0.52 1.279 0.59 0.05 -—0.29 0.08 12
SP1 0.09832 0.4 0.16 0.018 —0.06 0.06 —0.31 0.10 12
SP2 0.04104 0.4 0.12 0.014 -0.13 0.05 -0.06 0.09 13
XPX 0.00438 4 0.40 0.86 0.165 —-0.07 005 -0.17 0.05 15
HPX3 0.0105 5600 8511 5 2914 0.00003 14 0.37 0.53 1.314 0.56 0.04 -0.17 0.1 15
NIST 3112 0.02 0.03 0.04 0.06 18

DTS-1 0.10 0.04 0.15 0.09 8

Allende-a 0.09 0.04 0.84 0.14 8
Allende-b1 0.04 0.07 0.80 0.12 10
Allende-b2 0.05 0.05 0.86 0.06 9
Allende-b3 0.07 0.05 0.84 0.1 15
Allende-b4 0.05 0.03 0.81 0.07 7
Allende-ave. 0.06 0.04 0.83 0.04 2SD

404  Abbreviations: LPX: low-Ca pyroxene, HPX: high-Ca pyroxene, XPX: xenocrystic pyroxene, SP: spinel.

405 Note: Mg#, i.e. [Mgl/([Mgl+[Fe]), and other elemental ratios are atomic ratios, while the elemental concentrations are expressed in ug/g. NIST 3112 was also passed through
406  the Cr column chemistry, as for samples. The uncertainty of 35Mn/52Cr (atomic) ratios (measured by Neptune MC-ICP-MS) and the elemental concentrations (measured by
407 Element XR ICP-MS) are tested as 1% and 10%, respectively (20). DTS-1 and Allende-a are analyses of aliquots from the same dissolutions of Zhu et al. (2021b), while the
408  Allende-b is a dissolution of 47.2 mg powder, ground from a ~5g meteorite chip, to homogenize potential internal Cr isotope heterogeneities and so represent bulk Allende. Mg
409  contents of SP1 and SP2 are very low (the Mg concentration in the measurement solution is close to the blank), so we cannot report valid the Mg# for them.

410
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¢ 9 pixels
Physical size 16.59 mm x 14.51 mn
Scale e 2 UMY ]

411

412 Figure 1 Backscattered Electron for Erg Chech (EC) 002. Mineral abbreviation: XPx, xenocrystic pyroxene; Px, pyroxene; Sp, Spinel; P1, plagioclase. Note that, the mineral
413 separates for isotope analysis are not related to the minerals in this figure.
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Figure 2 3*Mn->Cr isochron for Erg Chech (EC) 002. The red star represents bulk EC 002. Red
points are the mineral fractions with bulk rock-like £*Cr values (-0.33 % 0.10, 2SD), while the
blue points possess components with lower £>*Cr values, which are not included in the isochron.
The sample of bulk EC 002 is excluded from the fit shown, given its xenocrysts included and
effect on the MSWD. If we include it, the **Mn/>*Mn ratio and absolute age slightly changes to
(5.74 £ 0.43) x 107°% and 4566.5 £ 0.6 Ma, respectively but the MSWD increases to 4.1. The
three components with higher £>*Cr values (blue circles) define a slightly older *Mn->*Cr age
0f 4566.8 = 0.6 Ma (MSWD = 0.36).
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Figure 3 Age comparison for achondrites dated by U-Pb, Mn-Cr and Al-Mg chronometry (with
both CAI and D’Orbigny anchors). The detailed data are shown in Table S6. The black and
orange bars show the Pb-Pb ages (and uncertainties) for CAls and D’Orbigny respectively.
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S1. Sample preparation

About 200 mg of a chip of Erg Chech 002 was cut and crushed to grain sizes less
than 120 mesh (125 pm). Another ~200 mg chip was crushed and ground into powder
for whole rock sample analysis. Minerals were picked under a binocular microscope
with a fine needle. After mineral separation, we weighed the samples into cleaned
beakers. The sample dissolution procedure involved heating in concentrated HF and
HNO3 (2:1) at 140 °C for two days on a hotplate. After drying down, 2 ml concentrated
HNO; were added into the beaker and the solution was dried down again to dissolve
fluorides. Subsequently, 2 ml concentrated HNO; was added to the dried sample and
the beakers were placed into Parr pressure vessels within steel jackets for further
dissolution at 180 °C over another two days. This way we ensured the complete
digestion of fluorides, and refractory phases such as chromites or spinels. Note that,
SP2 is a leaching residue from XPX after the first HF+HNO3 step (on hot plate). Hence,
SP2 was digested in concentrated HNO;3 in pressure vessels only. After complete
digestion, a ~5% aliquot was used for determination of **Mn/°*Cr ratios and major
element contents, ~50% of the digestion was used for purification of Cr by a three-step
column chemistry described in Zhu et al. (2021c) for mass-independent Cr isotopic

analyses. The remaining 45% portion is planned for mass-dependent Cr isotope analysis.
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S2. Methods

S2.1 Petrological observation

Petrological observation was conducted using a FEI-Scios field emission scanning
electron microscope (FE-SEM) equipped with an EDAX energy-dispersive detection
system (EDS) at the Institute of Geochemistry, Chinese Academy of Sciences (IGCAS).
The accelerating voltage is 15-30 kV, and the electron beam current is 0.8-1.6 nA. Note
that the sample portion in the petrological study is different from the samples used for

isotope analysis.

S2.2 Mineral compositions

Mineral compositions were determined by the JXA 8230 electron microprobe
analysis (EMPA) at State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, CAS. The following natural standards were used: olivine for Fe, Si, Mg
and Ni, pyrope for Mn, Ti, Cr, Ca and Al, albite for Na, orthoclase for K, and apatite
for P in pyroxene analyses; FeCr,O4 for Fe, Cr, Mg and Al, pyrope for Mn, Ti, Si, Ca,
olivine for Ni, albite for Na, apatite for P in spinel and ilmenite analyses;. pyrope for
Fe, Mn, Cr and Mg, benitoite for Ba, albite for Na, plagioclase for Si, Al and Ca,
orthoclase for K in plagioclase and silica analyses. The measurements were carried out
at an accelerating voltage of 25 kV with an electron beam current of 10 nA. The beam
diameter varies from 1 to 10 pm. Data reduction was conducted with a standard ZAF-

correction procedure.
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S2.3 Isotope and elemental analysis

The purification of Cr followed the cation column chemistry as originally
described in Trinquier et al. (2008) and modified in Zhu et al. (2019b). Low-yield (e.g.,
< 70%) Cr purification may produce large equilibrium mass-dependent Cr isotope
fractionation from column chemistry which cannot be well corrected using the
exponential mass fractionation law (Qin et al., 2010; Trinquier et al., 2008). Thus,
similar to the method used in Moynier et al. (2011), we used 3 (1 + 1 + 1) mL of 6M
HCI for washing the column and we collected the matrix material, containing residual
Cr on the resin in the first cation column (containing 1 ml resin) and re-passed the
collected Cr on this first column to ensure yields ranging from 88% to 99% (average of
93%). In the second column, we used four times 0.4 ml 6N HCI (total 1.6 ml) to collect
Cr, instead of a total 3 ml 6N HCI (Trinquier et al., 2008). In this way, the organics in
purified Cr from the resin are deceased, which can be detrimental for Cr thermal
ionization. The final purified Cr was dissolved in ~0.2 ml 30% H>O> and heated on a
hotplate at 50 — 60 °C for an hour in order to minimize contamination of the Cr fraction
with organics from the resin (Zhu et al., 2021a). The blank of the full chemical
purification is between 0.5 and 2 ng that is negligible for the samples with > 1ug of Cr.
Mass-independent Cr isotope analysis was performed via the total evaporation method
on the Triton TIMS housed at Freie Universitdt Berlin based on methods described in
the literature (Van Kooten et al., 2016; Zhu et al., 2019a; Zhu et al., 2021c¢; Zhu et al.,

2020). Details of TIMS sample loading methods can be found in Zhu et al. (2021a).

36



753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

NIST 3112a was used as the isotope standard, which has the same mass-independent
Cr isotope composition as NIST SRM 979 (Zhu et al., 2021b), used in some other
studies. Sample solutions with concentrations of ~15 ppm were prepared, 1pul
(containing 15 ng of Cr) of these solutions were loaded on to degassed filaments. Each
sample was measured to exhaustion (until all the Cr on the filaments were evaporated)
with a pilot 3Cr signal of 10 V for 700 — 1800 cycles and integration time of 1.049s per
cycle. The °Fe/*>Cr signal ratios were always less than 5x10™*. The **Cr/°*Cr and
34Cr/**Cr ratios were normalized to a constant >°Cr/>’Cr ratio of 0.051859 using an
exponential law (Lugmair and Shukolyukov, 1998) and are expressed in the epsilon

notation:

X 52
cr/ CT)NIST SRM 979

(Xcr/szcr)sam le
e*Cr = |5 e _ 1) x 10000 (1),
with x = 53 or 54.

For data quality control, we analysed the Cr isotope composition of the Allende
meteorite (CV3 chondrite), DTS-1 (terrestrial dunite), and NIST 3112a processed
through the same digestion and chemical separation methods as the samples. Allende-
a and Allende-b are from different dissolutions. Allende-b is from 47.2 mg powder
ground from ~5g of several bulk meteorite chips, that is assumed to be a representative
sample of the bulk chondrite, considering the internal heterogeneity of chondrite
samples (Stracke et al., 2012). Four aliquots were taken from the dissolution of Allende-

b to test sample reproducibility.
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The £3Cr and €>*Cr data in this study for Allende and terrestrial peridotite DTS-1
are consistent with literature data (Qin et al., 2010; Trinquier et al., 2007; Zhu et al.,
2021b). Furthermore, the very small 2SD variation (~0.04 for both £>3Cr and £>*Cr) for
multiple analyses of Allende, and the £>*Cr and £>*Cr values close to 0 for NIST 3112a
processed through all the column chemistry, strongly support the high quality of the
data.

The >>Mn/>*Cr ratios were measured on a Neptune multiple-collector inductively-
coupled-plasma mass-spectrometer (MC-ICP-MS) housed at the University of Bristol,
following the method described in Zhu et al. (2021b). The signals of **Cr, *Cr and
>Mn were measured on an unpurified aliquot of sample dissolution. The interference
of the “°Ar!2C peak on **Cr was mass resolved, and the measured >Cr/>2Cr ratio was
monitored and stable at ~0.117. We determined instrument bias using measurements of
four gravimetrically prepared solutions of pure standards with **Mn/°*Cr ratios of
approximately 0.1, 1, 2 and 10. There was no systematic difference in instrumental bias
determined across this range of >>Mn/>’Cr and the average value of instrumental bias
has an uncertainty in weighing and measurement errors of 1% (2SD). We further
measured the >*Mn/>*Cr ratios of BIR-1, BHVO-2 and DTS-2b to provide data and
standards with more complex matrices which gave values of 3.133, 5.597 and 0.049
respectively. However, lack of literature >>Mn/>*Cr data for the three standards make
them difficult to be tested. We also test the repeatability of the calibration factor

between different Mn/Cr mixes, which is 0.97%, so we quote 1% for the uncertainty of
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SMn/*2Cr ratios. All these international rock standards were dissolved in bombs to
ensure spinel/chromite dissolution. The elemental contents were measured on Element
XR ICP-MS housed at University of Bristol, and the uncertainty of elemental content
data is estimated as 10%. The elemental content data for bulk EC 002 are consistent

with the data in Barrat et al. (2021).
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Table S1 Chemical composition of xenocrysts (pyroxenes) from core to rim.

Name FeO NiO MnO TiO, Cr,05 SiO, MgO Mg# ALO; CaO P,0s Total
I Line 001 10.24 0.00 0.47 0.07 0.46 57.01 30.38 0.84 0.21 1.01 0.00 99.86
I Line 002 9.07 0.01 0.48 0.03 0.60 57.34 31.29 0.86 0.23 0.93 0.00 99.99
I Line 003 9.30 0.00 0.43 0.04 0.60 57.11 30.90 0.86 0.20 0.92 0.00 99.52
I Line 004 9.48 0.01 0.46 0.04 0.60 57.01 31.26 0.85 0.19 0.93 0.00 99.98
I Line 005 9.44 0.00 0.43 0.00 0.61 57.44 31.38 0.86 0.20 0.96 0.00 100.46
I Line 006 9.56 0.01 0.45 0.02 0.63 57.56 31.38 0.85 0.17 0.96 0.02 100.76
I Line 007 9.32 0.00 0.46 0.02 0.65 57.43 31.01 0.86 0.19 0.96 0.00 100.03
I Line 008 9.40 0.00 0.45 0.04 0.60 57.35 30.78 0.85 0.20 0.93 0.02 99.77
I Line 009 9.44 0.00 0.51 0.04 0.60 57.52 30.96 0.85 0.18 1.00 0.00 100.25
ILine 010 9.42 0.00 0.41 0.06 0.59 57.79 31.29 0.85 0.20 0.96 0.00 100.72
ILine 011 9.64 0.00 0.46 0.07 0.59 57.72 31.27 0.85 0.19 1.00 0.00 100.93
I Line 012 9.67 0.00 0.45 0.07 0.60 57.48 30.75 0.85 0.22 1.00 0.01 100.25
I Line 013 9.59 0.01 0.48 0.01 0.57 57.65 30.61 0.85 0.18 0.96 0.00 100.05
ILine 014 9.63 0.00 0.46 0.02 0.59 57.18 30.83 0.85 0.22 0.93 0.01 99.86
I Line 015 9.64 0.00 0.49 0.05 0.51 57.47 30.80 0.85 0.24 0.92 0.00 100.12
I Line 016 9.42 0.00 0.47 0.01 0.53 57.50 30.86 0.85 0.21 0.91 0.00 99.90
I Line 017 10.17 0.00 0.44 0.07 0.60 57.89 30.64 0.84 0.19 0.81 0.01 100.82
I Line 018-rim 18.93 0.00 0.66 0.08 0.34 54.22 23.61 0.69 0.16 0.67 0.00 98.67
I Line 019-rim 23.31 0.00 0.81 0.13 0.28 53.19 20.85 0.61 0.14 0.89 0.00 99.59
I Line 020-rim 21.91 0.00 1.03 0.21 0.33 53.65 19.10 0.61 0.15 4.05 0.00 100.42
II Line 001 12.01 0.01 0.64 0.01 0.45 56.46 27.50 0.80 0.22 1.75 0.00 99.04
IT Line 002 11.75 0.00 0.56 0.02 0.57 55.96 27.90 0.81 0.25 1.84 0.04 98.90
IT Line 003 11.81 0.01 0.58 0.01 0.67 56.53 28.24 0.81 0.21 1.92 0.00 99.97
IT Line 004 11.64 0.00 0.56 0.04 0.75 56.71 28.04 0.81 0.26 1.90 0.00 99.89
II Line 005 11.65 0.00 0.59 0.05 0.72 56.16 27.88 0.81 0.27 1.86 0.02 99.20
II Line 006 11.33 0.00 0.58 0.03 0.65 56.82 28.35 0.82 0.30 1.85 0.04 99.95
II Line 007 11.27 0.01 0.58 0.07 0.58 56.69 27.99 0.82 0.27 1.74 0.00 99.21
II Line 008 11.31 0.00 0.58 0.08 0.55 55.94 28.98 0.82 0.25 1.82 0.00 99.50
II Line 009 11.29 0.01 0.60 0.05 0.61 56.09 28.71 0.82 0.23 1.73 0.00 99.31
II Line 010 11.28 0.00 0.59 0.00 0.79 57.04 28.17 0.82 0.22 1.85 0.02 99.94
II Line 011 11.19 0.01 0.63 0.04 0.81 56.30 28.15 0.82 0.27 1.86 0.00 99.25
IT Line 012 11.36 0.00 0.60 0.08 0.82 55.90 28.39 0.82 0.31 1.84 0.04 99.34
1T Line 013 11.39 0.00 0.59 0.05 0.85 55.76 27.87 0.81 0.29 1.78 0.00 98.57
1T Line 014 11.20 0.00 0.57 0.06 0.87 57.40 27.91 0.82 0.28 1.91 0.00 100.19
II Line 015 11.38 0.02 0.59 0.04 0.85 56.63 28.09 0.81 0.27 1.95 0.00 99.81
I Line 016 11.39 0.00 0.64 0.08 0.82 56.46 28.10 0.81 0.29 1.86 0.03 99.65
II Line 017 11.50 0.00 0.59 0.06 0.74 56.39 28.49 0.81 0.28 1.97 0.00 100.02
II Line 018 11.68 0.00 0.56 0.06 0.70 56.39 28.29 0.81 0.26 1.93 0.02 99.87
II Line 019 11.99 0.00 0.56 0.05 0.67 55.94 28.07 0.81 0.26 1.84 0.00 99.38
II Line 020 12.41 0.00 0.60 0.06 0.62 55.69 27.87 0.80 0.29 1.87 0.00 99.40

40



II Line 021-rim 13.10 0.01 0.60 0.05 0.58 56.28 27.23 0.79 0.27 1.88 0.00 100.00
IT Line 022-rim 21.38 0.00 0.88 0.08 0.31 54.25 21.22 0.64 0.27 1.39 0.00 99.80
IT Line 023-rim 14.18 0.00 0.66 0.33 0.93 52.88 13.96 0.64 0.66 15.08 0.00 98.69
II Line 024-rim 14.82 0.00 0.69 0.60 0.85 53.05 12.95 0.61 0.59 15.24 0.00 98.80

III Line 001 11.36 0.00 0.70 0.02 0.62 56.39 25.88 0.80 0.26 4.67 0.00 99.92
III Line 002 10.53 0.00 0.59 0.02 0.56 56.28 26.00 0.81 0.30 5.76 0.00 100.05
III Line 003 11.38 0.00 0.61 0.05 0.40 55.66 27.85 0.81 0.28 248 0.00 98.72
III Line 004 12.47 0.01 0.68 0.03 0.51 56.04 27.42 0.80 0.28 225 0.00 99.68
III Line 005 11.12 0.00 0.66 0.07 0.67 55.21 25.70 0.80 0.28 4.82 0.03 98.55
III Line 006 11.43 0.01 0.66 0.08 0.57 55.26 25.67 0.80 0.22 4.55 0.02 98.44
III Line 007 11.65 0.00 0.65 0.07 0.57 56.38 25.89 0.80 0.28 437 0.00 99.86
III Line 008 11.65 0.00 0.67 0.05 0.66 56.82 25.14 0.79 0.33 431 0.00 99.63
III Line 009 10.22 0.00 0.59 0.06 0.84 55.73 24.08 0.81 0.40 6.85 0.03 98.78
III Line 010 12.91 0.00 0.68 0.01 0.51 56.00 26.06 0.78 0.19 297 0.00 99.31
III Line 011 11.73 0.00 0.67 0.05 0.60 55.05 25.22 0.79 0.28 4.85 0.03 98.49
III Line 012 10.11 0.00 0.56 0.03 0.75 56.06 22.62 0.80 0.34 8.81 0.01 99.28
III Line 013 10.97 0.00 0.54 0.05 0.70 56.10 23.54 0.79 0.41 7.43 0.02 99.74

III Line 014-rim 15.48 0.00 0.74 0.01 0.48 54.75 23.54 0.73 0.21 3.87 0.00 99.07
III Line 015-rim  22.48 0.00 0.96 0.11 0.51 52.90 16.92 0.57 0.35 4.97 0.00 99.18
III Line 016-rim 15.18 0.00 0.68 0.45 0.79 53.16 12.49 0.59 0.45 15.87 0.05 99.13
III Line 017-rim 15.36 0.00 0.71 0.65 0.79 52.65 12.21 0.59 0.39 15.91 0.01 98.69
III Line 018-rim 15.15 0.00 0.69 0.85 0.79 52.76 12.02 0.58 0.33 16.51 0.02 99.12
III Line 019-rim 16.21 0.00 0.69 0.83 0.83 53.06 11.99 0.57 0.53 15.72 0.00 99.86
III Line 020-rim 15.49 0.00 0.66 1.07 0.80 52.10 11.50 0.57 0.39 16.44 0.03 98.48

801  Note: The location of the three lines can be found in Figure S1.
802
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Table S2 Chemical composition of pyroxenes in matrix.

Name FeO NiO MnO TiO, Cr,05 Na,O SiO, MgO Mg# Al O; K,0 CaO P,0s Total
low-Ca pyroxene
Opx-M1 32.77 0.00 1.26 0.41 0.19 0.03 49.98 14.05 0.43 0.12 0.00 2.09 0.00 100.89
Opx-M2 32.23 0.00 1.22 0.41 0.16 0.09 49.72 14.08 0.44 0.13 0.00 1.89 0.00 99.91
Opx-M3 32.03 0.00 1.26 0.42 0.19 0.06 49.72 14.12 0.44 0.10 0.00 2.26 0.00 100.15
Opx-M4 31.88 0.00 1.24 0.50 0.20 0.07 49.88 14.47 0.45 0.13 0.00 231 0.04 100.71
Opx-M5 32.34 0.00 1.25 0.47 0.27 0.02 49.66 14.64 0.45 0.11 0.00 1.89 0.00 100.64
Opx-M6 32.07 0.00 1.24 0.17 0.27 0.08 50.66 14.34 0.44 0.16 0.00 2.14 0.00 101.13
Opx-M7 31.92 0.00 1.22 0.21 0.26 0.07 50.56 14.67 0.45 0.21 0.00 2.26 0.02 101.41
Opx-M8 32.45 0.00 1.28 0.43 0.21 0.02 49.70 13.94 0.43 0.06 0.00 2.15 0.00 100.23
Opx-M9 32.21 0.00 1.22 0.45 0.15 0.12 50.14 14.26 0.44 0.12 0.00 2.00 0.02 100.70
Opx-M10 32.37 0.00 1.23 0.49 0.18 0.08 49.63 14.03 0.43 0.10 0.00 1.97 0.02 100.10
Opx-M11 32.21 0.00 1.26 0.41 0.21 0.09 50.00 14.04 0.44 0.19 0.00 2.55 0.00 100.94
Opx-M12 32.96 0.00 1.32 0.50 0.16 0.08 49.93 14.15 0.43 0.09 0.00 1.97 0.01 101.16
Opx-M13 32.30 0.00 1.25 0.47 0.16 0.11 50.81 14.29 0.44 0.09 0.00 221 0.00 101.69
Opx-M14 32.32 0.00 1.26 0.43 0.18 0.13 50.03 14.14 0.44 0.18 0.00 2.01 0.02 100.70
Opx-M15 31.58 0.00 1.22 0.46 0.20 0.05 50.02 14.13 0.44 0.12 0.00 2.39 0.05 100.22
high-Ca pyroxene
Cpx-Ml1 16.10 0.00 0.63 0.96 0.71 0.48 51.38 11.24 0.55 0.43 0.00 17.74  0.00 99.67
Cpx-M2 16.49 0.00 0.67 0.83 0.89 0.62 50.87 11.46 0.55 0.74 0.00 17.08  0.02 99.68
Cpx-M3 17.30 0.00 0.73 1.11 0.72 0.52 51.21 11.50 0.54 0.39 0.00 16.80  0.02 100.29
Cpx-M4 17.96 0.01 0.73 0.88 0.76 0.54 51.85 11.52 0.53 0.57 0.00 1592 0.02 100.74
Cpx-M5 16.61 0.00 0.65 0.90 0.76 0.63 51.92 11.47 0.55 0.47 0.00 17.15  0.00 100.56
Cpx-M6 16.73 0.00 0.69 0.93 0.77 0.52 51.41 11.40 0.55 0.45 0.01 17.01  0.03 99.93
Cpx-M7 16.48 0.00 0.66 0.96 0.75 0.49 51.94 11.45 0.55 0.42 0.01 1733 0.01 100.47
Cpx-M7-repeat 16.26 0.00 0.65 0.93 0.71 0.57 51.27 11.65 0.56 0.57 0.01 1726 0.02 99.90
Cpx-M8 17.49 0.00 0.71 0.83 0.65 0.47 49.69 11.75 0.54 0.33 0.01 16.13  0.02 98.06
Cpx-M8-repeat 17.20 0.00 0.69 0.39 0.86 0.45 50.41 11.59 0.54 0.67 0.00 16.57  0.05 98.87
Cpx-M9 16.06 0.00 0.61 0.81 0.71 0.46 50.79 11.87 0.57 0.30 0.00 18.21  0.01 99.82
Cpx-M9-repeat 16.14 0.00 0.67 1.10 0.74 0.56 50.17 11.79 0.56 0.52 0.01 17.26  0.00 98.95
Cpx-M10 17.15 0.00 0.71 1.03 0.72 0.52 50.03 11.28 0.54 0.39 0.01 1691  0.05 98.77
Cpx-Ml1 16.38 0.00 0.68 0.83 0.88 0.47 49.65 11.32 0.55 0.76 0.00 17.07  0.00 98.03
Cpx-M12 16.57 0.00 0.70 0.59 0.95 0.67 52.44 12.04 0.56 0.89 0.00 17.11  0.03 101.98
Cpx-M13 16.20 0.00 0.66 0.92 0.69 0.37 51.20 11.66 0.56 0.37 0.00 17.81  0.05 99.94
Cpx-M14 16.36 0.00 0.68 0.96 0.76 0.44 50.31 11.52 0.56 0.42 0.00 17.15  0.04 98.63
Cpx-M15 16.59 0.00 0.68 0.78 0.80 0.48 50.04 11.38 0.55 0.53 0.00 1722 0.01 98.50
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Table S3 Chemical composition of plagioclase in matrix

Comment FeO MnO BaO Cr,03 Na,O Si0, MgO  ALO; K,O CaO Total
Normal
pl-1 0.07 0.00 0.00 0.00 9.75 65.76 0.00 20.19 0.65 1.89 98.30
pl-2 0.10 0.00 0.00 0.01 9.90 65.91 0.00 19.93 0.99 1.74 98.57
pl-3 0.05 0.02 0.00 0.01 9.47 64.83 0.00 20.98 0.84 2.40 98.59
pl-4 0.07 0.00 0.00 0.02 9.14 63.30 0.00 21.86 0.52 3.74 98.65
pl-5 0.04 0.00 0.01 0.02 9.70 65.30 0.00 20.48 0.90 2.12 98.57
K-rich
Kfs-1 1.30 0.00 0.00 0.00 1.30 63.54 0.00 18.83 13.96 0.79 99.73
Kfs-2 0.95 0.01 0.00 0.00 1.97 63.93 0.00 18.44 12.41 0.81 98.52
Kfs-3 0.88 0.01 0.06 0.01 2.52 65.05 0.00 18.96 11.22 0.83 99.54
Kfs-4 0.47 0.00 0.07 0.02 2.10 64.14 0.00 18.61 12.08 0.84 98.32
Kfs-5 0.57 0.00 0.02 0.01 1.74 64.37 0.00 18.47 12.70 0.89 98.77
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Table S4 Chemical composition of silica in matrix and xenocrysts

Name FeO MnO BaO  Cr203 Na20 Si02 MgO  AI203 K20 CaO Total

Matrix

Si02-M1 0.18 0.01 0.02 0.00 1.30 94.50 0.00 2.56 0.01 0.13 98.71

Si02-M2 0.04 0.01 0.00 0.00 1.44 95.62 0.00 2.65 0.02 0.14 99.92
Si02-M3 0.07 0.00 0.00 0.02 1.27 94.79 0.01 2.50 0.01 0.14 98.80
Si02-M4 0.11 0.00 0.00 0.00 1.24 95.63 0.00 2.57 0.00 0.13 99.69
Si02-M5 0.10 0.00 0.00 0.00 1.02 97.80 0.03 2.34 0.01 0.10 101.40
Si02-M6 0.02 0.00 0.00 0.01 1.14 94.62 0.00 222 0.01 0.08 98.10
Si02-M7 0.14 0.01 0.01 0.00 1.23 96.59 0.00 232 0.01 0.10 100.41
Si02-M8 0.05 0.00 0.00 0.00 1.21 95.76 0.00 2.26 0.00 0.09 99.37
Xenocrysts

Si02-X1 0.37 0.01 0.04 0.01 3.03 72.82 0.05 15.42 8.22 0.27 100.23
Si02-X2 0.46 0.01 0.00 0.29 2.56 71.73 0.01 14.86 8.21 0.21 98.34
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Table S5 Chemical composition of ilmenite and spinel in matrix and xenocrysts

Name FeO MnO NiO TiO,  Cr0s Na,O SiO, MgO Mg# ALO; CaO P,0s Total
Ilmenite in matrix

IIm-M1 42.84 1.02 0.00 52.59 0.86 0.08 0.13 1.41 0.06 0.06 0.00 0.01 98.99
IIm-M2 43.40 1.04 0.00 53.15 0.34 0.00 0.12 1.63 0.06 0.04 0.01 0.01 99.73
IIm-M3 43.33 1.03 0.00 52.42 0.70 0.05 0.15 1.35 0.05 0.04 0.00 0.00 99.07
Spinel in matrix

Sp-M1 39.66 0.83 0.00 13.03 41.98 0.00 0.13 1.00 0.04 2.72 0.01 0.00 99.36
Sp-M2 39.41 0.73 0.00 11.99 43.47 0.03 0.14 1.04 0.04 3.18 0.05 0.01 100.06
Sp-M3 45.25 0.89 0.01 20.69 31.51 0.07 0.11 1.05 0.04 1.49 0.00 0.00 101.08
Sp-M4 40.44 0.85 0.01 13.71 41.07 0.01 0.13 1.00 0.04 2.46 0.00 0.00 99.68
Sp-M5 45.62 0.86 0.00 20.56 30.62 0.00 0.22 1.04 0.04 1.30 0.00 0.02 100.24
Sp-M6 42.44 0.81 0.00 16.54 35.76 0.00 0.20 1.17 0.05 1.62 0.03 0.00 98.57
Sp-M7 42.38 0.79 0.00 16.32 38.65 0.01 0.16 1.02 0.04 1.94 0.00 0.00 101.25
Sp-M8 42.64 0.76 0.00 16.48 38.43 0.01 0.08 0.97 0.04 1.97 0.00 0.00 101.35
Sp-M9 45.20 0.85 0.02 18.74 32.58 0.02 0.12 1.05 0.04 1.37 0.30 0.01 100.26
Sp-M10 41.74 0.82 0.00 16.09 36.68 0.01 0.27 1.18 0.05 1.61 0.32 0.00 98.72
Spinel in xenocrysts

Sp-X1 29.13 0.72 0.00 1.20 51.34 0.00 0.09 2.63 0.14 11.66 0.00 0.00 96.77
Sp-X2 24.18 0.83 0.00 0.38 55.06 0.00 0.24 5.25 0.28 8.57 0.04 0.00 94.55
813
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Table S6 Age comparison for achondrites between U-Pb, Mn-Cr and Al-Mg chronometry

Sample CC/NC Type U-Pb Mn-Cr Al-Mg (D" Al-Mg (CAI)  Initial u>*Mg* Bulk £**Cr References
Erg Chech 002 NC Brachinite-like 4566.5 £ 0.6 4566.6 £0.01 4565.4 £0.01 9+5 -0.35+0.06  This study; [a]
Asuka 881394 NC Achondrite 4564.95 +0.53 45643 +04 4564.83 £0.21 4563.69+0.36 70 £52 -0.37+£0.10 [b, c]

Sahara 99555 NC Angrite 4563.93 + 0.28 4562.7+0.8 4563.5+0.1 4562.3 £0.1 5+3 -0.43+£0.13 [d,e, f, g]
NWA 6704 CcC CR-like achondrite 4562.6 £0.3 4562.17+0.76  4563.12+0.1 45619 +£0.1 -4+5 1.56 £0.10 [h, 1]
NWA 2976 CC Achondrite 4562.86 = 0.59 4563.4+0.1 4562.2+0.1 S5+13 1.43 +£0.07 [h, j]

References: [a] (Fang et al., 2022), [b] (Wadhwa et al., 2009), [c] (Wimpenny et al., 2019) , [d] (Schiller et al., 2010), [e] (Connelly et al., 2008),
[f] (Amelin, 2008), [g] (Tissot et al., 2017), [h] (Sanborn et al., 2019), [i] (Amelin et al., 2019), [j] (Bouvier et al., 2011).
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Figure S1 Electronic microprobe analysis for lines on xenocrysts. The red arrows indicate the
line measurements. The data can be found in Table S1
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825 Figure S2 Mg# variation of EC 002 xenocrysts from core to rim. Lines I II III can be found in Figure S1.
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Figure S3 A £3Cr-&>*Cr plot for Erg Chech (EC) 002 and its components. Names of each point
are from Table 1. The red points are similar to the bulk rock (star) in £3*Cr, while the blue points
possess higher €*Cr values. Reference values for EC (enstatite chondrites), RC (Rumuruti
chondrites), OC (ordinary chondrites), KC (Kakangari chondrites) and the Earth-Moon system
are from Zhu et al. (2021b) and Zhu et al. (2022).
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Figure S4 Plot of A0-¢%Cr for Erg Chech (EC) 002 (Red Star) and other Solar System
materials. The diagram is divided into carbonaceous chondrite-like (CC) and non-carbonaceous
(NC) fields, seperated by a dashed line. The colorful circles and triangles represent grouped
and ungrouped chondrites respectively (labelled with standard abbreviations), while the grey
shades represent compositional fields of differentiated planets/asteroids (data compilation from
Zhu et al. (2021b) and Zhu et al. (2022). The A'’O-&**Cr data for EC 002 (red star) overlaps the
brachinites.
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846 Figure S5 Lack of correlation between Fe/Cr ratios (atom) and €>*Cr values indicates cosmogenic effects
847 did not affect the Cr isotope compositions in EC 002. Red and blue points are normal and xenocrysts-
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