N
N

N

HAL

open science

Role of redox conditions and thermal metamorphism in
the preservation of Cr isotopic anomalies in components
of non-carbonaceous chondrites

Paul Frossard, Pierre Bonnand, Maud Boyet, Audrey Bouvier

» To cite this version:

Paul Frossard, Pierre Bonnand, Maud Boyet, Audrey Bouvier. Role of redox conditions and ther-
mal metamorphism in the preservation of Cr isotopic anomalies in components of non-carbonaceous
chondrites. Geochimica et Cosmochimica Acta, 2024, 367, pp.165-178.

hal-04502855

HAL Id: hal-04502855
https://cnrs.hal.science/hal-04502855v1
Submitted on 15 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1016/j.gca.2023.12.022 .


https://cnrs.hal.science/hal-04502855v1
https://hal.archives-ouvertes.fr

— OV WVM AN WN —

W W W W W W W N N N N N N N N N N e e e e e e e
AN N B W NN = O OV 0 39N PR WD = O VW NN BN

Role of redox conditions and thermal metamorphism in the preservation of Cr isotopic
anomalies in components of non-carbonaceous chondrites

Paul Frossard!2, Pierre Bonnand!3, Maud Boyet!, Audrey Bouvier*

1 Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans, F-63000
Clermont-Ferrand, France

2 Institute of Geochemistry and Petrology, ETH Ziirich, Zirich, Switzerland

3 Université de Bretagne Occidentale, CNRS, IFREMER, Laboratoire Géo-Océan, Plouzané, France
4 Bayerisches Geoinstitut, Universitit Bayreuth, 95447 Bayreuth, Germany

Abstract

Mass-independent isotopic anomalies in meteorites are probes to the dynamics and evolution of the
protoplanetary disc and the reservoirs from which planetary bodies accreted. Variable Cr nucleosynthetic
compositions between meteorite groups are observed but the cause is not well understood. Investigations
on presolar carriers in unequilibrated chondrites are thus required to establish these relationships. For that
purpose, we analysed the Cr isotope compositions of leachates (stepwise dissolution solutions) of one
ordinary chondrite and two enstatite chondrites of EL. and EH subgroups previously measured for Nd and
Sm isotopes. The leachates of the ordinary chondrite display large variations of their Cr isotope
compositions, whereas the leachates of the enstatite chondrites show very limited variations of their
nucleosynthetic compositions, confirming other studies. The Cr isotope compositions of leachates of
unequilibrated chondrites are significantly modified by thermal processing and aqueous alteration under
various conditions. The leachates of the enstatite chondrites are relatively homogeneous for Cr isotope
composition, suggesting that presolar carriers of Cr are not stable under very reduced conditions and are
likely oxidised phases. After careful examination of the role of parent body processing, we conclude that
there is one predominant presolar carrier enriched in *Cr that produced most of the nucleosynthetic
variations observed in leachates. This carrier is likely depleted in the carbonaceous reservoir relative to the
non-carbonaceous reservoir. The drastically different isotope compositions of Cr and heavy refractory
lithophile elements such as Nd of leachates of chondrites reflect relative preservation biases of their
respective presolar carriers, namely a still poorly characterised presolar oxide and silicon carbide (SiC),

respectively.

Keywords: Cr isotope composition, nucleosynthetic anomalies, 5Cr, redox, thermal metamorphism,

enstatite chondrites, ordinary chondrites.
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1. Introduction

The mass-independent isotopic compositions of many elements in meteorites provide clues on the
dynamics in the early solar system and the formation of planets. Chromium is particularly well-suited for
this purpose because different nucleosynthetic sources have been proposed for its four isotopes (e.g.
Clayton, 2003). The Mn->3Cr short-lived radionuclide system (half-life of 3.7 Ma) provides a useful
chronometer of early cosmochemical events (e.g. Birck and Allegre, 1985; Glavin et al., 2004). The Mn-Cr
chronometry is particularly advantageous in meteorites such as enstatite chondrites (e.g., Wadhwa et al.,
1997; Shukolyukov and Lugmair, 2004), when the more traditional Al-Mg and U-Pb systematics are not so
suitable owing to the lack of Al- or U-rich accessory minerals. The >*Mn-53Cr chronometer is also useful for
determining the age of carbonates providing constraints on the timing of aqueous alteration in carbonaceous
chondrites (e.g., de Leuw et al., 2009; Fujiya et al., 2012). The precise dating of chondrules and chondrite
accretion is however prone to disturbance due to thermal metamorphism, nucleosynthetic anomalies and
exposure to galactic cosmic rays (e.g. Posner et al., 2016; Dauphas et al., 2010; Kadlag et al., 2021). Igneous
crystallisation, magma ocean crystallisation and volatile element loss on planetesimals can be dated due to
the different geochemical behaviours and volatilities of Mn and Cr, with 50% condensation temperature for
Mn (1123 K) compared to Cr (1291 K) (Wood et al., 2019). Whether there was a homogeneous distribution
of 53Mn in the solar system is still debated and relies upon a good understanding of the non-radiogenic >3Cr
abundance (e.g. Birck et al., 1999; Lugmair and Shukolyukov, 1998; Shukolyukov and Lugmair, 2000, 2004,
2000; Trinquier et al., 2008; Yamashita et al., 2010).

Chromium nucleosynthetic anomalies carry information on the origin and evolution of material in the
protoplanetary disc. Meteorites from various groups display different isotope compositions for many
elements including Cr (e.g. Trinquier et al., 2007; Bermingham et al., 2020). The comparison of Cr, Ti and
O isotope compositions of meteorites has been a cornerstone of the discovery of a compositional
dichotomy between non-carbonaceous meteorites (NC), comprising enstatite, ordinary, Rumuruti and
Kakangari chondrites as well as most achondrites (including iron meteorites), and carbonaceous meteorites
(CC), comprising all carbonaceous chondrites as well as a few ungrouped achondrites and primitive
achondrites (Trinquier et al., 2007; Leya et al., 2008; Warren, 2011; Bermingham et al., 2020; Ma et al., 2022).
This dichotomy putatively corresponds to inner and outer solar system materials. Some studies propose that
these reservoirs remained separated by Jupiter or pressure gaps (Kruijer et al., 2017; Alibert et al., 2018;
Brasser and Mojzsis, 2020), whereas others, for instance, highlight that these reservoirs may have formed at
different times and may not have been isolated from each other (Williams et al, 2020; Lichtenberg et al.,
2021). Nucleosynthetic anomalies for Cr are determined using the 54Cr/52Cr, expressed as ¢ units as the
deviation from the terrestrial standard (NIST SRM 979) in parts per 10 000. On one hand, NC meteorites
are characterised by negative anomalies in €5*Cr, ranging from - 0.8 in ureilites to 0 in enstatite chondrites,
which e3Cr are similar to that of the Earth (Trinquier et al., 2007). On the other hand, CC meteorites

contain excesses of %Cr compared to NC meteorites and range from 0.4 to 1.6 ¢*Cr (Zhu et al., 2021).
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The origin of the different compositions and end-members in meteorite groups is however little
understood. Chromium nucleosynthetic anomalies in bulk meteorites require anomalous components that
are heterogeneously distributed. The processes that have been invoked to produce this heterogeneity include
physical sorting of grains (e.g. Dauphas et al., 2014), thermal processing (e.g. Trinquier et al., 2009) and
injection of supernova material to the protoplanetary disc (e.g. Qin et al., 2011b). In terms of stellar origin,
3Cr, 52Cr and 53Cr are produced by quasi-equilibrium explosive burning of oxygen and silicon in supernovza
(SN) of type I and II. A different setting is thought to produce 54Cr, namely by quasi-equilibrium in neutron-
rich regions of type Ia supernove (SNla), similatly to other neutron-rich isotopes such as 5Ti and “Ca
(Clayton, 2003). Measurements of 5*Cr-rich presolar oxides from chondrites have highlighted that SNII
were a likely source for these grains (Dauphas et al., 2010; Qin et al., 2011b) but some SNIa or electron-
capture SN (ECSN) are favoured by coupled Cr and Ti isotope measurements of these grains (Nittler et al.,
2018).

The sequential dissolution (or leaching experiment) method makes it possible to isolate chemical
components of chondrites, thereby increasing the possibility of identifying components with anomalous
compositions, e.g. nucleosynthetic carriers. The pioneering work of Rotaru et al. (1992) showed large >Cr
anomalies up to 100 e units in leachates of carbonaceous chondrites. Several studies confirmed the presence
of highly anomalous *Cr-rich components (Podosek et al., 1997; Trinquier et al., 2007, 2008; Dauphas et
al,, 2010; Qin et al., 2011a; Wang et al., 2011; Petitat et al., 2011; Schiller et al., 2014; Yamakawa and Yin,
2014; Gopel et al., 2015). The largest anomalies were identified in CI chondrites. It also appeared that
anomalies were not distributed in the same manner between different CC chondrite sub-groups (Rotaru et
al., 1992; Trinquier et al., 2007). A few leaching studies have investigated NC chondrites, comprising two
studies of ordinary chondrites (Qin et al., 2011a; Wang et al., 2011) and two studies of enstatite chondrites
(Qin et al., 2010; Kadlag et al., 2021). Qin et al. (2010) performed a partial leaching procedure and Kadlag
et al. (2021) performed a full leaching procedure. Leachates from ordinary chondrites displayed anomalies
in the order of a few e units, whereas very little variation was observed in enstatite chondrites (< 1g).

The present study expands the Cr isotope composition dataset of leaching experiments of NC
chondrites with samples for which Nd and Sm isotope compositions have already been reported (Frossard
etal.,, 2022). The aim is to understand the origin of heterogeneous nucleosynthetic Cr isotopic compositions
in bulk meteorites and understand the effects of high-temperature processing in different redox conditions
for Cr and compare with other elements. To this end, we analysed the Cr isotope composition of leachates
of a L.3.2 ordinary chondrite and two type 3 EH and EL enstatite chondrites. Processes that produced the
Cr isotope composition of these leachates are discussed and we assess whether chronological and
nucleosynthetic information can be derived from them. Finally, we review the literature data on leachates
of chondrites that formed in different environments and identify how physico-chemical conditions may

affect their Cr isotope compositions.
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2. Methods

Three unequilibrated chondrite samples of the NC reservoir were sequentially leached in this study.
The enstatite chondrites Sahara 97158 (EH3), Pecora Escarpment (PCA) 91020 (EL3) and the ordinary
chondrite Northwest Africa (NWA) 8007 (L.3.2) were chosen based on their low metamorphic and low
weathering grades. The fragment PCA 91020,88 was provided by the Antarctic Meteorite Collection
whereas NWA 8007 and Sahara 97158 were purchased from private meteorite dealers. The detailed
procedure of the leaching and dissolution steps is described in Frossard et al. (2022). A summary is presented
in this section.

Interior parts of the chips without fusion crust were selected and cleaned in ethanol. The samples were
then powdered in an agate mortar. The leaching procedure was applied on 1.2 to 1.5 g of sample powder.
Acids of increasing strength were poured onto powders, then pipetted out and centrifuged after reaction
for a given duration and at a given temperature. The leaching procedure is detailed in Table 1. Leachates
were then dried down and dissolved in 7 M HNOj3, dried down once again and finally dissolved in 6 M HCI
and evaporated to dryness. In addition to leachates, separates from the EH3 Sahara 97158 were also
prepared. The sample was gently crushed, and two fractions were separated using a hand magnet. The
magnetic separate (Mag) consists of metal as well as metal-sulphide nodules, whereas the non-magnetic
separate (NM) consists of silicates and chondrules. An aliquot of 1 % was saved from the total solutions for
Cr isotope analysis.

The Cr separation procedure is adapted from that of Trinquier et al. (2008) and Bonnand et al. (2011,
2016) and is performed in two steps. The first step consists of removing major elements using 2 mL of
AG50W-X8 resin (200-400 mesh) in Polyprep Biorad columns. Before use, the resin is cleaned with 30 mL
of 6 M HCI and conditioned in 10 mL of 1 M HCIL Samples are dissolved in 6 M HCI and heated for 12
hours on a hotplate at 145 °C and diluted to 1 M HCl just before loading in a 4 mL volume of solution. Six
mL of 1 M HCl are then added. The Cr cut (85-90 % of total Cr) corresponds to the 10 mL eluted in 1 M
HCl including loading. Matrix elements are then eluted in 18 mL. 6 M HCI, in which 10-15 % of Cr is also
eluted (Trinquier et al., 2008; Bonnand et al., 2011). This second Cr peak is related to different Cr chloride
species that form during this procedure (Trinquier et al., 2008; Larsen et al., 2016). The pre-treatment with
6 M HCl at 145°C should alleviate this issue by ensuring that Cr is present in the solution only as CtCly* in
Cr(Ill) oxidation state (Larsen et al., 2016). The effect of this incomplete separation on the Cr isotope
compositions is detailed below. The second column isolates Cr from minor elements, in particular from
isobaric elements Ti and V, using 1 mL of the AG-50W-X8 resin in Polyprep Biorad columns. The resin is
cleaned with 10 mL of 3 M HNOj3, followed by 30 mL of 6 M HCI, and finally conditioned with 10 mL of
0.5 M HNO:s. The sample is dissolved in 14 M HNOj3 and diluted to 4 mL of 0.5 M HNOj and heated for
2 hours at 110 °C prior to loading. The resin is then rinsed with 4 mL of 0.5 M HNOj, 6 mL of 1 M HF to
remove Ti, and 7 mL of 1 M HCI to remove minor matrix elements. Chromium is eluted in 6 mL of 6 M
HCL Due to the imperfect separation of major elements, some leachates were further purified using the

same procedure one more time. In order to keep similar conditions for all samples, amounts of sample
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corresponding to 1.5 ug of Cr were loaded on the columns with the exception of Cr-depleted leachates
containing between 0.3 and 1.2 pg of Cr for which the complete samples were used. Total yields of the
procedure are around 85 % and blank contributions are between 0.1 to 0.6 ng, therefore negligible compared
to the Cr amounts processed for all samples.

The concentrations of Mn, Cr and Fe in the samples were measured with a Q-ICP-MS Agilent 7500 at
Laboratoire Magmas et Volcans (LMV). The Fe contents were only measured for leachates of Sahara 97158.
The concentrations were obtained with external calibration using multi-element synthetic standard solutions
of different concentrations ranging from 1 to 25 ppb. The trace element composition of leachates are
reported in Frossard et al. (2022).

Following purification, the sample is dissolved in 14 M HNOj and 30 % H2O; and dried twice to
remove organics from the resin. The loading procedure is described in Bonnand et al. (2016) and adapted
from Trinquier et al. (2008). One microgram of Cr, or less for samples with lower contents, was loaded in
6 M HCI onto Re single filaments at 0.7 A and evaporated before adding a silica gel solution saturated in
boric acid and “flashed” to form a glass. Measurements of the Cr isotope compositions of samples were
performed on a ThermoScientific Triton TIMS at LMV using a multi-static method. The latter consists of
three lines of measurements centred successively on 52Cr, 53Cr and 5'V. The whole analysis is generally
composed of 27 blocks of 20 cycles of 8 s of integration time. Samples and standards were run in similar
conditions with intensities of about 1 X 10-10 A of 52Cr. Isotope ratios are corrected for mass fractionation
using a 0Cr/52Cr ratio of 0.051859 (Shields et al., 1966) and an exponential law. Mass-independent ratios
are calculated for each line and the mean of the three ratios obtained for each cycle calculated. The sample
isotope composition reported is the mean of all cycles. Interference contributions are corrected for Fe and
are negligible for Ti and V. The contribution of Fe is monitored on line 2 with 5Fe and extrapolated for
lines 1 and 3, similatly to the method of Trinquier et al. (2008). Cotrections for 3Cr/52Cr from >Fe are
generally at the ppm level with >Fe/52Cr around 10-.

Isotope ratios are reported as a deviation relative to the mean composition of the NIST SRM 979

standards processed through chemistry (NIST SRM 979%) in parts per 10 000, or ¢, following this equation:

; ior ior
e Cr = S W —11]1x10000
Crmeasured rNIST SRM 979*

Mass-independent fractionation that remains after correction by exponential law complicates Cr
isotope analyses. This results in a correlation of 53Cr/52Cr and 54Ct/52Cr. Several authors identified the issue
and interpreted it as a fractionation due to the two Cr chloride species in the first chemical separation on
AG50W-X8 resin (Trinquier et al., 2008, Van Kooten et al., 2016) and due to evaporation of Cr* and CrO*
ionic species on the filament during analysis (Bourdon and Fitoussi, 2020; Cornet et al., 2022; Yokoyama et
al., 2023). We measured the isotope composition of 16 NIST SRM 979 standards without chemical
separation and 12 NIST SRM 979 standards that underwent the same chemical procedure as the samples
(Table 2).
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A correlation is observed among NIST SRM 979 runs, similarly to other studies (e.g. Trinquier et al.,
2008) (Figure 1). The Cr isotope compositions of processed and unprocessed NIST SRM 979 standards
display the same trend, with a slope of 2.6 £ 0.4 in e54Cr-e33Cr space (95 % confidence interval, model 3
IsoplotR, Vermeesch, 2018). Mass-independent fractionations during chemical separation and TIMS
analyses are produced by the nuclear field shift effect and incompletely corrected mass-dependent
equilibrium or kinetic fractionations. The mass-independent fractionation induced by the nuclear field shift
effect is characterised by a 3Cr/e53Cr ratio of 2.53 calculated using the equations of Fujii et al. (2000),
nuclei masses from Wang et al. (2012) and mean-squared nuclear charge radii of Fricke and Heilig (2004).
Larsen et al. (2016) reported that the Cr isotope composition of samples with incomplete recovery of
chloride species CtCl2t, CtCl* and CtCl3? is prone to equilibrium isotope fractionation that is incorrectly
corrected by the exponential mass fractionation law. The fractionation of NIST SRM 979 reported in this
study is also in part induced during analysis, as exemplified by the trend observed in the unprocessed
standards. This effect was also highlighted in previous studies (e.g. Trinquier et al., 2008; Qin et al., 2010;
Bourdon and Fitoussi, 2020; Cornet et al., 2022). Depending on the conditions of evaporation on the
filament, oxides are formed in different amounts. The different CrO*/Ct* ratios induce mass-independent
fractionations consistent with the nuclear field shift effect as shown by the slope described in our data
(Yokoyama et al., 2023). The temperature of the filament is a primordial parameter in that regard (Yokoyama
et al., 2023). Processed standards were generally analysed at higher temperatures (1256-1310 °C) than the
unprocessed standards (1243-1281 °C). The difference between the Cr isotope composition of processed
and unprocessed sets of standards is 5.3 ppm for 33Cr/52Cr and 12.8 ppm for 54Cr/52Cr ratios. The offsets
are attributed to fractionation during the chemical procedure and the analysis on the TIMS.

Consequently, as in Bonnand et al. (2016) the samples’ Cr isotope compositions were normalised to
standards that underwent chemical separation to correct for the fractionation related to the chemical
procedure. However, this does not include the mass-independent fractionation that occurs during
evaporation on the filament. This variation is nevertheless included in the error with repeated measurements
of processed standards. The uncertainties reported for the samples correspond to twice the standard
deviation on 12 processed NIST SRM 979 standards, or twice the standard error on one run if it is larger
than the reproducibility. The reproducibility on the NIST SRM 979 is 6.1 ppm for ¢33Cr and 17.6 ppm for
eCr.

The reproducibility and accuracy of the chemical procedure and the measurements are assessed using
the terrestrial peridotite rock standard JP-1 and chondrites Indarch (EH4) and Barratta (L5) from the same
powder aliquot reported by Bonnand et al. (2016). They yield similar results to the literature reporting the
Cr isotope composition of these samples and other enstatite and ordinary chondrites using different
methods (e.g. Qin et al., 2010; Yamakawa and Yin, 2014; Bonnand et al., 2016; Hibiya et al., 2019). Indeed,
Indarch displays &>3Cr of 0.19 £ 0.06 and 0.23 £ 0.06 and &5*Cr of -0.01 £ 0.18 and 0 X 0.18, whereas
Barratta displays €>3Cr of 0.22 & 0.06 and 0.20 £ 0.06 and e5*Cr of -0.34 £ 0.18 and -0.41 £ 0.18.
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3. Results

The Cr isotope compositions of the samples are reported in Table 2 and are presented in Figures 2-4.
The enstatite chondrite leachates are characterised by a large range of ¢33Cr, from 0.11 £ 0.06 (Sahara 97158
L5) to 1.66 £ 0.06 (Sahara 97158 L1) that are loosely cotrelated with their corresponding >Mn/52Cr ratios
(Figure 3). The variations in e53Cr are larger in the leachates of the EH3 Sahara 97158 than those of the EL3
PCA 91020. However, there is less variation in the e**Cr composition of the leachates of the enstatite
chondrites, ranging from -0.20 £ 0.18 (PCA 91020 L3) to 0.52 + 0.18 (PCA 91020 L1) (Figure 4). The
leaching steps of EL3 and EH3 chondrites are close in ¢>*Cr compositions, but present resolved variations.
The first leachates (L.1) obtained with 0.5 M acetic acid display the same e5*Cr composition for EH3 and
EL3, but &%Cr anomalies in leachates L2 and L3 are systematically lower for the EL3. Similarly, the last
leachate (L6) of the EL3 displays a e3*Cr composition of 0.48 * 0.18, whereas the last leachate of the EH3
has a composition that is terrestrial within error (0.19  0.18). The separates from the EH3 chondrite Sahara
97158 have Cr isotope compositions that are very similar to the bulk enstatite chondrite composition from
the literature. The non-magnetic fraction displays a e53Cr of 0.12 & 0.06, lower than the bulk EC and the
magnetic fraction, which is probably related to its low 55Mn/52Cr ratio of 0.65.

The Cr isotope composition of the leachates of the ordinary chondrite NWA 8007 contrasts with that
of enstatite chondrite leachates. The e53Cr composition of leachates also loosely correlates with 5Mn/52Crt.
The ¢5*Cr composition of OC leachates displays very large deficits up to -6.68 £0.18 with excesses that are
well resolved for L5 and L6 of 0.84 * 0.18 and 0.56 £ 0.18, respectively (Figure 5). L1 and L2 leachates

display e5*Cr compositions around -1.5, whereas deficits are larger for 1.3 and L4.

4. Discussion

4.1  Galactic cosmic ray effects

Meteorite samples exposed to galactic cosmic rays (GCR) display altered Cr isotope compositions.
GCR exposure produces excesses in both e53Cr and e5#Cr as exemplified by the Cr isotope composition of
iron meteorites (e.g. Leya et al., 2003; Qin et al., 2010; Bonnand and Halliday, 2018; Liu et al., 2019). The
cosmogenic production of Cr isotopes varies with several parameters such as the Cr, Ni, and Fe
concentrations in the sample, the particle flux, the duration of exposure, and the shielding depth. It consists
primarily of spallation reactions on Fe, Ni and Cr and neutron capture on Cr isotopes (Leya et al., 2003; Liu
etal., 2019). The bulk Cr isotope compositions of chondrites are relatively little affected by cosmic rays (e.g.
Qin et al,, 2010). The modelled effects of the GCR on Cr isotope compositions from Leya et al. (2003) with
different Fe/Cr ratios and from Liu et al. (2019) in iron meteorites do not correspond to the range of
compositions of leachates of chondrites. GCR effects on e3Cr and e5#Cr may vary depending on the nature
of the reactions, i.e. spallation reaction or neutron capture. Samarium isotope compositions indicate the
degree of epithermal neutron capture because of the large cross-section of 4°Sm. Neutron capture effects
are relatively mild in the meteorites investigated according to their small deficits of 14Sm and excesses of

150Sm (Frossard et al., 2022). Variations in the Cr isotope compositions of the ordinary chondrite leachates
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are relatively large and a GCR contribution can be ruled out to explain deviations up to 6.68 & units from
the terrestrial reference.

In contrast, small variations can be attributed to GCR in enstatite chondrite leachates (Kadlag et al.,
2021). This interpretation stems from the well-defined correlation between eCr and Fe/Cr in separates
and leachates. Some isotopes of Fe and Ni produce Cr isotopes due to spallation reactions and Fe/Cr ratios
are often used as indicators of irradiation effects when compared with Cr isotope compositions. In our
study, the magnetic separate (Mag) that includes metal-sulphide nodules of the EH3 Sahara 97158 chondrite
displays small excesses in €3Cr and e>*Cr compared to the non-magnetic fraction (NM) (Figure 2). Iron
contents were measured only in the leachates and separates of Sahara 97158 (EH3) and the leachates of the
ordinary chondrite NWA 8007 (L3.2). The leachates and separates of Sahara 97158 generally follow the
same trend as the data from Kadlag et al. (2021) (Figure 6). The information from the Fe/Cr of leachates
of Sahara 97158 may not be reliable as Fe and Cr in leachates are likely decoupled from measured Cr isotope
compositions based on the different solubilities of Fe and Cr. Nevertheless, excesses of 5Cr correlate with
Fe/Cr in sorted fractions (that did not experience leaching) of the EH3 chondrites Kota-Kota and Sahara
97072 (Kadlag et al., 2021) with a similar slope. This is evidence for a GCR origin of the e5*Cr deviations in
enstatite chondrites. The relationship between Fe/Cr and &53Cr is not as clear because leachates or separates
with high Mn/Cr ratios also display high >*Ct, which ate larger than the anticipated GCR effects.

Spallation appears to be the main cause of the e*Cr variability of leachates in enstatite chondrites and
to some extent ¢53Cr. Despite undoubtably holding a main role in explaining the Cr isotope compositions
of components of enstatite chondrites, irradiation may not explain the differences in bulk meteorites or
planetary bodies as hypothesised by Kadlag et al. (2021). The main reason is that e5*Cr and &5Ti are
correlated in NC materials and that irradiation has little effects on Ti isotopes (Leya et al., 2008). The origin
of this relationship is most likely related to heterogeneous distribution of nucleosynthetic anomalies in the

protoplanetary disc (Leya et al., 2008; Trinquier et al., 2009).

4.2 ¢”Cr variations in leachates of unequilibrated ordinary and enstatite chondrites

Variations in the e3Cr composition of leachates of ordinary and enstatite chondrites from this study
show that they formed during the lifetime of 53Mn, i.e. in the first 20 million years after the crystallization
of Ca, Al-rich inclusions (CAI). Nevertheless, relationships between ¢3*Cr and 55Mn/52Cr ratios are not well
defined and display significant scatter along regression lines (Figure 3). Dating unequilibrated chondrites
with leachates is complicated by several issues: Mn and Cr may be leached differently at each step of the
leaching procedure and Mn/Cr ratios may not be in equilibrium with the measured Cr isotopic
compositions. Nucleosynthetic anomalies hosted in components of chondrites may also affect the &3Cr
compositions of leachates. Finally, mixing between different components may blur the potential
relationships between e53Cr and Mn/52Cr (G6pel et al., 2015).

The regression line obtained with leachates of the ordinary chondrite NWA 8007 yields an initial
53Mn/55Mn ratio of 2.3 X 10 that is less than half of the 53Mn/55Mn ratio of 5.1 £ 1.6 X 10-¢ inferred form
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chondrules from the primitive ordinary chondrite LI.3.4 Chainpur (Yin et al., 2007). However, this slope
cannot be used to define an initial 53Mn/3Mn ratio due to the scatter that indicates that ¢53Cr variations are
not solely related to the decay of 3Mn. The large variations in &>Cr in this meteorite suggest that
nucleosynthetic anomalies may impede the correct quantification of radiogenic 33Cr. In the absence of
precise constraints on the >3Cr composition of presolar carriers, an evaluation of this contribution is not
possible. Note that small nucleosynthetic anomalies have been reported in &>Cr in previous studies on
leachates of carbonaceous chondrites (e.g. Trinquier et al., 2008; Yamakawa and Yin, 2014; Gépel et al.,
2015).

Concerning enstatite chondrites, the dispersion of isochron diagrams is significant. The slope of the
regression line is principally controlled by the composition of the first leachates (1), which display high
55Mn/52Cr ratios of about 20 for the EH3 and 35 for the EL3. The first step of the leaching procedure most
likely dissolved soluble sulphides such as oldhamite (CaS), niningerite (MgS) and alabandite (MnS).
Alabandite and niningerite are diagnostic minerals for distinguishing between the subgroups of enstatite
chondrites as they are only observed in EL and EH chondrites, respectively. These sulphide phases therefore
contribute to different Mn/Cr for leachates of the EH3 and EL3 chondrites. The shallow slopes contrast
with isochrons obtained by other studies on enstatite chondrites (Figure 7). Shukolyukov and Lugmair
(2004) leached equilibrated chondrites of petrologic types 4 and 6. Little disturbance is observed in these
isochrons compared to those produced with unequilibrated enstatite chondrites from this study and that of
Kadlag et al. (2021) (Figure 7). Redistribution of Mn and Cr between mineral phases during metamorphism
of enstatite chondrites of types 4 to 6 may have homogenised the primitive chondritic components to
provide the meaningful isochrons produced by Shukolyukov and Lugmair (2004). The source of the ill-
defined slopes in type 3 EC may represent mixing between different components and could result in
discrepancies in the isochron diagram due to chemical and isotopic disequilibrium between components.
The scatter may also be attributed to irradiation that produces excesses in ¢33Cr as discussed in the previous
section. Given the scattering in the data and the impossibility of sorting leachates objectively, temporal

constraints cannot be determined for the three type 3 meteorites investigated using the Mn-Cr systematics.

4.3 Chromium nucleosynthetic heterogeneities in ordinary chondrites
43.1 Nucleosynthetic components inferred from the leachates

The magnitude of isotopic anomalies in leachates can be related to (1) the magnitude of deviation of
the composition of the anomalous component from the bulk chondrite composition; (2) the relative Cr
contribution of the anomalous component in each leachate, ie. the degree to which the anomalous
component is diluted in “normal” Cr; (3) the presence of multiple components with anomalous
compositions. These effects need to be carefully considered before drawing conclusions on the composition
of the endmembers from leachates and components of chondrites. Leaching experiments on ordinary

chondrites of the L subgroup were reported by Wang et al. (2011) and Qin et al. (2011a). At first sight, this
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work does not appear to agree with these previous studies (Figure 5). Due to different leaching procedures
(results for 4 to 7 steps), leachate steps do not correspond to the same minerals dissolved. However, the
three studies complement each other. The present study allows for a more detailed description of the easily
soluble minerals such as sulphides. L1 and L2 show the existence of a component characterised by an e34Cr
of ~-1.5, which is mixed with other components in Semarkona and Queen Alexandra Range (QUE) 97008
(Wang et al.,, 2011; Qin et al., 2011a, respectively), resulting in stronger negative anomalies for e5*Cr.
Components dissolved in L3 and L4, with negative e3#Cr ~-06, appear to correspond to the first leachates
steps of other studies. The majority of Cr (87 %) in NWA 8007 is hosted in L5 and L6, impeding accurate
characterisation of the anomalous components. The procedure of Wang et al. (2011) provides constraints
on the refractory mineral phases and shows the existence of positive e**Cr anomalies (4.4 = 0.5 and 3.5 £
0.3) obtained in leachates with 6 M HCI at 40 °C and 80 °C. The low magnitude of ¢>*Cr anomalies in L5
and L6 of NWA 8007 in our study, close to the terrestrial composition, is consistent with the study of Wang
et al. (2011) and Qin et al. (2011a). The last leachate (a mixture of concentrated HF and HNO3) reported
by Qin et al. (2011a) on QUE 97008 displays a strong negative anomaly but with a low precision (-4.4 *
2.3). The discrepancy between the leachates’ e>*Cr and the bulk composition led Qin et al. (2011a) to
calculate a theoretical composition of the last leachate of + 0.77 &34Cr that agrees with our study on NWA
8007 and the study of Wang et al. (2011) on Semarkona.

Three main components are found using leachates of unequilibrated OC, (1) a component with positive
e*Cr anomalies, (2) a component with negative e5Cr anomalies and (3) a component with a “normal”
composition, close to the composition of the bulk meteorite. The first component, identified by Wang et
al. (2011), is sampled in 6 M HCl leachates L4 and L5 of Semarkona (Wang et al., 2011) with e>*Cr of 4.4 +
0.5 and 3.5 * 0.3, respectively. This component is also present in leachates of L5 and L6 of NWA 8007 and
potentially in L6 of Semarkona. The lower intensity of the anomalies is likely related to a mixture of this
component with one or both remaining components. This component may be related to the very strong
positive e>*Cr anomalies, more than 100 e units, also sampled in 6 M HCI leachates in carbonaceous
chondrites (e.g. Rotaru et al., 1992; Podosek et al., 1997). The second component is determined with the
negative e>*Cr compositions measured in .3 and L4 in NWA 8007 and the first leachates of Semarkona and
QUE 97008. It may be related to a similar component which has also been reported in studies on leachates
and separates of carbonaceous chondrites (Yamakawa and Yin, 2014; Gépel et al., 2015; Kadlag et al., 2019).
The e*Cr composition of the leachates L1 and L2 of NWA 8007 likely represents a mixture between this
component with negative e5*Cr and normal Cr. The last component constitutes the largest Cr reservoir and
displays a Cr isotope composition similar to that of the bulk meteorite. The leachates representing the largest

Cr budget systematically exhibit the lowest anomalies (Figure 5).

4.3.2  Nature of anomalous components

The homogeneity of the nucleosynthetic Cr composition in chondrules (Schneider et al., 2020; Williams
et al., 2020) suggests that carriers of anomalous compositions are hosted in the matrix of ordinary

chondrites. Carrier phases of e3*Cr anomalies are difficult to identify from leachate compositions, but some
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conclusions can nonetheless be drawn. Many types of presolar grains have been identified and are usually
refractory minerals such as nano-diamonds, silicon carbides, graphite, oxides but also include silicates.
Nano-diamonds and silicates are the most abundant presolar grains in the most primitive chondrites, with
1400 ppm and 200 ppm, respectively (Zinner et al., 2014; Floss and Haenecour, 2016). Few presolar grains
have been found to contain Cr and are predominantly oxides containing varying amounts of Al and Mg
(Zinner et al., 2005; Dauphas et al., 2010; Qin et al., 2011b; Nittler et al., 2018). Presolar silicon carbide
grains host Cr in small amounts and their isotope composition is slightly different from the composition of
the Solar System and does not match the modelled s-process that occurs in AGB stars producing SiC (Levine
et al., 2009; Savina et al., 2010). These authors suggested that the Cr isotope composition is inherited from
the starting materials of the AGB stars rather than produced in the AGB stars themselves. However, SiC
grains are unlikely to be a significant presolar carrier of Cr because they would yield larger anomalies in the
very last leachates, which is what is observed for Nd and Sm for instance (Frossard et al., 2022). Some
presolar silicates may contain trace amounts of Cr (below 1 at. %) (Nguyen et al., 2016). The Cr content of
presolar silicates has not been studied in detail but is often inferred from 32Cr measurements to correct 3Cr
isobaric interference on >*Fe in Fe isotope analyses. These measurements suggest that the few grains for
which Cr has been identified as traces display solar 5*Cr/52Cr ratios. The only presolar grains carrying
anomalous nucleosynthetic compositions of Cr are oxides (Dauphas et al., 2010; Qin et al., 2011b; Nittler
et al., 2018). These grains are characterised by high 54Cr/52Cr ratios, near solar 3Cr/52Cr and °Cr/52Cr
ratios, the former often depleted and the latter often enriched compared to the solar composition. Contrary
to presolar grain compositions, our data is corrected for mass fractionation using a fixed 5°Cr/52Cr ratio.
Therefore, excesses in the 5°Cr/52Cr ratio would result in even larger excesses in *Cr/52Cr and 33Cr/52Cr
normalised ratios compared to the solar composition.

The first component displaying high e5#Cr in the leachates has been proposed to arise from nanometer-
sized oxides enriched in 3*Cr (Podosek et al., 1997; Dauphas et al., 2010; Qin et al., 2011b; Wang et al., 2011;
Nittler et al., 2018). The leachates obtained with 6 M HCl in the least thermally processed CC chondrites
display a higher magnitude of e5*Cr anomalies, reaching up to 211 &*Cr (Podosek et al., 1997), compared to
the leachates of ordinary chondrites. This difference may be due to several processes. First, this may be
related to dilution in “normal” Cr due to the relative proportions of components and the magnitude of their
nucleosynthetic anomalies. Indeed, in various chondrite types minerals dissolved at each step of the leaching
procedure contain different Cr contents. Most minerals display a relatively homogeneous Cr isotope
composition in comparison to leachates as evidenced by the relatively homogeneous Cr isotope composition
of chondrules (Schneider et al., 2020; Williams et al., 2020) that correspond to 60 to 80 % in volume of
ordinary chondrites (Breatley and Jones, 1998). Therefore, “normal” Cr that is dissolved in each leachate
step dilutes the isotopic anomalies carried by minor anomalous phases, decreasing their magnitude.

The nature of the second component with negative ¢>*Cr in the leachates is unknown but is not hosted
in refractory phases in ordinary chondrites because they are obtained by dissolving minerals in relatively
mild acids up to 6 M HCI at 60 °C. The results obtained from the leaching of NWA 8007 in this study

suggest that the component with negative e5*Cr sampled in L3 and L4 does not correspond to the most
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soluble phases such as phosphates or sulphides, which are dissolved in the first and second steps (0.5 M
acetic acid and 0.5 M HNOj at room temperature). The results obtained with the procedures applied to
Semarkona and QUE 97008 suggest otherwise because the most negative anomalies were obtained in the
first leachates obtained with 8.5 or 8.7 M acetic acid that likely include the signatures measured in L1, L.2
and L3 of NWA 8007. Minerals dissolved in the leaching steps 3-4 most likely include metal (mostly step 3)
and silicates, particularly plagioclase based on REE compositions (see Frossard et al., 2022 for trace element
data). Plagioclase contains very little Cr, in contrast to metal. However, negative e5#Cr anomalies are unlikely
to be hosted in the metal as they are slightly stronger in L4 at which point metal was already leached out.
This component may trace subtle negative e5*Cr compositions hosted in presolar silicates that are the only
presolar grain other than oxides that may host Cr. This hypothesis fits well with the likelthood of presolar
silicates to be leached in the steps 3 and 4 where negative ¢>*Cr compositions are obtained. More work is
required to identify this component and Cr isotope compositions of presolar silicates would be very

interesting in that regard.

4.4  Reduced conditions as the origin of enstatite chondrites ¢**Cr homogeneity

The magnitude of the Cr nucleosynthetic anomalies of enstatite chondrite leachates is very low
compared to that of ordinary chondrites (Figures 4 and 5) but are very similar despite the two chondrites
belonging to two different subgroups, EL and EH. This is surprising as the same leachates from enstatite
chondrites display large Nd and Sm nucleosynthetic anomalies (Frossard et al., 2022). Unequilibrated
enstatite chondrite falls are rare, and terrestrial weathering could affect Cr isotope compositions. However,
we deem this hypothesis unlikely as leachates from the EH3 fall Kota-Kota (Kadlag et al., 2021) display
essentially the same isotope composition as the two finds from the Sahara and Antarctica used in this study.
Moreover, Nd and Sm isotope compositions of the same samples are not affected by weathering, whereas
these elements are more susceptible than Cr to terrestrial contamination as the continental crust is enriched
in light rare-earth elements (Frossard et al., 2022).

In enstatite chondrites, Cr is mainly hosted in the L3 leaching step (between 67 % and 69 % of the
total Cr of all leachates). This means that if anomalous phases were present, there would be sufficiently low
Cr in the leachates other than L3 for these to be identified. The magnitude of the anomalies is below 0.6 ¢
units in enstatite chondrites whereas it reaches several e units in ordinary chondrites and up to 130 e units
in the CI carbonaceous chondrite Orgueil for similar Cr contents (Rotaru et al., 1992). Hence, similar carriers
present in fractions other than leachate 3 should be easily identified. The results for Sahara 97158 and PCA
91020 from this study agree with the results of a leaching experiment carried out on the EH3 chondrite
Kota-Kota by Kadlag et al. (2021) as well as 6 M HCl leachates of insoluble organic matter-rich residues of
EC obtained after CsF-HF digestion from Qin et al. (2010).

The small range of variation in enstatite chondrite leachates that is observed is most likely related to
irradiation as discussed by Kadlag et al. (2021) and above. The origin of this homogeneity probably arises
from the reducing conditions in which enstatite chondrites formed, very distinct from that of other

chondrite groups. Enstatite chondrites have an oxygen fugacity at least two log units below the iron-wiistite
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buffer (AIW-2), and most likely between AIW-4 and AIW-6 with a high sulphur fugacity (e.g. Brett and
Sato, 1974; McKeown et al., 2014; Lin, 2022; Hammouda et al., 2022). Sahara 97158 and PCA 91020 have
experienced higher temperatures of metamorphism relative to type 3 ordinary chondrites, possibly up to
640 °C based on noble gas studies in other types 3 and 4 EC (Huss and Lewis, 1994). Their textures and
the chemical composition of the minerals remain however unequilibrated (Weisberg and Kimura, 2012).
Interestingly, despite having similar peak temperatures compared to Allende (530-600 °C) (Huss and Lewis,
1994; Busemann et al., 2007), leachates of enstatite chondrites display a much smaller range of €3Cr of 0.4
compared to leachates of Allende displaying a range of 2.0 ¢ units. Enstatite chondrites contain very small
amounts of oxide minerals and most silicates are highly reduced with the exception of some rare crystals in
the matrix (Rambaldi et al., 1984). Oxides are not stable under such oxygen and sulphur fugacities. Given
that the only presolar Cr carrier identified so far is an oxide (Dauphas et al., 2010; Qin et al., 2011b; Nittler
et al.,, 2018), it is unlikely that it survived in this environment. This is also supported by the very limited
amount of presolar oxides found in enstatite chondrites compared to other classes of chondrites (Lin et al.,
2002). The homogeneity in e>*Cr compositions of enstatite chondrite leachates is evidence that the main
presolar Cr carriers are relatively oxidised and that presolar silicon carbide is not a significant contributor of
anomalous Cr because it is more resistant to thermal metamorphism under reducing environments than

oxidising conditions (Huss and Lewis, 1994).

4.5  Effects of parent body processing on the Cr isotope compositions of leachates

Thermal metamorphism and aqueous alteration can induce the redistribution of elements and blur the
nucleosynthetic information hosted in presolar carriers (Zinner, 2014; Davidson et al., 2014; Floss and
Haenecour, 2016; Riebe et al., 2020; Yokoyama et al., 2023). The isotope composition of the leachates is
therefore affected by these processes. The redistribution of the anomalous components is a significant issue
for Cr isotope compositions of the leachates of primitive chondrites because of disturbances of the Mn-Cr
systematics that affect Cr compositions. These processes render the identification of anomalous
components difficult because the composition of the leachates may not represent the initial component or
carrier but rather that of the secondary minerals that formed through parent body processing. The
comparison of the leachates’ Cr isotope composition is also complicated between the chondrite groups as
they have different mineralogy and experienced different degrees of parent body processing under different
conditions.

Thermal metamorphism significantly affects the composition of leachates and tends to destroy presolar
phases. The ordinary chondrites that were processed in this study and studies of Qin et al. (2011a) and Wang
et al. (2011) range from petrologic types 3.0 to 3.2 according to the scale determined using Cr content in
olivine (Grossman and Brearley, 2005) with peak temperatures likely below 300 °C. The peak temperature
of Semarkona has been estimated between 220 and 260 °C (Alexander et al., 1989; Busemann et al., 2007).
A comparison of the Cr isotope compositions of the leachates of the three OC does not indicate a clear link
with the petrologic type (Figure 8). In the carbonaceous groups, the observation of leachates displaying large

positive e33Cr compositions is diagnostic of the effect of thermal metamorphism (Figure 9). Excesses in
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e3Cr are systematically observed in CC having experienced significant thermal metamorphism such as the
oxidised CV3 chondrite Allende, CO chondrites Lancé and Felix and CK chondrite Karoonda (Rotaru et
al., 1992; Trinquier et al., 2007). The degree of maturity of the organic matter in these chondrites suggests
that they have a petrologic sub-type above 3.6 and experienced peak temperatures between 480 °C (Lancé)
and 600 °C (Allende) (Bonal et al., 2006, 2007; Busemann et al., 2007), therefore higher than the type 3 OC
studied here and in the literature. The decreasing range of variation of e5*Cr in leachates of each meteorite
is also related to thermal metamorphism but is more difficult to compare between chondrite groups because
of their different mineralogy, i.e. Cr not being distributed in the same phases.

Aqueous alteration predominantly affects carbonaceous chondrites and induces substantial excesses in
5Cr found in leachates of CI chondrites and the ungrouped C2 chondrite Tagish Lake (Figure 9). These
signatures are evidence for in situ decay of >*Mn in Mn-rich phases, most likely carbonates (Endre3 and
Bischoff, 1996; Rotaru et al., 1992; Trinquier et al., 2007; Yamakawa and Yin, 2014; G6pel et al., 2015). On
the other hand, unequilibrated ordinary chondrites have also experienced aqueous alteration (Alexander et
al., 1989; Grossman et al., 2000; Dobricd and Breatley, 2020), but no excess in &3Cr can indubitably
attributed to aqueous alteration in the leachates of OC. In conclusion, the Cr isotope composition of
leachates of chondrites may not reflect primitive compositions because host phases are modified by thermal
processing and aqueous alteration under various redox conditions.

Presolar grains are variably affected by parent body processing. The abundance of presolar nano-
diamonds and silicates may be used as an indicator of the degree of processing of unequilibrated chondrites
(e.g. Huss and Lewis, 1994; Zinner, 2014). Among the potential presolar carriers of Cr, oxides are relatively
stable during aqueous alteration, whereas silicates are very easily altered (Nguyen et al., 2007). Indeed, the
silicate/oxide ratio is patticularly useful in determining the degree of aqueous alteration because the most
primitive chondrites such as CR3, interplanetary dust particles IDP) and AGB stars all display a very similar
presolar silicate/oxide ratio (Floss and Stadermann, 2009; Leitner et al., 2012; Floss and Haenecour, 2016).
Heterogeneities in both 3Cr and 5Cr anomalies of different Ryugu samples (returned by the Hayabusa2
spacecraft) that are closely related to CI chondrites are also linked to secondary parent-body processes
(Yokoyama et al., 2023). Extensive aqueous alteration and formation of Cr-bearing secondary minerals could
explain the redistribution of Cr and associated isotopic anomalies among samples. Ordinary chondrites
Semarkona and QUE 97008 contain similar abundances of presolar silicates and oxides (O-anomalous
presolar grains), 151 and 125 ppm, respectively (Barosch et al., 2022; Floss and Haenecour, 2016). This is
in good agreement with the range of the Cr isotope anomalies identified in the leachates of these two
chondrites. Despite their resistance to aqueous alteration, presolar oxides are prone to be destroyed by
thermal metamorphism. Their destruction could in part explain the reduced range of e5*Cr observed in the

leachates of type 3.00 to 3.2 OC compared to leachates of CI and CM2 chondrites.

4.6 Constraints on the origin of nucleosynthetic variations in chondrites

The Cr isotope composition of leachates indicates that there are at least 3 major endmembers as

detailed above. The most anomalous endmember is 5*Cr-rich presolar oxides. The negative endmember may
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be presolar silicates or another phase that appears complementary to >Cr-rich oxides. The leachates of CM2
chondrites are particularly interesting in defining the principal endmembers affecting the nucleosynthetic
variations between meteorite groups because the aqueous alteration did not produce large excesses in e33Cr
while preserving the presolar nano-oxides rich in *Cr. The negative endmember observed in ordinary
chondrites is, however, likely to have been homogeneised. Presolar silicates, for instance, occur in much
lower concentrations in aqueously altered CM2 chondrites and have been replaced by secondary
phyllosilicates (Floss and Haenecour, 2016; Leitner et al., 2020). The Cr isotope compositions of leachates
of CM2 chondrites align in a e3Cr vs. €3Cr diagram, with a slope of -47 = 11 (model 1 of IsoplotR,
Vermeesch, 2018) with little spread in e53Cr that is linked to thermal processing and high degrees of aqueous
alteration. This trend can be explained by the mixing of two endmembers, one with a high €5#Cr and small
negative €33Cr and the other with low &*Cr and slightly positive &33Cr (Figure 10). Other studies also
identified the importance of these two endmembers (Yamakawa and Yin, 2014; Go6pel et al., 2015). The
negative endmember is essentially complementary to the 54Cr-rich endmember that carries the most
anomalous composition.

Other components exist in chondrites but are not predominant in terms of budget. Yamakawa and
Yin (2014) provide a detailed discussion on the contributors of Cr isotope anomalies in chondrites. For
instance, CAls display different compositions to bulk chondrites and plot close to the trend of CM2
leachates (Figure 10). The Mn/Cr ratios are fractionated in the different groups of CAls and produce
variable radiogenic e3Cr. Once corrected for the radiogenic ingrowth, CAls are slightly offset from the
CM2 leachate trend and spread with a different slope (Torrano et al, 2023) (Figure 10). The FUN
(Fractionated Unknown Nuclear) refractory inclusions are other rare components of chondrites that display
exotic Cr isotope compositions (Papanastassiou, 1986). Overall, refractory inclusions do not influence
substantially the Cr isotope composition of leachates because of their relatively low Cr content (350-1250
ppm, compared to 3650 ppm in bulk CV3, Stracke et al., 2012).

The origin of the distinct Cr isotopic compositions of bulk chondrite meteorites is debated but
leachates provide valuable information in that regard. The bulk composition of ordinary chondrites is
slightly depleted in &>Cr (0.2 ¢54Cr) compared to enstatite chondrites that display an Earth-like signature
(e>*Cr=0) and to carbonaceous chondrites that display positive e5*Cr between +0.5 and +1.5 (e.g. Trinquier
et al., 2007) (Figure 11). The predominance of the signature of an endmember with high &*#Cr and near
normal e33Cr and its complementary endmember suggests that bulk compositions reflect the heterogeneous
distribution of *Cr-rich presolar oxides in the protoplanetary disc. Carbonaceous chondrites appear to be
enriched in this endmember relative to non-carbonaceous chondrites (Figure 11). The mechanisms to
produce this heterogeneous distribution of presolar carriers of Cr could involve preferential destruction in
the protoplanetary disc of carriers of ¢*Cr anomalies, the incorporation of carriers from infall of the nebular
cloud or physical sorting of materials in the protoplanetary disc (e.g. Trinquier et al., 2009; Van Kooten et

al., 2016; Steele et al., 2012).
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5. Conclusion

The Cr isotope compositions of the leachates of the ordinary chondrite NWA 8007 (L.3.2) and the
enstatite chondrites PCA 91020 (EL3) and Sahara 97158 (EH3) were measured from the same solutions
that were analysed for their Nd and Sm isotope compositions (Frossard et al., 2022). Leachates from the
ordinary chondrite display large variations in both €5*Cr and ¢5*Cr, whereas Nd and Sm anomalies were
barely resolved. In contrast, leachates of the enstatite chondrites of the EL and EH groups display significant
variations for e33Cr and only small variations for €*Cr. Despite variations on the e33Cr bearing radiogenic
ingrowths, the mismatch with Mn/Cr ratios rules out obtaining any temporal information. Stark differences
are observed between nucleosynthetic e3#*Cr anomalies in leachates of ordinary and enstatite chondrites,
confirming previous studies on other samples. Leachates of the ordinary chondrite exhibit large
nucleosynthetic anomalies from -6.68 to +0.84 ¢*Cr. Examination of leachates of ordinary chondrites from
the literature and their respective procedures shows that there are at least 2 different nucleosynthetic
components. Elevated e5Cr compositions in leachates, mostly obtained with 6 M HCl, may correspond to
54Cr-rich presolar oxides identified in carbonaceous chondrites. The second component with negative e>Cr
is dissolved in relatively mild acids and could correspond to presolar silicate. Leachates of enstatite
chondrites show very little €54Cr variation. The presolar heritage for Cr of these chondrites has been erased
and ¢Cr composition of leachates has been homogenised. Small variations in ¢*Cr and ¢3Cr can be
attributed to irradiation by cosmic rays. The leachates of the unequilibrated chondrites do not carry
primordial compositions and components inferred from them cannot be readily assimilated to
nucleosynthetic endmembers carried by presolar grains. Thermal metamorphism and aqueous alteration had
a significant effect on Cr isotope compositions in chondrites. Comparing leachates of various types of
chondrites, we show that mild thermal metamorphism in unequilibrated (type 3) chondrites particularly
affects the Cr isotope composition of leachates and Cr-bearing presolar grains. Redox conditions played an
important role in the destruction of presolar grains and redistribution of their anomalous Cr in other
minerals. The case of enstatite chondrites is particularly interesting because of their homogeneous e3#Cr
composition. This homogeneity suggests that Cr presolar carriers are not stable under the reducing
conditions in which enstatite chondrites formed. One nucleosynthetic endmember with high ¢>Cr and
slightly negative e>3Cr contributes to most of the Cr isotope variation in the chondrites. Its heterogeneous
distribution in the protoplanetary disc likely produced the variation in the €3*Cr composition of bulk
meteorites, with minor contribution of other components such as CAls. Our study shows that leaching
experiments in unequilibrated ordinary and enstatite chondrites hold valuable information on the carriers

of nucleosynthetic anomalies and should be more extensively studied for various other elements.
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Figure 1: Chromium isotope composition of NIST SRM 979 standards unprocessed and
processed with the same chemical procedure as the samples. The trend observed in the Cr
isotope compositions coincides with the nuclear field shift effect calculated using Fujii et al.
(2006) equations and nuclei masses from Wang et al. (2012) and mean-squared nuclear charge
radii of Fricke and Heilig (2004). The regression line is obtained using IsoplotR (Vermeesch,
2018).
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Figure 2: Chromium isotope composition of bulk chondrites and leachates of the ordinary
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882  Figure 3: A) ¢”’Cr — >Mn/>Cr isochron diagrams using leachates of each chondrite. Lines in the
883  diagram are regressions obtained by Excel for the EH3 chondrite Sahara 97158 (dashed-dotted
884  line), the EL3 chondrite PCA 91020 (dashed line) and the 1.3.2 chondrite NWA 8007 (dashed-
885  double dotted line). The black line corresponds to the solar system isochron calculated using
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890  Figure 4: ¢**Cr composition of each leachate step of the chondrites Sahara 97158 (EH3) in panel

891 A, PCA 91020 (EL3) in panel B. The leaching procedure of the three chonderites is identical

892  except for the last step (L6) for which PCA 91020 experienced a less aggressive dissolution

893  (Table 1). The leaching steps mentioned on this figure are for Sahara 97158. The surface area of
894  the data points is proportional to the Cr content distribution among leachates. The black line
895  corresponds to the recalculated bulk rock using leachates and the error associated, represented
896  with a grey area, corresponds to the external reproducibility of 18 ppm obtained from repeated
897  measurements of processed NIST SRM 979 standard (NIST SRM 979%*).
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901  Figure 5: ¢*Cr composition of leachates of ordinary chondrites from this study (NWA 8007 —
902  L3.2), Qin etal. (2011a) (QUE 97008 — L.3.05) and Wang et al. (2011) (Semarkona — L.3.0). The
903  surface area of the data points is proportional to the Cr content distribution among leachates.
904  The shaded and dashed data point for 1.4 of QUE 97008 is the corrected value based on the bulk
905  composition (see Qin et al., 2011 for details). The leaching procedures differ between the three
906  studies and is reported on the horizontal axis. HAc: acetic acid; conc.: concentrated; RT: room
907  temperature. The grey area corresponds to the bulk ordinary chondrite average of Zhu et al.

908  (2021).
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Figure 6: ¢*Cr composition and Fe/Cr ratios of the leachates and separates of EH3 chondrites
from this study and Kadlag et al. (2021) (=K21). This study investigated Sahara 97158 and
Kadlag et al. (2021) investigated Sahara 97072 and Kota-Kota. The leachates are more variable in
their Fe/Cr and define shallower slopes in this diagram compared to separates. Co-vatiation of
¢”'Cr and Fe/Cr ratios suggests that exposure to cosmic rays altered the ¢*Cr compositions.
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Figure 7: ¢*Cr-Mn/>*Cr isochron diagrams with leachate and separates data of enstatite
chondrites from this study and from the literature. Regression lines for each meteorite were
obtained on leachates and chondrules using model 3 of IsoplotR. Also represented are separates
obtained on EH3 chondrites which are not included in the regression lines. Leachates of Sahara
97158 (EH3) and PCA 91020 (EL3) are from this study (TS), leachates of Indarch (EH4),
Khairpur (EL6) and Abee (EH4) were produced by Shukolyukov and Lugmair (2004) (SL04),
leachates of Kota-Kota (EH3) by Kadlag et al. (2021) (K21) and chondrules from Sahara 97096
(EH3) by Zhu et al. (2020a) (Z20). The initial *Mn/*Mn ratios determined using the isochrons
of the chondrules of Sahara 97096, Abee, Indarch and Khairpur are (5.01 = 0.59)x107°, (3.0 +
0.4)x107%, (2.8 £ 0.1)X107° and (1.21 + 0.06)X107°, respectively. Regression lines using leachates
of unequilibrated type 3 chonderites are erroneous and display low **Mn/**Mn ratios compared to
leachates of equilibrated chondrites and the chondrule isochron.
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Figure 8: Chromium isotope composition of leachates of ordinary, enstatite, and carbonaceous
chondrites from this study and the literature. The Cr isotope composition of the unequilibrated
chondrites does not show a clear trend associated with their petrologic types (e.g. excesses in
¢”Cr). Leachate data are sourced from Rotaru et al. (1992), Trinquier et al. (2007), Petitat et al.
(2011), Wang et al. (2011), Qin et al. (2011a), Yamakawa et al. (2014), Schiller et al. (2014), G6pel
et al. (2015), Kadlag et al. (2021) and this study.
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Figure 9: Chromium isotope composition of leachates of various chondrite types from this study
and the literature. The data from Podosek et al. (1997) are not reported here due to larger errors,
but nonetheless, these agree very well with other studies. The leachates are distinguished by
meteorite group and petrologic type. The leachates of EC are classified as 3.0-4.0 as all samples
have not been studied for their precise petrologic type. The EH3 chondrites typically range
however from 3.1 to 3.7 in sub-types (Quirico et al., 2011). The data sources are the same as in
Figure 8.
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Figure 10: Chromium isotope composition of leachates of various types of chondrites and CAls,
from this study and the literature. Two main nucleosynthetic endmembers can explain the
leachates’ data. The CAls plot off the trend with depletions in ¢”’Cr and do not significantly
contribute to the composition of the leachates of carbonaceous chondrites. Datapoints with red
outlines are CAI with ¢”’Cr corrected for *Mn decay from the study of Torrano et al. (2023). CAI
data is sourced from Birck and Allegre (1985), Papanastassiou (1986), Birck and Lugmair (1988),
Loss et al. (1994), Trinquier et al. (2008) and Torrano et al. (2023). The data sources for the
leachates are the same as in Figure 8.
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Figure 11: Chromium isotope composition of bulk chondrites. The regression line obtained on
leachates of CM2 chondrites is shown and was calculated with the model 1 of IsoplotR. The
slope is -47 £ 11 (MSWD = 17). Bulk chondrites data are sourced from the compilation of Zhu
et al. (2021) and data are from Zhu et al. (2021), Schiller et al. (2014), Trinquier et al. (2007,
2008a), Yamashita et al. (2010), Qin et al. (2010), G6pel et al. (2015), Pedersen et al. (2019),
Mougel et al. (2018), Petitat et al. (2011), Van Kooten et al. (2016, 2020), Sanborn et al. (2019),
Zhu et al. (2020a, b), Langbroek et al. (2019), Jenniskens et al. (2012), Williams et al. (2020),
Shukolyukov and Lugmair (2006), Moynier et al. (2007), Kadlag et al. (2019).
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976  Table 1: Sequential dissolution procedure used in this study.

977
Step # 1 2 3 4 5 6
Reagent Ac(itligad HNO; HNO; HCl  HCL-HNO;  HF-HNO;
. 6M-15M 28M-15M
Molatity 0.5M 0.5M 4M 6M 2:1) @:1)
Temperature ~ Ambient  Ambient 40°C 60°C 120°C 150°CP/120°Ce
Duration 24h 24h 72h 48 h 48 h 96 ht / 48 he
Digestion . . . . . Patr bombP /
Savillex Savillex Savillex Savillex Savillex .
vessel Savillex<
978

979  aThe procedure differs for step 6 between Sahara 97158, NWA 8007 and PCA 91020.
980  ® Procedure for Sahara 97158 and NWA 8007.

981 < Procedure for PCA 91020.

982
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983  Table 2: Chromium isotope composition of NIST SRM 979 Cr certified reference material and isotopic
984  standard.

985
152Cr (V)  59Cr/52Cra 53Cr/52Cr  2SE 54Cr/52Cr  2SE cycles

Processed NIST SRM
979 standards
#1 10.6 0.05225  0.1134541 0.0000003  0.0282117  0.0000001 540
#2 11.0 0.05224  0.1134537 0.0000002  0.0282115 0.0000001 1080
#3 9.7 0.05222  0.1134539  0.0000003  0.0282114  0.0000002 440
#4 11.5 0.05230  0.1134534  0.0000003  0.0282110  0.0000001 540
#5 11.4 0.05227  0.1134535 0.0000003  0.0282112  0.0000001 540
#6 9.3 0.05230  0.1134537  0.0000004 0.0282111  0.0000002 360
#7 9.2 0.05226  0.1134539  0.0000003  0.0282115  0.0000002 460
#8 10.9 0.05229  0.1134539  0.0000003  0.0282116  0.0000001 540
#9 12.4 0.05231  0.1134531 0.0000003  0.0282111  0.0000001 540
#10 11.8 0.05229  0.1134530  0.0000003  0.0282109  0.0000001 540
#11 10.5 0.05227  0.1134535 0.0000003  0.0282112  0.0000001 540
#12 10.3 0.05224  0.1134540 0.0000003  0.0282115 0.0000001 540
Average 0.1134536 0.0282113
2SD 0.0000007 0.0000005
2RSD ppm 6.1 17.6
2 SE 1.8 5.1
Unprocessed NIST
SRM 979 standards
#1 9.7 0.05218  0.1134529  0.0000003  0.0282109  0.0000002 540
#2 10.8 0.05220  0.1134536  0.0000003  0.0282114  0.0000001 540
#3 11.2 0.05227  0.1134524  0.0000003  0.0282107  0.0000001 540
#4 9.8 0.05229  0.1134534  0.0000003  0.0282111  0.0000002 540
#5 12.5 0.05227  0.1134530 0.0000003  0.0282111  0.0000001 540
#6 10.3 0.05221  0.1134532  0.0000004  0.0282111  0.0000002 440
#7 10.6 0.05230  0.1134532  0.0000003  0.0282109  0.0000001 540
#8 9.7 0.05222  0.1134529 0.0000003  0.0282109  0.0000001 540
#9 9.6 0.05232  0.1134535 0.0000003  0.0282110  0.0000002 540
#10 10.6 0.05231  0.1134526  0.0000003  0.0282108  0.0000001 540
#11 9.9 0.05221  0.1134531  0.0000003  0.0282111  0.0000002 540
#12 8.6 0.05217  0.1134531  0.0000004  0.0282107  0.0000002 300
#13 9.8 0.05221  0.1134533  0.0000004  0.0282111  0.0000002 300
#14 12.0 0.05231  0.1134528 0.0000002  0.0282108  0.0000001 1080
#15 12.1 0.05236  0.1134528 0.0000003  0.0282107  0.0000001 540
#16 11.7 0.05232  0.1134528 0.0000003  0.0282109  0.0000001 540
Average 0.05226  0.1134530 0.0282109
2SD 0.00012  0.0000006 0.0000004
2 RSD ppm 5.6 12.8
2 SE 1.4 3.2

986

987  a Average 5°Cr/52Cr ratio, not corrected for mass fractionation.

988

37



989
990
991
992

993
994
995
996
997
998
999

Table 2: Chromium isotope composition of rock standard JP-1, bulk chondrites Indarch and Barratta, and

leachates and separates of the ordinary chondrite NWA 8007 and enstatite chondrites Sahara 97158 and

PCA 91020.

Sample Cr (%)2  Fe/Cr 35Mn/52Cr  I32Cr (V)  50Cr/52Cr  53Crb te e4Crb te n

Indarch #1 11.0 0.05230 0.19 0.06 -0.01 0.18 540
Indarch #2 9.7 0.05228 0.23 0.06 0.00 0.18 540
Barratta #1 11.8 0.05230 0.22 0.06 -0.34  0.18 540
Barratta #2 8.8 0.05224 0.18 0.06 -042  0.18 440
JP-1 13.0 0.05224 0.07 0.06 0.08 0.18 540
Sahara 97158 NM 33 0.65 9.6 0.05231 0.12 0.06 -0.02  0.18 420
Sahara 97158 Mag 149 0.72 10.1 0.05225 0.21 0.06 0.11 0.18 540
NWA 8007 L1 1% 90 3.14 4.3 0.05169 111 0.17 -1.57 031 30
NWA 8007 L.2 3% 152 5.50 12.7 0.05223 1.24 0.06 -1.45 0.18 540
NWA 8007 L3 6% 304 3.81 12.3 0.05220 1.19 0.06 -5.92  0.18 540
NWA 8007 L4 4% 331 1.37 11.3 0.05223 0.93 0.06 -6.68 0.18 540
NWA 8007 L5 35% 637 0.60 11.6 0.05214 0.27 0.06 0.84 0.18 240
NWA 8007 L6 52% 9 0.44 11.3 0.05220 0.20 0.06 0.56 0.18 480
Sahara 97158 L1 1% 1860 19.71 7.9 0.05231 1.66 0.06 0.51 0.18 200
Sahara 97158 L2 4% 1335 11.27 12.3 0.05237 0.44 0.06 0.38 0.18 540
Sahara 97158 L3 69 % 53 0.07 9.3 0.05227 0.26 0.06 0.26 0.18 500
Sahara 97158 L4 2% 44 0.30 9.8 0.05233 0.15 0.06 0.08 0.18 540
Sahara 97158 L5 11 % 5 0.67 11.6 0.05230 0.11 0.06 0.10 0.18 540
Sahara 97158 L6 13% 6 0.65 10.8 0.05227 0.17 0.06 0.19 0.18 540
PCA 91020 L1 1% 34.52 8.6 0.05206 0.61 0.06 0.52 0.18 160
PCA 91020 L2 14 % 1.67 11.7 0.05214 0.20 0.06 0.06 0.18 540
PCA 91020 L3 67 % 0.12 10.7 0.05236 0.10 0.06 -0.20  0.18 540
PCA 91020 L4 1% 0.29 4.9 0.05219 0.16 0.08 0.11 0.18 80
PCA 91020 L5 2% 0.80 9.8 0.05227 0.13 0.06 0.05 0.18 540
PCA 91020 L6 11 % 0.59 10.2 0.05213 0.28 0.06 0.48 0.18 540

2 Proportion of Cr in each leachate relative to the total Cr content for each meteorite leached.

b Isotope compositions are reported relative to chemically processed NIST SRM 979 (NIST SRM 979%),

see methods.

¢ Errors are either the reproducibility determined on repeated analysis of NIST SRM 979* or twice the

standard error on the analysis, whichever is larger.
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