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Abstract

The nucleosynthetic isotope composition of planetary materials provides a record of the heterogeneous distribution
of stardust within the early solar system. In 2020 December, the Japan Aerospace Exploration Agency Hayabusa2
spacecraft returned to Earth the first samples of a primitive asteroid, namely, the Cb-type asteroid Ryugu. This
provides a unique opportunity to explore the kinship between primitive asteroids and carbonaceous chondrites. We
report high-precision ;**Mg* and ;*>Mg values of Ryugu samples together with those of CI, CM, CV, and
ungrouped carbonaceous chondrites. The stable Mg isotope composition of Ryugu aliquots defines *°Mg values
ranging from —160 £ 20 ppm to —272 + 30 ppm, which extends to lighter compositions relative to Ivuna-type (CI)
and other carbonaceous chondrite groups. We interpret the ;>>Mg variability as reflecting heterogeneous sampling
of a carbonate phase hosting isotopically light Mg (u*’Mg ~ —1400 ppm) formed by low temperature equilibrium
processes. After correcting for this effect, Ryugu samples return homogeneous p?*Mg* values corresponding to a
weighted mean of 7.1 & 0.8 ppm. Thus, Ryugu defines a ;**Mg* excess relative to the CI and CR chondrite
reservoirs corresponding to 3.8 = 1.1 and 11.9 £0.8  ppm, respectively. These variations cannot be accounted for
by in situ decay of °Al given their respective 2’ Al / 2*Mg ratios. Instead, it requires that Ryugu and the CI and CR
parent bodies formed from material with a different initial 2°Al / 27 Al ratio or that they are sourced from material
with distinct Mg isotope compositions. Thus, our new Mg isotope data challenge the notion that Ryugu and CI
chondrites share a common nucleosynthetic heritage.

Unified Astronomy Thesaurus concepts: Solar system evolution (2293); Asteroids (72); Carbonaceous chondrites
(200); Meteorite composition (1037); Nucleosynthesis (1131)

Bizzarro et al.

1. Introduction

The solar system’s rocky planets and asteroidal bodies
record nucleosynthetic isotope variability for several elements,
which is interpreted to reflect the heterogeneous distribution of
stardust from different stellar sources in the protoplanetary disk
(Dauphas & Schauble 2016). A key cosmochemical observa-
tion is the existence of a gradient in the nucleosynthetic
composition of planetary materials with orbital distance. For
example, inner solar system bodies typically record depletion in
the abundance of iron-group element neutron-rich isotopes
relative to the terrestrial composition (i.e., 3Cr, S OTi, and 48Ca),
whereas bodies inferred to have accreted beyond Jupiter are
characterized by excesses in these isotopes (Trinquier et al.
2007, 2009; Schiller et al. 2015). Although the origin of the
solar system’s nucleosynthetic variability is debated, it can be
used to infer genetic relationships between early formed bodies
and, ultimately, provide constraints on their accretion regions.

In 2020 December, the Japan Aerospace Exploration Agency
Hayabusa2 spacecraft returned to Earth the first samples of a
primitive asteroid, namely, the Cb-type asteroid Ryugu
(162173; Watanabe et al. 2019; Tachibana et al. 2022). This
provides a unique opportunity to explore the kinship between
primitive asteroids and various types of carbonaceous chon-
drites recovered on Earth. Based on chemistry, mineralogy,
petrology, and isotope systematics of various elements, it has
been proposed that Ryugu samples are closely related to Ivuna-
type (CI) carbonaceous chondrites (Yokoyama et al. 2023a).
Indeed, their bulk >*Cr and *°Ti isotopic signatures and the
chemical abundances of most elements are within the range of
CI chondrites. Moreover, like CIs, Ryugu samples experienced
extensive aqueous alteration in the presence of water and
mainly consist of hydrous silicates (serpentine and saponite)
and other secondary minerals (i.e., carbonate, magnetite, and

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

sulfide) interpreted to have formed during asteroidal fluid
circulation (Ito et al. 2022; Nakamura et al. 2022; Nakamura
et al. 2023; Yamaguchi et al. 2023; Yokoyama et al. 2023a).

It has been suggested that Ryugu and CI chondrites may
have accreted in a disk region distinct from most parent bodies
of carbonaceous chondrites, possibly in the same formation
region as cometary bodies (Hopp et al. 2022; Kawasaki et al.
2022). In this model, the parent bodies of most carbonaceous
chondrites are hypothesized to have accreted within the orbits
of Jupiter and Saturn, whereas Ryugu and CI chondrites
accreted in an isotopically distinct reservoir located further out
in the disk, perhaps in the vicinity of the formation region of
Uranus and Neptune. This implies that Ryugu and CI
chondrites may share a common nucleosynthetic heritage with
Oort cloud comets. If correct, the nucleosynthetic fingerprint of
Ryugu and CI chondrites can be used as proxy for that of
cometary material, which is central to understanding the origin
of the solar system’s nucleosynthetic variability as well as early
disk dynamics.

High-precision Mg isotope (**Mg, *Mg, and **Mg)
measurements can provide a novel perspective on the kinship
between Ryugu with CI chondrites and, by extension, the
accretion region of Cb-type asteroids. Magnesium isotope
variability in solar system materials can originate from the
decay of the short-lived 26A1 nuclide (Lee et al. 1976) as well
as primary nucleosynthetic processes (Wasserburg et al .2012;
Park et al. 2017; Larsen et al. 2020), similarly to that recorded
by tracers such as 54Cr, 5OTi, and *%Ca. Moreover, Mg isotopes
can also be fractionated according to their masses by high-
temperature events in the protoplanetary disk or, alternatively,
by low-temperature parent-body secondary processes (Young
& Galy 2004). Thus, the combination of high-precision mass-
independent and mass-dependent Mg isotope compositions is
useful to understand genetic relationships and accretion history
of planetary materials. In this Letter, we report the isotopic
composition of Mg as well as the Al/Mg ratios of Ryugu
samples from the first and second touchdown sites. These
measurements are complemented by additional analyses of the
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Mg isotope composition of several CM (Mighei-type), CV
(Vigarano-type), and ungrouped carbonaceous chondrites,
including six individual small aliquots of the Orgueil CI
chondrites to document the extend of isotopic heterogeneity in
individual Cls.

2. Material and Methods

The samples investigated in this study include two Ryugu
samples from the first touchdown site (A0106, A0106-A0107),
two Ryugu samples from the second touchdown site (C0107,
C0108), Tarda and Tagish Lake (C ungrouped), Murchison
(CM), and Allende (CV). The masses of the Ryugu A0106,
A0106-A0107, C0107, and CO108 samples processed were
14.61, 23.88, 12.78, and 22.24 mg, respectively, whereas
approximately 25-30 mg of the various chondrites was
processed. Sample digestion and chemical purification for
these samples was conducted as described in Yokoyama et al.
(2023a). Elemental abundances were determined on chemically
unpurified aliquots of the samples (Yokoyama et al. 2023a).
We also investigated six 25-30 mg aliquots of the Orgueil CI
chondrite, which were digested using HF-HNO; mixtures in
Parr Bombs at the Centre for Star and Planet Formation
(University of Copenhagen).

The Ryugu, Tarda, Tagish Lake, Murchison, and Allende
samples were prepurified Na—K-Mg—Ni cuts derived from the
chemical separation described in Yokoyama et al. (2023a)
containing around 100 pg of Mg. For Mg purification, samples
were dried down, converted to nitric form and taken up in 150
L of 10 mmol HNOj;. Sample solutions were processed using
a ThermoFisher Scientific Dionex ICS-6000 system with
attached fraction collector. Samples were injected onto a
250 x5 mm CS16 column, and subsequently Mg was separated
from the remaining matrix elements via elution of increasing
molarity of HCI at a constant flow rate of 1 mL minute'. In
detail, the elution proceeded in 20 mL steps of 7.5 mmol,
15 mmol, 22.5 mmol, and 30 mmol. Mg was collected in a
7 mL elution volume from 55 mL to 62 mL. After sample
elution, the column was cleaned via elution of 1 M HCl +
75 mmol HF and reconditioned for the next sample. After Mg
purification, samples were dried down, converted to nitric acid,
and taken up in 2.5% HNO; for isotope analysis. Magnesium
was chemically purified for the six 25-30 mg aliquots of the
Orgueil CI chondrite according to protocols described in
Bizzarro et al. (2011).

Magnesium isotope measurements were conducted using a
ThermoScientific Neptune multicollector inductively coupled
plasma mass spectrometer housed at the Centre for Star and
Planet Formation (University of Copenhagen). The analytical
approach followed established procedures at this laboratory
(Bizzarro et al. 2011; Larsen et al. 2016; Olsen et al. 2016). In
short, samples were introduced to the instrument using an ESI
Apex Q desolvator with an attached membrane desolvation unit at
typical aspiration rates of 50 ;I minute . Measurements of the
Mg, Mg, and *Mg isotopes were performed in medium-
resolution mode. Sample measurements were bracketed by
measurements of Mg purified from the rock standard DTS-2b
that was used to correct for instrumental mass fractionation. Each
analysis consisted of 100 cycles with an integration time of
16.77s. The sensitivity for **Mg was ~40 V per ppm and
measurements were conducted at total beam signals of ~50 V.
The raw data were reduced using the software Iolite4. The mass-
dependent 25Mg/24Mg ratio was calculated and expressed as

Bizzarro et al.

1>>Mg values in pgm relative to the DSM-3 standard as follows:
12°Mg = [(°Mg/**Mg)cample/ Mg /**Mg)gandara—11 % 10°.
The mass-independent *°Mg / 2*Mg ratio (4*°Mg") is reported
in the same fashion and calculated by internal normalization to
Mg /**Mg = 0.126896 (Bizzarro et al. 2011) on an individual
ratio basis using the exponential mass fractionation law. The
T Al/**Mg ratios for sample A0106 and A0108 were determined
using the ThermoScientific quadrupole ICP-MS iCAP at the
Centre for Star and Planet Formation (University of Copenhagen)
using 0.5% aliquots of the original sample dissolution.

3. Results

The Mg isotope compositions and *’Al/**Mg ratios of
samples analyzed here are reported in Table 1. The six small
aliquots of Orgueil return p**Mg* values ranging from
—0.8£1.4 to 2.8+ 1.5ppm, defining a weighted mean of
1.5 £+ 1.0 ppm. This value is within analytical uncertainty of
four high-precision estimates for Orgueil of 4.3 +2.2 and
2.1 + 2.8 reported by Larsen et al. (2011) and Luu et al. (2019),
respectively. Similarly, the **Mg* of 8.9 & 2.8 ppm obtained
for Murchison is within analytical uncertainty of previously
published values (Luu et al. 2019; van Kooten et al. 2020).
Although no literature data exist for Tagish Lake and Tarda,
our measurements for these two anomalous carbonaceous
chondrites fall within the range of ;**Mg* values previously
reported for CM chondrites (van Kooten et al. 2016; Luu et al.
2019; van Kooten et al. 2020). The Allende chondrite contains
abundant refractory inclusions such that its Mg isotope
composition can vary due to heterogeneous sampling of this
material, especially for small sample sizes. However, the
p*°Mg*value and *’Al/**Mg ratio defined here compare
favorably with earlier estimates reported by Larsen et al.
(2016) and Luu et al. (2019).

The four Ryugu samples define ;>°Mg* values ranging from
72+ 1.2 to 1094 1.7ppm, which are distinct from the
u?®Mg* values of the three CI chondrites Alais, Orgueil, and
Ivuna of 3.7+1.5, 20+£09, and 4.1 £0.8, respectively
(Larsen et al. 2011; Luu et al. 2019). The elevated M%Mg*
values recorded by Ryugu samples could, in principle, be
explained by radiogenic ingrowth from the short-lived *°Al
nuclide, requiring that Ryugu is characterized by a super solar
27 Al/**Mg value. However, the >’ Al/**Mg ratios measured for
the four Ryugu samples return values ranging from 0.0901 to
0.0972 (Table 1), which are marginally lower than the solar
value of 0.09781 =+ 0.00029 defined from a 2.8 g aliquot of the
Ivuna CI chondrite (Paton et al. 2012). The sample with least
anomalous ;*°Mg* of 7.2+ 1.2 ppm is characterized by the
highest *’Al / 2*Mg ratios of the four Ryugu aliquots, establish-
ing the observed ;?®Mg* cannot be accounted for by in situ
decay of 2°Al that should result in the largest **Mg* value.
We note that 27Al/ **Mg ratios have been previously
determined for 18 Ryugu particles, which range from 0.081
to 0.102 (Nakamura et al. 2022). Including the 27A1/24Mg
ratios determined here for A0106, A0106-A0107, C0107, and
C0108, we calculate a weighted mean of 0.09487 + 0.00062
(excluding two outliers), which we consider as the best
estimate of the 27A1/24Mg ratio of Ryugu. This estimate is
approximately 3% lower than the solar value. Thus, a key
observation of this work is that Ryugu is characterized by an
anomalous Mg isotope composition relative to CI chondrites
and other carbonaceous chondrites with near solar 2’ Al/**Mg
ratios (Figure 1(a)).
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Figure 1. The **Mg" (A) and p**Mg (B) values of Ryugu samples and carbonaceous chondrites analyzed here. Solid symbols reflect the weighted means of several
meteorite samples, whereas open symbols are individual meteorites. The weighted means include data from Larsen et al. (2011, 2016), van Kooten et al. (2016), Luu
et al. (2019), and van Kooten et al. (2020). Error bars represent the internal precision (2SE) for individual samples and 95% confidence intervals for weighted means.

Table 1
The Mg Isotope Composition, Al/Mg Ratios, as well as the Ca Abundance and Ca/Mg Ratios of Ryugu Samples and Carbonaceous Chondrites Investigated in This
Study

Sample 2T AL/ Mg? A1/ MgP Mg 1POME" o Mg N [Ca] wt.%" Ca/Mg®
Ryugu
A0106 0.090 9.6 +3.0 —286 £ 10 10 3.00 £+ 0.07 0.266 + 0.016
Repeat 108 £ 1.6 —257+ 10 10
Average + 2SE 10.2 £ 1.2 6.0+ 1.8 —272+£25
C0107 0.094 11.0+ 42 —263 £ 17 10 2.47 £+ 0.06 0.250 £+ 0.016
Repeat 9.7+2.0 =270+ 11 10
Average + 2SE 104 + 1.3 64+£15 —267 £ 10
A0106-A107 0.091 0.091 109+ 1.7 9.0£20 —212£20 10 1.63 £ 0.08 0.153 4 0.008
C0108 0.096 0.097 72+12 72+12 —162 £20 10 1.37 £ 0.09 0.132 £ 0.009
Chondrites
Tarda 0.105 0.106 28+ 1.7 —173 £ 8 10
Tagish Lake 0.104 0.103 1.2+2.8 —190 £5 10
Allende 0.130 0.130 163+ 1.8 217+ 10 10
Murchison 0.108 0.108 89 +28 —130 £ 24 10
Orgueil-1 2.8 £2.1 —144 £ 13 10
Orgueil-2 09+15 —266 + 14 10
Orgueil-3 28+ 1.5 —129 £ 10 10
Orgueil-4 1.8+0.8 —147 £ 15 10
Orgueil-5 -08+14 —147 £ 21 10
Orgueil-6 23+23 —137£35 10
Notes.
4 Measured in Copenhagen by ICPMS.
® Measured at Tokyo Tech by ICPMS.

The stable Mg isotope composition of Ryugu aliquots define compositions relative to CI and other carbonaceous chondrite

p*Mg values ranging from —160+20ppm to —272+ groups (Figure 1(b)). We note that the lightest compositions are
30ppm relative to DSM-3, which extends to lighter recorded by the samples C0107 and A0106, which are the
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smallest aliquots with masses of 12.78 and 14.61 mg relative to
A0106-A0107 and CO108 that have masses of 23.88 and 22.24
mg. Thus, a possibility is that the z**Mg variability observed in
Ryugu is due to heterogeneous sampling of a phase
characterized by a light Mg isotope composition relative to
bulk CI chondrites.

4. Discussion

4.1. Origin of the Mg Isotope Variability Recorded by Ryugu
Samples

Exposure to galactic cosmic rays or incomplete digestion of
presolar grains could potentially induce variations in p*°Mg”*
among Ryugu samples. However, Mg isotopes have small
thermal neutron-capture cross sections (0.054-0.200 barn; Walk-
iewicz et al. 1992) and coupled with the short cosmic-ray
exposure ages of 5 Myr for Ryugu samples (Okazaki et al. 2023)
means that it is unlikely that the Mg isotope composition of
Ryugu is affected by cosmogenic effects. Step-leaching experi-
ments provide meaningful information to assess the role of
incomplete digestion of refractory presolar grains to account for
the anomalous ;*°Mg* values of Ryugu relative to CI chondrites.
Schiller et al. (2015) reported high-precision Mg 1sotope data for a
2.8 g aliquot of the Ivuna CI chondrite. The ;*°Mg* values of
individual step-leaches demonstrate that the Mg hosted in
chemically resistant and likely refractory phases is characterized
by highly positive ;**Mg* values of up to 1604.3 + 1.0 ppm.
Thus, 1ncomplete dissolution of refractory phases would result in
lowering the 1**Mg” values and, as such, cannot account for the
elevated 1 **Mg* of Ryugu samples relative to Cls.

Given that the Ryugu samples record p*’Mg variability, we
explore whether inappropriate correction for natural mass-
degendent fractionation could account for the anomalous

Mg" values defined by Ryugu samples. During acquisition
of high-precision Mg isotope measurements by MC-ICPMS, mass
discrimination is corrected for by assuming that both instrumental
and natural mass fractionation affecting the samples follow a
kinetic mass fractionation law. Thus, if a component of the
samples’ natural mass fractionation is driven by equilibrium
processes, 1t will result in apparent residual effects on the
corrected £*°Mg* values. In partlcular light isotope fractionation
by equilibrium processes results in apparent excesses in the
p**Mg* values when correcting for mass discrimination correction
with the kinetic law (Bizzarro et al. 2011). A potential host of
isotopically light Mg in chondrites is secondary carbonate
minerals that formed as a result of parent-body aqueous alteration,
which in Ryugu is dominated by dolomite (Nakamura et al.
2022). Precipitation of dolomite during aqueous alteration on
Ryugu has been inferred to have occurred at a temperature of
37 £ 10°C (Yokoyama et al. 2023a). At such temperatures, stable
isotope fractionation of Mg during dolomite formation is driven
by equilibrium processes and, in addition, ab initio calculation
indicates that the Mg hosted in dolomite will be isotopically light
by several per mille relative to the fluid (Schauble 2011).

Dolomite in Ryugu is inferred to be the main carrier phase of
Ca such that the Ca abundance can be used as a proxy to
estimate the relative amount of dolomite in individual samples
(Moymer et al. 2022). Figures 2(a) and (b) show that the
u*Mg values covary with both the Ca abundance and the
Ca/Mg ratio in Ryugu samples, with CI chondrites defining a
compositional endmember This observation establishes that
the observed range of p*’Mg values results from variable
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incorporation of dolomite hosting isotopically light Mg. Based
on the linear relationship defined by Ryugu samples and CI
chondrites (Figures 2(a) and (b)), we use the Ca abundance and
Ca/Mg ratio measured for Ryugu dolomlte grains (Bazi et al.
2022) to iteratively determine the ;> Mg composition of the
dolomite endmember that minimizes the scatter as measured by
the mean square of weighted deviations (M.S.W.D.). Because
the ;*Mg values are unrelated to the Ca abundance and the
Mg abundance in dolomite is nearly identical to that of bulk
Ryugu, a linear relationship is expected in both cases.
Figures 2(c) and (d) show that a p 5Mg value of —1400 ppm
for the dolomite endmember results in statlstlcally acceptable
fits for both relationships. This ;*Mg estimate is strikingly
consistent with that inferred by ab initio calculations of the Mg
isotope composition of dolomites precipitated at temperatures
comparable to that deduced for the aqueous alteration on
Ryugu (Schauble 2011; Yokoyama et al. 2023a). Using this
endmember composition, mass balance calculations show that
the 1**Mg variability can be accounted for by assimilation of
up to 10% dolomite, which is similar to Ryugu’s most
dolomlte rich particles (Nakamura et al. 2022). We note that a
light y**Mg value of —1340420ppm has been recently
determined for breunnerite (Mg, Fe, Mn)CO; extracted from
Ryugu particle C0002 (Yoshimura et al. 2023), in agreement
with our results and interpretation.

Apart from sample C0108, which has a ;> Mg value
indistinguishable from bulk CI chondrites, the remaining
Ryugu aliquots are interpreted to be affected by heterogeneous
sampling of a phase containing light Mg fractionated by
equilibrium processes. Theoretlcal considerations indicate that
the apparent excess in the p?*Mg* value resulting from
inappropriate mass discrimination correction is at most
3.75ppm per 100 ;)pm of mass-dependent fractionation as
recorded by the ;Mg value, considering the offset between
the equilibrium and kinetic mass fractionation laws (Bizzarro
et al. 2011). Thus, we calculate the difference between the
u*>Mg value of C0108 and the remaining Ryugu samples to
correct for this effect, accounting for the ;*’Mg uncertainties.
After correctlon the four Ryugu samples define a narrow range
of u Mg corr Values from 6.0 i 1 8 t0 9.0 = 2.0 ppm that are
identical within uncertainty (u Mg cors Table 1). Using a
weighted mean approach, we calculate an average value of
7.1 £0.8 ppm, which we consider is the best estimate for the
bulk £**Mg* value of Ryugu.

4.2. Excess “°Mg"* in Ryugu

Figure 3 shows our best estimate for the bulk ;**Mg”" value of
Ryugu plotted together with the weighted means of CR (Renazzo-

type) and CI chondrites. Ryugu defines a *°Mg" excess relative
to the CI and CR chondrite reservoirs corresponding to 3.8 &= 1.1
and 11.9 + 0.8 ppm, respectively. Albeit small, these variations
are clearly resolved and cannot be accounted for by in situ decay
of 2°Al assuming homogeneous distribution of this nuclide across
solar system reservoirs given their respective bulk 27Al/24M
ratios. Instead, it requires that Ryugu and the parent bodies of CI
and CR chondrites formed from material with a different initial
abundance of “°Al or, alternatively, that they are sourced from
material with distinct Mg isotope compositions.

Heterogeneous distribution of 2°Al in the early solar system
can stem from variable incorporation of a stellar-derived,
carrier phase of °Al or, alternatively, variable incorporation of
circumsolar material irradiated by particles emitted by the
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Figure 2. Variation diagrams showing the relationshigs between the ;*>Mg values of CI chondrites, Ryugu bulk samples, and inferred Ryugu dolomite and their

Ca/Mg ratios and Ca abundance. The CI chondrite 1

SMg value reflects the weighted mean of Orgueil, Ivuna, and Alais based on data from this study and Larsen

et al. (2011) and Luu et al. (2019). The Ca abundance and Ca/Mg ratio for CI chondrites are from Palme et al. (2014). The Ca abundance and Ca/Mg ratio for the
Ryugu dolomite are from Bazi et al. (2022). The ;**Mg value of Ryugu dolomite was determined iteratively to minimize the scatter as measured by the M.S.W.D.
Using a 1*>Mg of —1400 returns an M.S.W.D. of 1.6 and 2.6 for panels (C) and (D), respectively. Apart from CI chondrite, where we used a 95% confidence interval,
all other uncertainties represent the internal precisions (2SE). For the Ryugu dolomite ;**Mg value, we used an uncertainty estimate of 100 ppm.

energetic proto-Sun, which can result in the production of
spallogenic °Al (Gounelle et al. 2001). Although the exact
origin of a potential 2°Al heterogeneity does not impact the
main observations or interpretations presented in our work, we
note that two lines of evidence do not support the irradiation
scenario. First, intense irradiation of solids is expected to result
in measurable collateral effects in the spallation sensitive
nuclide '*°Sm. However, the '*°Sm compositions determined
for Ryugu and other carbonaceous chondrites do not covary
with the ;*°Mg" values reported here (Carlson et al. 2007;
Torrano et al. 2023). Second, solids formed and irradiated
during an early, active phase of the proto-Sun are predicted to
have an '®O-rich, solar oxygen isotope composition akin to that
recorded by calcium—aluminum-rich inclusions (Krot et al.
2010). Given that Ryugu records an excess in p>*Mg” relative
to other carbonaceous chondrites, its oxygen isotope composi-
tion should be the most '®O-rich. Yet, the mass-independent
oxygen isotope composition is the least '°O-rich among the
carbonaceous asteroids (Greenwood et al. 2023).

Because many chondrite groups are variably affected by
radiogenic ingrowth from in situ decay of “°Al given their
observed range in bulk Al/Mg ratios, it is useful to correct for
radiogenic ingrowth to facilitate comparison of their initial Mg
isotope compositions with that of Ryugu. Figure 4 shows the
1**Mg* values corrected for radiogenic ingrowth of Ryugu, CI
and CR chondrites plotted together with that of CM, CO
(Ornans-type) and CV, CK (Karonda-type) carbonaceous
chondrites, as well as Tarda and Tagish Lake, assuming that
all groups formed with an initial 26A1/27A1 ratio of
~5.2 %1077 (Jacobsen et al. 2008; Larsen et al. 2011). After
correcting for radiogenic ingrowth, the initial ;**Mg* offsets
between Ryugu and the CI and CR groups become 4.8 £ 1.3
and 13.3 £ 1.3, respectively. All carbonaceous chondrite
groups record initial ;*°Mg* values that are intermediate
between Ryugu and CR chondrites, establishing that Ryugu
and CRs define compositional endmembers that can account
for the initial p**Mg* variability recorded by carbonaceous
chondrite groups.
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Figure 3. Best estimate of the >°Mg* value of Ryugu plotted together with that of the CI and CR parent bodies. Data reflect weighted means with 95% confidence
intervals. The CI and CR estimates include data from Larsen et al. (2011), van Kooten et al. (2016), Luu et al. (2019), and van Kooten et al. (2020).

Although our analysis does not allow us to distinguish
between “°Al or Mg isotope heterogeneity to account for the
range of ;**Mg* composition across chondrite groups and, in
particular, Ryugu’s 1*°Mg* excess relative to Cls, future
measurements of Ryugu samples may provide insights into this
question. Silicon has been recently developed as a novel
nucleosynthetic tracer to probe genetic relationships between
solar system solids, asteroids, and planetary bodies (Onyett
et al. 2023). Carbonaceous chondrites record 1*°Si variability
that corresponds to about 23 ppm, with CR and CI chondrite
groups defining compositional endmembers. Considering the
nucleosynthetic yields of Si and Mg by supernovae, Pringle
et al. (2013) suggested that the expected magnitude of heavy-
isotope overabundance is larger for Si than for Mg such that
any Mg isotope heterogeneity in solar system objects should be
accompanied by potentially larger effects for Si. As such, if the
1*®Mg* excess in Ryugu is purely related to nucleosynthetic
variability of Mg, then we predict that the ;°°Si value of Ryugu
should be markedly more anomalous than CI chondrites. In
contrast, identical 1*°Si values between Ryugu and CI would
suggest that Ryugu formed from material with a higher initial
26A1/27Al relative to the CI chondrite parent body. Clearly,
measuring the silicon isotope composition of Ryugu is a timely
objective.

4.3. Kinship with the CI Parent Asteroid and the Accretion
Region of Ryugu

Several studies have suggested a kinship between Ryugu and
CI chondrites based on chemistry, mineralogy, petrology, and
nucleosynthetic isotope systematics of various elements
(Nakamura et al. 2022, 2023; Hopp et al. 2022; Moynier

et al. 2022; Paquet et al. 2023, Yokoyama et al. 2023a).
However, some tracers such as >*Cr record variability between
Ryugu samples outside of analytical uncertainty, perhaps
related to redistribution of presolar carriers during aqueous
alteration (Yokoyama et al. 2023b), making the interpretation
of these data ambiguous. The high-precision ;*°Mg* data
reported here demonstrate, for the first time, a resolvable
difference between Ryugu and CI chondrites. Moreover,
coupling the p**Mg* and p**Mg values indicates that
unrepresentative sampling must be taken into consideration
for some nucleosynthetic tracers, ideally in concert with mass-
dependent isotope composition of the same element. Although
Ryugu and CI chondrites undoubtedly share many common
characteristics, our new Mg isotope data do not support the
view that these bodies were sourced from the same precursor
material.

It has been proposed that the metal-rich carbonaceous
chondrites (CR, CH, and CB chondrites) accreted in the same
region as cometary objects based on several lines of evidence,
including oxygen isotopes, extreme '°N enrichment, as well as
the presence of cometary material in some of these meteorites
(Briani et al. 2009; Defouilloy et al. 2017; Nittler et al. 2019).
Based on Fe isotopes, Hopp et al. (2022) recently suggested
that Ryugu and the parent body of CI chondrites formed
beyond the accretion of most carbonaceous chondrite parent
bodies. However, CR and CI chondrites (and/or Ryugu) define
nucleosynthetic compositional endmembers among carbonac-
eous chondrite groups in Si, Fe, and Mg (Schiller et al. 2020;
Hopp et al. 2022; Onyett et al. 2023). Although this does not
preclude that CR, CI, and Ryugu all accreted in the outermost
disk, it is difficult to reconcile with the observation that other
carbonaceous chondrites record nucleosynthetic compositions
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Figure 4. Initial 4**Mg* values of Ryugu samples and carbonaceous chondrites plotted relative to the initial 4**Mg* value of CI chondrites. All data are weighted
means and calculated assuming an initial 2°Al/>”Al ratio of 5.2 x 10> (Jacobsen et al. 2008; Larsen et al. 2011) and using the >’Al/**Mg of the corresponding
reservoirs or individual samples. The initial ustg* values of chondrite groups include data from Larsen et al. (2011), van Kooten et al. (2016), Luu et al. (2019), and
van Kooten et al. (2020). For CO and CK chondrites as well as Allende, we also included the lower-precision data of Schiller et al. (2010) to calculate the weighted
means. Uncertainties are 95% confidence intervals and include the uncertainty of the CI chondrite reservoir.

intermediated between the CR and CI chondrites (and/or
Ryugu) endmembers. Evidently, this demonstrates that using
nucleosynthetic variations to infer the accretion regions of
chondrite parent bodies is complex. Additional high-precision
nucleosynthetic isotope data based on larger and representative
samples are needed to better understand the relationship
between Ryugu and CI chondrites, including their accretion
regions. Given the observed Mg isotope variability between
Ryugu and CI chondrites, samples returned from Bennu by
NASA'’s OSIRIS-REx mission will be important to explore the
extent of nucleosynthetic isotopic diversity across primitive
asteroids.
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