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Abstract https://doi.org/10.7185/geochemlet.2341
e Initial analyses of samples collected from two locations on the asteroid Ryugu
A llnde {Ths st Ryugu cc| indicated that the mineralogical, chemical, and isotopic characteristics of the

[ | acv

Ryugu samples show similarities to carbonaceous chondrites, particularly the
ECM

Ivuna-type (CI) group. In this study, we analysed a composite sample of four bulk
Ryugu samples (A0106, A0106-A0107, C0107, and C0108) collected from both sam-
pling locations that were combined in order to determine its mass independent Mo
isotopic composition and reveal contributions from diverse nucleosynthetic sources.
The €”*Mo and Mo values for the Ryugu sample are characterised by the carbo-
1 2 . . ., haceous chondrite (CO)-type, which is consistent with the nucleosynthetic isotope

£*Mo compositions observed for other elements (Cr, Ti, Fe, and Zn). The Ryugu composite
sample, however, is characterised by greater s-process depletion of Mo isotopes compared with any known bulk carbonaceous
chondrite, even including CI chondrites. The observed Mo isotopic signature in the Ryugu composite was most likely caused by
either incomplete digestion of s-process-rich presolar SiC, or biased sampling of materials enriched in aqueously-formed sec-
ondary minerals characterised by s-process-poor Mo isotopes, resulting from the physicochemical separation between s-process-
rich presolar grains and a complementary s-process-poor aqueous fluid in the Ryugu parent body.
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Introduction Ryugu as Cb-type, which has long been assumed to be related

to carbonaceous chondrite meteorites (Bus and Binzel, 2002).

The Hayabusa2 mission by JAXA performed two sampling This observation was confirmed by the initial analyses of
sequences on the asteroid (162173) Ryugu, and returned 5.4 g returned samples; the mineralogical, chemical, and isotopic
of the asteroid materials back to Earth (Tachibana et al., 2022). characteristics of the Ryugu samples showed similarities to car-
Spectral observations led to the classification of the asteroid bonaceous chondrites, in particular the Ivuna-type (CI) group
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(Hopp et al., 2022; Moynier et al., 2022; Nakamura et al., 2022,
2023; Paquet et al., 2023; Yokoyama et al., 2023a). Chemical
and physical properties of the returned samples suggest that
the parent asteroid of Ryugu was accreted in the outer Solar
System where water and CO, were present as ices, followed
by melting of the accreted ice due to the radioactive decay of
26A] that heated the parent asteroid to ~40 °C (Nakamura et al.,
2023). The melting of the ice led to the hydration of the inner
portion of the parent body, causing pervasive aqueous alteration
that resulted in the precipitation of secondary minerals, includ-
ing phyllosilicates, carbonates, oxides, sulfides, and phosphates
(Nakamura et al., 2022, 2023; Yokoyama et al., 2023a).

Nucleosynthetic isotopic anomalies of meteorites provide
robust information that can be used to constrain the origin of
materials that contributed to the accretion of their parent bodies
(Dauphas and Schauble, 2016; Yokoyama and Walker, 2016).
Isotopic compositions of Cr, Ti, Fe, and Zn have been reported
for Ryugu samples, all of which are generally consistent with
those of CI chondrites (Hopp et al., 2022; Paquet et al., 2023;
Yokoyama et al., 2023a). These observations suggest that the
parent bodies of Ryugu and CI chondrites formed in a common
source reservoir in the outer Solar System. Remarkably, both
Ryugu materials and CI chondrites show variable %Cr values
(€*Cr = [C*Cr/P*Cr)sampte/ C*Cr/*2Cr)sandara — 1] X 10% ranging
from +1.22+0.06 to +2.22+0.13 for Ryugu and from
+0.84+0.14 to +1.94+0.12 for CI chondrites), which exceed
the range of analytical uncertainties (Kadlag et al, 2019;
Williams et al., 2020; Nakamura et al., 2022; Yokoyama et al.,
2023a, b). The isotopic heterogeneity was most likely caused
by physicochemical fractionation between 54Cr-rich presolar
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grains and Cr-bearing secondary minerals during aqueous alter-
ation in the parent bodies (Yokoyama et al., 2023b). By contrast,
the mass independent isotopic compositions of Ti, Fe, and Zn of
Ryugu samples are homogeneous, and are within the range of CI
meteorite compositions. Given the contrast between Cr and
other isotopic tracers, it is important to assess whether there
are other elements characterised by isotopic heterogeneities in
Ryugu materials, and between Ryugu samples and CI chon-
drites. The nature of any differences may provide important fur-
ther insights to the causes of the heterogeneities.

Molybdenum is a moderately siderophile element
with seven stable isotopes synthesised by a combination of the
s-process (trace **Mo, *Mo, *Mo, *’Mo, *®Mo, and trace '°"Mo),
the r-process (*Mo, ¥’Mo, %Mo, and 1®®Mo), and the processes
that produce proton-rich nuclides (**Mo and **Mo). Thus, the
mass independent isotopic compositions of Mo in meteorites
vary in accordance with differences in the proportions of various
nucleosynthetic components present in bulk meteorite samples.
High precision measurements of Mo isotopes in bulk chondrites
and differentiated meteorites have revealed considerable varia-
tion among early Solar System materials (e.g., Dauphas et al.,
2002; Budde et al., 2016; Spitzer et al., 2020). In particular,
an internal isotopic dichotomy of &**Mo-e®Mo (Mo =
[(Mo/”*MO)sampie! (M0/”*MO)standard — 1] X 10%) between non-
carbonaceous meteorites (NC) and carbonaceous meteorites
(CCO) has been shown to be particularly sensitive for evaluating
genetic differences of source materials present in bulk meteorite
samples (Budde et al., 2016; Poole et al., 2017, Worsham et al.,
2017). Additionally, the Mo isotope compositions of meteorites
can be modified by parent body processes, including thermal
metamorphism (Yokoyama et al, 2019), and presumably
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aqueous alteration, as has been observed for the isotopic com-
position of the highly siderophile element Os (Yokoyama et al.,
2011). To further investigate the origin of the materials that
accreted to form Ryugu, and chemical processes that affected
the asteroidal materials after accretion, we have examined the
mass independent (nucleosynthetic) Mo isotopic composition
of the returned materials.

! Results

Experimental details are provided in the Supplementary
Information (Experiments). We analysed a 73.5 mg composite
sample of four bulk Ryugu samples (A0106, A0106-A0107,
C0107, and C0108). Because of the limited quantity of Mo
present in the samples, two samples from each of the two
Hayabusa2 sampling locations were combined for a single
measurement of the mass independent isotopic composition
of Mo. In addition to the Ryugu sample, an equivalent mass
of the well characterised CV3 carbonaceous chondrite Allende
(Smithsonian Allende powder USNM 2359, Split 20, Position
31; ~50 mg in total) was processed at the same time using the
same methods in order to validate the analytical methods. The
Mo values of the Ryugu composite sample and Allende inves-
tigated in this study are provided in Table 1. The comparison to
reference data is provided in the Supplementary Information.

The composite sample is characterised by positive eMo
values for Mo, Mo, Mo, and *’Mo, all of which are >2 times
larger than those for Allende (Fig. 1). The Mo values in the

Table 1 Molybdenum isotopic compositions for single analyses of
bulk samples of Ryugu and the CV3 carbonaceous chondrite
Allende.

£2Mo £*Mo £”Mo £’Mo
Ryugu 8.8 +0.6 72 +0.3 45 +0.3 22+0.1
Allende 45+ 0.6 3.0+£0.3 25+03 0.6 0.1

Mo isotope ratios are normalized to **Mo/**Mo =1.453173. Uncertainties reported
for measured e’ Mo values represent the external reproducibility (2 s.d.) obtained
from repeated analyses of Highland Valley molybdenite (Table S-4).

10 — . K . . . .
Ryugu Orgueil
— — - Burkhardt et al. (2011)
8 L — - Dauphas et al. (2002) i
Allende
— — - Dauphas et al. (2002)
- — - Burkhardt ef al. (2011)
6 — — - Dauphas et al. (2002) 4
- Dauphas et al. (2002)
————— Render et al. (2017)
o Allende N\ | Budde et al. (2016)
=4 1
w
s-deficit T
2 L
—_ - /,
oL = —— = —
S-EXCGSS¢
_2 L L L L L L L
92 94 95 96 97 98 100

Mo
Figure 1 Molybdenum isotopic compositions of Ryugu and
Allende analysed in this study (solid lines). The dotted lines re-
present comparison bulk meteorite data for Allende (green) and
Orgueil (blue) from previous studies (Table S-1). Note that Mo
was not measured in this study.

Ryugu composite decrease in the order of “Mo > %Mo >
%Mo > 9Mo, suggesting a deficit of s-process Mo isotopes com-
pared to terrestrial values. The Ryugu sample plots on the CC
line on the £”*Mo-¢”Mo diagram (Fig. 2a), which is consistent
with the observation that Ryugu samples are characterised by
CC-type €Ti-e>*Cr isotopic systematics (Yokoyama et al.,
2023a, b). On a plot of £€?’Mo vs. £€”?Mo, the Ryugu sample plots
off the mixing line between a representative terrestrial composi-
tion and the theoretical s-process composition. This may reflect
an underestimate of external uncertainties for these isotopes
(details are in Supplementary Information Experiments).

! Discussion

While the Ryugu composite plots on the e?*Mo-£Mo CC trend,
its €”Mo, £”*Mo, £®Mo, and &”’Mo values are all greater than
any other “bulk” samples of meteorites previously analysed
(Fig. 2b-d), including the CI chondrite Orgueil, which is charac-
terised as having the smallest s-process deficit among carbona-
ceous chondrites (Fig. 2, Dauphas ef al., 2002; Burkhardt et al.,
2011). The values are also larger than any known iron meteorites
(e.g., Kruijer et al., 2017; Bermingham et al., 2018). Determining
the cause of the extreme Mo isotope anomaly is an important
aspect of fully understanding the origin and internal evolution
of Ryugu. As follows, we consider four possible explanations
for the large s-process deficits in the Ryugu composite sample:
1) biased sampling of chondritic components incorporated in
the Ryugu composite sample, 2) the observed isotopic composi-
tion represents the original bulk composition of the asteroid
Ryugu, 3) incomplete dissolution of presolar SiC grains during
the acid digestion steps, and 4) heterogeneous distribution of
Mo isotopes in the Ryugu body driven by aqueous alteration
processes.

The first potential explanation is that, in the small amount
of material analysed, we over-sampled a chondritic component
with strong deficits in s-process Mo isotopes. This could lead to a
bias in the composition of a presumed “bulk” sample of Ryugu.
Although Mo isotope data are limited for chondrite components,
no known components provide a viable explanation for the
Ryugu data. For instance, s-process-depleted Mo isotopic com-
positions have been reported for Allende chondrules (Budde
etal., 2016), however, the Allende chondrules have £**Mo values
ranging only from +1.9 to +6.1, all of which are lower than
the Ryugu composite (e**Mo=+7.2+0.3). Most calcium-
aluminum inclusions (CAls) have even smaller positive eMo val-
ues (Mo < +2) than chondrules (Burkhardt et al, 2011;
Shollenberger et al., 2018; Brennecka et al., 2020). Only a single
CAI examined by Burkhardt ef al. (2011) showed strong deficits
of s-process Mo isotopes (e*Mo = +16.8 + 0.4), however, ~10 %
of the analysed Ryugu sample would have to consist of such
exotic material to explain the measured Ryugu composition.
In addition to the isotopic mismatch, the chemical data for equiv-
alent bulk samples provide no evidence for over-sampling of
chondrules or refractory inclusions (Yokoyama et al., 2023a).
Further, petrographic observation shows that Ryugu samples,
as with all CI chondrites, lack chondrules, CAls, and metals
(e.g., Kawasaki et al.,, 2022), hence, the components necessary
to cause a biased analysis are absent. We conclude that it is
unlikely that the observed extreme Mo isotopic anomalies
were due to the preferential sampling of precursor chondrite
components.

It is also possible that the bulk asteroid Ryugu is charac-
terised by strong s-process depletion in certain elements. This
could mean that Ryugu formed from proportions of nebular
materials that were significantly different from those incorpo-
rated in CI meteorites. As noted, Ryugu is characterised by

@ Geochem. Persp. Let. (2023) 28, 31-36 | https://doi.org/10.7185/geochemlet.234/ 33


https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2341/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2341

Geochemical Perspectives Letters

7
@ Ryugu (This study)
A Allende (This study)
ecl Ryugu
5 I |acy
B CM
(o]
= 3
n
[e)]
w
1
-1 Il 1 1 1
-1 1 3 5 7 9
€%*Mo
(a)
7
5
(@]
= 3
wn
(o)}
w
1
-1 Il Il 1 1 1
-1 1 3 5 7 9 11
€”2Mo
(c)

%Mo

€’Mo

£92Mo

(d)

Figure 2 Molybdenum isotope diagrams of bulk meteorites and the Ryugu sample. (a) The solid lines are the regression lines of CC (blue,
from Budde et al., 2019) and NC (red, from Spitzer et al., 2020) meteorites. (b), (c), (d) Reference data of bulk carbonaceous chondrites
as listed in Table S-1. Black lines are extensions of the mixing lines between a representative terrestrial sample (origin) and the theoretical

s-process Mo isotopic composition calculated by Stephan et al. (2019).

CI-like nucleosynthetic isotope anomalies in Cr, Ti, Fe, and Zn
(e.g., Hopp et al.,, 2022). The inconsistency between these ele-
ments and Mo may suggest that lithophile and siderophile
element-rich presolar materials were either differentially distrib-
uted within the nebula, or differentially extracted from the
nebula during planetesimal accretion. Hopp et al., (2022) found
that Ryugu and CI data have identical p3*Fe-p®°Ti values, but the
values are distinct from other CC and NC meteorites. These
authors suggested that Ryugu and CI parent bodies formed in
a nebular region that was different from the source of other car-
bonaceous asteroids. If however the measured Mo isotopic com-
position accurately reflects the composition of the bulk Ryugu
asteroid, the formation region(s) of Ryugu and CI parent bodies
would have to have been heterogeneous with respect to Mo iso-
topic compositions. Given the strong genetic similarities
between Ryugu and CI, we consider it unlikely that bulk Ryugu
has a unique Mo isotopic composition.

Certain types of presolar grains may be resistant to the
acid digestion methods employed here (Nittler, 2003). Hence,
one possible explanation for the extreme s-process depletion
is incomplete dissolution of presolar SiC grains during the sam-
ple digestion steps. This follows from the observation that the
majority of presolar SiC grains are characterised by strongly
s-process-enriched compositions. A sequential acid leaching
study of the CI chondrite Orgueil showed that a phase accessed
by leaching with 3 M HCI-13.5 M HF was strongly enriched in

s-process Mo isotopes (e**Mo = —31.76 + 0.89), which was most
likely contributed by the partial dissolution of presolar SiC
(Dauphas et al., 2002). Stephan et al. (2019) and Liu et al. (2019)
reported Mo isotopic anomalies directly measured in single SiC
grains, with Mo values ranging from —228 to —9138.

In order to assess the possible effects of incomplete diges-
tion of presolar SiC, we conducted a mass balance calculation
assuming that the true bulk Ryugu sample had CI-like Mo iso-
topic composition. The detailed calculations and assumptions
are described in Supplementary Information (mass balance cal-
culation). It should be noted that the Mo isotopic composition of
the CI chondrite component used in the calculation is taken from
the value for bulk Orgueil (CI) determined by the laser fusion
method (Burkhardt et al., 2011). Of note, Dauphas et al. (2002)
also reported Mo isotopic data for a bulk sample of Orgueil using
an acid digestion method. Both laser fusion and acid digestion
methods gave generally consistent isotopic compositions (Fig. 1).

Mass balance calculations indicate that, depending on the
Mo abundance present in the presolar SiC, anywhere from ~20
to 100 % of the presolar SiC present in the Ryugu sample would
have to remain undissolved in order to reduce the s-process def-
icits in Mo to the level of CI chondrites. Given the concordance of
the prior analyses of bulk CI meteorites using two different
digestion methods, this seems unlikely. Nevertheless, consider-
ing the large uncertainties on the assumptions, we cannot rule
out this possibility. Although for this study the sample powders
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were treated with multiple acid digestion steps, including an HF-
HNO; heating step at 180 °C, a complete digestion technique
applied to Ryugu materials (e.g., alkaline fusion) will ultimately
be required to further assess this possibility.

Finally, we consider a scenario in which aqueous altera-
tion and deposition of secondary minerals caused the redistrib-
ution of s-process-depleted Mo within the Ryugu parent body.
Yokoyama et al. (2023b) reported that Ryugu materials and CI
chondrites show variable e>Cr values and suggested that fluid
driven decoupling via parent body aqueous alteration between
Cr in chemically labile phases with a slightly negative €*Cr
value, and 3*Cr-rich Cr oxide nanoparticles, resulted in mm scale
€%*Cr variability in the bulk Ryugu samples and CI chondrites.
If this scenario explains the Mo isotopic variation between the
Ryugu samples and CI chondrites, the analysed composite sam-
ple, consisting of the ~70 mg of Ryugu material, does not re-
present the bulk Ryugu parent body, but would be dominated
by materials depleted in s-process-rich presolar grains, likely
including SiC, and enriched in the secondary minerals.
Sequential acid leaching experiments on CI and CM chondrites
revealed that the early stage leaching fractions with mild acids
(e.g, CH3COOH, 4M HNO;) are characterised by positive
eMo values up to eg, €*Mo=+24 (Dauphas et al, 2002;
Burkhardt ef al., 2011). These experimental results demonstrate
that easily leachable phases in CI and CM chondrites, possibly
aqueously formed secondary carbonates and sulfides, are
depleted in s-process Mo isotopes. It is, therefore, conceivable
that the pervasive aqueous fluid present in the Ryugu parent
body, as suggested by Nakamura et al. (2023), preferentially
dissolved s-process depleted, chemically labile phases in the pro-
tolith (e.g., amorphous silicates), releasing this Mo into the fluid
for transport and deposition elsewhere in the body. One Ryugu
sample (C0002) examined by Yokoyama et al. (2023b) was char-
acterised by a substantially higher e3*Cr value compared to four
other Ryugu samples (A0106, A0106-A0107, C0107, and C0108),
presumably due to the low abundance of the secondary minerals
(e.g., dolomite) in the sample. This suggests that the isotopic
composition of Cr may be correlated with the abundance of sec-
ondary minerals. Although C0002 was not analysed for Mo in
this study, it might be predicted that this sample was also
enriched in s-process Mo isotopes compared to the Ryugu
materials examined in this study. It should be noted that
Barosch et al. (2022) reported the average SiC abundance of
25 ppm in Ryugu samples is consistent with the average value
of 23 ppm in CI chondrites, however, given the limited area
analysed, future additional analyses will be required to assess
the heterogeneity of presolar materials in the Ryugu samples.
A detailed mechanism that would result in the separation
of complementary s-process depleted Mo from domains with
s-process-rich presolar grains and the secondary minerals
remains unclear.

We conclude that the most likely cause for the extreme
mass independent Mo isotopic composition of a composite sam-
ple of Ryugu is fluid redistribution of s-process depleted Mo in
the asteroid. Alternatively, incomplete digestion of presolar
SiC is also possible. None of the four options, however, can
be fully dismissed at this time. Additional analyses using more
rigorous digestion methods and/or acid leaching methods might
reveal whether resistance of SiC grains to dissolution led to the
strong s-process depletion. Analyses of different Ryugu samples
would also provide important constraints on whether the Ryugu
body was formed from CI-like materials, but with heterogeneous
Mo isotopic composition at the ~70 mg level, or the Ryugu body
was formed from highly s-process depleted materials. In the case
of the former, isotopic variations might be correlated with
variations in bulk chemical compositions of individual samples

(e.g., proxies for aqueous alteration or redistribution). In the case
of the latter, isotopic homogeneity would be expected for multi-
ple samples. If homogeneity of multiple samples was demon-
strated, it might therefore, suggest a different origin for the
siderophile Mo in Ryugu relative to the lithophile elements that
have been measured for nucleosynthetic isotopic compositions
(Cr, Ti, Fe, and Zn). Analysis of the isotopic compositions of
Ru and W would then be useful given their similar, siderophile
element chemical characteristics to Mo.
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