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Abstract

Rock fragments of the Cb-type asteroid Ryugu returned to Earth by the JAXA Hayabusa2 mission share
mineralogical, chemical, and isotopic properties with the Ivuna-type (CI) carbonaceous chondrites. Similar to CI
chondrites, these fragments underwent extensive aqueous alteration and consist predominantly of hydrous minerals
likely formed in the presence of liquid water on the Ryugu parent asteroid. Here we present an in situ analytical
survey performed by secondary ion mass spectromet try from which we have estimated the D/H ratio of Ryugu’s
hydrous minerals, D/Hgyygu, to be [165 4 19] , which corresponds to dDgryygy = +59 & 121%o0 (20). The
hydrous mineral D/Hgyye,’s values for the two samphng sites on Ryugu are similar; they are also similar to the
estimated D/H ratio of hydrous minerals in the CI chondrites Orgueil and Alais. This result reinforces a link
between Ryugu and CI chondrites and an inference that Ryugu’s samples, which avoided terrestrial contamination,
are our best proxy to estimate the composition of water at the origin of hydrous minerals in CI-like material. Based
on this data and recent literature studies, the contribution of CI chondrites to the hydrogen of Earth’s surficial
reservoirs is evaluated to be ~3%. We conclude that the water responsible for the alteration of Ryugu’s rocks was
derived from water ice precursors inherited from the interstellar medium; the ice partially re-equilibrated its
hydrogen with the nebular H, before being accreted on the Ryugu’s parent asteroid.

Unified Astronomy Thesaurus concepts: Carbonaceous chondrites (200); Earth (planet) (439); Asteroids (72); Ice
composition (2272); Solar system (1528); Small Solar System bodies (1469); Planetary science (1255); Chondrites
(228); Meteorites (1038); Meteorite composition (1037)

Piani et al.

1. Introduction

The first analyses of samples of asteroid Ryugu brought back
by the JAXA Hayabusa2 mission revealed their similarity to CI
(Ivuna-type) carbonaceous chondrites (Yokoyama et al
Yokoyama et al. 2023). Like CIs, Ryugu’s samples underwent
extensive aqueous alteration on their parent asteroid in the
presence of liquid water and consist predominantly of hydrous
silicates (serpentine, saponite) and other secondary minerals
(i.e., carbonates, magnetites, sulfides) that likely formed during
asteroidal fluid circulation (Ito et al. 2022; Nakamura et al.
2022a, 2022b; Moynier et al. 2022; Yokoyama et al. 2023).
However, the Ryugu samples are depleted in hydrogen and
oxygen compared to CI chondrites, as indicated by the difference
in the abundance of water in Ryugu and Ivuna: 6.84 versus
12.73 wt.% H,O equivalent, respectively (Yokoyama et al.
2023) and by the difference in oxygen abundance measured by
X-ray fluorescence spectroscopy (Yokoyama et al. 2023;
Nakamura et al. 2022a). Thermogravimetric analysis coupled
with mass spectrometry indicated that the water depletion is
likely a consequence of the loss of interlayer water in Ryugu’s
saponite phyllosilicates to space after the formation of Ryugu’s
parent body (Yokoyama et al. 2023). The high abundance of
interlayer water in CI chondrites compared to Ryugu’s rocks
indicates that either CI chondrites did not experience a similar
water loss in space or that CI chondrites acquired their interlayer
water during their res1dence on, Earth (Yokoyama et al. 2023).

Hydrogen isotopes (‘H and *H, also called D for deuterium)
show large variations among planetary materials and can thus
help us to understand the source and distribution of water and
volatile elements in the protoplanetary disk (e.g., Robert &
Epstein  1982; Alexander et al. 2012; McCubbin &
Barnes 2019; Vacher et al. 2020; Piani et al. 2021). The first
reports for Ryugu indicated that its bulk hydrogen isotopic

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.

composition 6D = 252%o £ 13%o, expressed in ¢ notation (%o)
relative to the standard mean ocean water ratio D/Hsmow =
155.76 x 10°° (Naraoka et al. 2023), is higher than most of the
values measured so far for bulk CI chondrites: Orgueil
6D = +182%0 £ 44%0, Ivuna 6D = +232 4-60%0 and Alais
0D = 4+89%0 + 63%o0 (+2 standard deviations; data compilation
in Piani et al. 2021). In contrast, the D/H of the insoluble
organic matter (IOM) obtained after mineral removal by acid
dissolution appears be lower in Ryugu (6D = +306%0 and
+440%o for sites A and C, respectively; Yabuta et al. 2023)
than in the IOM of CI chondrites (6D ~ +1000%o; Alexander
et al. 2007).

Direct estimates of the water D/H ratios cannot be obtained
easily in chondritic material due to the difficulty in estimating
the organic matter contribution to the bulk hydrogen
concentration and D/H ratios. Water D/H ratios in chondrites
have been approximated by the bulk D/H composition or
estimated by mass balance calculations to remove the
contribution of the organic components (e.g., Robert &
Epstein 1982; Alexander et al. 2010). In mass balance
calculations, organic concentrations and D/H compositions
are generally measured after solvent extraction (Yamashita &
Naraoka 2014) or chemical isolation from minerals (Alexander
et al. 2007). However, about half of the total organic matter
might not be accessible with these techniques (Alexander et al.
2015; Viennet et al. 2022), resulting in high and poorly
constrained uncertainties. Alexander et al. (2012) developed a
powerful technique to estimate the water isotopic composition
of chondritic parent bodies based on measurements of D/H and
C/H ratios of the whole rock chondrites. The technique was
applied to CM (Mighei-type) and CR (Renazzo-type) chon-
drites for which large numbers of meteorites are available, but
this method cannot be applied to individual samples. More
recently, an in situ analytical method based on the analyses of
the C/H and D/H ratios of chondritic fine-grained material by
secondary ion mass spectrometry (SIMS) was applied to
individual carbonaceous chondrites to estimate the D/H ratio
of hydrogen retained in the hydrous minerals (Piani et al.2018).
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Table 1
Hydrous Mineral D/H Ratios Estimated from SIMS Measurements
Sample Type N Pearson Coeff. (D/H)g x 107 Error x 107° D/Hyater X 107 Error x 107° 6D (%o) Error (%o)
Mighei CM2 21 0.57 96 8 95 21 —388 134
Orgueil CI 18 0.68 117 14 141 24 —-98 153
Orgueil® CI 17 0.70 119 11 146 22 —63 138
A0040 Ryugu site A 30 0.48 125 20 159 31 20 197
A0094 Ryugu site A 28 0.72 118 17 143 27 -79 175
C0002 Ryugu site C 37 0.49 124 26 156 36 -1 233
All Ryugu Ryugu all 95 0.57 127 10 164 21 50 135
All Ryugu?® Ryugu all 90 0.72 128 6 165 19 59 121

Note. N = number of SIMS analytical spots; Pearson coeff. = Pearson correlation coefficient; (D~ /H™)y=zero intercept of the D/H vs. C/H correlation measured in

the chondrite matrix or for Ryugu particles.

# Data with analyses outside of the main trend removed (removal of all points outside the prediction interval at 95%; see Figure A4)

Here, we report on the hydrogen isotopic composition in
Ryugu’s particles from the two landing sites. The estimated D/
H ratio of Ryugu’s hydrous minerals is compared to hydrous
mineral D/H ratios measured by the same method in
carbonaceous chondrites from different groups, including CI
chondrites in order to discuss the possible relationship between
water present on Ryugu’s and other carbonaceous chondrites’
parent bodies.

2. Material and Methods

D/H measurements were performed by SIMS on three
separate mechanical fragments from stones A0040 and A0094
from the first touchdown site and stone C0002 from the second
touchdown site, collected by the Hayabusa2 spacecraft during
its two touchdowns on the asteroid Ryugu (Tachibana et al.
2022), as well as material from the CM2 chondrite Mighei and
CI chondrite Orgueil also analyzed in previous studies (Piani
et al. 2018, 2021; Table 1). Submillimeter Ryugu fragments
were handpicked under a stereomicroscope and pressed into
pure indium. In order to avoid contamination and loss of
soluble organic compounds, the pressed samples were not
polished or exposed to solvents. The flattest areas were then
identified using a polarized reflected-light microscope, and
backscattered electron (BSE) images and X-ray elemental maps
were acquired by energy dispersive spectroscopy (EDS;
Figures 1, A1-A2). Areas with large anhydrous silicates or
holes were avoided based on EDS maps. A final verification
using BSE/EDS was performed after SIMS measurements
(Figures 1, A1-A2). Analyses with positions that did not
correspond to flat, fine-grained matrix or contained cracks/
holes were removed from the final data set (as provided on
ORDaR™?). The samples were stored under vacuum before and
after analyses and were introduced in the SIMS instrument
several days before measurements.

Reference materials, including hydrated minerals (two
amphiboles, a montmorillonite, and a serpentine), three
hydrogen-bearing glasses, a terrestrial kerogen, and two
extraterrestrial D-rich organic matter samples, were used for
calibration and correction for instrumental mass fractionation
on the D/H ratio (Table Al; Figure A3). Polished pieces of the
Kipawa amphibole were mounted on each mount containing

52 40i:10.24396 /ORDAR-107

Ryugu and Orgueil material and were systematically measured
for comparison. All mounts of samples and standards were
prepared with indium and gold coated before analysis.

The SIMS analyses were performed using the CAMECA
IMS-1280HR?2 instrument at CRPG (France). A Cs" primary
beam accelerated at 10 kV was rastered, and the H, D™, 13 Cc,
and *°Si~ ion signals were collected from 12 x 12 ym? areas.
The analytical conditions are similar to previous studies (Piani
et al. 2018, 2021) and are detailed in the Appendix. The
statistical error on D/H in the sample having the lowest D/H
ratio was 3% (20 standard deviation), and the reproducibility
on the reference materials was <7% (20).

The zero intercept of the D™ /H™ versus C~ /H™ correlation
in each chondrite’s matrix calculated using a simple least-
square fit was used to establish the D/H ratio of hydrous
silicates in that chondrite (Table 1). Because the errors on
analytical points are all of the same range (Figure 2), a linear
regression calculated using a simple least-square fit gives
similar slope and zero intercept than a linear fit taking into
account the analytical uncertainties and error correlations. We
thus used a simple least-square fit for simplicity. The D/H
ratios estimated for hydrous minerals in chondrites, (D/H)o,
were corrected for instrumental mass fractionation using a
calibration line (measured versus known) determined using all
standard materials including hydrous minerals, glasses, the
terrestrial kerogen, and the D-rich IOMs to correct simulta-
neously for the background contamination (FigureS3 in
Remusat et al. 2016). The slope of the calibration line is
2.240.2, and the intercept is [—1.16 £0.36] x 10~* with
errors at 95% confidence. For estimating the error on the final
D/H ratios, we propagated the 95% error on the zero intercept
obtained for the samples and the corresponding 2¢ error on the
standard calibration.

3. Results

After removal of all analyses in which holes or cracks were
observed by the post-analysis survey, we obtained 95 analyses
of the D/H and C/H ratios in the three fragments of Ryugu,
C0002, A0040, and A0094 (Figure 2). The ranges of D/H and
C/H ratios obtained for the two landing sites are similar, but
particle AO094 shows lower values than particles A0040 and
C0002 for both ratios (Figure 2(A)). Most of the data obtained
for Ryugu’s particles define a positive correlation between the
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Figure 1. Scanning electron microscope (SEM) images of a piece of particle AO040 pressed in indium and location of the SIMS analyses. (A) Backscattered electron
(BSE) image of the pressed particle fragment before SIMS analyses. (B) Combined X-ray elemental map of the particle fragment. The particle is dominated by Mg-
rich phyllosilicates (purple), sulfides (yellow), and carbonates (light green). Large holes and cracks (black) were avoided for SIMS analyses. (C)-(D) BSE images of
areas measured by SIMS. The numbers correspond to the analysis numbers as provided on ORDaR.>> Red crosses indicate analyses that were rejected due to small

holes or cracks identified by SEM after the SIMS measurements.

D/H and the C/H ratios, but five points are located
significantly above the main trend, outside of the prediction
interval at 95% (Figures 2(A) and A4). The correlation
described by the 90 other points is defined with a Pearson
correlation coefficient of 0.72 and a zero intercept of the least-
square fit of (D/H)g = [128 & 64] x 107° (Table 1). Using the
calibration line defined on standards (Figure A3), the estimated
D/H ratio of the Ryugu’s hydrous mineral, D/Hgyygu, is
[165+£19] x 10°°%, which corresponds  to  ODgyugy Of
+59%0 £ 121%0 (20).

The Orgueil (CI) and Mighei (CM) chondrites measured in
the same SIMS session also show positive correlations between
the D/H and the C/H ratios (Figure 2) with Pearson
coefficients of 0.68 and 0.57 (Table 1). For Orgueil, one point
lies outside of the prediction interval at 95% (Figure A4). The
correlation defined by the 17 other points has a Pearson
correlation coefficient of 0.70 and a zero intercept of (D/H)y =
[119 =+ 11] x 107 (Table 1 Mighei displays a zero intercept of
D/Hy = [96 + 8] x 10 (Table 1), with no outliers. Using the
standard calibration line (Figure A3), we estimate that the
hydrogen isotopic compositions of Orgueil and Mighei hydrous
silicates are 6Dgrgueit = —63%0% 138%0 and éDyjighei =
—388%0 + 134%0 (20), which are consistent, within error, with

previous measurements of CM (Piani et al. 2018) and CI
chondrites (Piani et al. 2021).

4. Discussion

4.1. Water H-isotopic Compositions of Ryugu and CI
Chondrites

The hydrous silicate D/H estimated for Ryugu of éDryyeu =
+59%0+ 121%0 (20) is similar, within errors, to our D/H
estimations for hydrous minerals in the CI carbonaceous chondrite
Orgueil that was determined in the same session of measurement
(Table 1) and for hydrous minerals in CI, chondrites, CV
chondrites, and the least altered lithologies of the CM chondrite
Paris in our previous works (D¢ = +98%0 + 99%0, éDcy =
—46%0 & 62%0, ODpyis = —69%0 % 163%0; Piani et al. 2021,
Figure 3). These values are also consistent with the D/H measured
in Orgueil by SIMS using an oxygen primary beam (6Dorgueil
= —63%0 *+ 31%0; Van Kooten et al. 2018). This method favors
the hydrogen emission from the silicate relative to organics and is
considered as a direct measurement of their C-free hydrous silicate
D/H ratios (Deloule & Robert 1995). These values are
significantly higher than (i) the D/H measured for hydrous
minerals in the CM carbonaceous chondrite Mighei determined



THE ASTROPHYSICAL JOURNAL LETTERS, 946:1L43 (11pp), 2023 April 1

A. »1 L
E € Ryugu CO002 3
240F A Ryugu A0094
f ® Ryugu A0040
220F © Mighei (CM) : E
E < Orgueil (CI) §
200f L d E
wA .3 é E
‘o 180F e 5 §+ E
i e aiagda st
é 160F §. s =5 E
pu E & _i & : ; 3
S 140F E*!/i. : ]
E 'I:K =5
120f o & ]
100 3
80_1 T T T T T T T T T T T T T I_
0 10 20 30 40 50 60 70
13 -3
C/Hmeas(x10 ™)

Piani et al.

E e Al Ryugu (outliers excluded) E
E Orgueil (outliers excluded)

100F

80 _l T T T T T T T T T T T T T I_
0 10 20 30 40 50 60 70

P/ Hineas(x10™ )

Figure 2. Measured D™ /H™ vs. 3¢ /H™ ratios in Ryugu’s particles, the Murchison (CM), and the Orgueil (CI) carbonaceous chondrites (raw data). All data were
acquired in the same analytical session in 2022 March. Linear fits (solid lines) and 95% confidence interval bands (dashed lines) are shown for all Ryugu’s points and
for Orgueil chondrite with the exception of points outside the prediction interval at 95% confidence (see Section 4.2 and Figure A4 for details). Error bars represent 2o

internal errors.

here (Table 1) and (ii) the average for CM chondrite hydrous
minerals determined using bulk (6Dcmpuik = —444%0 £ 46%o, 20,
Alexander et al. 2012) or (iii) previous in situ measurements
(D, in sitn = —350%0 = 40%o, 207 Piani et al. 2018; Van Kooten
et al. 2018; Figure 3) with the exception of the least altered
lithologies of the CM chondrite Paris. It is also significantly lower
than the hydrous mineral D/H ratio of the ungrouped carbonac-
eous chondrites Bells and Essebi (6Dgeiis /gssebi = +380%0 %= 64%0;
Piani et al. 2021; Figure 3). Given the presence of a well-defined
correlation between the C/H and D/H ratios measured in Ryugu
(Rpeason = 0.72; Table 1), the consistency with D/H ratios of
hydrous minerals in Orgueil and Alais CI chondrites using the
same method (Table 1 and Piani et al. 2021) and in Orgueil using a
SIMS oxygen primary beam (Van Kooten et al. 2018), the
possibility of a significant contribution of another hydrogen-
bearing component such as NH; appears unlikely. Indeed, this
third component would have to be so well mixed within chondritic
material that it gives a rather constant contribution at a 10 ym
scale, regardless of whether a Ryugu particle or CI chondrite
fragment is considered and regardless of the relative proportion of
hydrous minerals and organic compounds of the analyzed area. It
is also unlikely that this third component contributes similarly to
the D/H estimates of hydrous minerals that were measured with
two different SIMS configurations (oxygen versus cesium primary
ions). Because the main hydrogen-bearing inorganic phases in
Ryugu’s rocks and in carbonaceous chondrite matrices correspond
to hydrous silicates (serpentine and saponite) and because the
equilibrium isotopic fractionation factor between hydrated silicates
and water is smaller than the D/H reproducibility on the reference
materials, we consider the zero intercept to be a direct proxy for the
D/H ratio of the water from which the minerals formed (Piani &
Marrocchi 2018).

The data obtained for Ryugu’s particles follow the same
trend as the data obtained for Orgueil in the same SIMS session
but generally have higher C/H and D/H ratios (Figure 2). This
is in agreement with bulk measurements showing that Ryugu’s
rocks contain less hydrogen and higher C/H ratios than Cls

33 40i:10.24396 /ORDAR-107

(Yokoyama et al. 2023). At first glance, the resemblances
between the Ryugu, CI, and terrestrial ocean D/H ratios
(Figure 3) prevent us from distinguishing between the
hypotheses of (1) a higher loss of water to space from Ryugu’s
parent asteroid compared to CI chondrites or (2) the addition to
CI chondrites of a few tens of percent of terrestrial hydrogen
contamination. However, the similarity observed between CI
and Ryugu water D/H despite different storage conditions and
the fact that phyllosilicate-rich CM chondrites show D-poor
water compared to terrestrial water by using the same in situ
method demonstrate that our technique is only marginally
affected by terrestrial contamination. Conversely, the bulk
water concentration of Orgueil could be strongly affected by
terrestrial contamination and recent pre-degassed measure-
ments reevaluated a water abundance of around 8.5 wt.%
(Vacher et al. 2020), not too far from the 6.84 wt.% determined
for Ryugu’s samples (Yokoyama et al. 2023). Altogether, this
suggests that (i) Ryugu’s parent body experienced limited
water loss to space, in good agreement with the low
temperature experienced after aqueous alteration (i.e.,
<100°C; Yokoyama et al. 2023) and (ii) in situ D/H estimate
of the very fresh samples returned from Ryugu is certainly our
best proxy for the water D/H signature of the CI-like material.

4.2. Nature of the D-rich Outliers

Five among the 95 analyses obtained for Ryugu’s particles
and one among the 18 analyses obtained for Orgueil show a
significant enrichment in D/H accompanied by a medium C/H
ratio (Figures 2(A); A4). These points, hereafter referred to as
D-rich outliers, were also occasionally observed in previous
measurements of unmetamorphosed carbonaceous chondrites
(Piani et al. 2018, 2021). The relatively moderate C/H ratios of
these D-rich outliers (Figures 2(A); A4) and the limited
D-enrichments found for the IOM isolated from Ryugu’s rocks
compared to CI or CM chondrites (6D ~ +400%o obtained
from bulk mass spectrometry in Yabuta et al. 2023; 6D ~
+530%0 obtained by NanoSIMS in Ito et al. 2022) preclude
them from simply being interpreted as IOM-rich areas. The
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Figure 3. Hydrogen isotopic values (6D) estimated for water from the D/H vs.
C/H correlation measured by SIMS for Ryugu, Orgueil, and Mighei (this
study, indicated by a star) and compared to the range estimated previously for
the different carbonaceous chondrite groups (Piani et al. 2021). Error bars
indicate the 95% error estimated from SIMS analyses of the samples and
standards for Ryugu, Orgueil, and Mighei. Solid lines and dashed lines indicate
averages and two standard errors on the measurements for each chondrite
group. For reference, the D/H ratios of the protosolar H, and the Earth oceans
are also reported in the figure (Geiss & Gloecker 2003).

D-rich outliers could rather correspond to areas including one
or several submicron-sized D-rich organic hot spots as
observed by ion imaging both in Ryugu’s bulk particles (either
IOM or soluble organics) and in IOM (6D up to +8000%o;
Yabuta et al. 2023) and more generally in pristine carbonac-
eous chondrites (e.g., Remusat et al. 2010). Interestingly, the
highest D-enrichments were reported in the intact Ryugu grains
instead of the isolated IOM (Yabuta et al. 2023) and could thus
correspond to soluble organic compounds. Ito et al. (2022) also
observed a generally higher D/H ratio (6D up to +840%o) for
aliphatic-rich organics than in the entire C-rich region (6D up to
+530%o), confirming the possible D-richest nature of some
(possibly soluble) organic compounds. Further D/H and C/H
investigations using high-resolution ion imaging by NanoSIMS
would help better constrain the nature of the D-rich outliers
observed in the present study.

4.3. Implications for the Origin and Distribution of Water in
the Protoplanetary Disk and on Earth

Our results confirm the similarity of Ryugu samples to the CI
carbonaceous chondrites (Figure 3), a conclusion already
reached based on several other chemical and isotopic signatures
(e.g., Ito et al. 2022; Nakamura et al. 2022a, 2022b; Yokoyama
et al. 2023). The primitiveness of the Ryugu’s material allows
the signature of its water and whole rock hydrogen to be
considered a reference value when discussing the distribution
of hydrogen in the planetary materials of the early solar system.
In particular, the resemblance between the D/H of Ryugu’s
water and the terrestrial oceans (Figure 3) and the slight
D-enrichment of the bulk samples compared to CI chondrites

Piani et al.

can be used to reevaluate the role of Cl-like material as a
possible contributor to the water on Earth and the other rocky
planets (Alexander et al. 2012; Marty 2012; Peslier et al. 2017;
McCubbin & Barnes 2019; Piani et al. 2020). Enstatite
chondrites (EC) are commonly proposed to resemble the main
Earth’s building blocks due their similarity with terrestrial
rocks for a number of different isotopic systems, including
hydrogen (Javoy et al. 2010; Dauphas 2017; Piani et al. 2020).
Nevertheless, terrestrial surficial reservoirs have D-rich isotopic
composition relative to ECs and the Earth’s mantle, which
points toward an additional contribution of CI-like materials to
the Earth’s surficial reservoirs (Piani et al. 2020). Considering
the bulk H-content (Yokoyama et al. 2023) and the bulk
H-isotopic composition (Naraoka et al. 2023) of Ryugu’s
particles as representative of the uncontaminated signature of
CI chondrites, we find a ~3 wt.% contribution from Cl-like
material to Earth’s surficial reservoir that would account for
about 30% of the total mass of water in the oceans. Indeed, the
lower H abundance for Ryugu’s bulk rock relative to CI
chondrites compensates for its lower D/H ratio in the mass
balance calculation. Such an estimate is consistent with those
obtained from noble gases, molybdenum, and zinc isotopes
(Marty 2012; Budde et al. 2019; Paquet et al. 2022; Savage
et al. 2022; Steller et al. 2022) and thus supports the importance
of Ryugu material for establishing the characteristics and
conditions of habitability in our planet.

A surprising characteristic of the hydrogen isotopic compo-
sition of Ryugu/CI water is its moderate D-enrichment
(Figure 3). Indeed, CI chondrites likely accreted in the outer
solar system (Gounelle et al. 2006; Desch et al. 2018), where
water ices are expected to have large D-excesses (Jacquet &
Robert 2013; Kavelaars et al. 2011; Hopp et al. 2022) and as
illustrated by the generally high D/H ratios measured in comets
(Miiller et al. 2022). Although secondary parent body processes
could have modified the hydrogen isotopic compositions of
chondritic waters (Alexander et al. 2010; Sutton et al. 2017),
through aqueous oxidation of Fe-Ni metal beads followed by
H, loss and Rayleigh-like isotopic fractionation, this process is
not expected to produce large isotopic changes in water-rich
meteorites such as Cls (Alexander et al. 2010). Alternatively,
the water could have been enriched in D by hydrogen isotopic
exchange with D-rich IOMs. This process, if it was more
efficient for Ryugu than for other CI chondrites, could explain
the lower D/H measured for Ryugu’s IOM compared to CI
IOMs (Yabuta et al. 2023) but would only marginally increase
the water D/H (from about —100%o to +59%o). It is difficult to
draw conclusions with our data on the efficiency of such
hydrogen isotopic exchanges, due to the large uncertainties of
the D/H ratios (£120%0). It is also unclear why exchanges
would have been more pronounced in Ryugu’s parent body
than in the CI parent body, as similar temperatures and
durations were proposed for Ryugu and CI secondary alteration
(Yokoyama et al. 2023). As disk ionization processes do not
significantly enrich water in D (Cleeves et al. 2014; Laurent
et al. 2015), our results rather suggest that the Ryugu/CI water
was inherited from the molecular cloud but underwent isotopic
re-equilibration with the D-poor H, gas of the circumsolar disk
and/or mixing with water formed at higher temperature (Piani
et al. 2021) or D-rich water destruction driven by ultraviolet
photons in the outermost layers of ice-coated grains (Furuya
et al. 2017) before accretion onto the CI parent body.
Altogether, this confirms the importance of Ryugu samples
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for understanding the processes that prevailed during the disk
evolution and shaped the surficial characteristics of terrestrial
planets.

5. Closing Remarks

Using in situ SIMS measurements, we estimated the
hydrogen isotopic composition of hydrous minerals present in
Ryugu’s samples: 6Dryyeu = +59%0 =+ 121%0 (20). This
estimate is in good agreement with previous data reported for
CI chondrites. Considering the highly pristine nature of
Ryugu’s samples, these values represent our best estimate of
water in Cl-like material. Combined with literature studies, our
data suggest that (i) Ryugu’s parent body experienced limited
water loss to space and (ii) Ryugu/CI water is derived from
D-enriched interstellar water that underwent re-equilibration
during the evolution of the disk. Based on our new isotopic
estimate of CI water, we also reevaluated the mass contribution
of CI-like material to the Earth’s surficial reservoirs to be ~3%.

This work was carried out under the auspices of the
Hayabusa2 Initial Analysis Team “Chemistry” led by Prof.
H. Yurimoto. Nordine Bouden is warmly thanked for helpful
technical assistance for SIMS sample preparation and SIMS
measurements. Yves Marrocchi is warmly thanked for help for
data acquisition and for meaningful discussions throughout the
course of this project. We thank an anonymous reviewer for
constructive reviews and comments. This work was supported
by the Centre national d’études spatiales (CNES) and by
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Appendix
Data availability

Series of tables including SIMS data obtained on standards
and samples (raw data corrected from dead time and linear
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drift) can be found at the OTELo Research Data Repository
(ORDaR).>*

A.l. Details of the SIMS Analytical Conditions

A Cs™ primary beam accelerated to 10kV was used for the
measurements. The vacuum in the analytical chamber was
always below 3 x 10~° mbar. Prior to analyses, the samples
were presputtered at high current (2.5 nA) for 4 minutes to
clean the sample surface, remove the adsorbed H and gold
coating, and reach the sputtering steady state. The samples
were then sguttered with a 50-500 pA beam rastered over a
30 x 30 um” area. A high-magnification mode (Max Area 40)
and a small field aperture (FA 2000) were used to minimize H
contamination that would diffuse from the borders of the beam.
A normal-incidence electron gun was used for charge
compensation. The analyzed area was additionally restricted
toa 12 x 12 um? area in the center of the rastered area by using
a 40% electronic gate to remove H coming from the borders of
the rastered area. H, D, 13C7, and ?°Si~ ions were collected
successively by changing the magnetic field and counted with
the monocollection electron multiplier. The mass resolving
power was set to M /AM = 3300 to avoid interferences on

3C~ by "CH™ and on *Si~ by *®SiH ™. For each analysis, 30
cycles were collected with 2's of counting time per cycle for
H-, *C~, and ?°Si~ and 20s per cycle for D™, totaling 30
minutes per analysis. '°C was measured instead of '*C because
its lower abundance allows for the measurement of carbon with
the electron multiplier across the entire range of C concentra-
tions in standards and samples.

Figure Al and A2 provide BSE images and X-ray elemental
maps acquired by energy dispersive spectroscopy of analysed
areas in particule A0094 and C0002. Figure A3 presents the
standard calibrations for SIMS D/H measurements. Figure A4
presents the measured D/H vs. B¢ /H ratios in the Ryugu's
particles and the CI chondrite Orgueil with their confidence and
prediction interval bands at 95% used to defined the outliers
points discussed in Section 4.2.

Table A1
Reference Values and Averages of the SIMS Measurements
D/H,e¢ H,0,¢ D /H™ 2SD 2SE
Name Type (x 107%) (Wt%) References N (x107%) (x107% (x1079) IMF  2SE
M98-47963 Basaltic glass 144 1.45 a 10 130 13.5 43 090 0.03
Tan25-0 Andesitic glass 127 0.85 b 11 97.4 5.6 1.7 0.77  0.01
Etna-4 Basaltic glass 135 3.64 b 16 115 7.8 2.0 0.85 0.01
Serp-12A Serpentine 145 12.20 c 3 132 3.8 22 091 0.01
Mtm Montmorillonite 143 4.61 d 10 123 13.8 44 0.86  0.03
Kipawa Amphibole 142 1.50 e 17 119 13.2 32 0.84 0.02
Bamble Amphibole 146 2.30 e 2 119 53 3.7 0.81 0.03
IOM GRO IOM from GRO 95502 669 d 25 353 40.2 8.0 0.53  0.01
IOM Orgueil IOM from Orgueil 307 f 13 193 28.1 7.8 0.63 0.03
KerlIlI Type-III kerogen 141 d 15 101 10.8 2.8 0.72  0.02

Note. N = number of analyses; SD = standard deviation; SE = standard errors; IMF = instrumental mass fractionation.
References: (a) Bindeman et al. 2012, (b) Métrich & Deloule (2014), (c) Selverstone & Sharp 2013, (d) Piani et al. 2012, (e) Deloule & Robert 1995, (f) Remusat et al.

2009.
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A.

Figure A1. Scanning electron microscope (SEM) images of a piece of particle A0094 pressed in indium and location of the SIMS analyses. (A) Backscattered electron
(BSE) image of the pressed particle fragment before SIMS analyses. (B) Combined X-ray elemental map of the particle fragment. The particle is dominated by Mg-
rich phyllosilicates (purple), sulfides (yellow), and carbonates (light green). Large holes and cracks (black) were avoided for SIMS analyses. (C)-(D) BSE images of
areas measured by SIMS. The numbers correspond to the analysis numbers as provided on ORDaR.>> Red crosses indicate analyses that were rejected due to small
holes or cracks identified by SEM after the SIMS measurements.
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Figure A2. Scanning electron microscope (SEM) images of a piece of particle C0002 pressed in indium and location of the SIMS analyses. (A) Backscattered electron
(BSE) image of the pressed particle fragment before SIMS analyses. (B) Combined X-ray elemental map of the particle fragment. The particle is dominated by Mg-
rich phyllosilicates (purple), sulfides (yellow), and carbonates (light green). Large holes and cracks (black) were avoided for SIMS analyses. (C)-(D) BSE images of

areas measured by SIMS. The numbers correspond to the analysis numbers as provided on ORDaR. * Red crosses indicate analyses that were rejected due to small
holes or cracks identified by SEM after the SIMS measurements.
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Figure A3. Calibration line of the D/H ratios. The calibration includes the different standards analyzed during the session (Table A1) and allows the correction of the
instrumental mass fractionation and surface contamination following previous works (Remusat et al. 2016; Piani et al. 2018, 2021).
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Figure A4. Measured D/H vs. '*C/H ratios in (A) the Ryugu’s particles and (B) the CI chondrite Orgueil with their confidence and prediction interval bands at 95%.
All points lying outside of the prediction interval bands are considered outliers and are not included in the main trend estimate for the final estimation of the water D/H

ratios (Table 1).
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