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Abstract—Oxygen 3-isotope ratios of magnetite and carbonates in aqueously altered
carbonaceous chondrites provide important clues to understanding the evolution of the fluid
in the asteroidal parent bodies. We conducted oxygen 3-isotope analyses of magnetite,
dolomite, and breunnerite in two sections of asteroid Ryugu returned samples, A0058 and
C0002, using a secondary ion mass spectrometer (SIMS). Magnetite was analyzed by using a
lower primary ion energy that reduced instrumental biases due to the crystal orientation effect.
We found two groups of magnetite data identified from the SIMS pit morphologies: (1) higher
8'%0 (from 3%c to 7%¢) and A'’O (~2%¢) with porous SIMS pits mostly from spherulitic
magnetite, and (2) lower 8'*0 (~ —3%0) and variable A'’O (0%0—2%0) mostly from euhedral
magnetite. Dolomite and breunnerite analyses were conducted using multi-collection Faraday
cup detectors with precisions <0.3%.. The instrumental bias correction was applied based on
carbonate compositions in two ways, using Fe and (Fe + Mn) contents, respectively, because
Ryugu dolomite contains higher amounts of Mn than the terrestrial standard. Results of
dolomite and breunnerite analyses show a narrow range of A'’O; 0.0%0—0.3%o for dolomite in
A0058 and 0.2%0—0.8%o for dolomite and breunnerite in C0002. The majority of breunnerite,
including large >100 pm grains, show systematically lower 8'®0 (~21%0c) than dolomite
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Oxygen isotope distribution among aqueously altered minerals in Ryugu

(25%0—30%0 and 23%0—27%0 depending on the instrumental bias corrections). The equilibrium
temperatures between magnetite and dolomite from the coarse-grained lithology in A0058 are
calculated to be 51 +11°C and 78 £ 14°C, depending on the instrumental bias correction
scheme for dolomite; a reliable temperature estimate would require a Mn-bearing dolomite
standard to evaluate the instrumental bias corrections, which is not currently available. These
results indicate that the oxygen isotope ratios of aqueous fluids in the Ryugu parent asteroid
were isotopically heterogeneous, either spatially, or temporary. Initial water ice accreted to the
Ryugu parent body might have A'’O > 2%o that was melted and interacted with anhydrous
solids with the initial A'7O <0%.. In the early stage of aqueous alteration, spherulitic
magnetite and calcite formed from aqueous fluid with A'’O ~2%. that was produced by
isotope exchange between water (A'’O > 2%¢) and anhydrous solids (A'’O < 0%0). Dolomite
and breunnerite, along with some magnetite, formed at the later stage of aqueous alteration
under higher water-to-rock ratios where the oxygen isotope ratios were nearly at equilibrium
between fluid and solid phases. Including literature data, 8'0 of carbonates decreased in the
order calcite, dolomite, and breunnerite, suggesting that the temperature of alteration might

have increased with the degree of aqueous alteration.

INTRODUCTION

The Hayabusa 2 spacecraft brought back samples
from the surface of a C-type (carbonaceous) asteroid,
162173 Ryugu (Tachibana et al., 2022; Watanabe et al.,
2019). Samples were collected during the two
touch-downs from different landing sites, which were
stored in two chambers A and C, respectively, of the
Hayabusa spacecraft. Initial analyses of Ryugu samples
indicate that they resemble Ivuna-type carbonaceous
(CI) chondrites, consisting mainly of minerals that were
produced by aqueous alteration in its parent asteroid,
such as phyllosilicates, dolomite, magnetite, and
pyrrhotite (Ito et al., 2022; Nakamura et al., 2022, 2023;
Yokoyama et al.,, 2023; Yamaguchi et al., 2023).
Anhydrous minerals are rare in Ryugu samples, though
small mineral fragments of olivine and low-Ca pyroxene
were identified, as well as tiny polymineralic fragments,
similar to refractory inclusions and chondrules in
carbonaceous chondrites (e.g., Kawasaki et al., 2022;
Liu et al., 2022; Nakashima et al., 2023).

Oxygen 3-isotope systematics of alteration minerals
in carbonaceous chondrites, which are expressed as
8'70 and 6'%0, per mil (%0) deviation from standard
mean ocean water (SMOW; Baertschi, 1976), provide
an important tool to understand aqueous activity on
their asteroidal parent bodies. Early studies by Clayton
and Mayeda (1984) applied carbonate—serpentine
oxygen isotope thermometry, where calcite was
determined by acid dissolution and matrix separates
represent serpentine. They estimated the fluid temperatures
of Murchsion (CM2) and Orgueil (CI) to be 0 and 150°C,
respectively. Mass-independent fractionations of oxygen
3-isotope in alteration minerals A'’0O (=8'"0-0.52 x §'%0;
Clayton et al., 1991) vary substantially among magnetite,

calcite, and dolomite in carbonaceous chondrites (e.g.,
Jilly-Rehak et al., 2018; Telus et al., 2019; Tyra et al., 2012;
Verdier-Paoletti et al., 2017). Many studies argue that
aqueous fluid started with higher A'’O that decreased with
interaction between aqueous fluid and anhydrous minerals
with relatively '®O-poor and '®O-rich isotope signatures,
respectively. There are a limited number of studies on
magnetite and carbonates in CI chondrites, especially using
in situ techniques, prior to the return of Ryugu samples
(e.g., Piralla et al., 2020; Rowe et al., 1994).

Several studies reported in situ oxygen 3-isotope
analyses of alteration minerals, magnetite, dolomite, and
calcite in Ryugu samples by using secondary ion mass
spectrometers (SIMS; Fujiya et al., 2023; McCain et al.,
2023; Nagashima et al.,, 2022; Nakamura et al., 2022;
Yokoyama et al.,, 2023). Yokoyama et al. (2023) and
Nagashima et al. (2022) estimated the temperatures of
aqueous fluid to be 37 4+ 10°C and 92 4+ 21°C using data
from co-existing magnetite and dolomite in samples A0058
and C0002, respectively, by applying oxygen isotope
thermometry (Zheng, 1991, 1999). Slightly lower
temperatures of 9'°/_,5°C and 20™'%/_,,°C were estimated
using the average oxygen isotope ratios of magnetite and
dolomite in samples C0008 and A0022, respectively, by
Nakamura et al. (2022). McCain et al. (2023) estimated the
temperatures of magnetite—calcite pairs (using fractionation
factors of Hayles et al., 2018) in C0009 to be 0-20°C.
However, magnetite analyses in Ryugu show a significant
variation in both 80 (from —11%c to +7%0c) and A'’O
(from 0%o0 to +4%o), indicating that oxygen isotope ratios
of the aqueous fluid in the Ryugu parent asteroid might not
be fully equilibrated. Fujiya et al. (2023) conducted C and
O isotope analyses of calcite and dolomite in Ryugu and
found a larger variation of both 8'°C and 8'°0 in calcite
than those in dolomite. They concluded that calcite formed
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during prograde alteration over the wide range of
temperatures and oxygen fugacity, while dolomite formed
during retrograde cooling when aqueous fluid and silicate
approached O isotope equilibrium. Analyses of Orgueil and
Ivuna CI chondrites generally show similar results to those
in Ryugu samples (Fujiya et al., 2023; Piralla et al., 2020;
Yokoyama et al., 2023).

In this paper, we further investigate the oxygen 3-isotope
systematics of magnetite and carbonates in Ryugu samples
using SIMS IMS 1280 at the University of Wisconsin—
Madison (WiscSIMS). We employ different analytical
approaches compared to previous investigations. For
magnetite analyses, the impact energy of primary Cs*
ions is reduced from 20 to 13 keV, which is known to
improve the reproducibility of instrumental mass
fractionations in 8'%0 from 2 to 3% (2SD; standard
deviation) to 0.7%o, respectively, caused by the crystal
orientation of magnetite (Huberty et al., 2010).
Yokoyama et al. (2023) reported the uncertainties of
magnetite 8'°0 analyses to be 2.1%0 based on the
reproducibility of a polycrystalline magnetite standard (in
2SD). While the effect is mass dependent and would not
affect A'’O data, analyses of Ryugu magnetite at the
higher precisions in &0 are important for the
equilibrium temperature estimates of the aqueous fluid
using a magnetite—dolomite pair. For carbonate analyses,
we use multi-collection Faraday cups (MCFC) that
include the higher gain 10'* ohm feedback resistor (e.g.,
Bouden et al.,, 2021; Fukuda et al., 2021) for 70
measurements, which allows us to determine isotope
ratios at precisions and accuracy of <0.3%o for spot sizes
of ~10 pm (e.g., Fukuda et al., 2022; Siron et al., 2021,
2022; Zhang et al., 2022). In the previous analyses of
Ryugu carbonates, electron multiplier (EM) was used for
70 detection due to low count rates of '"O (<10’ cps)
with smaller primary beam sizes (<5 pm; e.g., Yokoyama
et al., 2023). The precision and accuracy of isotope ratio
analyses using EM are limited to be ~1%o0 due to gain
stability and counting statistics (e.g., Ushikubo et al.,
2012; Yokoyama et al., 2023). Thus, MCFC conditions
should be used for the SIMS analyses that require
precision and accuracy at <0.3%o (e.g., Kita et al., 2009).
Furthermore, we use a series of dolomite—ankerite and
magnesite-siderite standards for instrumental bias
correction in 8'%0 that significantly change with FeCO;
contents (Sliwifiski et al., 2016, 2018). The same or a
similar set of dolomite—ankerite standards were
previously used by Yokoyama et al. (2023), Nagashima
et al. (2022), Fujiya et al. (2023), and McCain et al. (2023)
for Ryugu dolomite analyses. However, the oxygen
isotope ratios of breunnerite in Ryugu have not been
determined. The high precision A'7O analyses of
carbonates in Ryugu are compared to bulk Ryugu
oxygen isotope ratios (average bulk A'’O=0.60+0.18,

FIGURE 1. Polished sections of Ryugu returned samples. (a)
A0058-C1002 pseudocolor x-ray elemental map (RGBgC: Mg-
Ca-Fe-Si-S). (b) C0002-C1001 (RGBgCY: Mg-Ca-Fe-Si-S-P).
(c) and (d) are BSE images of marked areas in (a) and (b),
respectively. Minerals: Mag, magnetite; Pyh, pyrrhotite; Dol,
dolomite; Bre, breunnerite.

n=15; data from Greenwood et al., 2022; Nakamura
et al., 2022; Yokoyama et al., 2023) and further reveal the
evolution of aqueous fluid in oxygen three-isotope space.

METHODS
Samples

We used two sections of Ryugu A0058-C1002 and
C0002-C1001 (Figure 1). A0058-C1002 is the second section
of the same sample that was used for SIMS analyses of
magnetite and dolomite by Yokoyama et al. (2023). The
sample is dominated by a coarse-grained pyrrhotite—
magnetite—dolomite assemblage. C0002-C1001 is from the
largest particle C0002 among the Ryugu particles reported
by Nakamura et al. (2023). The section contains large
breunnerite crystals, some of which are >100 pm long, and
includes less-altered lithology with olivine and pyroxene
that were studied in detail by Kawasaki et al. (2022).
Nagashima et al. (2022) analyzed co-existing magnetite and
dolomite within an area of 100 pm across for oxygen 3-
isotopes, and Fujiya et al. (2023) analyzed carbon and
oxygen 3-isotopes in calcite and dolomite in the same
section. Locations of SIMS analyses of magnetite, dolomite,
and breunnerite were selected based on x-ray elemental
maps and BSE maps of the entire sections that were
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prepared at Hokkaido University (Kawasaki et al., 2022;
Yokoyama et al., 2023; Figure S1). We selected dolomite
and breunnerite grains larger than 15pm and magnetite
grains larger than 5pm, which do not contain obvious
cracks and inclusions. Breunnerite grains are absent in
A0058-C1002, so that they were only selected from C0002-
C1001. Calcite grains were identified in C0002-C1001 from
less-altered areas and were smaller than 10 pm (e.g., Fujiya
et al., 2023), so that they were not selected for this study.
Major element compositions of dolomite and breunnerite
were estimated by using a scanning electron microscope
(SEM) with an energy-dispersive x-ray spectroscopy (EDS)
detector and used for SIMS instrumental bias correction as
described in Yokoyama et al. (2023). Using SEM-EDS was
preferred over an electron probe microanalyzer (EPMA)
before SIMS measurements to minimize potential beam
damage. Carbonate EDS analyses were calibrated using
in-house mineral standard (Kawasaki et al., 2022) and
SIMS calcite and dolomite standards (éliwiﬁski et al., 2016,
2018). Molar fractions of FeCO; and MnCO3; endmembers
of dolomite range 0.03-0.05 and 0.03-0.08, respectively, and
those of breunnerite range 0.18-0.33 and 0.02-0.11,
respectively (Table S1).

Secondary Ion Mass Spectrometry

SIMS oxygen 3-isotope analyses of Ryugu samples
were conducted by using IMS 1280 at the University of
Wisconsin—Madison in two sessions, one for magnetite
and another for carbonates, as described below in detail.
Raw SIMS data are available in Tables S2 and S3.
Additional information is found in Data Repository.

Carbonate Analyses

The analytical conditions are similar to those of Zhang
et al. (2022) for silicate that use multi-collector Faraday
cups (MCFC). The primary Cs* ion beam (+10kV) was
set to 1.2nA in intensity and 10 pm in diameter on the
sample surface, and secondary '°O~ ions were generated;
an electron gun was used for charge neutralization. The
three isotopes of oxygen were detected simultaneously
using two FC detectors on the MC array for 'O~ and
"0~ at mass resolving power (MRP, defined as 10%
height) of 2200 and on the axial FC detector (FC2) for
70~ at MRP=5000. A single analysis took ~7 min,
which include 60s of presputtering, secondary ion beam
centering, and the acquisition of signals for 200s
(10sx20cycles). The FC baseline of each detector was
monitored during presputtering with a lower-intensity
primary beam (50 pA, a few pm in diameter) rastered over
8 pm square to minimize the sample consumption. The
intensity of 'O'H~ was detected at the end of each
analysis (using deflector DSP2X), and the tailing
correction to 'O~ signals (10 +2ppm of 'O'H™) was

applied. The gains of the feedback resistors were 10'°, 10'2,
and 10'! ohms for '°0~, 70, and 80—, respectively. The
higher gain 10'> ohm resistor provides smaller baseline
noise than the 10'"" ohm resistor (typically ~160 cps vs.
~500 cps per 60 s integrations, 1SD). Due to a longer time
constant for 10'> ohm feedback resistor compared to the
other resistors (z~ 0.74s vs. <0.1s; Fukuda et al., 2021),
we applied z-correction (time constant correction) to the
70~ signal intensity as a function of the beam growth rate
(e.g., Kimura et al., 2016). The growth rate g(i) at each
cycle was estimated from '°0O intensities of three
consecutive cycles, y(i~1), y(i), y(i+ 1), using the linear
formula g(i) =[y(i + 1)~p(i=1)]/»(i)/20 for 1< i< 20, and
g =2 - y(D]/¥(1) /10 and g20)=[¥(20) — ¥(19)]/y
(20)/10 for the first and last cycles, respectively. Then,
the tau t-corrected 'O signal was estimated as 'O
(i)‘r—cor = l70(1')measured X (1 + g(l) X 074)

We used UWC-3 calcite (Kozdon et al., 2009) as the
running standard. Typical '®*O~ intensities were ~2 x 10°
cps. Within a single analysis, both 8'80raw and
8'"Ogaw drifted to lower values with the depth, which
resulted in relatively large internal errors (in 2SE) of
0.6%0 and 0.45%o, respectively. By maintaining nearly
constant primary intensities (£0.05nA), the external
reproducibility of UWC-3 calcite running standard was
typically 0.2-0.3%c in 2SD for both &' Ogaw and
8'"Ogaw, which is assigned to be the uncertainty of
individual analysis. We define the mass-independent
fractionation factor of raw measured ratios as

A"Oraw = In (1 + 8""Oraw/1000)
—B In (1 + 8" Oraw/1000), (1)

where =0.528 is used according to the value commonly
used for natural mass-dependent fractionation law in recent
literature (e.g., Young et al., 2016). It should be noted that
70 analyses without the z-correction would result in a
significant inaccuracy in 8'"Opaw and A’Ogaw values
(1.5%o0) because the secondary ion intensity rapidly increases
at the beginning of each analysis (0.2%/s, Figure 2). The
internal and external errors of A’'’Ogaw of UWC-3 were
typically 0.2-0.3%0 (2SE) and 0.2-0.4%0 (2SD), respectively,
which are consistent with statistical uncertainties.

A set of dolomite-ankerite and magnesite-siderite
standards (Sliwiﬁski et al., 2016, 2018) were analyzed in the
same SIMS session to evaluate the SIMS instrumental
biases. While the 8'70O of these carbonate standards
(including UWC-3 calcite) are not known, we assume the
A0 =0 for these standards, which should be good for the
SIMS analyses with precisions of ~0.2%o. The secondary
%0~ intensities were ~2x10° cps for dolomite and
magnesite, similar to calcite, while they were higher for
Fe-rich carbonates, such as siderite having an intensity of
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o] [ 6%0mw "0 Gopy) | | os —5%0 in UWAnko6a ankeri.te, while those of UWC-3
] calcite and UW6220 dolomite were —11%o0 and —16%o,
2 87 L op 3 respectively. In Figure 3, the instrumental biases of
: 2 @) UWC-3 Calcite | ,g dolomite—ankerite and magnesite-siderite are shown
fe . Mean (N=34) | 218 relative to UW6220 dolomite (bias*ywero) and
o] < UWMgsl magnesite (bias*ywwmgs1), respectively, fitted
0+ o0 against the carbonate Fe# (molar Fe/[Fe +Mg]) by the
1 method described in Sliwinski et al. (2016, 2018). Fitted
_ o2 % rato of chan functions are shown in Table S4. They were in good
§ 9e agreement with previous studies (Shiwinski et al., 2016,
g 0.1 2018; Yokoyama et al., 2023). Because Ryugu carbonates
€ (b) contain more Mn than those of the SIMS standards with
0.0 similar Fe#, we estimated SIMS biases of carbonates as
1 % oo O No correction functions of Fe# as well as (Fe+Mn)# (molar
2 % %o o “® t-corrected [Fe + Mn]/[Fe + Mn + Mg]), which are also shown in
O 5 QOJ&Y‘NOO;.\‘.\. Figure 3. The residuals of the fitted curves are within
° 1@ Oﬁf)m’m -8 £0.5%o, as shown in Figure 3c—f. We calculated the 2SD
47 - ’ of the residuals and assigned them as the uncertainties of
5] (@) 0.004%o/cycle instrumental bias corrections that are 0.7%o for dolomite

: — . W R 'TT"_DL"E'ZEFHH and 0.4%0—0.5%o for breunnerite.
O 47 nonooono e R The raw measured A’'’Ogaw of dolomite-ankerite
< sloo +0.056%/cycle and magnesite-siderite standards were indistinguishable
A from that of the UWC-3 calcite running standard
Cycles (£0.2%o0), except for slightly higher values in dolomite

FIGURE 2. The z-correction (time constant correction) for 7O
analyses using a 10'*> ohm feedback resistor. A total of 34 UWC-3
analyses were averaged. (a) Changes in '30/'°O ratios (6% 0raw)
and 'O intensity (cps) with cycles. (b) Rate of change for '°O
signal intensity (%/s). (c) Changes in '"0/'°O ratios (5'’Oraw)
with cycles. Without z-correction, 8'’Ogaw is lower by (d'°O/
dt) x 7 due to the slow response in 10'? ohm feedback resistor. (d)
Mass fractionation corrected A’ 7Ograw values with and without
7-correction. Without r-correction, apparent mass-independent
fractionation with the depth of analyses is observed.

3% 10° cps. The internal errors of 5" 0raw and 8'"Ogaw
for these carbonate range 0.2-1.0%0 and 0.2-0.6%o,
respectively, while external errors are typically 0.3-0.4%o,
except for a few standards that are relatively heterogeneous
(0.5-1.5%o0 in 2SD for 6]8ORAW). The instrumental biases
of carbonate standards (bias) are expressed as relative
biases (bias*) against the UWC-3 calcite standard, as in
Equations (2a and 2b).

bias = {(1 + 8'*Oraw/1000) /(1 + 8'80/1000)-1}
x 1000 (22)

bias® = {(1 4 bias/1000)/(1 4 biasywc-3/1000)-1}
x 1000

(2b)

All carbonate standards in this work showed a large
negative bias from —24%. in UWMgsl magnesite to

and magnesite standards near Mg-rich endmembers
(Figure S2). Since Ryugu carbonates are relatively
Fe-rich compared to pure dolomite and magnesite, the
A0 values of Ryugu dolomite and breunneite are
determined as the difference from running standard
UWC-3 calcite. Instrumental bias-corrected results (8'°0
and 8'70) are calculated using the following formula.

80 = {(1 + 5'"Oraw/1000) x (1 + bias*/1000)-1}
x 1000

(3a)

870 = { (1+8"0/1000)" x (1 + 4"70/1000)-1 |
x 1000
(3b)

The mass-independent fractionation factors of
Ryugu carbonates are calculated using the linear formula
A0 =8"0-0.52x8"0 according to Clayton et al.
(1991) for the convenience of comparing our results to
literature.

Magnetite Analyses

The analytical conditions are modified from those of
Huberty et al. (2010) for lower primary ion impact energy
and those of Ushikubo et al. (2012) for oxygen 3-isotope
analyses using a smaller (3—4 pm) spot beam. The primary
Cs*™ ion beam was accelerated by +3kV at the Cs ion
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FIGURE 3. Instrumental bias correction of carbonates using two correction schemes using Fe# (a, c, e) and (Fe + Mn)# (b, d,
f). (a, b) Instrumental biases in 6'%0 for magnesite-siderite and dolomite—ankerite that are fitted using Hill functions. The ranges
of biases for carbonates in Ryugu are shown as thick curves. (c, d) Residual from fitted functions for magnesite-siderite. (e, f)
Residual from fitted functions for dolomite—-ankerite. Data are shown in Table S4.

source and focused to sample surface (at —10 kV), resulting
in an impact energy of 13keV. The primary beam was
focused to 3pum with 14 pA intensity and rastered over
2 pm squares, which resulted in 3 x4 pm SIMS pits after
10min of analysis. The '®°O~ intensity was typically
1.7% 107 cps for magnetite. Other conditions were similar
to those of carbonate analyses, except for the configuration
of detectors. Due to the lower secondary ion intensities of
minor oxygen isotopes 'O~ (~6x10°cps) and 'O~
(3% 10*cps), they were detected by using EM on the axial
detector and MC array, respectively. The '°O~ signals were
detected by using FC on the MC array with a 10'" ohm
feedback resistor. A single analysis consisted of
presputtering (60s), beam centering, signal acquisition
(400's; 20 s x 20 cycles), EM gain adjustment, and '*O'H~
monitoring at the end of each analysis. The internal errors
and external reproducibility of a single grain of magnetite
standard 5830 (Huberty et al., 2010) were 0.7-0.9%o in 5'*0
and 1.5%c in 870 and A'O. The effect of crystal
orientation was evaluated by using 30 randomly oriented
grains of magnetite standard 5830 in the same session. The
external reproducibility of 8'"Ograw was 1.0%0 (2SD),
similar to the uncertainty of a single grain (Table S3,
Figure S3), which was propagated to the final uncertainty
of the unknown magnetite analyses. The external
reproducibility of A'Opaw of the same standard was
1.3%o (n =42, Figure S3). The correction of '°O'H™ to §''0
was insignificant for both standard and Ryugu samples
(<£0.3%o0).

Targeting Minerals in Ryugu

We took high-resolution reflected microscope images
of each section (Data repository) and overlaid an x-ray
elemental map by using the QGIS program with WiscSIMS
plugins (Batchelor et al., 2022; Linzmeier et al., 2018). The
high optical resolution (1.3 pm) of the SIMS microscope
with UV light illumination and Badgersscope©® Camera
viewing software (Kita et al., 2015) allowed us to aim at
individual minerals precisely within 2 pm. After the SIMS
sessions, SIMS pits were inspected by using a Hitachi
S-3400 SEM at the University of Wisconsin—-Madison.

RESULTS
Magnetite

Magnetite grains analyzed in this study are relatively
coarse-grained (>5pm) with irregular, equant, or
spherulitic textures. A total of 27 analyses of magnetite
were obtained, 17 from A0058-C1002 and 10 from C0002-
C1001. SEM observations of the pits after SIMS analyses
show that all SIMS spots were within the targeted
magnetite grains (Data repository), thus none of the
analyses were rejected. There are two types of pit textures:
smooth and porous, which often correspond to magnetite
with defined crystal faces and fibrous grains, respectively
(Figure 4). The smooth texture is identical to those of the
magnetite standard. Examples of porous textures are
Figure 4b.c, where the bottom of SIMS craters show
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A0058-C1002

15.0kV x7.50k SE
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FIGURE 4. Magnetite and carbonate SIMS pits. (a) BSE image of three magnetite grains (mgt-10, -11, -12) in A0058-C1002.
(b—d) Secondary electron (SE) images of SIMS pits from the magnetite grains in (a), showing porous (b, ¢) and smooth (d) pit

textures. (¢) SE image of dolomite. (f) SE image of breunnerite.

multiple pm-sized pits. Results of analyses are shown in
Table 1, Table S3, and Figure 5 and compared to those
reported by Nakamura et al. (2022), Yokoyama
et al. (2023), and McCain et al. (2023) using 20 keV impact
energy, as well as magnetite separate in CI chondrite (Rowe
et al., 1994) and magnetite analyses of Ivuna reported by
Yokoyama et al. (2023). Overall, our data are consistent
with those reported earlier and plot slightly above the PCM
(Primitive Chondrule Mineral) line (Ushikubo et al., 2012).
New data show two groups of magnetite analyses according
to the range of 8'0 values, from —4%o to +1%o and from
+3%0 to +7%o, which correspond to magnetite grains with
smooth and porous pit textures, respectively. The A'’O
values of the lower 80 group vary from 0%o to +2%o,

while the higher 8'30 group shows consistently higher A'’O
values (2.1 +0.5%o, 2SD, n=11). The '*O'H /'O signal
ratios (not background corrected) of magnetite with porous
SIMS pits are systematically higher than those of smooth
pits in each Ryugu section.

Analyses of magnetite in the pyrrhotite-magnetite—
dolomite assemblage in A0058-C1002 (Figure S4; spots
4-5, 13-16, 18) show a narrow range of oxygen isotope
ratios with the mean values of &30 =—-2.6+ 1.2%,
6'""0=—-1.0+1.1%, A'"0=03+0.6% (2SD, n=7).
These data agree with the mean of four magnetite
analyses that were used for magnetite-dolomite oxygen
isotope thermometry in Yokoyama et al. (2023). There
are three analyses of magnetite from two coarser-grained
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TABLE 1. Oxygen isotope analyses of magnetite (mgt) in Ryugu.

Section and spot SIMS pit texture  8'%0 (%) Unc. 870 (%) Unc. A0 (%) Unc. 1%0'H/'0*
A0058-C1002 pyr-dol-mgt”®

mgt-4 Smooth -2.6 1.0 —1.1 1.1 0.2 1.2 0.0026
mgt-5 Smooth —2.6 1.0 -1.1 1.1 0.3 1.2 0.0029
mgt-13 Smooth 2.7 1.0 —-1.4 1.1 0.0 1.2 0.0028
mgt-14 Smooth -1.5 1.0 —0.4 1.1 0.4 1.2 0.0027
mgt-15 Smooth -3.5 1.0 -2.0 1.4 —0.1 1.3 0.0024
mgt-16 Smooth -2.6 1.0 —0.6 1.4 0.7 1.3 0.0030
mgt-18 Smooth -2.7 1.0 —0.8 1.1 0.6 1.2 0.0027
Mean and 2SD -2.6 1.2 -1.0 1.1 0.3 0.6 0.0027
A0058-C1002 others

mgt-1 Smooth -1.0 1.0 0.2 1.1 0.8 1.2 0.0027
mgt-2 Smooth -3.0 1.0 -1.0 1.4 0.5 1.3 0.0025
mgt-6 Smooth -3.0 1.0 —1.8 1.1 —0.3 1.2 0.0025
mgt-7 Porous 3.3 1.0 3.3 1.4 1.6 1.3 0.0045
mgt-8 Smooth -1.2 1.0 -0.3 1.4 0.3 1.3 0.0025
mgt-10 Porous 6.5 1.0 5.5 1.4 2.1 1.3 0.0067
mgt-11 Porous 49 1.0 4.8 1.4 2.3 1.3 0.0070
mgt-12 Smooth —-24 1.0 0.4 1.4 1.6 1.3 0.0026
mgt-17 Porous 6.5 1.0 5.3 1.1 1.9 1.2 0.0038
mgt-19 Porous 7.2 1.0 5.9 1.4 2.2 1.3 0.0038
C0002-C1001

mgt-5 Smooth -35 1.0 0.3 1.9 2.1 1.9 0.0052
mgt-8 Porous 4.3 1.0 4.4 1.9 2.1 1.9 0.0102
mgt-9 Porous 4.1 1.0 4.5 1.9 2.4 1.9 0.0083
mgt-11 Porous 5.6 1.0 5.1 1.9 2.2 1.9 0.0080
mgt-14 Porous 5.3 1.0 4.4 1.9 1.7 1.9 0.0070
mgt-15 Smooth -3.7 1.0 0.0 1.9 2.0 1.9 0.0061
mgt-16 Smooth 0.6 1.0 2.3 1.9 2.0 1.9 0.0072
mgt-17 Smooth —34 1.0 —0.3 1.9 1.4 1.9 0.0054
mgt-18 Porous 3.4 1.0 3.8 1.9 2.0 1.9 0.0074
mgt-19 Porous 5.3 1.0 5.1 1.9 2.4 1.9 0.0067
Porous pits mean and 2SD 5.1 2.6 4.7 1.5 2.1 0.5 0.0067

Note: Uncertainties quoted with the data are at the 95% confidence level and include those from instrumental bias corrections.

“Values are not corrected for chamber background.
*Pyrrhotite—dolomite-magnetite assemblage shown in Figure S4.

framboids: spots 15 and 16 in C0002-C1001 (smooth pits)
and spot 7 in A0058-C1002 (porous pit). They show a
variable 6'%0 but consistently show a higher A0 ~ 2%o.

Dolomite and Breunnerite

A total of 29 analyses of carbonate were obtained: 18
dolomite (9 from each section) and 11 breunnerite in
C0002-C1001. Three dolomite and two breunnerite
analyses show a significant decrease in the secondary '°O~
intensity at the middle of the analyses. The SEM inspection
of the SIMS pits (Figure 4) revealed that these analyses
overlapped with grain boundaries and cracks, so that these
data were rejected. Results are shown in Table 2, Table S5,
and Figures 6 and 7 using the two different instrumental
bias correction schemes (Figure 3). They plot on or slightly
above the terrestrial mass fractionation line (TFL). Some of

dolomite analyses with relatively large uncertainties in Fe#
(>0.02) are quoted with uncertainties larger than 1%. and
0.5%0 in 80 and 8'0, respectively, due to larger
uncertainties in the instrumental bias estimates. Dolomite
analyses corrected for Fe# (Figure 2a) are consistent with
those determined previously by Yokoyama et al. (2023) and
are within a range reported by McCain et al. (2023),
and dolomite data from Ivuna by Yokoyama et al. (2023).
Data corrected for (Fe +Mn)# show lower 80 by 2-3%o
(Figure 2b) than those corrected for Fe#. Breunnerite
contains more Fe than Mn, so that bias-corrected data in
Figures 6a,b and 7a,b are very similar. Most breunnerite
data plot at lower 80 (~21%¢) compared to dolomite.
The '®0 from three breunnerite analyses are ~5%o higher
than others and overlap within the range of dolomite. They
are from two breunnerite grains with distinct chemical
compositions, either a Fe-rich (spots 1 and 2; 33 mole%
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FIGURE 5. Magnetite oxygen isotope analyses in Ryugu. (a) Oxygen three-isotope plot for magnetite in A0058-C1002 and
C0002-C1001 (this work). Filled and open symbols are for smooth and porous SIMS pits, respectively. (b) Oxygen three-isotope
plot for magnetite in Ryugu from Yokoyama et al. (2023; A0058), Nakamura et al. (2022; A0022, C0008), and McCain
et al. (2023; A0037, C0009). Magnetite separates from CI chondrite Alais, Ivuna, and Orgueil (Rowe et al., 1994) and SIMS
magnetite data from Ivuna (Yokoyama et al., 2023) are shown for comparison. (c, d) The plot showing A'7O versus 8'%0 for the
same samples in a and b, respectively. PCM line and TFL (terrestrial fractionation line) are shown as reference. The dashed lines
indicate the slope 0.52 line that passes the bulk Ryugu oxygen isotope ratios.

FeCO;) or a Mn-rich (spot 11; 11 mole% MnCOs;)
compared to remaining breunnerite grains (25 mole%
FeCO; and 3 mole% MnCO;). Nakamura et al. (2022)
reported substantially higher 8'%0 in dolomite (30-40%o)
compared to this work, Yokoyama et al. (2023), and
McCain et al. (2023). Their analyses were corrected by a
single dolomite standard, so that the instrumental
correction might not be adequately done. They are not
shown in Figures 6 and 7. Figures 6 and 7 include Orgueil
and Ivuna dolomite analyses by Piralla et al. (2020) that
show a similar range to those of Ryugu dolomite using Fe#
correction, though details of the instrumental bias
correction in Piralla et al. (2020) are not known.

The A'’O values of dolomite and breunnerite data
are within a narrow range from 0% to 0.8%o. There is a
small systematic difference between A0058-C1002 and
C0002-C1001 with the mean values of 0.17 4 0.22%o
2SD, n=7) and 0474+0.33% (2SD, n=17),
respectively. The A'’O values between dolomite and
breunnerite in C0002-C1001 are indistinguishable. These
data are within the range reported by Yokoyama
et al. (2023) and McCain et al. (2023). We note that
dolomite analyses by Nakamura et al. (2022) show
systematically higher A'7O (1.4 + 0.9%o, 2SD, n =29).

The dolomite grains in the pyrrhotite-magnetite—
dolomite assemblage in A0058-C1002 (Figure S4; spots 4,
7, 9-10) show indistinguishable oxygen isotope ratios with
the mean values of §'"0=283+19% and §0=
14.9 + 0.9%o using the Fe# correction, 8'%0 = 25.1 4 1.9%.
and 8'"0=13.240.9%. using the (Fe+ Mn)# correction,
and A0 =0.18 + 0.29%0 (2SD, n=4). Fe# corrected data
agree with the dolomite analyses that were used for

magnetite—dolomite oxygen isotope thermometry in
Yokoyama et al. (2023).
DISCUSSION

Morphology of Magnetite and Oxygen Isotope Ratios

Magnetite in Ryugu and CI chondrites occur in
multiple morphologies: framboidal, spherules, plaquettes,
or equant shapes with a variety of sizes from nm to >10 um
(e.g., Alfing et al, 2019; Nakamura et al, 2023;
Tsuchiyama et al., 2022). Dobrica et al. (2023) examined
the microstructure of spherulitic magnetite in Ryugu by
using TEM and found radiating fibers, nanometric pores,
and pervasive dislocations, which are indicative of
disequilibrium crystallization from aqueous fluid. One key
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FIGURE 6. Carbonate—oxygen isotope analyses in Ryugu. (a)
Data from A0058-C1002 and C0002-C1001 from this work
with the bias correction using Fe#. (b) The same data set with
the bias correction using (Fe + Mn)#. (c) Literature data for
Ryugu dolomite (Fujiya et al., 2023; McCain et al., 2023;
Yokoyama et al., 2023) and dolomite analyses in CI
chondrites (Piralla et al., 2020; Yokoyama et al., 2023).

observation from Ryugu magnetite analyses in this study is
the correlation between oxygen 3-isotope ratios and the
SIMS pit morphologies. High-resolution SEM images of
magnetite with porous SIMS pits show that they are
spherulitic magnetite, some of which show radiating fibers
and/or a complex microstructure at the outer edge
(Figure 4), similar to those described by Dobrica
et al. (2023). The porous SIMS pit morphologies in these
magnetite spherules are likely caused by heterogeneous
sputtering of the samples, which contain numerous
nanometer-sized pores. In contrast, smooth SIMS pit
morphologies were observed from magnetite with well-
defined crystal faces, which are similar to magnetite with
equant morphologies (Dobrici et al., 2023). Systematically
higher '®°O'H™ signals in spherulitic magnetite are
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O
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FIGURE 7. A'70 versus 8'%0 for carbonate in Ryugu. a, b,

and c correspond to the same data set and bias correction
schemes in Figure 6a—c, respectively.

consistent with the NanoSIMS analyses of H concentrations
that are systematically higher in spherulitic magnetite
(Aléon et al., 2024). Due to the correlation between H
and Si signals among fibrous magnetite analyses, Aléon
et al. (2024) suggested that the nano-scale phyllosilicates
were trapped in the magnetite, which are related to
Si-rich amorphous materials observed by Dobrica
et al. (2023) by TEM.

From x-ray nanotomography of magnetite in Ryugu,
Tsuchiyama et al. (2022) suggested that the morphologies
of magnetite changed with the crystallization sequence
in the order of spherulitic, plaquette/framboidal, and
equant/elongated. Our results suggest that the early formed
spherulitic magnetite (with porous SIMS pits) recorded
systematically higher 8'8O than those of later formed
equant/elongated (with smooth SIMS pits) magnetite.
Moreover, the early formed magnetite grains consistently
show higher A'’O ~ 42%., while those of later formed
magnetite grains are variable from 0%o to 2%o0. These data
indicate that the aqueous fluid on the Ryugu parent
asteroid started from A'7O higher than ~ +2%o.

Oxygen Isotope Thermometry

The oxygen isotope fractionation factors of magnetite
and carbonate against water decrease with the increase of
temperatures from 0 to 100°C, where changes are greater
for carbonate than magnetite, from 8'%0 of ~0%o to —6%o
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or —7%o for magnetite and from 40%0 to 20%. for
carbonates (Hayles et al., 2018; Zheng, 1991, 1999;
Table S6). There are only small differences (<2%0) among
carbonate minerals (calcite, dolomite, and breunnerite).
Oxygen thermometry by using a pair of magnetite and a
carbonate is useful in the estimation of the temperature of
the aqueous fluid from which they grew because of the
strong temperature dependency of isotope fractionation
between the two minerals (e.g., Yokoyama et al., 2023).

Nakamura et al. (2023) provided several mineralogical
constraints on the temperatures of aqueous alteration in
Ryugu parent body. The temperature of alteration was
likely lower than 100°C due to the low abundance of Mg-
chlorite. The lattice spacing and the chemical compositions
of pentlandite indicate the equilibrium temperatures of
20+ 29.5°C. Yokoyama et al. (2023) estimated the
temperature of aqueous fluid by applying oxygen isotope
thermometry according to the calculated fractionation
factors by Zheng (1991, 1999). They estimated the
temperature of 37+ 10°C from a set of magnetite and
dolomite analyses in the section A0058-C1001 with §'*0
values of —3.0 + 1.1%0 and 29.9 + 0.9%o, respectively. This
temperature range is consistent with the mineralogical
constraints as discussed by Nakamura et al. (2023).

In order to apply thermometry, these two minerals
should be on the same mass-dependent fractionation line;
they do show indistinguishable A'’O of —0.1 +0.4%c for
magnetite and —0.7 & 0.9%o for dolomite. In this work, we
confirmed that magnetite and dolomite in the coarse-
grained pyrrhotite-dolomite-magnetite assemblages of
A0058-C1002 are indistinguishable in A'’O values, with the
mean of 0.30 £0.60%¢ (2SD, n=7) and 0.18 £ 0.29%o
(2SD, n=4), respectively. The mean of the 8'%0 in these
magnetite and dolomite in this work are —2.6 + 1.1%o (2SE)
for magnetite and 28.3 4 0.8%0 and 25.1 +0.8%0 by using
Fe# and (Fe + Mn)# corrections, respectively. Using these
values, we estimated equilibrium temperatures of 51 + 11°C
and 78 + 14°C for dolomite with Fe# and (Fe+ Mn)#
corrections, respectively (Table S6). The estimated
temperature using Fe# correction agrees with that of
Yokoyama et al. (2023) within the uncertainties. The
dolomite standards used for the instrumental bias correction
do not contain as much Mn as those in Ryugu, so that
effect of Mn on the SIMS instrumental bias is unknown.
Accurate estimates of the equilibrium temperatures require
the development of Mn-bearing dolomite standards.

McCain et al. (2023) further estimated the temperatures
of calcite-magnetite pairs with higher A'’O (using
fractionation factors of Hayles et al., 2018) in C0009 to be
0-20°C. They consider this mineral pair to have formed
in the early stage of aqueous alteration because of the
higher A'O, which represents a less-equilibrated fluid
composition. Calcite with high 5'*0 and A'O, similar to
that in McCain et al. (2023), were also observed by Fujiya

et al. (2023) from less-altered areas in C0002-C1001. We
note that spherulitic magnetite in this study shows similar
5'"%0 and A'7O to magnetite grains analyzed by McCain
et al. (2023), as shown in Figure 5. The detailed textures of
magnetite grains in C0009 and their SIMS pit morphologies
are not reported in McCain et al. (2023) and Yamaguchi
et al. (2023). Therefore, it is not clear if they are spherulitic
or fibrous magnetite that might have formed under
nonequilibrium conditions (Dobricd et al., 2023). If they
were spherulitic magnetite, oxygen isotopes might not be in
equilibrium with the fluid, and the estimated temperature of
0-20°C should be treated with caution.

All magnetite analyses in C0002-C1001 show
significantly higher A'’O (~2%o) than those in dolomite
and breunnerite (~0.5%o), indicating that oxygen isotope
thermometry cannot be applied for magnetite-dolomite
or magnetite-breunnerite in C0002. As an exceptional
case, Nagashima et al. (2022) reported a pair of magnetite
and dolomite in C0002 that are located within 100 pm of
each other and have an indistinguishable A'’O of +0.6%o.
The estimated equilibrium temperature for this mineral
pair is 92 + 21°C (Nagashima et al., 2022).

The equilibrium isotope fractionation between
breunnerite and dolomite are small at the temperature
range of 0—100°C (A"Ogop.pre = 0.5-1.0%0; Zheng, 1999).
Three breunnerite data overlap with dolomite data in
Figures 6 and 7, suggesting that they might have formed
under the equilibrium with dolomite. These breunnerite
data are from those with Fe-rich or Mn-rich breunnerite.
We did not find any dolomite associated with these
breunnerite grains to test the equilibrium relationship.
The majority of breunnerite grains, including large
>100 pm crystals, show 8'*0 values significantly lower
than dolomite by 5% or 7%o. Such a large difference
could be caused by the temperature difference of 20-30°C
(higher for breunnerite) if the oxygen isotope ratios of the
aqueous fluid were the same.

Oxygen Isotope Evolution of the Aqueous Fluid

Here we compare oxygen isotope systematics among
magnetite and carbonate in Ryugu to the chemical
equilibrium model of the aqueous alteration of Ryugu
parent body presented by Nakamura et al. (2023). The
model involves equilibrium among minerals, solution, and
gas phases at the variable water-to-rock ratios (W/R; in
mass) at temperatures of 0—40°C and generally explains the
diverse mineral assemblages observed in Ryugu samples.
Magnetite and calcite would form in less-altered conditions
(W/R: 0.1-0.2), which is similar to less-altered lithologies
found in C0002 containing anhydrous silicates such as
olivine, pyroxene, CAls, and chondrules (e.g., Kawasaki
et al., 2022; Nakashima et al., 2023). In contrast, magnetite
and dolomite would form in more-altered conditions (W/R:
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FIGURE 8. Magnetite and carbonate isotope analyses in Ryugu from this work and literature (Fujiya et al., 2023; McCain
et al., 2023; Nakamura et al., 2022; Yokoyama et al., 2023) as well as those of CI chondrites (Piralla et al., 2020; Rowe
et al., 1994; Yokoyama et al., 2023). Dolomite data from this work are those with Fe# corrections. Bulk analyses are also shown
for comparison (Greenwood et al., 2022; Nakamura et al., 2022; Yokoyama et al., 2023). Oxygen isotope ratios of water are
estimated from magnetite analyses and shown as A-D (see text for explanation).

0.2-0.9), similar to major extensively altered lithologies with
pyrrhotite-magnetite—dolomite assemblages found in A0058
(e.g., Yokoyama et al., 2023). The model also indicates that
the formation of breunnerite (magnesite in the model)
would require higher W/R ratios (>0.7). Nakamura
et al. (2023) further argued that the Ryugu parent asteroid
accreted ~2Ma after CAIs when “°Al abundance was
sufficient as an internal heat source. Less-altered and more-
altered lithologies were produced at the different depth
where temperature and W/R were relatively lower near the
asteroid surface than interior.

In Figure 8, the oxygen isotope ratios of magnetite
and carbonates from Ryugu samples are shown as A'’O
versus 8'%0 from this study and literature. We find A'7O
of carbonate changes in the order of calcite (0-
2%0) > dolomite ~breunnerite (0-0.8%0) in the same
order of increasing W/R in the chemical equilibrium
model. It is likely that spherulitic magnetite in both
A0058-C1002 and C0002-C1001 with high A0 (~2%o)
formed under less-altered and lower W/R conditions,
while euhedral magnetite in A0058 with low A'’O (~0%o)
formed in more-altered and higher W/R conditions.
Under the less-altered conditions, oxygen isotopes might
not be fully exchanged between anhydrous silicates and
aqueous fluid. The initial water accreted to the Ryugu
parent body would have A'7O significantly higher than
+2%o0, and aqueous fluid at the early stage was produced
by the mixing between water (A0 >+42%c) and
anhydrous solids (A'’O lower than bulk <0.7%c). Under
more-altered conditions, oxygen isotopes might have

extensively exchanged between aqueous fluid and solid
phases, resulting in A'’O similar to that of bulk Ryugu
samples.

Here, we apply a simple mass balance model to
estimate the A'7O value of aqueous fluid for the range of
W/R from 0.2 to 0.9 that would produce the dolomite in
more-altered lithology abundant in Ryugu samples.
Because we do not know the initial A'’O of water and
anhydrous solids that accreted to the parent body, they
were given as parameters in the model from 2%o to 5%o
for water and from —5%o to 0% for solids, respectively
(Figure 9, Table S7). The model indicates that the
aqueous fluid with a narrow range of A'’O from 0.0%o to
0.8%o requires a limited range of W/R if A'’O of water
and anhydrous solids were >2%0 and < — 2%o,
respectively. Rare mafic silicates observed in the less-
altered areas in Ryugu as well as those in other CI
chondrites typically show A'’O from —5%0 to 0% (e.g.,
Morin et al., 2022; Liu et al., 2022; Kawasaki et al., 2022;
Nakamura et al., 2022), consistent with an average A'’O
of < —2%o0. However, the majority of anhydrous solids
accreted to the Ryugu parent body could have been
amorphous silicate, such as GEMS (glass with embedded
metal and sulfide)-like objects described in Ryugu by
Nakamura et al. (2023) or those in other carbonaceous
chondrites (e.g., Leroux et al., 2015; Ohtaki et al., 2021;
Villalon et al., 2021). Oxygen isotope ratios of such
GEMS-like objects are not known, because they are too
small (<1 pm) to be analyzed by SIMS at %o precisions.
Even if they could be analyzed, their oxygen isotope
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FIGUREY9. Estimation of A'70O in aqueous fluid in more-altered conditions as a function of W/R (0.2-0.9), initial A'O in
anhydrous solid (—5%o to 0%o), and the initial A'’O of water (a: +5%o, b: +4%o, ¢: +3%o, and d: +2%o). Shaded areas indicate
the range of A'’O observed from dolomite and breunnerite determined in this study. Parameters used are listed in Table S7.

ratios could be easily modified by the isotope exchange
with aqueous fluid. It is possible that water ice and
anhydrous silicate accreted to Ryugu parent body
initially had distinct A0, >+2%0 and <—2Y%o,
respectively. At the early stage of aqueous alteration,
interaction between aqueous fluid and amorphous silicate
might have modified the A'’O of fluid and solids to be ~
+2%o0 and ~—2%o, respectively. As a result, aqueous fluid
that formed in more-altered conditions had a smaller
range of A'’O close to bulk Ryugu, even with a large
range of W/R.

At the low temperatures (0-20°C), magnetite does
not fractionate significantly from water (1.7%o to —0.7%o
in 8'%0; Hayles et al., 2018). If oxygen isotope ratios of
spherulitic magnetite (8'30 ~ +5%0, A'7O ~ 2%0) were in
equilibrium with water, they are very close to the oxygen
3-isotope ratios of aqueous fluid at the early stage (point
A in Figure 8). As discussed earlier, magnetite from
pyrrhotite-dolomite—-magnetite assemblage in AO0058-
C1002 (8'"%0 ~ —3%o, A0 ~0.3%¢) might have formed
at higher temperatures of 40-80°C, at which temperatures
magnetite-water isotope fractionation factors are —3%o
to —5%o in 8'*0. The oxygen isotope ratios in the fluid
are estimated to be 8'*0 ~ +1%¢ and A'70O ~ 0.3%o (point
B in Figure 8). This composition is nearly the same as
those estimated by Yokoyama et al. (2023) from the same

Ryugu specimen (point C in Figure 8). These estimated
fluid compositions are fractionated from the PCM line by
~ =5 %o as shown in Figure 8. Furthermore, the
composition of water in equilibrium with magnetite and
dolomite pairs in C0002-C1001 from Nagashima
et al. (2022) is estimated to be &8'*O~+8% and
A0 ~ 0.6%0 by applying the temperature of 92°C (point
D in Figure 8), which is on the PCM line.

We could not apply oxygen isotope thermometry to
breunnerite because we did not find a magnetite—
breunnerite pair. However, systematically lower 8'°0 in
coarse-grained breunnerite (~21%0) than dolomite may
suggest that breunnerite formed under higher W/R and at
higher temperatures than the majority of altered lithologies
found in Ryugu samples. If the composition of fluid was
similar to those estimated for AO0058-C1001 magnetite
(8"™0 ~ +1%0 and A'"O ~0.3%0), then the breunnerite—
water isotope fractionation of ~20%o corresponds to the
temperature of 90-100°C.

Alternatively, the lower 6'®0 of breunnerite could be
caused by a fluid with fractionated 8'%0 due to a large
amount of carbonate and phyllosilicate that have higher
8'%0. Similarly, several euhedral magnetite grains in C0002
show high A'O of 2%, similar to spherulitic magnetite,
but have significantly lower 8'0 (from —4%o to 0.6%o). If
they formed from the fluid with the same isotope ratios as
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those for spherulitic magnetite, the formation temperature
of these magnetite grains could be significantly high
>100°C. However, aqueous fluid could have been
fractionated to lower 8'®0 and produced magnetite that
shows relatively lower 8'8O. Thus, without having an
equilibrium pair to which we can apply oxygen isotope
thermometry, it is not easy to deliver reliable estimates of
the temperatures and isotope ratios of aqueous fluid during
the formation of altered minerals.

Fujiya et al. (2023) suggested that dolomite formed
during retrograde cooling of the parent body when the
aqueous fluid and silicate approached isotope equilibrium.
If breunnerite with a lower 5'O than dolomite formed at a
higher temperature than dolomite during the retrograde
cooling, the formation of breunnerite would predate the
formation of dolomite. Ryugu sample C0002-C1001, which
we examined in this study, does not show any textural
relationship between breunnerite and dolomite that
indicates the crystallization sequence between them. In
future studies, it would be useful to conduct a coordinate
study between petrology and oxygen isotopes of altered
minerals in Ryugu, which would provide us with a better
understanding of fluid activity in the Ryugu parent
asteroid.

Comparison to CM and CR Chondrites

Oxygen isotope studies of aqueously altered minerals
have been extensively investigated for CM and CR
chondrites. Ca-carbonates (calcite and aragonite) are more
abundant than other carbonates and magnetite in CM
chondrites, so that oxygen and carbon isotope analyses of
Ca-carbonate has been conducted using multiple analytical
approaches; phosphoric acid dissolution to selectively
dissolve calcite (and dolomite) from bulk powers
(Alexander et al., 2015; Benedix et al., 2003; Clayton &
Mayeda, 1984; Grady et al., 1988; Tyra et al., 2007), in situ
SIMS analyses of Ca-carbonate on polished sections
(Fujiya et al., 2015; Jenniskens et al., 2012; Lee et al., 2013;
Telus et al, 2019; Tyra et al, 2012, 2016; Vacher
et al., 2016, 2017, 2018, 2019; Verdier-Paoletti et al., 2017,
2019), and application of Clumped-isotope thermometry
(Clog et al., 2024; Guo & Eiler, 2007). Calcite in CM
chondrites shows a wide range of 8'0 and A'70, typically
from 15%o to 40%o0 and —4%o to +5%o, respectively. Several
studies indicate correlation between oxygen isotope ratios
and degrees of alterations, such as mineralogic alteration
index (MAIL; Benedix et al., 2003) and mineralogy,
chemistry, and morphology of Ca-carbonate (Lee et al.,
2013; Telus et al., 2019; Tyra et al., 2012; Vacher
et al., 2017, 2018, 2019), suggesting that fluid started from
higher 8'®0 and A'’O values and evolved to lower values,
similar to the case for Ryugu and CI chondrite parent
bodies discussed above.

Guo and Eiler (2007) applied clumped-isotope
thermometry to Ca-carbonate and estimated the fluid
temperatures of three CM chondrites: 20-35°C for
Murchison and Murray and ~71°C for Cold Bokkeveld.
In highly altered CM chondrites, ALH 83100, Telus
et al. (2019) found consistent A'’O values from dolomite
and magnetite and an estimated dolomite-magnetite
equilibrium temperature of 125+ 60°C. They are within
a similar range of magnetite~dolomite equilibrium
temperatures estimated for Ryugu A0058 in this study.
More recently, Clog et al. (2024) applied clumped-isotope
thermometry for several CM chondrites and determined a
range of temperatures 5-51°C for calcite (+10°C) and 75—
101°C for dolomite (£15°C). They further found a
correlation between the estimated temperatures and
A0, which decrease from —1%c to —2.6%c with
increasing temperatures. Jilly-Rehak et al. (2018) studied
magnetite, calcite, and dolomite in CR chondrites with
various alteration degrees. They found magnetite and
carbonate plots along two parallel linear trends with the
slopes of 0.64 £0.04 and 0.63 + 0.05, respectively, while
having a systematic difference in 8'*0 that corresponds to
the equilibrium temperatures between ~55 and 88°C.
Similarly, Verdier-Paoletti et al. (2017) suggested that
CM calcite data plot on a single trend with the slope of
0.66 £ 0.05 that extends to bulk CM chondrite data. They
further estimated calcite precipitation temperatures by
estimating the evolution trend of aqueous fluid to be 50—
300°C (mean of 110°C). Alexander et al. (2015) used
oxygen and carbon isotope fractionation in calcite and
dolomite in CM and CI chondrites and estimated
precipitation temperatures of 0-130°C and 10-40°C,
respectively. Clog et al. (2024) argued that temperatures
estimated from geochemical modeling (e.g., Alexander
et al., 2015; Verdier-Paoletti et al., 2017) are somewhat
higher than those estimated by clumped-isotope
thermometry.

In comparison to above CM and CR chondrite
studies, we estimated the best fit line for magnetite data
for Ryugu and found a similar slope of ~0.7 (Figure S5)
to those estimated for CM and CR chondrite magnetite
and carbonate data. However, it is clear from the
Figure 8§ that carbonate data in Ryugu and CI chondrite
would not plot on a single trend, as most carbonate data
show a narrow range of A0 with a range of §'°0,
except for some calcite data with highest 8'*0 and A'7O.
It is possible that magnetite and calcite show a similar
slope by co-precipitated from a common fluid at
relatively lower temperatures, similar to calcite and
magnetite data found in CR and CM chondrites.
Majority of carbonate show a narrow range of A'’O and
plot nearly along the slope 0.52 line along with some
magnetite data in Ryugu and CI chondrites. Similar
results have been obtained for magnetite and dolomite in
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highly altered CR chondrite GRO 95577 (Jilly-Rehak
et al., 2018) and CM chondrite ALH 83100 (Telus
et al., 2019), which show indistinguishable A'’O analyses
between magnetite and carbonates.

CONCLUSIONS

We performed SIMS oxygen 3-isotope analyses of
magnetite, dolomite, and breunnerite in two sections
of Ryugu samples, A0058 and C0002. Oxygen isotope
ratios of magnetite correlate with their morphologies.
Spherulitic magnetite shows consistently higher §'0 and
A0 (~2%o) than euhedral magnetite with lower 8'%0 and
variable A0 (0-2%c). Oxygen isotope analyses of
dolomite and breunnerite show a narrow range of A'’O
from 0.0%o to 0.8%o, similar to bulk oxygen isotope ratios.
The majority of breunnerite, including large >100pm
grains, show systematically lower 880 than dolomite,
indicating that they did not form in isotope equilibrium.
Magnetite and dolomite in coarse-grained lithology in
A0058-C1002 show indistinguishable A'’O (mean values
and 2SD of 0.30 £+ 0.60%c and 0.18 4 0.29%o, respectively).
The equilibrium temperatures between the mineral pair are
estimated to be 51 4+ 10°C or 77 + 12°C, depending on the
instrumental bias correction schemes for dolomite. A
reliable temperature estimate requires a Mn-bearing
dolomite standard to evaluate the instrumental bias
corrections, which is not currently available.

These results indicate that the oxygen isotope ratios
of aqueous fluids in the Ryugu parent asteroid were
isotopically heterogeneous, spatially, and/or temporary.
Under less-altered conditions, aqueous fluid had A'7O of
2%o, which are likely to be the lower limit of A'7O
of water ice that accreted to the parent body. The A'7O
of fluid would become lower and close to that of bulk by
extensive water—rock interactions. The 8'*0 of carbonate
from this study and literature tend to decrease in the
order of calcite, dolomite, and breunnerite, which is
the same order of increasing W/R of the aqueous
alteration. The systematic changes of 6'%0 may be related
to an increase of temperatures with the degrees of
aqueous alteration. Alternatively, the §'%0 value of fluid
would be shifted to lower values under the more-altered
conditions because of abundant carbonate and
phyllosilicates that enrich heavy oxygen isotopes relative
to water. Without having a suitable mineral pair that we
can apply oxygen isotope thermometry to, the isotope
ratios and temperatures of the aqueous fluid would not
be estimated independently.
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Figure S1. X-ray map of the entire sections of A0058-
C1002 and C0002-C1001.

Figure S2. Variation of A'VOgaw of carbonate
standards relative to UWC-3 calcite standard. (a) Plot
against Fe# of carbonate standards. (b) Plot against
instrumental bias on 8§'%0.

Figure S3. Reproducibility of 580raw and A0 Aw
of randomly oriented grains of magnetite standard 5830.
Data are shown with the analysis sequence.

Figure S4. Location of SIMS analyses and §'°0
values of magnetite and dolomite from pyrrhotite—
magnetite—-dolomite assemblage in A0058-C1002. The
8'®0 values of dolomite are shown by using Fe#
correction method.

Figure S5. Least square fit of magnetite oxygen
isotope data. Data are same as those in Figure 5.
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