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Most carbonaceous chondrite (CC) meteorites contain abundant
chondrules, millimeter-scale spherical inclusions of previously
molten material. lvuna-type carbonaceous chondrites (Cls) do
not contain chondrules, nor do samples of the carbonaceous
asteroid Ryugu. Cls and Ryugu share isotopic properties
distinct from those of other CCs, implying that their parent
bodies formed at a different time or place than those of other
CCs. We applied manganese-chromium dating and oxygen
isotope thermometry to Ryugu and Ivuna samples. The
results indicate that the parent bodies of Ryugu and Ivuna
formed less than 2 million years after the beginning of Solar
System formation—before the majority of chondrules in

CCs and the parent bodies of other CCs formed. This implies
that Ryugu and Cls are remnants of an earlier generation

of carbonaceous planetesimals.

The carbonaceous asteroid (162173) Ryugu is a ~1-km-diameter rubble
pile, shaped like a spinning top and rotating around its long axis ().
Small rubble-pile asteroids are thought to have formed from the reac-
cumulation of fragments from older parent bodies (planetesimals) that
were destroyed by impacts (2). The Hayabusa2 spacecraft collected
samples from two sites on Ryugu and brought them to Earth for labo-
ratory analysis (3). Individual particles within each sample exhibit
petrographic differences that indicate they originated from different
parts of the parent body (4-6). They are dominated by hydrous phyl-
losilicate minerals and contain coarse grains of carbonates, magnetite,
and sulfides—minerals that formed in reactions between rocks and
liquid water (aqueous alteration) (4-6).
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The mineralogical, petrological (5, 6), and chemical characteris-
tics (4, 7, 8) of the Ryugu samples are similar to those of Ivuna-type
carbonaceous chondrite (CI) meteorites and samples from the carbo-
naceous asteroid (101955) Bennu (9). Other types of carbonaceous
chondrite (CC) meteorites contain chondrules, melt droplets that
formed in the Solar System’s protoplanetary disk then rapidly cooled
(10). No chondrules have been observed in the Ryugu samples (4, 5, 11)
or in CIs (12-14), although two possible chondrule pseudomorphs have
been identified (5, 15). Other CCs, including those that have experi-
enced almost complete aqueous alteration (16-18), all contain chon-
drules or their pseudomorphs. Ryugu and CIs do contain partially
replaced primary high-temperature objects, such as isolated olivine
grains and refractory inclusions, which indicates that at least some
primary minerals survived the aqueous alteration process (5, 19). This
implies that chondrules were almost entirely absent in the regions of
the protoplanetary disk where the parent planetesimals of Ryugu and
CIs formed (6, 19). Isotopic measurements of Ryugu and CIs show that
they formed from the same nucleosynthetic reservoir, distinct from
those of other CC groups, suggesting that their parent planetesimals
formed at a different time or region of the protoplanetary disk than
those of other CC groups (20, 21).

The temporal relationship between the formation of chondrules,
their incorporation into CCs, and the formation of the parent plane-
tesimals of Ryugu and CIs is unknown. The formation ages of chon-
drules in different CC groups have previously been studied by using
the AlI-Mg (22-26), Pb-Pb (27), and Hf-W isotope systems (28). The
aqueously formed minerals in the Ryugu samples and CIs can be dated
to determine the timing of the fluid activity, which provides an upper
limit on when their parent bodies formed. Aqueously deposited
carbonates, such as dolomite [Ca(Mg,Fe,Mn)(COj3),], can be dated by
using the 53Mn-3Cr isotope system, which is based on the radioactive
decay of ®Mn to *3Cr with a half-life of ~3.7 million years (Myr)
(4, 8, 29). However, different laboratories have reported Mn-Cr ages
of the Ryugu dolomite that vary by ~5 Myr, even when using the same
measurement techniques (Fig. 1). These variations could be due to the
differing calibration standards that were used—either calcite [CaCO3]
(4, 8) or dolomite with heterogeneous Mn/Cr ratios (29)—to calibrate
measurements of Ryugu dolomites (30).

Petrography and isotopic compositions

We investigated two Ryugu particles and a sample of the Ivuna CI
meteorite, using electron microscopy and secondary ion mass spec-
trometry (SIMS) (31). The first Ryugu particle (denoted A0058) is com-
posed mainly of phyllosilicate, magnetite, pyrrhotite, and dolomite
(figs. S1, A to C, and S2). The second particle (C0002) is petrographi-
cally similar to A0O058 but contains additional coarse grains (up to 200 pm)
of breunnerite [(Mg,Fe,Mn)CO3] scattered throughout (figs. S1, D to
F, and S3). This indicates that C0002 and A0058 experienced different
aqueous alteration histories. The Ivuna sample is generally petro-
graphically similar to the Ryugu samples (fig. S4). In all three samples,
dolomite occurs in phyllosilicate-rich lithologies, together with mag-
netite and pyrrhotite (supplementary text).

We used SIMS to measure oxygen isotope abundances expressed as
8'0 = [('0/™0)sample/ ((0/%0)spow — 11 x 1000, where i = 17 or 18 and
SMOW is standard mean ocean water. In an oxygen three-isotope dia-
gram (Fig. 2A), the dolomite and magnetite in the Ryugu samples are
located close to the terrestrial fractionation line (which represents
mass-dependent isotope fractionation on Earth), as are those in the
Ivuna sample (fig. S5). The dolomites in the Ryugu A0058, C0002, and
Ivuna samples have ranges of 8'°0 from +27 to +30 per mil (%o), +27 to
+29%o0, and +25 to +31%o, respectively. The A0 values, defined as
deviations from the terrestrial fractionation line (A”O =580 — 0.52 x
6180), for the dolomite in A0058, C0002, and Ivuna are consistent
(within analytical uncertainty) between the samples: +0.01 + 0.38%o,
+0.37 + 0.33%0, and +0.31 + 0.26%o, respectively (uncertainties are
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Fig. 1. Initial >*Mn/°5Mn ratios for Ryugu. Data points show the inferred
(**Mn/%*Mn)g values for dolomite in Ryugu, as determined by previous studies that
used SIMS [open diamonds; Y23a (8), N22 (4), and M23 (29)], whole-rock samples
of Ryugu by use of other techniques [solid squares; Y23b (33) and T24 (34)], and in
this study by use of SIMS (orange circle, AO058; blue circle, C0002). Error bars
indicate 2¢ uncertainties. The upper horizontal axis shows the corresponding time
after CAl formation.

2 standard errors). By contrast, the magnetites in Ryugu and Ivuna
show spreads in both 8'®0 and A0, with bimodal AYO values. The
magnetite grains in A0058, C0002, and Ivuna have ranges of §'°0 from
—4t0 +3%o, +2 to +8%o0, and —1 to +9%o, respectively, and in all three
samples, the AY0 values consistently range from 0 to +3%o. These
5'%0 and AYO ranges for the Ryugu magnetite are consistent with
previous work (4, 29, 32).

We also used SIMS to measure Mn-Cr isotopic compositions of the
dolomite in A0058 and C0002. To address the isotopic standard-
related calibration issues that affected previous studies, we adopted a
synthetic dolomite standard with a homogeneous Mn/Cr ratio (30). On
a **Mn->3Cr isotope correlation diagram (Fig. 3), the Ryugu dolomite
points follow two straight lines, with slopes that differ between A0058

and C0002. The slopes indicate initial ®*Mn/**Mn ratios (**Mn/**Mn), =
(3.7 + 0.49) x 10~% and (4.69 + 0.51) x 10~° for dolomite in A0058 and
C0002, respectively. The intercepts indicate initial Cr-isotope compo-
sitions §°3Cry = +14 + 29%o for A0058 and +17 + 36%o for C0002, both
of which are consistent with the terrestrial isotopic standard. All these
uncertainties are 2c.

Temperatures and timings of aqueous alteration

If the minerals produced by aqueous alteration were in O-isotope
equilibrium with the fluid from which they precipitated, the precipita-
tion temperatures can be estimated because that equilibrium is tem-
perature dependent (8). In the Ryugu C0002 sample, we found several
dolomites that enclose magnetite grains (fig. S3, A and B). The A0
values of these magnetite grains are +2.58 + 0.38%o, which is higher
than those of the host dolomites (AWO = +0.22 + 0.43%o0). This indi-
cates that the magnetite grains and their surrounding dolomite did
not form from the same aqueous fluid. The magnetite grains must
predate formation of the dolomite because the aqueous fluid evolved
from high to low AY0 (32).

Elsewhere in the same sample (C0002), we found dolomite and
magnetite grains in close proximity (~50 pm) within the same lithology
(fig. S6C); these have indistinguishable A0 values (A0 = +0.6 +
0.9%o for dolomite and A0 = +0.6 + 0.8%o for magnetite) (fig. S6A).
This indicates that this pair of mineral grains was in O-isotope equi-
librium when they precipitated from fluid, so they can be used to esti-
mate the equilibration temperature (8). We measured a 5180 difference
between them of 26.3 + 1.9%o, which corresponds to an equilibration
temperature of 92 + 21°C (fig. S7). Coexisting dolomite and magnetite
in A0058 with identical A0 values were previously reported, corre-
sponding to an equilibration temperature of 37 + 10°C (fig. S6B) (8).
In the Ivuna sample, we identified a dolomite enclosing a magne-
tite grain (fig. S6D) with indistinguishable AY0 = +0.2 + 1.1%o0 and
+1.0 = 0.9%o, respectively. Their %0 difference of 28.0 + 2.1%o cor-
responds to an equilibration temperature of 76 + 19°C. The whole-rock
O-isotope compositions of Ryugu and Ivuna are consistent with this
O-isotope equilibrium interpretation (supplementary text).

For the dolomite grains in A0058 and C0002, the measured values
of §°Cr and **Mn/?Cr (table S1) are correlated (Fig. 3). There are
noisier correlations between 8°>Cr and 1/52Cr (fig. S8), which excludes
simple mixing of radiogenic and nonradiogenic components because
that would produce a tighter correlation. We therefore infer that these
dolomite grains formed simultaneously with each other and in-
terpret the *>Mn-"2Cr isotope correlations as isochrons, recording
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Fig. 2. Oxygen-isotope compositions of dolomite and magnetite from Ryugu
samples. Data points show O-isotope compositions for dolomite (dol, squares)

and magnetite (mgt, circles) in Ryugu samples AO058 (orange) and CO002 (blue).
Numerical values are listed in table S2, and error bars indicate 2o uncertainties.

For comparison, we also show bulk O-isotope compositions of Ryugu particles
(diamonds) from previous work (7,8,48); their 2c uncertainties are smaller than
the symbol size. Labeled lines indicate terrestrial fractionation (TF); carbonaceous
chondrite anhydrous minerals (CCAM), which represents mass-independent isotope
variations observed in refractory inclusions in chondrite meteorites (49); and
primitive chondrule minerals (PCM), which represents mass-independent isotope
variations observed in chondrules from primitive chondrite meteorites (50).

(A) Three-isotope plot expressed as deviations from the isotopic standard (570 as a
function of 510). (B) The same data expressed as deviations from the terrestrial
fractionation line (A0 as a function of §:0). In fig. S5, we show equivalent results
for Ivuna.
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Fig. 3. Manganese-chromium isochrons of dolomite from Ryugu samples. Data
points show manganese and chromium isotopic measurements for multiple dolomite
grains taken from Ryugu samples C0002 (blue circles) and AOO58 (orange squares).
Error bars indicate 26 uncertainties, and numerical values are listed in table S1. In
each sample, the measurements were correlated, within their uncertainties, indicating
contemporaneous formation of dolomite. Colored lines indicate isochrons fitted to the
data from each sample, which have mean square weighted deviations of 0.29 for
C0002 and 0.88 for AO058. Labeled values indicate the initial isotopic compositions
determined from the slope and intercept of the lines. The (**Mn/**Mn)q values differ
by more than their uncertainties.
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their (°*Mn/**Mn),. The dolomite in A0058 and C0002 has distinct
(®*Mn/**Mn), = (3.17 + 0.49) x 10~% and (4.69 + 0.51) x 1075, respec-
tively, corresponding to a relative age difference of 2.1 + 1.0 Myr. This
indicates that aqueous alteration on Ryugu’s parent planetesimal(s)
continued for at least that long. The Mn-Cr isochron for dolomite in
the Ivuna sample, which includes the dolomite grain that encloses the
magnetite grain used above for the O-isotope equilibration tempera-
ture estimate, gives (**Mn/**Mn), of (3.95 + 0.49) x 10~° (30), which
is intermediate between those of the dolomite in A0058 and C0002.

Initial manganese isotope ratios have previously been inferred
from whole-rock Mn-Cr isochrons of Ryugu samples, which found
(**Mn/**Mn), = (2.6 + 0.7) x 107 (33) and (3.1 + 0.3) X 107% (34). Those
values are similar to our results for the A0058 dolomite but not the
C0002 dolomite (Fig. 1). The whole-rock (**Mn/**Mn), values might
represent the timing of major carbonate precipitation on Ryugu’s parent
planetesimal (33, 34), but not all Ryugu dolomite minerals necessarily
formed at the same time. Different particles might have originated
from different parts of the parent planetesimal(s) that experienced
distinct aqueous alteration histories. The C0002 dolomite grains have
the highest (*®*Mn/**Mn), value so must have precipitated from the
aqueous fluid earlier than the major carbonate formation on Ryugu’s
parent planetesimal.

We converted the inferred (53Mn/55Mn)o values to ages relative to
the formation of Ca-Al-rich inclusions (CAIs; the oldest solids formed
in the Solar System). Because the (**Mn/**Mn), value at the time of
CAI formation cannot be directly measured, we calculated a CAI initial
value of (53Mn/55Mn)o =6.8%x107° using the isotopic composition of
the quenched angrite meteorite D’Orbigny, which is an anchor point
for Pb-Pb ages (4, 8, 29). This calculation adopted previous measure-
ments of (**Mn/**Mn), and the Pb-Pb age of D’Orbigny (35, 36) and
the U-corrected Pb-Pb age of CAls from Efremovka, a Vigarano-type
chondrite (CV) (37). The resulting relative ages (after CAI formation)
of the dolomites are 1.957%62 Myr for C0002, 4.05%9! Myr for A0058,

—0.55 —0.77
and 2.87'07 Myr for Ivuna.

Alternatively, we also used the Al-Mg isotope system to calculate
relative ages from the initial aluminum isotope ratios of CAls, which
were also derived from previous studies of CV chondrites (38, 39) and
the angrite D’Orbigny (40). We refer to this alternative calibration as
the Al-Mg anchor. Adopting (**Mn/**Mn), = 8.1 x 107% at CAI forma-
tion (41), the relative ages (after CAI formation) of the dolomites are
2.91-5:82 Myr for C0002, 5.00*021 Myr for A0058, and 3.83*)7, Myr for
Ivuna. These are all ~1 Myr younger than the estimates based on the
angrite Pb-Pb anchor. It is unclear whether the Pb-Pb anchor or the

Al-Mg anchor is more appropriate for our measurements.

Accretion age of Ryugu’s parent planetesimal(s)
Our inferred relative ages and formation temperatures of dolomite in
C0002, A0058, and Ivuna are summarized in Table 1. To constrain the
thermal history of their parent planetesimal(s), we performed numeri-
cal simulations using a previous thermal model without water circula-
tion (42), with adjusted model parameters (31). We adopted 26A1/27A1 =
5.2 x 107° at the time of CAI formation (38, 39) and assumed that the
initial internal and surface temperatures of the planetesimals are all
—200°C, a temperature low enough for CO, ice to be stable, on the
basis of the presence of CO, in fluid inclusions in Ryugu samples (5).
For a simulated planetesimal that accretes instantaneously 2.0 Myr
after CAI formation with a water/rock (W/R) mass ratio of 0.6 and a
radius of 50 km (Fig. 4, A and B), the interior temperature remained
below ~90°C, the inferred formation temperature of the C0002 dolo-
mite, until ~3.3 Myr. This is later than (Pb-Pb anchor) or overlaps with
(Al-Mg anchor) the inferred formation age of the C0002 dolomite. To
obtain an upper limit on the accretion age, we selected model param-
eters that produce the shortest timescale between accretion and the
onset of dolomite precipitation. The W/R ratio of Ryugu’s parent plan-
etesimal, in which dolomite and breunnerite coexisted, was probably
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Table 1. Inferred temperatures and relative ages of dolomite formation in Ryugu and Ivuna. For each sample, we list the dolomite formation temperature inferred from the
oxygen isotope analysis (fig. S6) and the initial manganese isotope ratio inferred from the isochrons [Ryugu, Fig.3; Ivuna, (30)]. The corresponding times after CAl formation

depend on the adopted age anchor. Uncertainties are 2c.

Ryugu C0002 Ryugu A0058 Ilvuna
Temperature (°C) 92+21 37+10(8) 76 +£19
(®3*Mn/%Mn)o (469 + 0.51) x 10~ (317 £049)x107° (3.95+ 049) x 1075 (30)
Time after CAl formation, Pb-Pb 062 091 o7
anchor (Myr) 1'95J—r0.55 4‘05t0.77 2'87J:0.62
Time after CAl formation, Al-Mg y 091 071
anchor (Myr) 2.91 tgg; 5'OOJ:O.77 3'83J:0.62

Relative age by Pb—Pb anchor

Relative age by Al-Mg anchor
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Fig. 4. Simulated planetesimal thermal histories compared with Ryugu and Ivuna. Colored lines indicate the simulated temperature evolution at different radii (r; labeled on
each line) from the center of a planetesimal. Data points indicate the inferred formation of dolomite in Ryugu samples AOO58 (orange square) and CO002 (blue circle) and in
Ivuna (green diamond). Error bars indicate 2¢ uncertainties. (A) Simulation of a planetesimal with instantaneous accretion time (T,cc) of 2 Myr after CAl formation, W/R
ratio of 0.6, and planetesimal radius (R) of 50 km. The data points were calculated by using the angrite Pb—Pb anchor. (B) Same as (A) but using the Al-Mg anchor. (C) Same
as (A) but for a simulation with Taec =1 Myr, W/R = 0.9, and R = 20 km. (D) Same as (C) but for the Al-Mg anchor.

higher than 0.6 (5). Higher W/R ratios lead to lower 26A1 abundances
(for a given planetesimal size) and higher heat capacities, slowing the
temperature rise caused by heat from the radioactive decay of 264].
Accretion must have occurred gradually, rather than our assumed instan-
taneously, so must have started earlier. Accounting for water flow within
planetesimals (5, 43) would further delay the temperature rise. The time
required to reach 0°C (required to produce liquid water for aqueous al-
teration) is nearly independent of radial depth (Fig. 4), except near the
surface, so a larger planetesimal does not necessarily experience earlier
aqueous alteration. These simulations show that if accretion occurred at
2.0 Myr after CAI formation, the temperature at which the C0002 dolo-
mite formed would not have been reached until > 3.3 Myr after CAI
formation, which is inconsistent with the dolomite ages we measured
from the Mn-Cr data, for either adopted anchor. Therefore, Ryugu’s par-
ent planetesimal(s) must have accreted < 2.0 Myr after CAI formation.
In Fig. 4, C and D, we show an example simulation that does satisfy
the time and temperature constraints for the Ryugu and Ivuna dolo-
mites. In this simulation, a planetesimal accretes instantaneously at
1.0 Myr after CAI formation with a W/R ratio of 0.9 and a radius of 20 km.
At ~13 to 15 km from the center of this planetesimal, the temperature
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as a function of time matches the conditions of dolomite formation
that we inferred for C0002, A0058, and Ivuna. Therefore, all three
samples might have formed in the same parent planetesimal. A shared
parent planetesimal for Ryugu and Ivuna is consistent with our results
but not required by them.

Carbonaceous planetesimals predate chondrule formation
On the basis of the Al-Mg isotope system, previous work has shown
that the formation ages of chondrules in the Ornans-type (CO) (26),
Mighei-type (CM) (26), CV (23), and Acfer 094 (ungrouped) (22, 24)
carbonaceous chondrites are ~2.2 to 2.8 Myr, and most chondrules in
Renazzo-type chondrites (CR) formed > 3.5 Myr after CAI formation
(25). Those are all later than the < 2.0 Myr after CAI formation that
we inferred for Ryugu’s parent planetesimal, so we conclude that it
accreted before chondrule formation. This explains the near absence
of chondrules (or their pseudomorphs) in samples of Ryugu (4, 5, 11)
and CIs (12-14). It also implies that the parent planetesimal(s) of
Ryugu and CIs formed earlier than those of other CC groups.
Theoretical models of Solar System formation predict that the
first planetesimals form <1 Myr after CAI formation, then further
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generations of planetesimals form a few million years later (44, 45).
The later generations of planetesimal formation might have triggered
the (unknown) chondrule formation process, or vice versa (46). By
contrast, the initial generation of planetesimals is expected to have
formed from micrometer-sized or smaller crystalline and amorphous
silicate dust, which has been observed in other protoplanetary disks
(47), but not related to chondrules. Such fine silicate dust would then
be a major constituent of the parent planetesimals of Ryugu and CI
chondrites, which is consistent with the presence of glass with embed-
ded metal and sulfides (GEMS) inclusions in Ryugu samples (5). We
suggest that the asteroid Ryugu and CI chondrites are remnants of the
Solar System’s initial generation of carbonaceous planetesimals, which
predated the formation of CC parent bodies.
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The parent bodies of Ryugu and Ivuna formed before those of other carbonaceous
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Editor’'s summary

Ivuna-type carbonaceous (CI) chondrites are chemically primitive meteorites that serve as a standard for determining
the composition of the Solar System. Samples collected from the asteroid Ryugu are chemically similar to Cls, implying
a related origin. Kawasaki et al. used isotopic measurements of samples from Ryugu and Ivuna to determine the
timing and temperature of aqueous alteration reactions that occurred on their parent bodies. Thermal models constrain
the time between parent body formation and the onset of aqueous alteration. The authors found that the parent
carbonaceous planetesimal(s) formed less than 2 million years after the beginning of Solar System formation, before
those of other meteorite types. —Keith T. Smith
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