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Abstract—The nitrogen isotope compositions of two samples returned from the asteroid Ryugu
were determined using a stepwise combustion method, along with Ivuna (CI) and Y-980115, a
Cl-like Antarctic meteorite, as references. The two Ryugu samples A0105-07 and C0106-07
showed bulk 8'°N values of +1.7 £ 0.5%0 and +0.2 & 0.6%o, respectively, significantly lower
than Ivuna with +36.4 £ 0.4%o, but close to Y-980115 with +4.0 + 0.3%.. The Ryugu samples
are further characterized by C/N and *°Ar/N ratios up to 3.4x and 4.9x the value of Ivuna,
respectively. Among all Ryugu samples and CI chondrites, a positive correlation was observed
between nitrogen concentrations and &'°N values, with samples with lower nitrogen
concentrations exhibiting lower 8'°N. This trend is explained by a two-component mixing
model. One component is present at a constant abundance among all CI-related samples, with a
8'°N value around 0% or lower. The other varies in abundance between different samples, and
exhibits a 8'°N value of 456 +4%.. The first '"N-poor endmember is seemingly tightly
incorporated into a carbonaceous host phase, whereas the '’N-rich endmember can be
mobilized and decoupled from carbon, potentially because it is in the form of ammonia.
Asteroid materials with volatile compositions that are similar to those reported here for the
Ryugu samples are attractive candidates for the volatile sources among Earth’s building blocks.
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INTRODUCTION

Nitrogen isotopes are a powerful tool in
cosmochemistry to decipher the origin and evolution of
planetary materials. The nitrogen isotope ratio "N/“N,
usually  expressed by the delta  notation,
8N = [(PN/MN)/(N/MN)atr—1] % 1000 (%), exhibits
large variations among different meteorites (Alexander
et al.,, 2012; Fiiri & Marty, 2015; Hashizume, 2015;
Kerridge, 1985; Marty, 2012; Pearson et al., 2006). The
isotope ratio of nitrogen, being a typical volatile element,
is particularly useful to constrain the formation and
evolution processes of planetary atmospheres, including
Earth and the other rocky planets. Viable Earth
formation models assume that CI chondrite-like
volatile-rich asteroids may have been one important
volatile source to Earth (e.g., Alexander et al., 2012;
Alexander, 2022; Budde et al., 2019; Dauphas, 2017;
Marty, 2012), although not the primary source of rocky
material that makes up the planet. Here, we pay attention
to this type of potential Earth-forming building blocks,
particularly with reference to the nitrogen isotope
composition in a variety of planetary materials related to
CI chondrites.

Three CI chondrite falls, Alais, Ivuna, and Orgueil,
have been intensively studied so far for nitrogen isotopes.
In this article, we collectively denote these meteorites as
CI falls. CI falls exhibit fairly constant bulk §'°N values
typically around +40%c (Alexander et al., 2012;
Kerridge, 1985; Kung & Clayton, 1978; Robert &
Epstein, 1982). As discussed later, the higher 8'°N values
for the CI chondrites compared to the present Earth
atmosphere impose important constraints on the
formation and evolution history of the Earth atmosphere.

A recent search of the vast stock of Antarctic
meteorites has revealed that there exist several
Antarctic meteorites that share similar textures and
mineralogical compositions with the CI falls. Though
similar, these potential CI Antarctic meteorites still exhibit
marked differences from the CI falls, particularly from a
volatile element point of view. The majority of
phyllosilicates are dehydrated in these Antarctic CI
meteorites, while the phyllosilicates of CI falls mostly
remain hydrated (King et al., 2019). Although these
Antarctic meteorites are sometimes tentatively classified as
“CY” chondrites (e.g., King et al., 2019), we treat them as
being Cl-related in our comparison with the Ryugu
samples. The bulk &'°N value for one of these Antarctic CI
chondrites, Y-980115, was reported to be —2.8%0 (Chan
et al., 2016), very different from those of the CI falls.

Here, we add another group of Cl-related samples to
be studied along with the abovementioned meteorites, the
samples returned from the asteroid Ryugu. The textures

and mineralogical compositions of the Ryugu samples
have been reported to be similar with CI falls (Nakamura
et al., 2022; Yokoyama et al., 2022). The abundances of
hydrous minerals were found to be equivalent to those
of the CI falls, although there has been partial loss of
water that was weakly bound in minerals (Yokoyama
et al., 2022). In this study, we examined, under the
framework of the Hayabusa2 initial analysis campaign,
the nitrogen abundances and isotope compositions of two
Ryugu samples, with a view to investigating the large
8'°N difference observed between the hydrated CI falls
and the dehydrated Antarctic CI chondrite. A subset of
bulk compositional data for the Ryugu samples has been
already published in a series of papers (Naraoka
et al., 2023; Oba et al, 2023; Okazaki, Marty,
et al., 2022). In this article, the full results of the stepwise
combustion analyses performed on two Ryugu samples,
A0105-07 and C0106-07, are reported. Using stepwise
combustion, isotope ratios and volatile compositions
from separate carrier phases that coexist in a bulk sample
can be individually obtained and be resolved by their
different respective combustion temperature. Readers are
also referred to Broadley et al. (2023) for full sets of data
for nitrogen and noble gas isotopes for another two
Ryugu samples, A0105-05 and C0106-06.

SAMPLES AND METHODOLOGY
Sampling of Ryugu Grains

Samples were collected from the asteroid Ryugu
during the two Hayabusa2 touchdown operations
(Morota et al., 2020; Tachibana et al., 2022). During the
first touchdown, samples that resided at the surface of
the asteroid were collected, and stored in chamber A of
the sample catcher. The second touchdown was done
inside a 1.7 m-deep artificial crater (Arakawa et al., 2020),
which was created by firing a 2 kg copper projectile at a
velocity of ~2kms™! into the surface (Saiki et al., 2017).
The samples acquired by this operation are expected to be
a mixture of surface materials and those that have been
located in the subsurface of the asteroid. The samples
acquired by this operation were stored in chamber C. The
sample names that start with A and C designate those
collected by these two touchdown operations. The
returned samples were handled and stored in a
completely dry-nitrogen environment, and never came
into contact with Earth’s atmosphere (Yada et al., 2022).

Samples distributed to the volatile subteam were first
pelletized (Okazaki, Yamanouchi, et al., 2022), then were
analyzed by Fourier transform infrared spectroscopy
(FT-IR), field-emission scanning electron microscopy,
and energy dispersive x-ray spectroscopy (EDS) in a
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non-destructive manner. These procedures were also
done in a dry-nitrogen environment (Okazaki, Marty,
et al., 2022). The FT-IR analyses for the two samples
A0105 and CO0106, exhibit strong absorption by
important functional groups (-OH, -NH, and -CH: see
Figure S1). Based on the EDS analyses, modal
abundances of Fe-sulfide and magnetite were estimated
to be 1.9% and 6.9%, respectively, for A0105-07, and
2.0% and 5.7%, respectively, for C0106-07. These
abundances fit within the typical ranges for Fe-sulfide
(3£ 1%) and magnetite (5+2%) observed among eight
Ryugu C samples, which further agree with the typical
abundances of 1.1% and 4.3% found for Ivuna-type (CI)
carbonaceous chondrites (Okazaki, Marty, et al., 2022).
After these analyses, the samples were delivered to be
prepared and installed into the gas source mass
spectrometry line described below.

Analyses

At Tohoku University, samples A0105-07 and
C0106-07 were individually wrapped in annealed
platinum foils using a tool developed by Okazaki,
Yamanouchi, et al. (2022). The wrapped samples were
further sealed into aluminum containers. The wrapping
and sealing procedures were performed in a glove box
filled with dry nitrogen. The wrapped and sealed samples
were then weighed using a micro balance (Mettler
Toledo, XPR6UD). The samples were then transferred to
Ibaraki University for nitrogen isotope analysis. Each
sample wrapped in platinum was introduced into the
vacuum line of the mass spectrometer system. This was
done by placing the aluminum container, and the quartz
combustion tube to be attached to the vacuum line, into
an inflatable plastic glove box. Dry nitrogen constantly
flowed through the bag during the insertion to avoid the
sample coming into contact with the ambient
atmosphere. The bulk Ivuna and Y-980115 samples were
prepared for the analyses in a routine manner (e.g.,
Hashizume & Sugiura, 1995), washed with acetone,
crushed, and wrapped in the platinum foil, under the
ambient atmosphere. The quartz combustion tube was
evacuated to vacuum, then was baked overnight at
1000°C. However, A0105-07, which was installed first,
was baked for around a week at the same temperature.
During the baking, the samples were stored in a branch,
placed above the quartz combustion tube. They were
heated to around 50°C by radiative heating from the
combustion furnace.

For analysis, the sample was dropped into the quartz
tube and was heated at designated temperatures in
approximately 100 Pa of pure oxygen, by the stepwise
combustion method. During combustion, the extracted
gas was in contact with a platinum foil heated at 800°C to

promote the transformation of miscellancous gas
compounds into N,, and condensable molecules such as
CO,, H,0, and SO,. The condensable gases were
removed by a cryogenic trap cooled by liquid nitrogen.
The remaining oxygen was absorbed by CuO, with the
remaining gas mainly consisting of nitrogen and noble
gases. A fraction of gas, separated from the main part
designated for nitrogen isotope analysis, was exposed to a
Ti-Zr getter, to be subsequently analyzed for argon
isotopes. The remaining gas was finally introduced into
the mass spectrometer (BALZERS QMG420) operating
in static mode for nitrogen isotope analysis. The amount
of sample nitrogen to be introduced was adjusted to a
level equivalent to about 1 pipette of standard N, gas (see
below). This pressure adjustment was performed by
dilution, evacuating a portion of the sample gas between
the different volumes that make wup the mass
spectrometry line. The exact dependence of the measured
isotope ratio on the nitrogen pressure was further
corrected by previous analyses of different standard gas
amounts (see Yamamoto et al., 1998). The carbon
concentration was determined by measuring the pressure
of the CO, released from the cryogenic trap using a
crystal gauge, a hot-filament-free vacuum gauge
(ANELVA M-320XQG). This trap cooled at liquid
nitrogen temperature traps the CO, gas, as well as other
condensable gases, generated from the sample during
combustion. Before the CO, pressure analysis, the CO,
sample gas was separated from other condensable gases
such as H,O and SO, with a cool bath maintained at the
melting temperature of 2-propanol (—69°C). The CO,
sensitivity for the crystal gauge was calibrated by
measuring combusted synthetic diamond with known
impurity concentrations (Ishida et al., 2023).

Nitrogen impurities present in the oxygen introduced
to the line at each combustion step, namely the
cold-blank level, were estimated to be about 0.8 picomole
of N,. System blank levels of nitrogen, namely the
hot-blank levels, vary with the combustion temperature,
and with the number of past analyses performed using
the same quartz tube. Normally, the blanks are as low as
0.2 picomole of N, at 800°C, rising to 30 picomole at
1200°C, for a combustion duration of 30 min, which is
the standard duration applied for most of the combustion
steps. Exceptions were the second 1200°C steps for
C0106-07 and Ivuna, which lasted 120 min with the aim
to totally release the remaining gas from the samples. The
temperature of 1200°C is the highest combustion
temperature available by our analytical facility. We
usually repeat the combustion steps at 1200°C several
times until the nitrogen release amounts drop to the
1200°C hot-blank level. The N,/Ar ratios for the blanks
were observed to be essentially the atmospheric ratio. See
Ishida et al. (2012) and references therein for further
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procedural details and analytical performances. The
nitrogen, carbon, and argon data in this article are
the values subtracted for the hot- and cold-blank
contributions. All error bars for the values denote lo
errors.

Standard gas measurements were performed 21 times
in total during the analytical session of the two
Hayabusa2 samples. The reproducibility for the nitrogen
isotope ratio during this session was 0.7%¢ (lo) for 60
picomoles of standard nitrogen gas. The standard gas
was initially prepared from the ambient atmosphere, first
sampled by a small vacuum component attached to the
mass spectrometry line, followed by dilution.
The standard gas is stored in a stainless-steel tank. A
constant fraction of the standard gas is taken from the
tank using a pipette volume between a set of two valves.
We further calibrate the amount of 1 pipette of standard
gas, and also the exact 8'°N value for the standard gas,
by periodically measuring a solid working standard
sample, a synthetic Fe4N powder (Kojundo Chemical
Laboratory). The nitrogen concentration and the 8'°N
value of the Fey;N powder are further calibrated using a
dynamic-type elemental analyzer Flash2000 coupled via
a ConFlo IV to a Delta V Advantage isotope ratio mass
spectrometer (Thermo Fisher Scientific) at Tohoku
University. The 8'°N values are calibrated with a
commercial stable isotope standard of L-Alanine having
6""N,ir=1.84+0.2% (Shoko Science), which was
calibrated against IAEA-N-1 and IAEA-N-2 with §'°N
values of +0.43%0 and +20.41%o, respectively.

A problem we recently recognized regards this
cross-calibration procedure. The amount of nitrogen
generated by a minimum weighable portion of FeyN is
still too large for our static-type mass spectrometer, so
that we normally perform multiple pressure reduction
steps before introducing the gas to the mass spectrometer.
A volume used for this pressure reduction was recently
discovered to have been overestimated by about 10%.
This error led to an overestimation of the nitrogen
sensitivity for the mass spectrometer adopted by Okazaki,
Marty, et al. (2022). The corrected nitrogen
concentrations estimated for the two Ryugu samples,
A0105-07 and C0106-07, given here correspond to 75%
and 73%, respectively, of those reported in Okazaki,
Marty, et al. (2022). The respective C/N ratios given here
are 1.35 and 1.37 times higher, respectively.

RESULTS

The stepwise combustion results for the two Ryugu
samples A0105-07 and C0106-07, as well as for Ivuna, are
shown in Figures 1-3, respectively, and the isotope and
concentration data are in Table S1. In Figures 1-3, the
nitrogen release patterns and the nitrogen isotope ratios
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L (a) Ryugu
A0105-07 14
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o
T

(1un Asesnigay) sases|ay |eauswa|3l
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Combustion Temperature (°C)

FIGURE 1. The stepwise combustion profile of the Ryugu
return sample A0105-07. The 8'°N values and N amounts
released at individual temperature steps are plotted in the
upper panel (a), whereas the release amounts of C and *°Ar
are compared with the N amounts in the lower panel (b). The
release amounts are plotted in arbitrary units. However, the
areas for respective elements described by the bar graphs are
designed to be proportional to the total amounts of the
corresponding elements released from the three samples:
Ryugu A0105-07 (Figure 1), Ryugu C0106-07 (Figure 2), and
Ivuna (Figure 3). Error bars of the 8'°N values denote lo.
Note that the data plotted beyond 1200°C are actually the
second combustion step duplicated at 1200°C.

60 —T T T T T T T T T T T 5
L (a) Ryugu
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FIGURE 2. The stepwise combustion profile for the Ryugu
return sample C0106-07. See the caption of Figure 1 for
further notes.

are displayed in the upper panels (panel a), and the
release patterns of carbon and *°Ar, compared to those of
nitrogen, are displayed in the lower panels (panel b). The
release patterns are plotted in arbitrary units, although
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FIGURE 3. The stepwise combustion profile for Ivuna (CI).
The release amounts are plotted in arbitrary units. For this
sample, the areas for the three elements described by the bar
graphs in panel b are designed to be the same. See the caption
of Figure 1 for other notes.

the areas described by the bars are designed to scale the
bulk concentrations for the three samples. Table 1
summarizes the bulk composition for the three samples,
as well as for Y-980115 for comparison, analyzed by the
same facility. Table 1 also shows the fractional
compositions released at different temperature domains:
low temperature (LT: 7'< 600°C), mid-temperature (MT:
600°C < T<800°C), and high temperature (HT:
800°C < T<1200°C). The stepwise combustion release
profiles for the LT, MT, and HT fractions will be first
discussed at the beginning of the following section.

DISCUSSION
Low-Temperature (LT, <600°C) Domain

The steps using the lowest combustion temperatures
of 100 and 200°C tend to start with atmospheric or, more
often, slightly negative 8'°N values. This tendency is
common not only among the samples reported in this
article but also for all samples, including terrestrial
samples analyzed by the same facility and method (e.g.,
Pinti et al., 2001, 2009). We therefore infer that the
negative 8'°N values at the lowest temperatures at least
partly reflect isotope fractionation associated either with
adsorption, release of adsorbed air, or with preferential
release of '*N by diffusion or other kinetic effects. Partial
association with air adsorption is supported by the
co-release of argon with a rather high “’Ar/*°Ar ratio
approaching the atmospheric ratio (296) (Table Sl1),
which is much higher than the *°Ar/*°Ar ratio for the

primordial argon widely known to be much lower than
unity (Ozima & Podosek, 2002). By assigning all “°Ar
released at this temperature domain to the atmospheric
origin, we estimate the upper limit for the contribution of
adsorbed air to the *°Ar budget released in the LT
domain to be 1%-2%. Also, for nitrogen, the release
fraction of the first temperature step is always minor
(0.2%-4%) compared to the subtotals for the LT
domain. Whatever is the origin of this nitrogen
component with negative or near-zero 8'°N values, we
ignored this component in further discussions.

After the first release of the negative or near-zero
SN component, the 8!°N values remain below +40%o,
the typical bulk 8'°N value observed among the CI falls.
The two Ryugu samples never exhibit '°N values higher
than +10%o at this temperature domain, which is lower
than Ivuna, which displays values between +20 and
+30%0 at 300-500°C. A possible explanation for the
lower 8'°N values, in principle, can be a contribution by
terrestrial contamination. However, contamination that
originates from atmospheric nitrogen is usually
negligible. For instance, terrestrial rock samples with
little indigenous nitrogen, prepared in the ambient
atmosphere, often show bulk nitrogen concentrations as
low as 0.1 ppm (e.g., Hashizume et al., 2016). Note that
air is not the sole potential contamination source of
nitrogen; for example, organic sources can often
significantly contribute (e.g., Hashizume et al., 2016;
Hashizume & Sugiura, 1995; Pinti et al., 2001, 2009).
These sample surface-correlated organic sources are
expected to be released at the temperature range
in-between those of adsorbed air and organic matter, the
latter being combusted typically at 400-600°C (e.g.,
Ishida et al., 2017). However, the Ryugu samples are
treated carefully never to be in contact with terrestrial
organic sources, or with natural atmosphere that could
carry some organic compounds. Therefore, it is difficult
to explain lower 8'°N values by larger contamination
than Ivuna. We will revisit this issue later to demonstrate
that the terrestrial contamination is not a major nitrogen
source in the Ryugu samples.

Between 500 and 600°C, the major part of the organic
nitrogen is released. Here, Ryugu samples and Ivuna
showed further contrasting 8'°N values and nitrogen
concentrations, which are also reflected in the bulk
nitrogen compositions of these samples. While Ivuna
released abundant nitrogen with positive 8'°N values
approaching the typical bulk range for the CI falls, the
amount of nitrogen released from the Ryugu samples was
less than a half that of Ivuna, and associated with negative
8'°N values. One reason for this 8'°N dip is likely the
combustion of presolar nanodiamonds that occurs at
temperatures mainly around 500+ 50°C  (Russell
et al., 1996). However, as discussed later, nitrogen from
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TABLE 1. Summary of bulk and temperature domain data reported in this study.

Weight N 5"Nar C C/N— SAr %Ar/N—

mg ppmw %o err.  Corr. ppmw molmol™' err pmolg™! nmolmol™' err

Ryugu A0105-07 0.1180  Total 524 1.7 0.5 7 68,100 151 7 647 1730 140
LT 308 —45 0.5 4 48,600 184 11 51.8 2360 120

MT 91 17.7 0.6 5000 64 5 5.6 860 60

HT 126 55 1.8 7 14,400 134 15 7.4 820 540

Ryugu C0106-07 0.1185  Total 617 0.2 0.6 5 63,900 121 4 687 1560 70
LT 336 —-1.6 0.4 6 39,900 139 6 54.1 2250 90

MT 156 170 0.5 7900 60 3 59 530 30

HT 125 -157 25 -14 16,100 150 11 8.7 980 260

Ivuna 0.75 Total 1113 364 04 39 43,100 45 2 55.6 350 10
LT 898 345 05 38 35,300 46 2 517 400 20

MT 202 45.0 0.6 5300 31 2 3.0 100 10

HT 13 28.7 0.9 44 2600 225 22 0.9 480 320

Y-980115 0.92 Total 438 40 03 33,600 90 3 380 1220 40

Note: Subtotals for temperature (7)) domains: LT: 7<600°C; MT: 600°C < T'<800°C; HT: 800°C < T. Corr: Rough estimates of non-presolar
8'°N values, corrected for N from nanodiamonds (LT) or SiC (HT). All errors are lo.

this presolar component cannot fully explain the
contrasting 8'°N values observed between these samples.
The 8'°N values for the organic nitrogen released at this
temperature domain appear to be different between
Ryugu and the CI falls.

Within the LT domain, the major release occurred
not only for nitrogen but also for carbon and *°Ar. The
super-CI chondritic bulk concentrations of carbon and
Ar in the two Ryugu samples are reflected in the
abundant releases of these two elements in this
temperature domain. The release patterns of these two
elements (Figures 1b, 2b, and 3b) are similar for Ryugu
samples and Ivuna. Based on these release patterns, the
major carrier phases of carbon and **Ar appear to be
common in Ryugu samples and CI falls. While the release
patterns for carbon and ®Ar are similar between Ryugu
samples and Ivuna, nitrogen exhibits marked relative
depletions in the Ryugu samples compared to Ivuna.
However, the release patterns for nitrogen are not
particularly different between Ryugu samples and Ivuna.
For instance, both Ryugu samples and Ivuna reach peak
release of nitrogen at similar temperatures of 550-600°C.
Another point in common is that the peak of nitrogen
release occurs at a higher temperature than the peak of C
release. If nitrogen is homogeneously contained in organic
carbon, a concurrent release of both elements is expected.
These observations suggest that the nitrogen carrier
phase/site may not be the same as that for major portions
of carbon or *°Ar, but the main phases/sites are not
necessarily different between Ryugu samples and Ivuna.

Mid-Temperature (MT, 600°C < T < 800°C) Domain

In the MT domain, above 600°C up to 800°C, the
amount of nitrogen released continues to decrease after

the peak release at 550 or 600°C. Here, a 8'°N plateau,
that is, similar 8'°N values over consecutive temperature
steps, is observed. By the stepwise combustion method
applied to bulk samples, which are often a mixture of
several components with different 8'°N values trapped by
different carriers, the 8'°N value observed at a given
temperature step does not necessarily represent the true
value for a particular endmember. Often, they exhibit
intermediate and variable values in-between those of the
endmembers co-released at this temperature. A plateau
8'°N value, on the other hand, can be interpreted to
represent the true value for a pure endmember, with
limited multi-component mixing taking place. From
similar 8'°N values observed in four consecutive steps for
Ryugu C0106-07, thus imply the presence of an
endmember component with 8'"°N=+17=+ 1% in this
sample. The same component is probably also present in
A0105-07, although the temperature step is too coarse to
precisely recognize the plateau. In Ivuna, the same host
phase, inferred from the identical release temperature
range, possesses a different 8'°N value of +45 =+ 1%e.
Note that a similar 8'°N plateau was observed for
Orgueil at the corresponding temperature domain, with
8N values between +40%0 and +49%. (Grady
et al., 2002), which resembles the MT profile of Ivuna.
The C/N ratio for the MT domain of 64 +5 and
60 +3 observed for Ryugu A0105-07 and C0106-07,
respectively, and 31 42 for Ivuna, are lower than for the
other temperature domains. This suggests that the phase
responsible for the 8'°N plateau, if it is a carbonaceous
phase, is relatively nitrogen-rich, up to 3x the bulk. The
MT domain corresponds to the combustion temperature
of graphite (Grady et al., 1986), as well as the
decomposition temperature of carbonate (Boyd et al.,
1997; Yokoyama et al., 2022). Although carbonates are
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abundantly present in CI chondrites, nitrogen is less likely
to be released from the carbonates, since carbonates
generally accommodate little nitrogen  (Sephton
et al., 2003). Graphite or related combustible-carbon
phases could be a likely candidate for the host phase of the
MT nitrogen. In this case, the C/N ratio for the nitrogen
phase responsible at MT should be smaller than the
measured values, because of the contribution from
potentially N-free carbonates. According to Yokoyama
et al. (2022), the carbonate-form inorganic carbon in
Ryugu and Ivuna accounts for ~10% of the bulk carbon.
Applying this proportion and assuming that the carbonate
release by our analyses occurred totally within the MT
domain, the carbonate-form carbon may contribute >80%
of the total C release at MT, both from Ivuna and Ryugu.
Therefore, the best estimate for the C/N ratio of the host
phase for the MT nitrogen is estimated to be ~10 or lower.

High-Temperature (HT, >800°C) Domain

In the HT domain, above 800°C, minor fractions of
nitrogen are released from Ryugu samples and Ivuna,
although the proportions released at this temperature
domain are significantly different. Nitrogen releases are
as high as 126 ppm among Ryugu samples, which
accounts for 20% — 24% of the bulk nitrogen, whereas
only 1% is released from Ivuna at >800°C. The low N
concentration released from Ivuna at such high
temperatures compares well with a previous temperature
profile of N release in Orgueil by Grady et al. (2002).

The two Ryugu samples and Ivuna commonly show
lower 8'°N values at HT compared to the corresponding
MT fractions. A possible explanation for the generally
lower 8'°N values could be the contribution of presolar
silicon carbides. The contribution of the nitrogen
component hosted in presolar silicon carbides will be
discussed later. The abundant and heterogeneous
presence of fairly refractory nitrogen components, with
8"°N values as high as +7%o or —14%. depending on the
samples, which are distinctly lower than the typical bulk
compositions for CI falls, appears to be a unique feature
of the Ryugu samples.

Minor Contribution of Presolar Nitrogen to Bulk
Samples

CI chondrites are known to contain the highest bulk
abundances of carbonaceous presolar grains among all
chondritic groups. High concentrations of nitrogen,
associated with exotic nitrogen isotope ratios, are well
documented among the carbonaceous presolar grains,
such as nanodiamonds and silicon carbides (Hoppe &
Zinner, 2000; Russell et al., 1997). Here, the possible
contributions of nitrogen components hosted by these

two major carbonaceous presolar grains to the analytical
results of bulk Ryugu samples are estimated.

Presolar nanodiamonds contain abundant nitrogen
with strikingly negative 8'°N values down to —350%o
(Russell et al., 1996). Broadley et al. (2023) studied the
noble gas isotope composition from He to Xe, as well as
the nitrogen isotope composition for two Ryugu samples.
They reported that the Ryugu sample A0105-05 showed a
higher Xeyy proportion in the bulk of Xe compared to
the CI falls, suggesting a higher nanodiamond
concentration in this sample. Xeyy is the characteristic
component carried by the presolar nanodiamonds, which
can be measured to quantify the abundance of this carrier
in the samples. Taking the Xeyp/Xe ratio of 2.7%
reported by Broadley et al. (2023), and comparing the
Xeyr concentration with the one estimated for bulk
Orgueil (Huss & Lewis, 1995), the nanodiamond
abundance in A0105-05 is estimated to be approximately
2.3% higher than in Orgueil. Since in this work we did not
analyze xenon isotopes, the nanodiamond abundances in
our particular Ryugu samples are unknown. We attempt
here to roughly estimate the contributions of the "*N-rich
nitrogen in the nanodiamond to our nitrogen isotope
data, assuming that the nanodiamond concentrations are
the same between the Ryugu sample A0105-05 and our
allocated samples A0105-07 and C0106-07. We further
assumed that the Xeyp/N abundance ratio of the
nanodiamonds was the same between the Ryugu samples
and Orgueil. Since the Xey; and nitrogen abundances,
and the 8'°N value in the nanodiamonds from Orgueil
are well known (Huss & Lewis, 1994; Russell et al., 1996),
the nitrogen contribution from the presolar diamonds in
the Ryugu samples is then estimated to be 8.7 ppm. This
accounts for less than 3% of the nitrogen budgets
released at LT from both of our Ryugu samples. The
mean &'°N  values for LT after subtraction of
the nanodiamond contribution are roughly estimated to
be +4%o0 for A0105-07, and +6%0 for C0106-07. The
corresponding estimate for Ivuna, assuming the same
nanodiamond abundance as Orgueil, is +38%o, which
falls within the typical 8'°N range of around +40%o for
CI falls. The contrasting presolar nanodiamond-corrected
8'°N values between the two Ryugu samples and Ivuna
suggest that the 8'°N value for the major portion of
nitrogen released at this temperature domain is indeed
different between Ryugu and the CI falls.

Silicon carbide is the second most abundant presolar
grain in primitive meteorites after nanodiamonds. Silicon
carbide is known to combust at 1000°C and above
(Russell et al., 1991, 1997). Ryugu grains also contain
presolar silicon carbides in similar abundances to CI falls
(Barosch et al.,, 2022). Presolar silicon carbides are
nitrogen-rich in bulk, with C/N ~30. Though presolar
silicon carbide grains show huge grain-to-grain "N/"N
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variations, the bulk silicon carbide composition appears
to be "“N-rich, representing the isotope composition of
the mainstream silicon carbide grains, which make up
~93% of all grains (Hoppe & Zinner, 2000). For
example, the peak 8'°N value observed by the stepwise
combustion of presolar silicon carbides from Orgueil is
—576.5%0 (Russell et al., 1991). Assuming the same
silicon carbide abundance with Orgueil, which is
estimated to be as high as 28.5ppm (Davidson
et al., 2014; Huss & Lewis, 1995), and also assuming a
bulk C/N of ~30 and 8'"°N=-576.5%c for silicon
carbides (Russell et al., 1991, 1997), the reduction due to
silicon carbide in the mean 8'°N value of the HT domain
for Ivuna could be as large as 15%o, which may fully
account for the 8'°N difference between the average MT
and HT values for this meteorite. In contrast, the mean
8'°N values estimated for the Ryugu samples A0105-07
and C0106-07 are lowered by 1.2%0 at most, applying the
silicon carbide concentration of 23 (+7/—6) ppm
estimated on Ryugu samples (Barosch et al., 2022).

Bulk Nitrogen Isotope Compositions

The bulk nitrogen data among Cl-related samples,
including all literature data, are compared here. For the
Ryugu samples, the bulk data for A0105-07 and
C0106-07, along with those of A0105-05 and C0106-06
reported in detail by Broadley et al. (2023), were
collectively reported in brief by Okazaki, Marty,
et al. (2022). Note, however, that our concentration data
for A0105-07 and C0106-07 were revised after the first
publication due to a technical reason (see the above
methodology section). Another set of Ryugu bulk data
comes from the aggregate samples A0106 (Naraoka
et al.,, 2023) and CO0107 (Oba et al, 2023). The
examination of A0106 was duplicated three times using
different subsets of the sample. To compare with the
Ryugu samples, the bulk data for CI falls, all literature
data, and our data for Ivuna reported in this article are
plotted in Figure 4. Another data set comes from the
Antarctic meteorite Y-980115. The bulk nitrogen data for
Y-980115 by Chan et al. (2016), as well as the one
obtained in our laboratory, are included in the plot.

First, our data for Ivuna and Y-980115, plotted as
large symbols in Figure 4, are compared with literature
data. Our analysis of Ivuna shows a bulk §'°N value of
+36%o. This value fits within the bulk 8'°N range of +31
to +52%o, exhibited by the three CI falls. The bulk §'°N
value for Y-980115, significantly lower than those of CI
falls, was fairly well reproduced by our analysis with
+4%o, in close agreement with the corresponding value of
—2.8%0 by Chan et al. (2016). The two nitrogen
measurements for Y-980115 also agree that the bulk
nitrogen concentration is lower than the typical
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FIGURE 4. The bulk 8'°N values and N concentrations for
Ryugu return samples, compared with Cl-related meteorite
data. Note that the inverse values of the N concentrations are
plotted here to demonstrate a linear mixing relationship (see
main text). Large symbols denote the data reported in this
study, for the two Ryugu samples A0105-07 and C0106-07,
Ivuna and Y-980115, to be compared with literature data in
small symbols with the same shapes and colors. The lc-error
bars attached to most symbols with the same colors, which
denote analytical errors, were within the size of the symbols.
The sole visible error bar in black color, attached to a
particular Ryugu symbol, denotes the lo-deviation of
independent results for three different batches of the same
sample. The literature data for the corresponding meteorites
are from Robert and Epstein (1982), Yang and Epstein (1983),
Kerridge (1985), Grady et al. (2002), Pearson et al. (2006),
Alexander et al. (2012), and Chan et al. (2016). The Ryugu
return sample data are from Broadley et al. (2023), Naraoka
et al. (2023), and Oba et al. (2023). The solid line represents
the linear trend fitted to all data in this figure, expressed as
follows: 8N (%o) = (56 & 4)-(2.8 £ 0.4)/[N, wt%] (r = —0.83).
(Color figure can be viewed at wileyonlinelibrary.com)

concentration range of 2100 4 1100 ppm (n = 11) for CI
falls. We report the nitrogen concentration of 438 ppm,
which can be regarded as in agreement with 900 ppm
reported by Chan et al. (2016), since a factor of two
difference in the nitrogen concentrations is commonly
observed among these carbonaceous meteorites. The
overall agreement of our data with the literature values
for the corresponding samples suggests that there are no
serious analytical bias between the literature data and our
data using the same analytical facility and protocols with
those used to obtain our two Ryugu data.

Among the Ryugu samples, the bulk 8'°N values
exhibit a large range from 0%o, observed in C0106-07, up
to +53%o, observed in one of the bulk analyses for the
aggregate sample A0106. Most importantly, the bulk
8N values are correlated with the nitrogen
concentrations, with lower 8'°N values being found in
samples with lower nitrogen concentrations. A0105-07
and C0106-07, reported in this article, showed the two
lowest values both in &'°N values and nitrogen
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concentrations. Corresponding values for A0105-05 and
C0106-06, from Broadley et al. (2023), are higher
compared to those for the abovementioned two samples,
but are still significantly lower than those for the four
Ryugu data from Naraoka et al. (2023) and Oba
et al. (2023), which fit within the ranges exhibited by the
CI falls. In Figure 4, where the horizontal axis is plotted
as the inverse of the concentration, CI falls and the
Antarctic CI chondrite plot on the same linear trend as
the Ryugu samples. The linear regression line, fitted to all
data for Cl-related samples shown in Figure 4, is
expressed as follows: 8'°N (%o) = (56 + 4)—(2.8 £ 0.4)/[N,
wt%] (r=-0.83). The linear trend in Figure 4 is
explained by all samples containing a constant amount of
one component with a low 8'°N value, which is mixed
with variable amounts of a second component with a
higher 8'°N value of +56 + 4%. that is given by the y-axis
intercept of the best-fit line. If terrestrial contaminations
were the second component, the intercept 8'°N value
should come close to a value of zero, which is obviously
not the case here. This clearly demonstrates that the
near-zero bulk 8'°N values observed in our two Ryugu
samples cannot be caused by the larger contributions of
terrestrial contaminations. It is also highly unlikely to
expect a constant contribution of terrestrial
contaminations by as high as 500 ppm among all
Cl-related samples, given that the bulk nitrogen
concentrations, including terrestrial contaminations,
among terrestrial rocks often show bulk nitrogen
concentrations as low as 0.1 ppm (e.g., Hashizume
etal., 2016).

We can also rule out partial loss of nitrogen from a
carrier by a Rayleigh-distillation type fractionation
process in which the "N would be preferentially lost. In
this case, we expect higher 8'°N values at lower nitrogen
concentration, which is the opposite of what is observed.

Contributions of components with exotic isotope
composition, such as the presolar grains, cosmogenic
nuclides, or solar-wind component, are also unlikely to
explain the difference in the bulk nitrogen abundances
and isotope ratios. The minor contributions of '*N-rich
presolar nitrogen components have already been
discussed. Given the cosmic ray exposure ages for the
Ryugu A and C samples are 5.3 +0.9Myr and
5.2 £ 0.8 Myr, respectively (Okazaki, Marty, et al., 2022),
we can roughly estimate the cosmogenic-'°N contribution
that could elevate the 8'°N values. Here, we tentatively
applied the cosmogenic-'>N production rate obtained
for L chondrites (Hashizume & Sugiura, 1995). This
assumption is justified since cosmogenic-'°N is produced
primarily from oxygen (Kung & Clayton, 1978), whose
concentration is fairly constant among all chondrite
classes. The increase in the 8'°N values due to the
cosmogenic-'°N production is estimated to be as small as

0.05%o for the HT fractions of our Ryugu samples, and
much less for the corresponding bulk compositions. The
heterogeneous distribution of the solar-wind nitrogen,
with the 8N value as low as —400%c (Marty
et al., 2011), could in principle lead to variations in the
bulk &'°N values among Ryugu samples. Okazaki,
Marty, et al. (2022) demonstrated that the solar-wind
noble gas concentrations are different by several orders of
magnitude among individual Ryugu samples. Among the
examined samples, A0105-15 exhibited a prominently
high solar-wind noble gas abundance, with the solar-wind
*Ne concentration as high as 1.6 x 10~ cm®STP g~'. We
estimate that the solar-wind nitrogen concentrations
among the Ryugu samples to be 0.1 ppm at most,
applying the solar-wind abundance of A0105-15, and the
solar '*N/*°Ne ratio of 0.54 (Lodders, 2021). The extent
of the bulk 8'°N values for Ryugu samples lowered by
the solar-wind nitrogen is estimated to be negligibly
small, as much as 0.1%o.

Two-Component Mixing of Nitrogen

The linear trend observed in Figure 4 can be
interpreted within the framework of a two-component
mixing, in which case the presence of at least two
indigenous components is required among the Cl-related
samples. We tentatively designate these two components
as A and B. Component A possesses a low 8'°N <0%o,
while component B is '*N-rich with a '°N of +56 + 4%,
as shown by the 8N value of the linear trend
extrapolated to the intercept for the vertical axis
(Figure 4). The important distinction between these two
components is that the component A must be roughly
constant in its abundance among all samples, whereas the
component B can vary sample-to-sample. The '*N-poor
and N-poor bulk properties of several samples, such as
Ryugu A0105-05, A0105-07, C0106-06, C0106-07, and
possibly Y-980115, are explained by the depletion of
component B, whereas component A is present at the
same abundance among all CI-related samples.

Here, we aim to further characterize the two nitrogen
components. In Figure 5, the 8'°N values are plotted
against the C/N ratios. All available bulk data for the
Cl-related samples are plotted here. In addition, the
subtotal data distinguished by the combustion—temperature
domains in the stepwise analyses are included, for Ryugu
A0105-07 and C0106-07, and Ivuna (Table 1), and for
Orgueil (Grady et al., 2002), although the HT data for
Ivuna and Orgueil are omitted since these fractions are too
minor. The bulk data overall exhibit a trend connecting a
low C/N and high 8'°N end-composition, with a high C/N
and low 8'°N end-composition.

It is worth noting that the temperature domain data
for the abovementioned four samples are plotted along
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FIGURE 5. The 8'°N data for Ryugu return samples plotted
against the C/N atomic ratios. Bulk data are plotted in solid
symbols, whereas fractional data distinguished by the stepwise
combustion analyses are plotted in open symbols, attached with
labels that denote the temperature domains. L, M, and H,
respectively, denote data for LT, MT, and HT domains (see
main text). The notes on the error bars are the same as those in
Figure 4. Bulk C and N concentrations and 8'°N data are from
Yang and Epstein (1983), Kerridge (1985), Grady et al. (2002),
Pearson et al. (2006), Alexander et al. (2012), Chan et al. (2016),
and Naraoka et al. (2023), in addition to the data reported in
this study. The bulk Earth composition is from Marty (2012).
(Color figure can be viewed at wileyonlinelibrary.com)

the trend exhibited by the bulk samples (Figure 5).
Although the LT and HT fractions may contain more or
less contributions from presolar grains, the corrections for
the plotted 8'°N values are minor, as discussed above.
There may exist a causal relationship between the
different 8'°N values observed at different temperature
domains. By applying the framework of the
two-component mixing as we have proposed above to
explain the bulk 8'°N differences among the Cl-related
samples, we can further explain the internal &'°N
differences within the samples by different mixing
proportions of components A and B among different
carrier phases. This may occur by redistribution of
nitrogen components A and B through processing on the
parent body, if these two components possessed different
retentivities against the processing. For instance, upon a
hypothesized processing of the starting organic matter,
which contains both components A and B, the processed
organic matter and the fluid may possess different
proportions of components A and B. If the fluid was
finally trapped in inclusions of secondary minerals such as
carbonates, generated upon the parent body process, we
would finally observe two nitrogen components with
different 8'°N values released at different temperature
steps.

36Ar/N (umol/mol)

FIGURE 6. The 8'°N data for Ryugu return samples plotted
against °Ar/N ratios. See the main text and caption of
Figure 5 for further notes. Two of the four bulk Ryugu data
are from Broadley et al. (2023). For comparison, averages of
literature data for the three CI falls, Alais, Ivuna, and Orgueil,
are plotted as small solid circles. Literature *°Ar concentration
data are from the data compilation by Schultz and
Franke (2010). The bulk *Ar concentration data for Y-980115
are from King et al. (2019) and this study. The bulk Earth
composition is from Marty (2012). (Color figure can be viewed
at wileyonlinelibrary.com)

The 8'°N values plotted against **Ar/N (Figure 6)
display an overall similar trend to the one for the
8'°N—C/N plot (Figure 5). This 8'°N—*°Ar/N trend could
reflect the trend between 8'°N and C/N (Figure 5),
combined with fairly proportional **Ar and C releases
observed among samples and also between temperature
domains (Figure S2). The data that deviate most from the
trend in Figure 6 are the LT fractions of A0105-07 and
C0106-07, which are shifted to the higher-**Ar/N
direction. Dominant portions (79%-80%) of the *°Ar
from the bulk samples were released in these LT fractions.
The argon, krypton, and xenon elemental compositions
for Ryugu A0105-05 (Broadley et al., 2023) suggest that
3Ar in this sample is dominated by the Q-phase noble gas
(Ott, 2014). The abovementioned deviation of the *°Ar/N
ratios likely suggests that the Q-phase noble gas and the
major portion of the LT nitrogen, though these two could
be somewhat associated with carbon, are seemingly
trapped in different phases/sites.

The Heterogeneous and Fragile '>N-Rich Component—An
Ammonia-Like Host Phase?

We proposed here a two-component mixing model
for nitrogen among the Cl-related samples, including the
Ryugu samples, to explain the wide bulk 8'°N range that
span between —3%o and +53%o. The '"N-rich isotope
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FIGURE 7. Bulk nitrogen isotope data compared with data
of acid-treated residues for the corresponding samples. CI and
CM chondrites, and Tagish Lake are plotted here. The bulk
sample-based compositions for the residues are given by
Alexander et al. (1998, 2007, 2014), estimated from the yields
and the nitrogen concentrations of the acid residues. As for
the CI bulk data, averages of all available data (Grady
et al., 2002; Kerridge, 1985; Pearson et al., 2006; Robert &
Epstein, 1982; Yang & Epstein, 1983; this study) are plotted as
single symbols for Orgueil and Ivuna, respectively. Tagish
Lake bulk data are the average of the data from Grady
et al. (2002), Pearson et al. (2006), and Alexander et al. (2014).
Bulk data for CM chondrites are from Pearson et al. (2006)
and Alexander et al. (2012). The 8'°N data for ammonia
evolved from Orgueil, Ivuna, and Murchison reported by
Pizzarello and Williams (2012) are plotted on the y-intercept
to demonstrate that the nitrogen component evolved to
ammonia can be the likely candidate for the fragile component
added to the CI chondrites (see main text).

signature was generally regarded as the typical
characteristic for the CI chondrites, as well as for the other
primitive carbonaceous chondrites, such as the CM group.
However, the '’N-rich component, in fact, may not always
reside similarly among all these samples, but appears to be
heterogeneously distributed sample-to-sample, and even
among different nitrogen carrier phases that coexist in the
bulk samples. The presence of a vulnerable '°N-rich
component in the Ryugu samples was also suggested by
Broadley et al. (2023). This component in the Cl-related
samples likely possesses a &'°N value of +56 + 4%o.

A depletion of the ""N-rich component is known to
occur upon chemical treatments of CI/CM chondrites
(Alexander et al., 2007). Figure 7 compares the nitrogen
isotope compositions of bulk carbonaceous chondrites
with those of acid-treated residues for the corresponding
meteorites. The residues systematically show lower §'°N
values and lower nitrogen concentrations, compared to
the corresponding bulk meteorites. This suggests that, by
the acid treatments, CI/CM chondrites lose a 5N-rich
component with a 8'°N value of +50 + 30%o, which is

about the same as the one for component B proposed in
our model. The component B could be chemically fragile
compared to the component A. Alexander et al. (2015)
proposed an alternative possibility to explain the
N-depletion associated with the reduction of '°N values
that occurred by the chemical treatment of CI/CM
chondrites, which could be caused by the presence of
fine-grained organics enriched in '°N that are difficult to
recover. In such a case, the 1/N=8'°N correlations seen
both among the bulk samples and also between bulk and
insoluble organic matter (IOM) samples (Figure 4) must
have actually occurred through different mechanisms.

The "*N-rich component B has low C/N and **Ar/N
ratios. That is to say, this nitrogen component can be
relatively independent from other volatile elements, such
as C or primordial noble gases. An interesting
observation was provided by Pizzarello and
Williams (2012), regarding the nitrogen chemical forms
associated with the IOM in carbonaceous chondrites.
Starting from the acid-IOM prepared from several
chondrites, upon a hydrothermal treatment, they
observed evolutions of ammonia molecules, which were
enriched in ">N. For the case of CI chondrites, the §'°N
values for ammonia released from Ivuna and Orgueil
were estimated to be +66.4%o0 and +53.4%o, respectively,
which fits well with the 8'°N value for the component B
estimated in this study. The identity of component
B could be the ammonia originally bound to organic
matter.

Nitrogen-bearing organic compounds and
ammonium salts detected in Cl-related samples (Chan
et al., 2016; Glavin et al., 2018; Septhon, 2002), including
the Ryugu samples (Naraoka et al.,, 2023; Oba
et al., 2023; Parker et al., 2023; Yoshimura et al., 2023),
are all attractive candidates to be assigned as the chemical
forms of component B (or A) in meteorites (Figure S3).
However, future works to elucidate the exact nature of
components A or B will need to bear in mind that these
components are required to be fairly abundant.
According to the mixing diagrams in Figures 4 and 5, the
nitrogen fraction of component B in CI falls or '*N-rich
Ryugu samples (A0106 or CO0107) is required to be
around two thirds of the bulk nitrogen in the samples,
which roughly corresponds to nitrogen concentrations of
1000 ppm. The total concentrations of N-heterocyclic
molecules detected in Ryugu or CI/CM samples appear
to be several ppm at most (Oba et al., 2023), including the
weight contributions from elements other than nitrogen.
Even if we include nitrogen from other extractable
organic compounds, such as amino acids and amines
(Parker et al., 2023; see also reviews by Glavin
et al., 2018; Septhon, 2002), the total nitrogen from these
extractable compounds is insufficient to account for the
required nitrogen concentration of component B.
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Depletion of component B for part of the Ryugu
samples, particularly in A0105-07 and C0106-07, could be
due to “processing” experienced by these samples. This
processing could have mimicked the effect of the
hydrothermal treatment performed in the laboratory
(Pizzarello & Williams, 2012), facilitating the detachment
of 'N-rich ammonia from organic matter. This situation
appears to be the same as the case of the Antarctic
meteorite Y-980115. In the case of Y-980115, we may
infer that the processing could be related to the thermal
metamorphism experienced by this sample (King
et al., 2019), which possibly lead to the observed
depletion of all volatile components, including the
"N-rich nitrogen, primordial noble gases, and aqueous
phases. However, for Ryugu A0105-07 and C0106-07,
there is no evidence for the depletion of primordial noble
gases in these samples. Nevertheless, this evidence may
not be perfect, since nitrogen and primordial Q-phase
noble gases seem to be trapped in different phases/sites
and, therefore, could possess different retentivity to the
processing. We defer the final interpretation for the exact
processing histories for these Ryugu samples to future
studies.

The possible relationship of components A and B
with different 8'°N values caused by isotope exchange
reactions anticipated during the aqueous alteration is
evaluated here. For the moment, the equilibrium isotope
exchange data for the exact target reactions, such as
between organic nitrogen and ammonia molecules, are
unknown. Here, we aim at making a qualitative
evaluation referring to the fractionation model for
terrestrial clay minerals, which involves equilibrium
isotope exchange reactions associated with ammonia that
possibly take place during the water-rock interaction
(Haendel et al., 1986). Among natural clay minerals,
where nitrogen is likely trapped as NH,4™, the 8'°N values
were observed to increase with decreasing nitrogen
concentrations (Haendel et al., 1986). In their model, the
enrichment of '°N in trapped nitrogen (i.e., NH,") was
explained by an isotope exchange reaction; for instance,

15NH3 + 14NH4+ PN 14NH3 + 15NH4+’

with the equilibrium isotope fractionation factors of, for
example, 19%o0 at 400 K or 27%0 at 300 K. Applying this
exchange reaction on our isotope fractionation data, we
expect a higher 8'°N for component A after the
removal of the ammonia molecules, that is, component
B, which is the opposite of the observed &'°N
relationship between these components.

Component B is distributed among several nitrogen
carrier phases that appear to coexist in Cl-related

samples. It appears to be relatively concentrated in the
nitrogen host phase released at MT. This could be due to
the higher ammonia retentivity to this phase compared
to the organic phase, which probably dominates the
nitrogen release at LT. As discussed earlier, one of
the possible candidates for the MT-host phase, inferred
from the combustion temperature, is a graphite-like
carbonaceous phase. However, it cannot be thermally
processed organic matter. If so, the relative proportion of
the fragile component B should be equal to or lower than
the original organic phase. Probably there exists a minor
but robust phase independent from the major organic
phases, which better preserves nitrogen and possibly
other volatile elements that accreted to the meteorite
parent body, which is less affected by subsequent parent
body processing.

The Ubiquitous and Robust >N-Poor Component

The counterpart nitrogen component to be mixed
with the "’N-rich nitrogen is relatively '°N-poor, with the
8"°N value <0%o. As demonstrated in Figure 7, this
SN-poor component resists acid treatments, along with
IOM, which comprise the major portion of the organic
matter contained in Cl-related samples. Inferred also
from the high C/N ratio estimated for the '°N-poor
component, this nitrogen component could be hosted by
IOM. The presence of '"N-depleted IOM in CI/CM
chondrites is consistent with the conclusions by
Alexander et al. (1998) and Sephton et al. (2003). Organic
matter in Cl-related samples was traditionally
understood to be associated with '*N-rich nitrogen,
which is the dominant component observed in bulk CI
falls. However, in this article, we propose that the bulk of
the organic matter, or more precisely, of the organic
carbon, is in fact, associated with 15N-poor nitrogen, a
component that could not be clearly confirmed by bulk
analyses of CI falls. This component is probably also
associated with the Q-phase noble gases. The '"N-poor
nitrogen and carbon in the IOM are possibly tightly
bound, thus behave similarly stable against chemical
treatments and potentially against parent body processes,
thus are present ubiquitously among all Cl-related
samples at similar abundances.

The possible endmember &'°N value for this
component could even be negative. If we interpret the
8'°N values observed among the temperature domains
strictly under the two-component mixing framework
proposed here, this component may possess a 8'°N value
as low as —16%o, which was observed at the HT fraction
of Ryugu C0106-07. A fairly large amount of nitrogen
was observed at this temperature domain; thus, it cannot
be affected significantly by other minor components, such
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as presolar components. This 8'°N value comfortably fits
within the bulk 8'°N range determined for the enstatite
chondrites between —6%0 and —29%. (Grady et al., 1986).
The enstatite chondrites are one of the meteorite groups
that potentially represent the material in the inner solar
system, as suggested from similar O, Ti, Ca, and Mo
isotopes with bulk Earth (e.g., Budde et al., 2019;
Dauphas, 2017). This chondritic group is fairly enriched
in volatile elements, including N (Grady et al., 1986),
noble gases (Okazaki et al., 2010), and H (Piani
et al., 2020), and thus can be regarded not only as
rock-forming building blocks but also as one of the
important sources of planetary volatiles. Assuming that
the enstatite and CI chondrites represent the building
blocks for the inner and outer solar systems, respectively,
separated by the snowline, and with contrasting 8'°N
values that bracket the terrestrial value of ~0%. (e.g.,
Alexander et al., 2012; Marty, 2012; Hashizume, 2015),
we propose here that both these meteorite groups may
actually contain major nitrogen components with similar
negative 8'°N values. The only distinction in terms of the
nitrogen isotope systematics is that CI chondrites
additionally contain a '*N-rich fragile component.

'>N-Depleted Carbonaceous Asteroids as the
Earth-Forming Building Blocks

The distribution of the '’N-rich nitrogen source
within the CI chondrite parent body(ies) cannot be
clearly elucidated at this moment, since we do not yet
know what kind of processing has mobilized this
component. From looking at the Ryugu data, the
">N-rich component appears to reside heterogeneously at
the millimeter scale, that is, the grain-size scale. Ryugu
A0106 and C0107 are aggregate samples that consist of
numerous sub-mm grains (Naraoka et al., 2023; Oba
et al., 2023). The '*N-rich isotope signature observed for
these samples may indicate that the bulk Ryugu parent
body could be "*N-enriched, akin to the CI falls. On the
other hand, the other 4-mm-sized grain samples,
A0105-05, A0105-07, C0106-06, and C0106-07, all
showed a depletion in the 'N-rich component, although
to different extents. These observations are difficult to be
reconciled with the abovementioned view of an “overall
>N-rich” parent body. The heterogeneous distribution of
N-containing organic molecules within a millimeter-sized
Ryugu reported by Hashiguchi et al. (2023) could be
somewhat related to the abovementioned millimeter-scale
bulk nitrogen isotope heterogeneity. Prominent nitrogen
isotope heterogeneity at the sub-micron scale is well
known for the organic compounds in carbonaceous
chondrites (e.g., Busemann et al., 2006; Hashizume

et al., 2011), as well as for the Ryugu samples (Yabuta
et al., 2023). However, the relationship between these
small-scale isotope heterogeneities and the bulk nitrogen
isotope heterogeneity observed here is not clear for the
moment.

Although further studies are needed to resolve this
issue, here, we would like to point out that the
SN-depletion, if it was a parent body-wide phenomenon
that characterize the bulk compositions of the whole
carbonaceous asteroids, may give a large impact to the
volatile supply models for Earth. As mentioned in
the previous subsection, CI chondrites are considered to
be one of the important sources of volatile elements to
Earth. However, comparing the bulk compositions for
the fall CI chondrites and the bulk silicate Earth, there
are some large discrepancies. For instance, the C/N
atomic ratio of bulk Earth is estimated to be 365
(Marty, 2012), whereas the corresponding ratio for the
bulk CI falls ranges between 11 and 45 (Grady
et al., 2002; Kerridge, 1985; Pearson et al., 2006; Yang &
Epstein, 1983). This issue, so-called the missing nitrogen
issue for the bulk Earth, is one of the critical problems
that needs to be resolved to build a consistent volatile
supply model for Earth. The volatile depletion on Earth
is recognized distinguishably for nitrogen, against many
other volatiles, including noble gases such as Ne and Ar
(Marty, 2012), with lighter and heavier molecular weights
compared to nitrogen. This observation rules out from
the possibility that large-scale elemental fractionation
occurred by molecular escape to space.

These issues could be resolved if the '*N-depleted
materials were the primary source of volatiles on Earth.
The bulk C/N atomic ratio in one of the Ryugu samples
exceeds 150, by which the discrepancy between the source
and bulk Earth composition is greatly reduced. The much
smaller discrepancy is also expected for the *°Ar/N ratio.
The Ryugu samples show bulk **Ar/N ratios up to 5x the
corresponding ratio for Ivuna (Figure 6). Finally, the
near-zero bulk 8N value, such as observed in Ryugu
A0105-07 and C0106-07, could directly supply volatiles to
Earth without the need of any isotope fractionation events
that may have occurred on early Earth. This removes one
of the obstacles to consider carbonaceous asteroids as a
major volatile source for Earth. While marginally negative
8'°N values for Earth’s building blocks, for example,
enstatite chondrites or the potential '’N-poor endmember
in Cl-related samples reported in this study, can be
compensated for by a moderate '*N-enrichment expected
for atmospheric escape processes to space (Avice &
Marty, 2020; Pepin, 1991). Conversely, a strong
ISN-depletion starting from source materials with distinctly
positive '°N values could not occur by this process.
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CONCLUSIONS

1. The nitrogen isotope compositions for two samples
returned from the asteroid Ryugu were examined in
detail using the stepwise combustion method. The
two samples A0105-07 and C0106-07 showed bulk
8"°N values of +1.7+0.5 (16)%0 and +0.2 +0.6%o,
respectively. These values are significantly lower than
the bulk 8'°N range between +31 and +52 reported
for the three CI chondrites, Orgueil, Alais, and
Ivuna, which show chemical compositions and
textures similar to the Ryugu return samples.

2. Comparing the bulk nitrogen compositions among
the Cl-related samples, that is, all Ryugu samples
examined so far at different laboratories, CI falls and
Y-980115, a correlation was observed between the
8'°N values and nitrogen concentrations, with lower
8'°N associated with lower nitrogen concentrations.
This trend can be explained by a two-component
mixing model. One component possesses a 8'°N
value of 0%o0 or lower. This component appears to
reside at a constant abundance among all Cl-related
samples. The other possesses a 6'°N value of
+56 4+ 4%0. The abundance of this component varies
on sample-by-sample basis. These two components
appear to be characterized by different C/N ratios,
the former with high C/N, as low as 184, and the
latter with low C/N, which could even be C-free. The
latter '’N-rich component is possibly chemically
fragile compared to the former one, which might
have been often disturbed by parent body processes.

3. Nitrogen in Ryugu samples A0105-07 and C0106-07
appears to be hosted by several carriers with different
§'°N values, which span from —16%o0 to +18%o,
resolved by the combustion temperature. The
different '°N values among different host phases can
be explained by mixing of the abovementioned two
components at different proportions. The difference
in 8'°N values might have occurred because of the
different retentivity of the '*N-rich latter component
among the nitrogen host phases.

4. Asteroid materials with a volatile composition similar
to Ryugu A0105-07 and C0106-07, which possess
higher C/N and *°Ar/N ratios, and lower bulk §'°N
values, compared to the CI falls, can be an attractive
candidate as one of the Earth-forming building
blocks, which sourced the volatiles to Earth.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Data S1. List of the Hayabusa2-initial-analysis
volatile team members.

Figure S1. Photographs of initial Ryugu samples and
infrared reflectance spectra.

Figure S2. The *°Ar abundances for Ryugu return
samples plotted against the C abundances.

Figure S3. The representative nitrogen (N)-bearing
molecules identified in the aggregate Ryugu samples for
A0106 and C0107 by the sequential solvent extraction
analysis (Naraoka et al. 2023; Oba et al., 2023; Parker
et al., 2023).

Table S1. Stepwise combustion full data for Ryugu
return sample: (a) A0105-07 and (b) C0106-07. (c)
Stepwise combustion full data for Ivuna (CI).
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