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Ammonium-bearing phyllosilicate grains
detected in Ryugu and Bennu samples via
infrared spectroscopy

T. Jiang 1,2 , D. Baklouti 1, C. Pilorget1,3, D. Loizeau 1,4, K. Hatakeda5,6,
M. Mahlke1,7, L. Nardelli 1, T. Le Pivert-Jolivet8,9, J.-P. Bibring1, R. Sheppard1,10,
A. Aléon-Toppani 1, R. Brunetto 1, C. Lantz 1, F. Poulet1, T. Okada5,11,
R. Fukai 5, T. Usui 5,11, M. Abe5, Z. Dionnet1, Z. Djouadi1, Y. Enokido5, V. Hamm1,
S. Kawasaki 5, Y. Langevin1, A. Miyazaki 5, A. Moussi-Soffys12, K. Nagashima5,
M. Nishimura 5, L. Riu13, R. Sakurai 5, R. Shimonishi5, R. Tahara5, T. Yada5 &
K. Yogata 5

Understanding the nature of nitrogen reservoirs in primitive small bodies is
fundamental for tracing the evolution of volatiles in the early Solar System and
their contribution to prebiotic chemistry. Herewe report the identification, via
infrared spectroscopy, of ammonium (NH4

+)-bearing phyllosilicates inclusions
in samples returned from carbonaceous asteroids Ryugu and Bennu. Typically
hundreds of micrometers in size, they exhibit highly similar near-infrared
spectral profiles in both collections, pointing to a generic formation process
across this class of primitive objects. This process implies a chemical path that
likely startswith highly soluble ammoniumsalts trapped in ices andmixedwith
anhydrous silicates, as detected on comet 67 P/Churyumov-Gerasimenko, and
ends with ammoniated phyllosilicates, and a few less soluble ammonium salts
such as theHydrated AmmoniumMagnesium Phosphorus-rich grains found in
Ryugu and Bennu. These second-generation ammonium-bearing species were
thus able to contribute efficiently to the delivery of nitrogen to terrestrial
planets.

Nitrogen (N) is a key component of volatile species and prebiotic
compounds in the Solar System. Its distribution in planetary bodies
provides clues about their formation and transport. N-bearing com-
pounds exist in various forms, such as ammonia (NH3) ice, nitride
minerals, ammonium salts, ammoniated phyllosilicates, various N-rich
organic compounds found in extraterrestrial materials, etc. (e.g.,

refs. 1–9). In particular, the distribution and speciation of the ammo-
nium ion (NH4

+) and its associated compounds (salts and phyllosili-
cates) are crucial, as ammonium represents more stable, less volatile
carriers of nitrogen from the outer to the inner Solar System2,10. NH4

+-
bearing compounds exhibit a ~3.1μm(ν3 stretchingmode) and a ~7μm
(ν4 bending mode) band in the infrared (e.g. refs. 11–13). While the
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~3.1μm band is indicative of the presence of N–H-rich material, the
~7μm feature is diagnostic of the NH4

+ ion.
On comet 67P, ammonium salts have been detected by mass

spectrometry in the coma3,4 and a broad ~3.2μm infrared absorption in
the spectrum of the surface has been attributed to them2. Ceres
infrared spectrum exhibits an absorption band around 3.06μm,which
is interpreted as ammonium interlayered in the phyllosilicates (e.g.,
refs. 5,6). Observations also suggest that several other primitive
asteroids have similar infrared features, raising the question of the
presence and distribution of NH4

+-bearing compounds on these Solar
System bodies and their potential role in delivering ammonium-rich
species to the inner Solar System14–18.

Millimeter to centimeter scale near-infrared (NIR) spectroscopyof
the Ryugu sample returned by the JAXAHayabusa2mission revealed a
weak ~3.06μm absorption19,20, indicating the presence of NH-bearing
compounds. This finding was followed by the identification of hydra-
ted ammonium–magnesium–phosphorus-rich (HAMP) salts, first in
Ryugu samples and then in Bennu samples returned by theOSIRIS-Rex
mission21,22. In the NIR range, HAMP grains aremainly characterized by
a particularly strong and wide 3μmH2O absorption band, which tends
to obscure the N–H stretching band of their ammonium content.

Distinct from the spectral profile of the HAMP salts, one rare
Ryugu grain, a few hundreds-of-μm in size, showed strikingly strong
~3.06μm, suggesting localized NH enrichment (hereafter referred to
as the NH-rich grains), and a 2.72μm feature related to the presence of
phyllosilicates19. Similar grains were later detected in Bennu samples22.
These observations suggest the existence of another distinct reservoir
for NH-bearingmaterial in the returned sample. However, their nature,
abundance, distribution, and relationships to the other components,
such as phyllosilicates and organics, remained poorly constrained.

This study reports a systematic spectroscopic survey of these
poorly constrained NH-richmaterials across both Ryugu (∼5.4 g) and a
subset of Bennu (∼0.6 g) samples stored at the JAXA curation center.
We use a combined near-infrared (NIR) and mid-infrared (MIR) spec-
troscopic characterization at a tens-of-micrometers scale to identify
their chemical speciation. In particular, the same NIR hyperspectral
microscope (MicrOmega) was used on both samples’ collections,
enabling a direct comparison and unique cross-analysis. Critically, this
survey was performed while the samples were kept in their preserva-
tion chambers, ensuring they were protected from terrestrial atmo-
spheric interaction throughout the entire analytical process. Our
results allow us to determine and compare the characteristics of these
NH-rich materials between Ryugu and Bennu samples, ultimately
inferring their origin and the implications for the transport of volatile
phases within the solar system.

Results
Near-IR spectra with MicrOmega
As of September 2025, we identified in the MicrOmega dataset
(22.5μm of spatial resolution), 13 regions of interest (ROIs) in Ryugu
samples that display absorptions at ~3.1μm (NH stretching mode) and
~2.7 μm (OH stretching mode of Mg-rich phyllosilicates, Figs. 1, s1). An
identical approach to Bennu samples resulted in the detection of 12
ROIs (Figs. 1 and s1).

Their size ranges from ~100μm (Fig. 1a, m) to several hundreds of
μm (Fig. 1e, g, and j) with smaller grains/areas potentially present but
approaching our detection limit (1–2 pixels, ~22-45μm). They also
show various morphologies: rounded (Fig. 1a), elongated with sub-
regions (Fig. 1e), vein-like (Fig. 1j), and patchy-shape (Fig. 1g). Notice-
ably, all these NH-rich ROIs are much brighter than the matrix. They
typically display a 5–10% reflectance factor at 2.5μm, with some up to
15% depending on geometry (Fig. 1, 2nd column), compared to 2–3%
for the matrices19,22. In comparison, the typical reflectance factor
values for HAMP-like grains and carbonates are 10–20% and 5–15%,
respectively22.

The NH stretching band observed on the ROIs' average spectra
generally shows an asymmetric shape, which can be roughly decom-
posed into two Gaussian curves with a strong peak at ~3.04μm and
another weaker one at ~3.10μm (Fig. s2). The band minimum of the
whole NH band varies from ~3.04 to ~3.08μm, and its relative depth
ranges from ~5% to ~25%. ROIs from Ryugu chamber C and Bennu tend
to show a stronger and shorter-wavelength NH band (~7–25% and
3.04–3.05μm) compared to ROIs from Ryugu chamber A (6–15% and
3.05–3.09μm) (Fig. s3a). The shift observed in the Ryugu Chamber A
samples is primarily due to a change in the relative band strengths of
the two sub-peaks, rather than a uniform shift of both sub-peaks
(Fig. s4). The spectral slope (1.0–2.5μm) varies both with geometry
(different orientation) (Figure s5a) and between ROIs (Figure s5b).
While most continua range from weakly positive to flat, a few ROIs
display a negative slope (Fig. s5b). Importantly, no significant organic
bands related to C–H stretching modes are detected at ~3.4–3.5μm in
these NH-rich ROIs.

The OH stretching band of the phyllosilicate is nearly ubiquitous
across the samples, but its depth over the NH-rich ROIs is much
stronger than on the matrix: respectively 35–60% for Ryugu and
30–50% for Bennu, compared to only 5–20% on the matrix19,22,23. Le
Pivert-Jolivet et al.23 systematically studied the OH peak positions for
Ryugu mm-size grains, showing that most are located between 2.715
and 2.725μm. Pilorget et al.22, also reported that the OH peak position
for the Bennu bulk sample at the cm-scale is 2.717 ± 0.005μm. The
average peak position of all NH-rich ROIs (2.712–2.719μm, Fig. s3b) is
comparable to matrix-rich material of Ryugu and Bennu samples, but
falls on the slightly shorter wavelength side of the distribution19,22,23. A
robust positive correlation can be observed between the ~2.7 and
~3.1μm depth for ROIs from Bennu (Fig. s3c) and Ryugu Chamber C,
whereas Ryugu Chamber A ROIs display deeper OH bands but weaker
uncorrelated NH features. The 2.7μm OH band can be roughly
decomposed into three Gaussian curves that peak at ~2.71, ~2.76, and
~2.85μm (Fig. s6b), with no clear differences between Bennu, Ryugu
Chamber A, and Ryugu Chamber C. The most intense component at
~2.71μm is typically associated with Mg–OH stretching23,24. The fea-
tures at longer wavelengths (~2.76 and ~2.85μm) reflect amore diverse
cationic environment, including the Fe–OH stretching and potentially
the influence of hydrogen bonding. Compared to matrix typical
spectra, NH-rich ROIs have more prominent second sub-peaks around
2.76μm (~3600 cm−1); thus, making the OH band broader on its right-
wing (Fig. s7). In addition, most of the ROIs exhibit a weak 2.32μm
feature (Fig. 1), corresponding to the combination mode of OH
stretching and Mg–OH bending25.

These ROIs are less frequent than otherminor phases (similar size
scale, a few hundreds of microns) detected with Micromega, such as
carbonates (~700 detections in Ryugu up to June 2024 and ~90 in
Bennu up to November 202426) and HAMP grains (a few tens of
detections with comparable area sizes in both Ryugu and Bennu
samples19,22). Noticeably, NH-rich ROIs in this study do not show a
strong and wide 3μm water absorption like HAMP grains.

Mid-IR spectra
Complementary mid-IR spectra with spot size ~70μm were measured
on a few ROIs of Bennu samples without any atmospheric exposure. In
addition to the ~2.7 and ~3.06μm features already observed with
MicrOmega, we could identify the systematic presence of a ~6.1 μm
(~1640 cm−1) band attributed to H2O bending mode, a ~7μm
(~1430 cm−1) band attributed to the ν4 out-of-plane bending mode of
NH4

+, aswell as a pronounced ~10μm(~1025 cm−1) band corresponding
to Si–Ostretching vibrations of phyllosilicates (Fig. 2).Weaker bands at
~3.28μm (~3049 cm−1), and ~3.54μm (~2825 cm−1) are also present for
the spectra that show the highest quality. They are tentatively attrib-
uted to ν2 + ν4 asymmetric stretching and 2ν4 bendingmodes of NH4

+,
respectively12. The Si–O band positions of the NH-rich areas are
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systematically located in the shorter wavelength range (centered at
9.71μm (1030 ± 10 cm−1)) of the matrix phyllosilicates band positions
(themajority centered at 9.80μm (~1020 ± 20 cm−1)) (Figs. 3 and s8). A
positive correlation is observed between the areas of the ~2.7μm
(~3682 cm−1, OH mode), the ~3.1μm (~3268 cm−1, NH mode) and the
~7μm (~1430 cm−1, NH₄⁺ bending mode) bands (Figs. 3 and s8).

Noticeably, at the scale of the NH-rich ROIs, the ~2.7μm
(~3682 cm−1) and ~3.06μm (~3268 cm−1) features show a good positive
correlation, both with MicrOmega (Fig. s3c) (excluding Ryugu Cham-
ber A) and MIR observations (Fig. 3c). But at the scale of MicrOmega
pixel size (~22μm), we can observe that in some ROIs, the pixels cor-
responding toNHmaximumbanddepth are slightly spatially shiftedor
more localized than the pixels that correspond to the OH maximum
band depth, implying some spatial variability in the NH-enrichment.

Importantly, our results show that there is no spatial correlation with
the spatial distribution of the 3.4μm band (when there is one) corre-
sponding to the C–H vibration mode and/or carbonates (Fig. s9).

Discussion
Based on the MicrOmega measurements, the NH-rich ROIs in both
Ryugu and Bennu samples exhibit striking physical and spectral simi-
larities. Physical features are characterized by a relatively large size (on
the order of hundreds of micrometers) and are visually brighter than
the surrounding matrix, while displaying various morphologies.
Spectrally, the strong 3.06μm NH band is spatially correlated with a
strong 2.72μm OH absorption band, and crucially, its highly similar
shape and position for the NH band strongly suggests that these ROIs
contain the same NH-rich species.
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Fig. 1 | Examples of images and corresponding average MicrOmega spectra of
the NH-rich regions of interest (ROIs) detected in Ryugu and Bennu samples. .
The first column (MicrOmega RGB) (a–m) showsRGB images of the ROIsmeasured
by MicrOmega, with R = 2.01μm, G = 2.71μm, B = 3.45 μm. The second column
(MicrOmega Gray) (b–n) shows grayscale images of the average reflectance factor
(REFF) values between 2.0 and 2.5μm, with scale bars ranging from 0.0 to 0.2. The
third column (Leica optics) (i–o) shows the optical images acquired with a Leica
microscope implemented for Bennu samples only. White arrows indicate the ROIs.

All the subfigures share the same scale bar. Panel p (right) shows the average
spectra corresponding to the exampleROIson the left, compared to thematrix-rich
material spectra of Ryugu and Bennu. All the spectra are shown in REFF with offset
applied but without stretching. The number of pixels averaged for Ryugu C0368,
A0481, A0480, Bennu 20045, 29000-1, 29000-2 ROI spectra displayed in (p) is 27,
105, 95, 239, 34, 56, respectively. Mg–OH, OH, and NH are the positions of the
corresponding vibration modes.
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The 3.06μm band appears to decompose into two small sub-
peaks in the NH-rich ROIs. This NH signature in the Bennu ROIs is
precisely constrained by the additional MIR spectral data. The strong
positive correlation between the NH4

+ ν4 out-of-plane bending band
(∼7μm) and the NH stretching band (∼3.06μm) and their intensities is
consistent with NH4

+ being themajor contributor to the NH stretching
band. This deduction rules out NH bearing organic functional groups,
namely amines (R–NH2), amides (R–CO–NH2), and free ammonia (NH3)
as primary sources of the N–H stretching signature detected by
MicrOmega27. While the ν1 symmetric mode (~3.29μm) of free NH4

+ is
infrared inactive, its ν3 stretching mode (2.99–3.23μm) is triply
degenerate. When incorporated into solid crystallinematrices, such as
ammonium salts or phyllosilicate interlayers (e.g., refs. 28–30), the
reduced local symmetry causes this ν3 band to split into multiple
components, which may account for the observed dual sub-peaks
at 3.06μm.

Therefore, the combined spectroscopic evidence indicates that
theNH-richROIs in both Bennu andRyugu are, in fact, ammonium-rich
regions and contain the same ammonium (NH4

+)-bearing species.
We further constrain the (NH4

+)-bearing matter chemical com-
position by examining its potential link with organic compounds.
Organic matter is ubiquitous in both Ryugu and Bennu samples, with a
shallow 3.4μm CH band19,20,22,31 of the bulk sample. The absence of
clear or systematic C–H absorption for NH-rich ROIs around 3.4μm (in
both MicrOmega and MIR data) suggests that organic compounds are
absent or present only in trace amounts around the ammonium moi-
eties. Furthermore, the absence of infrared bands corresponding to
the fundamental stretchingmodes of carboxylate (RCOO−,∼6.25–6.50
and 7.25–7.4μm), or cyanide (CN−, 4.5–4.8μm), or cyanate (OCN−,
∼4.6μm)moieties, discards the possibility of the NH4

+ signature being
primarily attributed to the corresponding organic salts suggested for
comet 67P2.

O
H

20045
500 μm

(a) (b)

(c)

20007
500 μm

H
�O

Si
-O

N
H

N
H

�+M
g-

O
H

Fig. 2 | Typical Leica microscopic images and MIR spectra of the NH-rich
regions of interests (ROIs). a, b are Leica images of ORX-20045 (aggregate) and
ORX-20007 (grain) Bennu samples, respectively, and the surrounding areas were

measured by an FTIR spectrometer. In a and b, the spot sizes for each ROI and
matrixmeasurement are ~70μm.Thecorresponding spectra in (c) are anaverageof
all identically colored square spots from (a) and (b).
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Given the systematic presence of the strong O–H absorption
at ~2.7μm and the Si–O band at 10μm (indicative of Mg-rich phyllo-
silicate), the candidates are then narrowed to inorganic ammonium
salts intimately mixed with phyllosilicates, or ammoniated
phyllosilicates.

To constrain the identity of NH4
+ potential counterion(s) (if the

compound is a salt), we systematically compare our data with the
spectraof specific ammonium salts (Fig. s10, Table s1).We first exclude
ammonium hydrosulfide (NH4SH), also identified in 67P coma3,4, as its
3μm absorption band shape is different, and the characteristic S–H
stretching at 5.3μm (1890 cm−1) is absent in the MIR spectra (Fig. s10).
Ammonium carbonates (e.g., (NH4)2CO3)

12, previously considered for
Ceres bright facula32, are excluded by the absence of characteristic
CO3

2− bands at 3.4, 3.9, and its strong reststrahlen band near 7μm12.
Similarly, P–O stretching bands are not observed between 8.3 and
11μm33, excluding ammonium phosphates, pyrophosphates, etc., and
the HAMP grains detected in Ryugu and Bennu samples21,22. Candidate
counterions without signatures in the mid-infrared (MIR) range, like
chloride ion (Cl−) and the corresponding ammonium chloride
(NH4Cl)

12, also do not match the spectra because the positions and
shapes of the ammonium stretching and bending bands (3–3.5 and
6.9μm) clearly differ from those of the NH-rich ROIs (Fig. s10). The
other halides, with F−, Br−, and I− as counterions, will behave spectrally
similarly to NH4Cl

2,34, and are unlikely candidates given their sig-
nificantly lower bulk abundances expected in CI-like material com-
pared to chlorine35, and the relatively large spatial scale of the
observed NH-rich ROIs. Sulfate (SO4

2−) might contribute to the little
peak around 9.6μm (1040 cm−1) (Fig. 2), but this peak is not system-
atically present, indicating that SO4

2− cannot be the major counterion.
Additionally, the ν3 band for ammonium sulfate is generallymore blue-
shifted (~3.0μm)12, making it less likely a candidate.

Then, based on these comparisons and arguments, ammonium
salts cannot be the main carriers of the ammonium-rich ROIs detected
by MicrOmega.

Ammoniated phyllosilicates exhibit characteristic additional
absorption bands at ∼3.06, ∼3.3, ∼3.5, and ∼7μm compared to non-
ammoniated ones11–13,36. These features align well with the NH-rich ROI
spectra, and ammoniated phyllosilicates are the best fit to explain the
spectral signatures characterizing the ammonium-rich ROIs. Further-
more, the strong correlation between the OH (2.7μm) and NH
(3.06μm) bands, observed by both MicrOmega and MIR, provides
evidence for a close physical association between NH4

+ and the phyl-
losilicate, and strongly suggests the interlayer incorporation of NH4

+.
Further analysis of the host phyllosilicate phase reveals subtle but

systematic differences compared to the bulk matrix. The OH band in
the NH-rich ROIs is notably asymmetric with a wider right shoulder
compared to the matrix (Fig. s7). This widening could be caused by
hydrogen bonding interactions between NH4

+, residual H2O, and the
hydroxyl groups within the phyllosilicate interlayers as invoked for
ammoniated-phyllosilicates37. Similarly, the Si–O band of the NH-rich
ROIs is centered at ∼1030 ± 10 cm−1, which represents a slight shift
toward the shorter wavelength (higher wavenumber) compared to the
bulkmatrixmaterials (∼1020 ± 20 cm−1 (Figs. 3 and s8)), and theband is
usually sharp and narrow (Fig. 2). TheNH-richROIs exhibit anOHband
minimum centered at ~2.715 with a variability of ±0.003μm across the
surveyed ROIs (ranging from 2.712 to 2.719μm). While this position is
nearly identical to the bulkmatrix signature of both Ryugu and Bennu
samples, indicating a similar structure and mixture of saponites and
serpentines with a globally similar Mg/Fe ratio, there is a subtle shift
toward the shorter wavelength end for the ammonium-rich ROIs. This
subtle shift either suggests a slight structural difference or a slightly
higher Mg/Fe ratio. These systematic differences indicate that the
phyllosilicates of the NH-rich ROIs have slight structural differences
compared to the typical phyllosilicate mixture of the matrix. Thus,
either the interlayer structure is simply affected by the presence of
NH4

+ species and displays a somewhat different signature, or the
phyllosilicates hosting ammonium in their interlayers are the result of
a slightly different process of alteration that resulted in a somewhat
different phyllosilicate mixture and structure than the rest of the
matrix. In any case, matrix materials of Ryugu and Bennu samples are
dominated by intergrown Mg-rich saponite and serpentine-like
material38,39, which the spatial resolution of the IR instruments used
here cannot distinguish. However, among these two phyllosilicate
types, saponite-like material is the only one that can effectively
incorporate NH4

+ into the interlayers of its structure.
Although a 6μm band for the water molecule is present in the

FTIR spectra of the ROIs, the absence of a strong, wider absorption
near 3μm, suggests limited interlayer H2O. To form ammoniated
phyllosilicates, the initial formation process would require NH4

+-con-
taining fluid (most likely water) to be absorbed and retainedwithin the
interlayer, suggesting that both H2O and NH4

+ should be readily
detectable in this region. However, our spectroscopic analysis con-
tradicts this expectation: we observe no correlation between H2O
(6μm) and NH4

+ (3.06μm) or H2O and Si–O (Fig. s8). In fact, the H2O
signal in the6μmarea is roughly at the same level of intensity as thatof
the matrix-rich materials (Fig. s8). This observation may be explained
by studies showing that NH4

+ can establish several hydrogen bonds
with oxygen atoms in the phyllosilicate layers40, which reduces the

Fig. 3 | Spectral parameters extracted from MIR spectra of the NH-rich and
matrix-rich grains. a Histogram of Si–O peak position with a polynomial fitting (7
degree, Fig. s15) between 930 and 1080 cm−1. b scatter plot of NH band area at
3.06μm and NH4

+ band area at 7μm. c Scatter plot of NH area at 3.06μm and OH

area at 2.72μm. Each spot in (b) and c is one single MIR measurement on the
sample; some of them are within the same region of interest/grain but different
sub-areas.
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swelling ability and H2O retention, leading to smaller layer spacing in
ammoniated smectite13,41.

In conclusion, the spectral evidence discards organic matter and
organic and inorganic salts as the main species responsible for the
ammonium signatures we are reporting here, and strongly supports
structural integration of ammonium species in phyllosilicate inter-
layers as the main contributor to these infrared signatures.

The high albedo of the ammonium-rich ROIs (2–4× brighter than
the host matrix) suggests a localized change in composition and/or
physical state. This brightness may result from a lower abundance of
opaque phases (e.g., magnetite or complex organics) or a reduction in
effective grain size, both of which increase spectral reflectance. It is
thus either the particular structure of the ammonium-bearing phyllo-
silicates or their potential mixture with less opaque phases that would
explain their particular brightness.

Ammonium-rich ROIs in Ryugu Chamber A exhibit slightly dif-
ferent N–H band positions and depths compared to Chamber C. One
possible explanation is space weathering since they were sampled at
different depths; however, no similar trend is observed for the O–H
band of ammonium-rich ROIs between Chambers A and C23, possibly
reflecting different sensitivities of thehydroxylmoiety and ammonium
to space weathering. Another possibility is that Chamber A and C
samples contain slight differences in the ammonium-bearing phase,
but this cannot be confirmed due to the lack of MIR data. On the other
hand, the band depth difference for the 3.06μm band between
Chamber A (surface material, shallow) and Chamber C (subsurface
material, deeper) in Ryugu datamight reflect their divergent evolution
history. Processes such as space weathering or thermal cycling could
have induced the loss of some of the ammonium or modified the
structure of the NH4-bearing phase.

Strong near-IR spectral similarities regarding Ryugu and Bennu
samples were also observed for the phyllosilicate-rich matrix, carbo-
nates, and HAMP-type phosphates22,26, supporting the idea of similar
(though not identical) alteration and evolution processes on their
parent bodies. The ammonium-rich phyllosilicate phase is 6 times
more frequently detected and exhibits larger band depths in Bennu
samples than in Ryugu. Indeed, the total detected NH-rich ROI area
across all sample categories (bulk, sub-bulk, and grains; Table s2) are
comparable: ∼8.0 × 102 pixels (∼0.40mm2) in Ryugu versus ∼8.5 × 102

pixels (∼0.43mm2) in Bennu. However, Ryugu has substantially more
measurement areas (96 dishes with∼61 equivalent dish area coverage)
compared to Bennu (14 dishes with ∼8 equivalent dish area). The
number of detectedNH-richpixels is similar (∼500pixels or0.258mm2

in Ryugu versus ∼410 pixels or 0.208mm2 in Bennu). Furthermore, in
the average spectra of all NH-rich ROIs (Fig. s7), after normalizing the
OH band depth at 2.7μm, the NH band at 3.06μm is deeper for the
Bennu samples than for the Ryugu ones. Both pieces of evidence
suggest that while the total bulk N abundance may be generally
similar42, the ammoniated phyllosilicates are clearly more abundant in
Bennu than Ryugu samples.

Liquid extraction of Ryugu grains allowed to find a small amount
of NH4

+ (up to 0.18μmol/g) in the water-soluble fraction, a con-
centration significantly lower than that in the Orgueil meteorite
(33.54μmol/g)43. Glavin et al.42 further confirmed this disparity,
reporting that free ammonia was much higher in Bennu (~13.6μmol/g)
than in Ryugu. The efficiency of hot water extraction of NH4

+ inter-
layered within saponite structures is uncertain, making the relative
contribution from salts and phyllosilicate phases challenging to esti-
mate, thus precluding a direct comparison with our observations.
However, both results may indicate that Bennu's parent material may
have originally accreted a larger abundance of ammonia and/or
ammonium in its ice phase.

The identification of NH4
+-bearing phyllosilicate provides com-

pelling evidence for a second inorganic ammonium reservoir in both
Ryugu and Bennu, complementing the first, the HAMP-like grains,

previously reported21. This result also supports studies suggesting
multiple distinct nitrogen reservoirs in Ryugu, where nitrogen is par-
titioned between N-bearing organic matter and inorganic phases like
salts or minerals44. The spectra of the NH-rich Regions of Interest
(ROIs) exhibit striking similarities to remote-sensing data from Ceres
and Hygiea16 across the 2.5–3.5μm spectral range (Fig. 4). Specifically,
they share key features at 2.7μm (OH) and 3.06μm (NH). This spectral
resemblance is notable, despite the significant differences in scale
(micrometer-scale ROIs versus global, kilometer-scale features) and
abundance (minor, highly localized components versus material ubi-
quitous across the surface)45. Crucially, the 3.06μmNH band is nearly
identical for Ceres, Hygiea, and the NH-rich ROIs (measured by both
MicrOmega andMIR) (Fig. s11b), which strongly suggests the presence
of similar NH-rich components. Despite this strong match, minor
variations exist. Upon continuum removal, the 2.7μm OH band in
Ceres’ spectrum is slightly shifted to a longer wavelength compared to
the NH-rich ROIs (Fig. s11a). Furthermore, neither Ceres nor Hygiea
displays a clearband around2.3μm.Theseminordifferences suggest a
slight variation in the nature of the phyllosilicate. Previous laboratory
studies attempting to reproduce the Ceres spectrum using
ammonium-bearing phyllosilicates often faced a major challenge: the
presence of interlayer absorbed water, which produces a deep and
wide 3μm water absorption feature. While recent work (e.g., ref. 37)
has shown that heating in a vacuum can remove this interlayer water,
replicating the exact band shape around 3μm remains difficult.
Despite the minor variations that suggest a slight difference in the
nature of phyllosilicates, the exceptional spectral match still suggests
the possibility of a common or closely related formation process.

The detection of a growing number of spectrally Ceres-like and
67P-like small bodies in the main asteroid belt (e.g., refs. 14,15,46) and
among the satellites of Jupiter and Saturn (e.g., ref. 18) suggests that
Ceres and 67P are not exceptional cases. This implies a wide dis-
tribution of ammonium-bearing compounds in the solar system. Some
asteroids, exhibiting only the sharp ~2.7μmabsorption, but lacking the
3.06μmband, were previously thought to have formedwithin the NH3

snow line15. No strong 3.06μm absorption was remotely observed on
Ryugu (e.g., ref. 47), Bennu (e.g., ref. 48), or their potential parent
body, the Polana family49. However, the returned samples from both
Ryugu and Bennu revealed small, yet significant, quantities of
ammonium-bearing phyllosilicate. This crucial result indicates that
these asteroids, presumed to be devoid of ammonium-bearing mate-
rial, may in fact harbor it in trace amounts. This strongly suggests a far
more ubiquitous distribution of ammonium compounds throughout
the Solar System than remote spectral data alone can reveal. Notably,
together with HAMP material, NH4

+-bearing phyllosilicates could
constitute onemajor contributor of ammonium in the CI chondrites50,
though their perseveration through exposure to the terrestrial envir-
onment still remains unexplored.

The formation of ammoniated phyllosilicates and ammonium
salts (like the HAMP grains) via aqueous alteration provides a robust
mechanism for the long-term storage and delivery of nitrogen.
Ammonium salts are considered a significant nitrogen reservoir for
comets, such as 67P, and likely other small celestial icy bodies 67P2–4.
Their lower volatility compared to pure ammonia (NH3) allows them to
be incorporated into C-type asteroids during their formation in the
outer Solar System. Upon the onset of aqueous alteration, these initial
(first-generation) ammonium salts, which are typically highly soluble,
readily dissolve, releasing ammonium ions (NH4

+). These mobile NH4
+

ions can then participate in forming a new generation of more stable
ammonium compounds, such as less soluble secondary ammonium
salts (e.g., those HAMP grains detailed in refs. 21,22) and ammoniated
phyllosilicates, or be converted toNH3 and lost if the pH is alkaline. For
secondary salts to persist, they must either have low solubility or have
formed late during the dehydration phase of the parent body. These
more stable compounds could thenbe transported into the inner Solar
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System, providing a vital mechanism for delivering essential volatile
elements (nitrogen andhydrogen) to the terrestrial planets, potentially
influencing the early chemical inventory necessary for the develop-
ment of life.

Methods
Samples
Both Ryugu and Bennu sample collections are stored and measured
under a controlled environment (N2 purged) to avoid terrestrial con-
tamination and alteration31,51. From 2021 to May 2024, MicrOmega has
measured almost half (inweight) of theRyugu returned samples (~5.4 g)
in the form of aggregates (~54 for Chamber A and ~42 for Chamber C,
small subsets extracted from the 6 bulks) and individual (mm-sized)
grains (>500). Thanks to an agreement between NASA and JAXA, ~0.6 g
of Bennu samples was also delivered to the Extraterrestrial Sample
Curation Center (ESCuC) at JAXA for comparative studies. From Sep-
tember 2024 to September 2025, MicrOmega measured all the 5 bulk
samples (~0.6 g), 14 aggregates, and ~110 individual (mm-sized) grains.

MicrOmega
MicrOmega is an infrared hyperspectral microscope developed at the
Institut d’Astrophysique Spatiale (Orsay, France)52, and is now installed
inside the Hayabusa2 Curation Facility at JAXA ESCuC (Extraterrestrial
Samples Curation Center). It covers the spectral range 0.99–3.65μm
with a pixel size of ~22.5 × 22.5μm², and a total field of view covering
~5 × 5mm². At the time of measurement, all the samples had never
been exposed to the terrestrial atmosphere, so they are pristine in this

respect. Also, considering that the Ryugu samples do not contain a lot
of water23,53, and were not exposed to terrestrial atmosphere, the
3.06μm feature is not hidden or biased by the wide, strong 3μm
absorption by H2O. The sample holder is mounted on a stage with 3
moving axes and one rotational axis, so that to adjust the region of
interest to thefield of view in termsof position and focus, and to rotate
the sample to vary the viewing geometry. All the samples were mea-
sured with an incidence angle of 35° and a viewing angle of 0°.
MicrOmega uses an acousto-optic tunable filter (AOTF) as a dispersive
system, with a full width at half maximum of ~20 cm−1 and minimum
sampling steps of ~2 cm−1. The spectral accuracy is evaluated to be
better than 5 nm. Radiometric calibration was performed first at the
Institut d’Astrophysique Spatiale and then periodically within the
Curation Facility, using two reference targets: Spectralon 99% and
Infragold from Labsphere54.

Visible microscopy and mid-IR spectrometry
For Bennu samples,MicrOmegadatawere combinedwith images from
a LEICA visible microscope and mid-IR spectral data obtained by a
micro-FTIR spectrometer JASCO IRT-5200/VIR-200 (single pixel,
~50–100μm FOV, spectral range 2–13μm), both present within the
curation facility. Regarding the micro-FTIR spectrometer, the spectral
resolution is 4 cm−1 with sampling 1 cm−1. The geometry of the mea-
surement is0° incident and0° viewing. Sampledata is calibratedwith a
gold mirror from Labsphere. Samples are simply transferred from one
instrument to another without leaving the N2-purged curation
chambers.

Fig. 4 | Comparison of the spectra of the NH-rich regions of interests (ROIs)
with Ceres, Hygiea, and Pallas data observed by the James Webb Space Tele-
scope (JWST)16. “Bennu FTIR 20045 roi” is the FTIR average spectrum of several
spots for the NH-rich ROI in the aggregate sample ORX-20045. “Bennu ROIs

average” and “Ryugu ROIs average” are the average MicrOmega spectra for all the
Bennu andRyuguNH-richROIs, respectively. All the spectra arefirst stretched to be
1 at 2.5μm and 0 at 2.72μm, then shifted with different offsets for clarity.
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Spectral index extraction forNH-richROIswithMicrOmegadata
We use the average spectrum of the grain (Fig. s12) from the first NH-
rich detection in ref. 19 as a reference spectrum. We perform a con-
tinuum removal by dividing the spectrum in the 2.5–3.2μm range to
suppress noise influence originating from the dark region. Subse-
quently, the similarities (covariance) between the reference spectrum
and the spectrum of each pixel are calculated. Then we select the
enriched regions with high similarity (strong 3.06 and 2.7μm bands)
and check for consistency at different orientations to increase the
confidence.Wehave three confidence levels: Level 1 for low similarities
without confirmation in different orientations, Level 2 for high simi-
larities without confirmation in different orientations or low simila-
rities with confirmation in different orientations, and Level 3 for high
similarities with confirmation in different orientations. Here, the
threshold is ≥5 × 10−5 for similarities and ≥2 for orientations.

Reference spectra of Ryugu and Bennu bulk samples
To show thedifferences between theusualmatrix-richmaterial spectra
and those of the NH-rich ROIs, we used the bulk measurement for
Ryugu and Bennu sample19,22 (Fig. s13).

2.72 and 3.06μm band fitting methods
To quantitatively understand the band parameters, such as band
position and depth, of 2.7 and 3.06μm absorptions, we have done a
3-gaussian peaks fitting. We first get the continuum with ConvexHull
methods from the Python package scipy.spatial at two wavelength
regions, 2.55–3.0 and 2.95–3.25μm. Here, we divide the spectrum by
the continuum to have a better understanding of the relative band
depth. Then we convert wavelength to wavenumber space and used
3-gaussian peaks to fit the curves:

f xð Þ=
X3

i= 1

ai exp � x � μi

� �2

2σi
2

 !
, ð1Þ

where ai, μi, σi represents the amplitude,mean (center), and standard
deviation (width) of the gaussian peak, respectively. We chose a
3-gaussianfitting for theband at2.72μmand2-gaussian for theband at
3.06μm as the minimum for an acceptable fitting. We used the
curve_fit method on the Python packages scipy.optimize to do the
fitting. This fitting methods for OH band is slightly different from the
one used in ref. 23, but the comparison between the two methods
showed that they agree with each other within 2 nm difference.

Consistency between MicrOmega and MIR data in the
overlapping region
The spectral range between 2 and 3.64μm constitutes an overlapping
region between the MicrOmega and MIR measurements. Figure s14
displays a comparative analysis of the NH-rich Regions of Interest
(ROIs) derived from both instruments. Following a two-point normal-
ization (where the spectra are set to unity at 2.5μmand zero at 2.72μm
tomatch theOH absorptionband depth), the resulting spectral shapes
show excellent agreement.

Spectral parameter extraction methods for MIR spectrum
To isolate specific absorption features, the linear continuum was
removed across several wavenumber space (in cm−1) (Fig. s15): [4255,
4385] for Mg-OH (∼2.3μm), [3448, 3846] for OH− (∼2.7μm), [3100,
3400] for NH− (∼3.06μm), [1550, 1750] for H2O (∼6.10μm), and [1360,
1500] for NH4

+ (∼7.0μm). For each region, the two endpoints of the
linear continuum are defined by averaging the values of 5 surrounding
data points. The Si–O peak was subsequently extracted by applying a
7th-degree (Fig. s16) polynomial fitting to the region between 930 and
1080 cm−1.

Data availability
Images and source data are provided in the SourceData file. IR spectral
data of the ROIs will also be available in the catalog of Ryugu and
Bennu samples (https://darts.isas.jaxa.jp/app/curation/ryugu/, https://
darts.isas.jaxa.jp/app/curation/bennu/). Other data and images on the
Ryugu and Bennu samples are available at the same address. Source
data are provided with this paper.
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