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Organic matter and water
from asteroid Itokawa

Q. H. S. Chan¥?", A. Stephant?, I. A. Franchi?, X. Zhao?, R. Brunetto?, Y. Kebukawa*,
T. Noguchi®, D. Johnson?€, M. C. Price’, K. H. Harriss’, M. E. Zolensky® & M. M. Grady?*°

Understanding the true nature of extra-terrestrial water and organic matter that were present at

the birth of our solar system, and their subsequent evolution, necessitates the study of pristine
astromaterials. In this study, we have studied both the water and organic contents from a dust particle
recovered from the surface of near-Earth asteroid 25143 Itokawa by the Hayabusa mission, which
was the first mission that brought pristine asteroidal materials to Earth’s astromaterial collection.
The organic matter is presented as both nanocrystalline graphite and disordered polyaromatic carbon
with high D/H and *N/**N ratios (6D = + 4868 + 2288%o; §°N = + 344 + 20%o) signifying an explicit
extra-terrestrial origin. The contrasting organic feature (graphitic and disordered) substantiates the
rubble-pile asteroid model of Itokawa, and offers support for material mixing in the asteroid belt that
occurred in scales from small dust infall to catastrophic impacts of large asteroidal parent bodies.

Our analysis of Itokawa water indicates that the asteroid has incorporated D-poor water ice at the
abundance on par with inner solar system bodies. The asteroid was metamorphosed and dehydrated
on the formerly large asteroid, and was subsequently evolved via late-stage hydration, modified by
D-enriched exogenous organics and water derived from a carbonaceous parent body.

Understanding the earliest chemical reactions involving liquid water provides crucial insights to how simple
building blocks of organic compounds evolved into increasingly complex macromolecules via actions of water.
Such investigation necessitates the availability of pristine samples of astromaterials—samples that have not
been compromised by terrestrial contamination, and thus preserve the intrinsic states of the materials’ physical,
chemical, organic and other properties'. Studying freshly collected, cleanly curated astromaterials returned by
spacecraft reduces the ambiguity of terrestrial exposure that meteorite samples have typically experienced. The
Hayabusa mission of the Japan Aerospace Exploration Agency (JAXA) is the most recently returned mission and
has successfully recovered over thousands of regolith particles, with sizes ranging 10—200 um (typically < 50 pm
in diameter), from the near-Earth S-type asteroid 25143 Itokawa in 2010%°. Itokawa is considered a rubble-
pile asteroid that was re-accreted from materials of a formerly large, thermally metamorphosed, collisional-
disrupted precursor planetesimal®’. S-type asteroids are among the most common objects in the inner asteroid
belt, where the majority of Earth’s meteorites—ordinary chondrites—came from. Ordinary chondrites typically
have low organic contents (insoluble carbon contents of carbonaceous chondrites=0.051-2.25 wt%; ordinary
chondrites =0.002—0.36 wt%)®. Hence, their organic analyses had been challenging, which is more so in the case
of minute-sized returned samples of small total recovered mass.

More than 900 Itokawa particles have been separated and are curated in an ISO 6 cleanroom at the Planetary
Material Sample Curation Facility of JAXA; based on mineralogy, chemistry and oxygen isotope compositions,
the particles are linked directly to LL ordinary chondrites*’. Organic analyses have been carried out on fewer than
ten of the Itokawa particles, and all were found to contain organic matter® 4, which includes a group of particles
(category 3 particles) composed predominantly of carbon®'*, despite organic carbon not generally being abun-
dant in ordinary chondrites®. However, the origin of the observed organic matter has yet to be established with
certainty, as its isotopic composition (8D = —3 to + 135%o; §'*C= — 27 to + 3%o; §'°N = — 4 to + 18%o) falls within a
zone that overlaps with both terrestrial and some extra-terrestrial organic matter®'*. Parent body metamorphism
in ordinary chondrites has also been shown to dramatically alter the elemental and isotopic compositions of the
containing organic matter, perplexing the interpretation of the organic content of Itokawa®, whose rocks have
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Figure 1. The chemical distribution and mineralogy of Amazon. (A) Image showing Amazon being picked up »
using a glass needle with platinum wires at JAXA (image provided by JAXA), (B) Photomicrograph taken in
visible light of Amazon before and after being mounted into indium, (C) EDX combined Mg-Si-Al X-ray maps
(Mg is red, Si is blue, Al is green) of Amazon, grids are 10 um in size. Locations of EDX spectra in (E) are shown
as points 1-3, and (D) Raman map of Amazon showing mineralogical distribution of olivine (green), plagioclase
(blue), pyroxene (red) and OM (yellow). Locations of primitive OM (p-OM) and mature OM (m-OM) are
marked by the italicized annotations, NanoSIMS spot analyses of albite (Ab), olivine (Ol) and pyroxene (Py)

are marked as open squares, and the area of NanoSIMS imaging analysis is marked as dashed square, (E)

EDX spectra of olivine, pyroxene and albite, locations of the points are shown in (C), and (F) selected Raman
spectra of the mineral and organic components in Amazon. Peak positions of their characteristic Raman modes
are shown as the dotted lines in their corresponding colors. (G) Selected Raman spectra of Amazon olivine
compared to heated chondrite LL5 Alta-ameem. (H) Selected Raman spectra of Amazon organics compared to
that of primitive and heated chondrites. Data of Tieschitz were from?.

experienced some degree of thermal metamorphism?®. The water contents of the nominally anhydrous minerals
(NAMs) of two Itokawa particles have recently been determined to be 698-988 parts per million (ppm), which
equates to a water content of 160-510 ppm for the entire Itokawa asteroid"®. This estimated water content is at
the higher end of the range estimated for inner solar system bodies (e.g., 30-300 ppm for S-type asteroids based
on remote observations of 433 Eros and 1036 Ganymede'$; 250—350 ppm for L and LL chondrites based on
laboratory measurements'’; 3-84 ppm in the bulk silicate Moon), except for Earth and possibly Venus which
contain up to 3000 ppm of water in their bulk silicate'®. The occurrence of organic matter and hydrogen in NAMs
complicates determination of the isotopic compositions of the associated water. To address this issue, we carried
out a comprehensive study to investigate the compositions of both the organic material and water contained
within a single Itokawa regolith particle.

Itokawa particle RA-QD02-0162 (approximately 30 pm across at its widest and 50 pm long) offers a unique
opportunity to investigate both the water and organic contents of Itokawa (Fig. 1A,B), as it contains a wide
distribution of structurally distinct organic material across the particle. The relatively large sizes (> 10 um) of
some NAM crystals also enable the study of the abundance and isotopic composition of the water (as hydroxyl
group). The particle has been given the nickname “Amazon’, to recognize its unique shape resembling the South
America continent preserved after soft pressing into indium (Fig. 1B). The particle has enabled direct study of
the spatial distribution of preserved organics and minerals and the investigation of their relationship. Amazon
is a polymineralic particle, as are a third of the returned grains’. The compositions of its main minerals have
been determined by energy dispersive X-ray (EDX) spectroscopy (Fig. 1C,E), and Raman analysis based on the
peak positions of the characteristic Raman modes'~!: olivine (Fo,5_g;), low-Ca pyroxene (orthopyroxene Eng;),
clinopyroxene Engy,Wos, albite, with a small contribution of high-temperature carbonate?? (Fig. ID,EG). An
origin from an S-type asteroid can be firmly established for Amazon, as its chemical composition is comparable
to LL chondrites and that reported for Itokawa samples®”*.

Based on the observation of the Raman peak locations and widths of the first-order defect (D) band
at~ 1350 cm™! and the graphite (G) band at ~ 1590 cm ™', Amazon exhibits a significant variety of carbonaceous
material (Figs. 1H, 2). It is comprised of both disordered polyaromatic organic material that shares similarity
with the organics in primitive meteorites (i.e. Ivuna-type (CI), Mighei-type (CM) and Renazzo-type (CR) chon-
drites), as well as organic material that has been heavily graphitized (Figs. 1H, 2). The mature (“heated”) organic
components occur throughout the particle as clusters of finely dispersed submicron grains and are always associ-
ated with the pyroxenes, whereas the primitive organic material occurs as a discrete grain of <3 pum in diameter
hosted within a polycrystalline mixture of olivine, pyroxene, albite and carbonate (Figs. 1, S1). The ubiquitous
association of the heated organic material with pyroxenes in Amazon suggests a synthetic relationship between
the two, supporting an in-situ synthetic origin of the organics on Itokawa’s pre-shattered parent body.

The Raman parameters of the heated organics in Amazon exhibit a prominent graphitization trend as shown
by the rapidly decreasing intensity ratio between the D and G bands (Ip/I;) with a continued decrease in the
full width at half maximum (T) of the G band®, indicating the onset of large-scale graphitization (Fig. 2). A
prominent second-order 2D overtone mode at ~2690 cm ™! alongside the narrow D and G bands shows that this
heated material is present in the form of poorly-crystalline graphite*. The graphitization of Itokawa organics
was not complete, as full-scale graphitization would have further reduced the I,/I ratio to close to zero. The in-
plane crystallite size of graphitic domains varies inversely with I,/I; in highly ordered organic material®*; with
this, we estimated the aromatic domain size to range from 2.2 to 7.4 nm. The organic structure of the heated
material is best represented by nanocrystalline graphite (nc-G), with comparable Raman parameters to that
observed for metamorphosed meteorites (e.g., ordinary chondrites L3-6 Inman, Tieschitz and New Concord*?,
Vigarano-type carbonaceous chondrites CV3 Allende and Meteorite Hills (MET) 01017, and enstatite chondrite
EH4 Indarch?), suggesting peak metamorphic temperatures of at least ~600 °C (Figs. 2, 3). The thermal his-
tory recorded in Amazon marries well with the peak metamorphic temperature estimates for returned Itokawa
regolith grains (600-800 °C)*. At these elevated temperatures, thermal decomposition would be at the final stage
by which the mineral components would have undergone complete dehydration, contributing a large amount of
localized H,*. Surface-catalyzed reactions, such as Fischer Tropsch- or Haber Bosch-type gas-grain reactions,
which take place at temperatures of ~ 150 to 700 °C, could commence on mineral grain surfaces by adsorption and
ab initio synthesis of simple precursor species’!. Prolonged metamorphism would further graphitize the organic
material to form nc-G. Observation of the surface of asteroid (101955) Bennu by the OSIRIS-REx mission has
identified possible signature of graphitized carbon, which was suggested to indicate alteration of organic material
by space weathering®’. However, laboratory simulation experiments have also shown that organic matter can be
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Figure 2. Organic composition of Amazon. (A) Six ROIs (a: disordered organics; bf: heated organics) are
marked by the yellow boxes. (B-E) Comparison of the Raman D and G band parameters (w = peak center
locations, I'=full-width half-maximum, I;)/I; = peak intensity ratios between the D and G bands) of the organic
material in Amazon and chondritic meteorites. The values were obtained by peak fitting to the two-peak
Lorentzian model and linear baseline correction to allow comparison to literature data. Data of MET 01017 and
Indarch are from?. Uncertainties are 16 SD of the mean. (F) Selected Raman spectra of each ROI showing the
first-order D and G bands, and the second-order 2D band.

amorphized by ion irradiation (the “opposite” of graphitization), hence whether irradiation causes amorphization
or graphitization of the organic matter on an asteroid is determined by the irradiation energy (which is a function
of the solar flux) and other factors such as the asteroid’s heliocentric distance, rotational velocities, density, heat
conductivity. Sun-driven heating of near-Earth asteroids can penetrate a few cm into typical asteroidal surfaces,
and can reach temperatures as high as 900 °C (complete dehydration of phyllosilicates) on small bodies with an
orbit passing close to the sun (<0.1 astronomical unit [AU]). Nevertheless, with a perihelion distance of 0.953
AU, the surface temperature of Itokawa could only reach ~ <120 °C*®, which would not be sufficient to produce
the strong graphitization signature we have observed for the mature OM in Amazon. Therefore, the mature OM
should reflect OM ordering via metamorphism on Itokawa parent body.

The spatial distribution of the primitive organic material indicates an “exogenous” origin: it must have been
incorporated into Itokawa after, and hence not graphitized by, the main episode of parent body metamorphic
heating, possibly via infall of primitive carbonaceous chondrites and interplanetary dust particles (IDPs). The
infall (“contamination”) of exogenous materials on asteroid surface is consistent with recent reports from labo-
ratory experiments, computational modelling, telescopic, orbital and lander observations of Itokawa, Ryugu
and Bennu, which indicated that asteroids capturing foreign materials—including hydrated asteroids—is more
common than previously thought**-*. We have obtained the hydrogen, carbon and nitrogen isotopic composi-
tions of the primitive organic material in Amazon to determine its origin (Fig. 3). The isotopic compositions
are heterogeneous at the sub-micrometer level. The disordered organic exhibits unambiguously extra-terrestrial
isotopic signatures (8D = + 4868 +2288%o; 8°C = —24 £ 5%o; 8"°N = + 344+ 20%o), contrasting to the typically
negative isotopic values obtained for terrestrial organic matter®’, which rules out a terrestrial/spacecraft con-
tamination origin for Amazon. The isotopic compositions of the organic matter in chondritic meteorites vary
according to their meteoritic class; a notable characteristic is the deuterium enrichment of primitive ordinary
chondrites, with 8D ~ +2000 to + 6000%o°. The D-enrichment in organic matter in ordinary chondrites is higher
than all other chondritic meteorites, except for that in CR chondrites, which falls in the same range as the ordi-
nary chondrites. As the Hayabusa samples were recovered from the surface of Itokawa where the regolith was
subjected to prolonged solar wind irradiation®, irradiation-driven D-enrichment could have locally equilibrated
the isotopic composition between the irradiated organic solid and a deuterium plasma*®, accounting for the
systematic D-enrichment of IOM relative to solar system water reservoir. The 8D and §'°C values of the organic
material in Amazon are comparable to ordinary chondrites, however, the §"°N value is higher than that typically
observed for ordinary chondrites (§"°N = — 47 to + 36%o), and is similar to that of CRs (8'°N = + 153 to +309%o)°.
Our data suggest a genetic link between the primitive organic material observed in Itokawa to CRs and IDPs for
they share similar D, *C and ** N enrichments*’ (Fig. 3G). The primitive organic matter observed in Amazon
possibly represents the common component that was added to different parent bodies at various amounts, and
was subsequently evolved in response to varying parent body conditions and processes.

’N-enrichment is a common trait of unaltered astromaterials such as IDPs and primitive meteorites. It is
thought to be associated with labile material formed in cold and radiation-rich environments, as, for instance,
the molecular cloud from which the solar system accumulated*!. Such “precursor” organic matter would have
been incorporated into the asteroid parent body initially as D- and *N-enriched material. Subsequently, par-
ent body metamorphism decomposed the '*N-rich labile components, leading to a reduction in the overall
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Figure 3. Isotopic composition of the primitive organic material in Amazon. (A) NanoSIMS ion image of H. (B) ?C'*C. (C)
2CMN. (D) Isotopic images of the CN-rich region of 8D, (E) §"°C and (F) §"°N. (G) Isotopic compositions for H versus N, for
organic material in Amazon, various chondrites, interplanetary dust particles, and nanoglobules. The area marked as bulk OM
was determined by CN enrichment in the 2C"N ion image, and ROI-1 and ROI-2 by enrichments in C and N in the '*C'*C
and '2C"N ion images, respectively. The H and N isotopic compositions of Amazon OM suggest a genetic link between the
primitive organic material observed in Itokawa to CRs and IDPs. Error bars are 2 sigma errors. All data and data sources are
provided in the Supplementary Material (Table S5). The NanoSIMS ion and isotopic images were processed using the IDL
(L3Harris Geospatial Solutions, Inc.) based Limage software package (Larry Nittler, Carnegie Institution of Washington,
http://limagesoftware.net/).
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Figure 4. Water contents of NAMs in Amazon compared to water on bulk silicate of Earth, chondritic material
and protosolar. Data indicated by closed black symbols are from this study. Error bars are 2 sigma errors. The
blue arrow indicates the change in water abundance and 6D value from the initial value (recorded by Itokawa
olivine), towards values reported for water in Itokawa albite (this study), Itokawa pyroxene reported by Jin and
Bose'®, and Earth, by the incorporation of CR water. With a 8D value of + 4868%o, organic material increases
the 6D value of the organic-bearing pyroxene in Amazon following the pink arrow. Literature Itokawa pyroxene
data are from'?, chondritic data are from!® and references therein.

N-enrichment®*. In contrast, *C-enrichment increases with increasing metamorphic temperatures® in ordinary
chondrites, CRs and reduced Vigarano-like (CV) chondrites, as the organic phases can incorporate and pre-
serve ’C-enriched component during graphitization under reductive thermal metamorphism (i.e. subjected to
complete dehydration and reduction by carbonaceous material)****2. The low §'*C value of Amazon’s primitive
organic grain is comparable to that in unheated chondritic material, supporting our view of the “precursor-type”
nature of the organic grain as the unaltered initial organic progenitor of astromaterials. Unfortunately, the small
size of the nc-G crystallites in Amazon precluded their analysis by NanoSIMS, but isotopic characterization is
still possible by techniques that offer extreme spatial and chemical resolution, such as atom probe tomography.

We have obtained water abundances for the pyroxene and, for the first time, olivine and albite grains in
an Itokawa particle (Fig. 4). While the H,0/8D systematic of the albite (993 +252 ppm (20) with 8D value
of — 177 £ 128%o) matches the values of Itokawa pyroxenes measured previously'*, olivine and pyroxene exhibit
different isotopic signatures. The water contents of olivine and pyroxene are much lower, 235+ 60 ppm and
278 + 14 ppm, respectively, which are comparable to that of olivines reported in ordinary chondrite Bishunpur
chondrules (76-326 ppm)*. Organic material is ubiquitous in the pyroxenes in Amazon. In light of the prominent
D-enrichment in Itokawa organics, it is imperative to take into account the presence of this organic matter when
determining the overall water content of individual silicate grains within the particle. Organic material within the
pyroxenes is nc-G that typically contains almost no hydrogen*!. Despite the low contribution of the D/H from
the organic component towards the overall D/H of the pyroxene, the reported water abundance and 8D value
should be treated as upper limits, in particular when water occurs at the ppm level, as in NAMs.

The 8D value of olivine (6D = — 354 + 104%o) is significantly lower than that of pyroxene (6D = +328 £ 328%o).
We attribute this discrepancy to (i) the presence of D-rich organic matter in pyroxene, and/or (ii) H, dehydra-
tion/degassing of the pyroxene during thermal metamorphism®. Both processes would have led to an increase
in the D/H ratio in the pyroxene. The olivine 8D value overlaps with values estimated for water in several types
of carbonaceous chondrites***’, suggesting that Itokawa might have incorporated similar D-poor water ice. This
observation is in agreement with the hypothesis that water of inner solar system bodies had the same initial
isotopic composition®. Subsequently, Itokawa has undergone late-stage low-temperature hydration*, modified
by exogenous water derived from a carbonaceous chondrite-like parent body, which is supported by the H,0/8D
values of the late-forming albite. The incorporation of materials from an exogenous carbonaceous parent body
is also in line with the observation of a 6 m black boulder on the surface of Itokawa, which was suggested to be
a carbonaceous chondrite originated from an impactor of 200 —800 m in diameter*®. The catastrophic impact
event(s) took place rather recently (1.3-1.4 billion years (Ga) ago)*, when the >40 km in diameter parent body*’
was cataclysmically disrupted and reassembled within the inner main asteroid belt> populated by V-type, S-com-
plex asteroids, and about a quarter of the total mass medium size (20-100 km in diameter) C-complex asteroids
that are almost in equal abundance to smallest size (5-20 km in diameter) S-complex®2. Some of these asteroids
are collisional fragments of formerly larger asteroids, while some are planetesimals accreted directly from the
protoplanetary disk and are typically larger than 35 km, and the latter is a likely scenario for the proto-Itokawa
parent body®. It is also possible that the parent body has already been structurally weakened by prolonged
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battering by small impacts, which was subsequently catastrophically disrupted by a final low-energy impact®.
Upon re-accretion, Itokawa spent thousands of million years residing in the main belt until being injected by
Yarkovsky force into its current Earth-crossing orbit via the v, secular resonance®.

A single grain, Amazon, from the Itokawa asteroid, has preserved both primitive and processed organic matter
within ten microns of distance. Itokawa was re-accreted from materials of a formerly large asteroid with internal
heating up to 800 °C, into the present diminished-size asteroid (0.5x 0.3 x 0.2 km?)**. Dehydration of silicates
took place on the formerly large asteroid, which released localized H, and triggered surface-catalyzed reactions
to synthesize organic materials, yet the prolonged metamorphism generated immense heat that subsequently
graphitized the organics. The following catastrophic impact process shattered the silicates and concluded the
metamorphic regime of Itokawa. Nevertheless, continued evolution of Itokawa is evident by the infall of primitive
organic material derived from CR chondrite or IDP, accounting for a complex interplay between the remnant
Itokawa silicates with exogenous water and organics.

Methods

Sample preparation. The Itokawa particle Amazon was allocated to The Open University (OU) in the
1st International Announcement of Opportunity. Prior to distribution to OU, Amazon was removed from the
collector chamber at Japan Aerospace Exploration Agency (JAXA) by JAXA curation team using glass-needle
micromanipulators. At OU, Amazon was kept in the original sealed container designed by JAXA in a high-
purity nitrogen (ppb levels of trace gases) atmosphere, and the container was only opened immediately prior to
Amazon’s analysis in ISO Class 7 cleanroom laboratories. All tools and materials in contact with the sample were
sterilized by baking in air at 500 °C for 10 h before use. Prior to high-resolution Raman mapping, Amazon was
picked from the JAXA glass slide by MicroProbes tungsten micro-needles (<1 um tip diameter) with a micro-
manipulator under an optical microscope objective inside a Bassaire laminar flow hood under HEPA-filtered
positive pressure (equivalent to ISO Class 4-5), and pressed flat with a spectroscopic grade sapphire window into
Alfa Aesar high-purity indium (99.9999%) mounted on aluminum stubs. The same sample mounting protocol
has been used to mount other small astromaterials such as interplanetary dust particles™.

The meteorite insoluble organic matter (IOM) samples used in Raman analysis were prepared by deminerali-
zation of the bulk meteorites with CsF-HF dissolution according to the methods described in*’. These residues
have also previously been studied by Raman spectroscopy®?*¢>%% The IOM residues were dispersed onto glass
slides and directly analyzed by Raman spectroscopy.

Extra-terrestrial organic standard used for NanoSIMS imaging analysis was prepared from the Orgueil mete-
orite. The IOM was isolated from the Orgueil meteorites through acid maceration at room temperature in a HF/
HCl mixture (2:1, v/v) as described in®. The Orgueil IOM residue was pressed into high-purity indium (99.999%)
and gold-coated before introducing into the NanoSIMS. The same residue has also been studied previously by
NanoSIMS by*°.

Several terrestrial standards were used for NanoSIMS spot and imaging analyses. San Carlos olivine with
2 ppm of H,0%" and Bultfontein mine (South Africa) clinopyroxene (PE) with 0+ 11.4 ppm of H,O as determined
by elastic recoil detection analysis (ERDA)® was used for background monitoring, KBH-1 orthopyroxene®! for
instrumental mass fractionation (IMF), and 116610-18, 116610-15 and 116610-21 clinopyroxenes®® for H,0
calibration. These standards were mounted in 10 mm diameter aluminum boats filled with indium following the
protocol established in previous studies®*%. As was done previously in several studies of hydrogen in nominally
anhydrous minerals (NAMS)®"%+¢, these standards were baked overnight at 115 °C before being pressed into the
indium mount. The terrestrial standards were baked in an oven at 50 °C overnight for ~ 17 h before being gold-
coated and introduced into the NanoSIMS. The H,O concentrations and 8D values of the terrestrial standards
are presented in Table S1. The standards and the IDP samples were mounted on a standard geology CAMECA
NanoSIMS sample holder prior to analyzing by NanoSIMS.

Raman spectroscopy. Raman spot analysis was the first technique used to analyze Amazon when it was
still on the JAXA glass slide using a Jobin-Yvon Horiba LabRam HR (800 mm) Raman microprobe at OU. The
excitation source was a 514.53 nm (green) laser. More than 2500 spectra (spot and imaging modes combined)
were collected for Amazon in the spectral range of 100 cm™ to 4000 cm™, which includes the first- (~ 1000~
1800 cm™") and second-order (~2200-3400 cm™!) Raman bands of carbon. The slit width and the confocal pin-
hole aperture were set at 150 pm and 200 pm, respectively, and a 600 grooves/mm grating was used to disperse
the Raman signal, leading to a spectral resolution of approximately 3 cm™. The laser beam was focused through
a microscope equipped with a 100x objective (numerical aperture =0.75). At this magnification and for the laser
used, the theoretical minimum achievable spot size of the Raman probe was approximately 0.8 pm, and the laser
power at the sample surface was ~ 150-200 uW. The exposure time for each spectrum was 20 s and three accu-
mulations were obtained for each analytical spot to identify and discard spurious signals, such as those from
cosmic rays, leading to a total acquisition time of up to 180 s. Peak position was calibrated daily against a silicon
wafer prior to sample analyses and no significant shift was observed. Laser power was also checked daily prior
to analyses to ensure that the laser power was consistent amongst all samples. Spectral peak identification and
methods used in the present study were the same as outlined in® and®.

High-resolution Raman mapping was also conducted after the samples were pressed into indium. Autofocus
was applied prior to every analytical point in mapping mode on maximum Raman signal in the spectral region
of 1580 cm™ to 1600 cm™ which broadly includes the first-order D and G bands. The step size was ~ 0.5 pm in
both the x and y directions. The sample surface was re-examined by the optical microscope to check for any
damage and we confirm that no sign of physical damage was observed.
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Curve-fitting and baseline correction. The peak position () and full width half-maximum (FWHM,
I') of each Raman band were determined by simultaneous peak fitting to the two-peak Lorentzian model and
linear baseline correction so that the results can be comparable to literature data presented in* who also used a
two-peak Lorentzian fitting model. An example of the two-peak Lorentzian model can be found in Figs. S2 and
S3. We have also fitted our data using a two-peak Lorentzian and Breit-Wigner-Fano (BWF) model* can be
found in Fig. S4, and the comparison between the two-peak Lorentzian and LBWF models is shown in Fig. S5.
Details of the Raman peak fitting procedures and rationales are given in*>®%. The peak parameters of the D and
G bands, such as the peak center locations (usually referred to as peak position, w), peak widths in terms of
full width half-maximum (FWHM, T'), and the peak intensity ratios between the D and G bands (Ip/1;), were
documented to systematically correlate with various properties of OM in meteorites. The combination of these
peak parameters describes the overall size distribution of the crystalline domains and the metamorphic history
of the carbonaceous host e.g.,?#?*%3-7¢ Raman band parameters for each sample were reported as average of all
selected spectra and the uncertainties are the 1o standard error of the mean of all used spectra. Only fitted data
with R? values > 0.9 are shown in Fig. 2 of the main text.

NanoSIMS imaging analysis. NanoSIMS analysis was performed by a CAMECA NanoSIMS 50L ion
microprobe at OU in order to determine the H, C, and N isotopic composition of Amazon. Analyses were car-
ried out using a Cs* primary beam with a diameter of ~1 pm and an accelerating voltage of ~16 kV.

The NanoSIMS imaging analysis was carried out by building on the methods described in® and”. Isotopic
images were acquired in multi collection mode with electron multipliers (EMs). The analyses were conducted
in two analytical set-ups: Set-up 1: (targeting C and N isotopes) 0, 1>)C'2C, 1>C3C, 12CMN, 2C'*N, #Si?8Si; and
Set-up 2: (targeting H isotopes) 'H, *H, 12C, 1*C, 180. A Cs* probe with a current of 2 pA for C and N isotopes
and 4 pA for H isotope was rastered over the samples a raster size of 8 x 8 um?.

Prior to isotopic measurements, Amazon was pre-sputtered with a primary beam of 16 kV Cs* ions and
probe currents of typically approximately 10-50 pA for up to 20 min (frame size: 256 x 256 pixels; analytical
area: 12 x 12 um?) to remove the surface contamination and achieve approximate sputter equilibration. A frame
size of 256 x 256 pixels was used for all images with an integration time of 1000 ps per pixel, leading to pixel
step sizes of ~ 30 nm.

Planes of image data (C,N: 50 planes; H: 30 planes) were corrected for detector deadtime and combined,
aligned and processed using the Uimage software (Larry Nittler, Carnegie Institution of Washington). Data
were corrected for natural isotopic and instrumental mass fractionation (IMF) relative to the isotopic values
of Orguiel IOM every day before and after the analytical run of the sample (Table S2). Cold Bokkeveld IOM
was used to cross-check the data. Errors are reported as two standard deviations (SD) of the mean of multiple
analyses (all image planes combined for each analysis) (20), which have taken into consideration the error based
on counting statistics, the IMF, as well as the reproducibility of standards measured during the different ana-
Iytical sessions over the course of this study. An electron flood gun was used to provide charge compensation.
San Carlos olivine was used for establishing background counts of electron gun contribution and NanoSIMS
chamber contamination.

The spatial resolutions of primary beam of 16 kV Cs* ions were determined with the Uimage software to be
about 122 nm for C, N, and 220 nm for H isotope measurements. A total data acquisition time of ~ 30-60 min
for C, N and H isotopes. The mass resolving power (MRP) was > 9000 (according to CAMECA definition) for
C/N analysis, and > 4000 for H/D analysis, sufficient to resolve all interferences from neighboring peaks.

Isotopic compositions are reported as § values, representing the deviation of the measured isotopic ratios
from reference terrestrial standards in per mil (%o), where:

R
8 R(per thousand) = (M — 1) x 1000. (1)

reference

Reference values for H, C and N isotopic ratios are determined from the reference values of the D/H ratio of
the standard mean ocean water (SMOW)’¢, the '3C/!C ratio of the PeeDee Belemnite (PDB) standards’’, and
(**N/¥N),;’® (Table S2). The raw and corrected data are presented in Table S3.

Images from multiple frames were first corrected for EM dead-time set at 44 ns and then calibrated for the
quasi-simultaneous arrival (QSA) effect”. The QSA effect has to be taken account for C in this study as the emis-
sions of secondary ions occur at high count rates so that several secondary ions of a given isotope arrive nearly
at the same time on the conversion dynode of the EM. These ions are registered as a single pulse leading to an
undercount of the most abundant isotope. Values of B (the correction factor used to calculate the true isotopic
ratios from the measured valued based on’) are phase and element specific, which had been experimentally
determined for C (B =0.6). Stage shift of typically one to three pixels (approximately 50-150 nm) during analysis
was corrected during data reduction.

NanoSIMS spot analysis. NanoSIMS spot measurements of D/H ratios and H,O concentrations in oli-
vine, pyroxene and albite of Amazon were performed on the CAMECA NanoSIMS 50L ion microprobe at OU.
The locations of the analytical spots were selected based on the mineralogy and surface morphology of Itokawa
(Fig. S1), by ensuring that (1) the analytical spots were centered within a single mineral phase by avoiding
cracks and grain boundaries, (2) the areas of the minerals of interest were larger than the sizes of the NanoSIMS
sputtering and mapped surface areas discussed below, and (3) a smooth topography of the mapped areas. The
H-, D7, °C" and 'O~ secondary ions were measured using a 16 kV Cs* primary beam of 600 pA rastered over
a 6x 6 um? surface area. The electron gun was tuned to an electron current of approximately 5000 nA. >C~ was
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used to monitor any potential terrestrial contamination on the sample. NanoSIMS spots are shown in Fig. 1D.
Each analysis surface area was divided into 64 x 64 pixels, with a counting time of 0.132 ms per pixel. Blanking
was performed, and only the 3x 3 um? (25%) interior of the surface area was analyzed, with each measurement
consisting of 2,000 cycles. Prior to the analysis, the surface was pre-sputtered for ~ 10-20 min using a primary
beam current of 50 pA. Vacuum in the analytical chamber was around 3 to 3.5x 107! Torr.

The H,0 content of pyroxene was determined using a H/'*O" vs. H,O calibration (Supplementary Fig. S3)
based on three terrestrial clinopyroxenes (i.e., 116610-18, 116610-15 and 116610-21%). The slope of the calibra-
tion line is (1.62+0.07) x 1078, The H,O contents of olivine and albite were determined using a H-/*0~ vs. H,0
calibration based on two orthopyroxenes (i.e., 116610-26 and 116610-29) (Table S1). The slope of the calibration
line is (2.28 £0.42) x 1078. The background for H,O concentrations in olivine and albite was corrected using the
H/'®O" ratio measured in the San Carlos olivine and the Bultfontein mine clinopyroxene (PE), corresponding to
a water content of 36 +9 ppm (i.e. pg/g). The background for H,O concentrations in the pyroxene was corrected
using the H7/'°0" ratio measured in the Bultfontein mine clinopyroxene (PE), corresponding to a water content
of 16 + 1 ug/g. This value was subtracted from each H,O concentration estimated in Amazon.

The instrumental mass fractionation (IMF) factor was calculated based on analyses of KBH-1, for which
D/H ratio was measured by®' and®’. The IMF factor was calculated to be 1.00+0.04 (2SD, n=38) for the olivine
and albite session, and 1.12+0.06 (2SD, n =4) for the pyroxene session. The measured D/H ratios are expressed
in terms of 8D values, defined as follows in Eq. (1). The raw measured D/H ratios were corrected for IMF and
the background.

The 8D value measured for the San Carlos olivine was used to correct the background on the measurements
of eucrite clinopyroxenes. The background corrected D/H ratio is obtained using Eq. (2):

— /16 —
D -D H(a corrected) H / Omeasured
H - / measured H’/lGO_ _ H*/IGO—
corrected measured background @)
— /16 H—
H / Omeasured

— D/Hpackground
groun — 16— - 16—
H~/ Omeasured H~/ Obackground

The data for the NAM:s (including the raw H7/'°O~ ratios and background corrected H,O concentrations, as
well as the raw 8D values and those corrected for the IMF and background) are presented in Table S4. Errors
estimated for H,O concentrations take into account the errors from counting statistics and the background.
Errors estimated for 8D values take into consideration the errors based on counting statistics, as well as the errors
in the IMF and on the background 6D value.

Scanning electron microscopy analysis. Initial energy dispersive X-ray (EDX) micro-analysis of Ama-
zon has been carried out by JAXA and the data can be found at JAXA’s Data ARchive and Transmission System
(DARTS) (https://darts.isas.jaxa.jp/pub/curation/hayabusa/RA-QD02-0162/). Subsequent to the Raman and
NanoSIMS analyses at OU, electron images and EDX micro-analysis of Amazon were obtained with a Phenom
XL Scanning Electron Microscope at OU. A low accelerating voltage was used for secondary electron (SE) imag-
ing and EDX analysis (5 kV) to enhance the SE image resolution, analytical spatial resolution, and minimize
beam damage/C contamination.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors.
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