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A B S T R A C T   

The surface chemistry of pyrrhotites from intact particles directly collected from asteroid (162173) Ryugu was 
investigated by micro-Raman spectroscopy. The Raman peak characteristic to pyrrhotite was observed at around 
115 cm− 1 in Ryugu pyrrhotites, similar to freshly cleaved surfaces of terrestrial pyrrhotites. Additional Raman 
bands centered at around 220, 275, and 313 cm− 1 with broadened features were also detected from the Ryugu 
pyrrhotites. The set of Raman bands at 220 and 275 cm− 1 was assigned to typical Fe-S stretching vibrations of ν2 
(225 cm− 1) and ν1 (275 cm− 1). These bands are not clearly observed in bulk crystals of pyrrhotite but appear in 
its nanoparticulate phase. These bands are ordinarily seen in amorphous monosulfides that formed under low 
oxygen fugacity (fO2) conditions in nature, indicating that the structural alteration of pyrrhotite surfaces 
occurred heterogeneously on the nanoscale under low fO2 conditions. Further, the Raman band at 313 cm− 1 was 
attributed to a characteristic tetrahedral bonding of Fe(III) in the lattice of FeII

1-3xFeIII
1-2xS, followed by the local 

breakdown of the crystal lattice structures from planar bonding with Fe(II). In addition, some areas of the Ryugu 
pyrrhotite grains showed corroded structures with iridescence. Furthermore, assemblages of magnetite particles 
were also preferentially observed on small areas of the likely-dissolved pyrrhotite crystals in phyllosilicate 
matrices. These characteristic features in the Raman spectra and in corroded structures of Ryugu pyrrhotites 
record changes in the local environmental conditions via aqueous alteration. The corrosion of pyrrhotite crystals 
followed by the preferential formation of magnetite particles by asteroidal water is the likely product of disso
lution of Fe(II) from the pyrrhotite surface and its oxidative precipitation in microchemical environments on the 
Ryugu parent body.   

1. Introduction 

Pyrrhotite is a common mineral found in iron sulfide ores and also in 
sulfidic and methanic sediments in nature (Roberts, 2015; Horng, 2018). 
It has a nonstoichiometric formula of Fe1-xS (0 < x < 0.125), permitting 
many superstructures. Two of the most common superstructures of 
pyrrhotite are monoclinic (Fe7S8) and hexagonal (Fe9S10) (Tang and 
Chen, 2022). The phase diagram of the stability of the iron sulfide sys
tem, including pyrrhotite, shows very complicated features that are 
dependent on thermodynamic conditions (Multani and Waters, 2018). 
In other words, the chemical states of pyrrhotites carry valuable infor
mation on the changes in aqueous environments where they formed and 
dissolved. 

Micrometer-sized pyrrhotites were typically seen on the surfaces of 
the particles collected directly from asteroid (162173) Ryugu, indicating 
they occurred in aqueous environments on the parent body of Ryugu 

(Yokoyama et al., 2023; Nakamura et al., 2023). In fact, the initial an
alyses of Ryugu samples have revealed that they have similar mineral
ogical, petrological, and chemical features as the CI1 (Ivuna-type) 
carbonaceous chondrites, which experienced pervasive aqueous alter
ation (Yokoyama et al., 2023; Nakamura et al., 2023). Since pyrrhotites 
and related iron sulfides such as pentlandite and cubanite found in CI1 
chondrites record the histories of the aqueous environments where they 
formed and altered (Bullock et al., 2005; Berger et al., 2016; Schrader 
et al., 2021), we expect that the investigation of the surface chemistries 
of the Ryugu pyrrhotites in detail should provide further important 
constraints on the thermodynamic and chemical conditions of aqueous 
environments on the parent body of Ryugu (Hopp et al., 2022; Kawasaki 
et al., 2022; Liu et al., 2022; Nakamura et al., 2022). 

In the present study, we employed micro-Raman spectroscopy to 
investigate the surface chemistry of Ryugu pyrrhotites. The advantage of 
micro-Raman spectroscopy is that it does not require the careful surface 
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polishing generally required for quantitative analysis by electron-beam 
microscopy. Further, micro-Raman spectra are quite sensitive to the 
slight and local changes of the crystal structures. However, the appli
cation of the micro-Raman spectroscopy to the sulfides in meteorites has 
been quite limited. This is because the Raman scattering signals for 
pyrrhotite crystals are quite weak. In addition, the surfaces of iron sul
fides are chemically sensitive and are readily oxidized by the abundant 
oxygen molecules (O2) in the terrestrial atmosphere (Lara et al., 2015). 
In contrast, pyrrhotites in intact particles directly sampled from Ryugu 
are expected to be free from terrestrial alteration. Thus, Ryugu pyr
rhotites should retain the original surface chemistry of iron sulfides that 
directly interacted with asteroidal water. As such, they can provide 
detailed information on the chemical and thermodynamic conditions of 
aqueous alteration that prevailed in the Ryugu parent body. 

2. Materials and methods 

2.1. Samples 

Ryugu particles were extracted from their assemblage in the A0107 
aggregate, which was collected during the first touchdown operation 
(Tachibana et al., 2022). Ryugu grains were categorized into four 
groups, namely, Dark (most dominant), Glossy, Bright, and White from 
the images taken by an optical microscope (Nakato et al., 2023). All of 
the particles investigated here had features consistent with the Dark 
group. 

Terrestrial pyrrhotites sampled from Kavalerovo and Dalnegorsk 
(Primorsky Krai, Russia) were prepared for comparison with the Ryugu 
samples. However, outermost surfaces of the terrestrial pyrrhotites are 
heavily oxidized by the abundant O2 in the terrestrial atmosphere. In 
contrast, the formation and alteration environments for Ryugu pyrrho
tites likely occurred under much lower oxygen fugacity fO2 conditions 
compared to the terrestrial atmosphere (Fujiya et al., 2023). Further
more, the interior of the terrestrial sulfides were not necessarily in 
contact with the terrestrial atmosphere. Thus, the fresh surface of the 
interior of the terrestrial pyrrhotite should provide an important refer
ence to study the chemical states of pyrrhotite surfaces under extremely 
low fO2. To minimize terrestrial oxidation of pyrrhotite surfaces, we 
cleaved pyrrhotite from larger crystals with chisels just prior to the 
micro-Raman spectroscopic measurements. The freshly cleaved surfaces 
of terrestrial pyrrhotites with hexagonal morphologies are metallic sil
ver in color. This is markedly different from general pyrrhotite surfaces 
that have been exposed for a long time under terrestrial atmosphere, 
which have a yellowish luster. It is also worth noting that the spectro
scopic features of the freshly-cleaved pyrrhotite surfaces change in the 
timescale of a few days under terrestrial atmosphere. Thus, the freshly- 
cleaved fragments of terrestrial pyrrhotites with chisels under atmo
spheric condition were quickly transferred into N2 gas-purged vial 
containers within a minute for the following Raman spectroscopic 
measurements. The Raman spectra of fresh surfaces of terrestrial pyr
rhotite fragments were measured just after the cleavage of the sample 
and in a N2-gas-purged chamber. The details of this are described in 
Urashima et al. (2022). 

2.2. Instruments 

Micro-Raman spectroscopic observation of Ryugu particles was 
performed using a LabRAM HR Evolution equipped with a grating (300 
grooves/mm) and a Synapse EMCCD detector (HORIBA Co., Ltd.). The 
confocal optical arrangement of the reflected light microscope and auto- 
focusing stage-driving with the LabSpec 6 software (HORIBA Co., Ltd.) 
enabled us to obtain Raman spectra of sample minerals with surface 
roughness and micro-meter-sized porous structures without any pre- 
treatment, such as surface polishing. An Olympus LMPlanFN (x100, 
NA 0.80, WD 3.4 mm) was used as an objective lens for efficient 
collection of the weak Raman signal from the pyrrhotites. The excitation 

wavelength was fixed at 532 nm, and the laser power was adjusted to be 
0.6 mW for pyrrhotite observation to prevent damage by laser heating. 
The duration for the signal accumulation of the Raman signal was 
limited to 120 s at the same focal spot of the laser beam to avoid excess 
heating of the spot area. N2 gas was circulated in the sample chamber to 
minimize oxidization of the pyrrhotite surfaces during the measure
ments. The handling of the Ryugu particles in the optical cells for the 
Raman spectroscopic measurements was also carried out in a N2 gas- 
purged chamber. Thus, the exposure of Ryugu pyrrhotite grains to the 
vapor and oxygen-rich laboratory atmosphere was kept as minimum as 
possible. 

The custom-made micro-Raman instrument was also used for the 
measurements of terrestrial pyrrhotites, especially for the measurements 
in the lower wavenumber region, was also used for the measurements of 
terrestrial pyrrhotites. The details of this are described in Urashima et al. 
(2022). 

For spectral data processing, raw data were recorded by the LabSpec 
6 software (HORIBA Co., Ltd.). The averaging and graphical visualiza
tion of the spectral raw data were performed with the Igor pro 8 software 
(WaveMetrics). We showed the spectral data without subtracting 
background in the manuscript. This is because the background signals (i. 
e. strong Rayleigh wing scattering from the metallic surface of pyrrho
tites, fluorescence from phyllosilicate matrix, and so on) have also in
formation on the local sample heterogeneity. We discerned the Raman 
signals from pyrrhotite surfaces by comparing these overwrapping 
background signals. 

3. Results 

3.1. Thermal damage test for Ryugu pyrrhotites under laser irradiation 

Since the surface of pyrrhotite is sensitive to heating, it is important 
to be careful while performing micro-Raman spectroscopic observations 
on pyrrhotite (Urashima et al., 2022). Even under less oxidizing envi
ronments, thermal damage of the pyrrhotite surface may occur within a 
few seconds from excess irradiation of the laser beam. Especially, in 
micro-Raman spectroscopic measurements, a laser beam is focused on 
the sample surface via an objective lens, and the irradiation area is 
locally but extensively heated. If oxygen molecules are present, pyr
rhotites readily transform to hematite (Fe2O3) owing to the acceleration 
of the oxidation by laser heating (Xi et al., 2019). Therefore, we first 
investigated the appropriate power and duration of laser irradiation for 
the measurements of the Ryugu pyrrhotites. 

Fig. 1 (a) and (b) show typical reflected light images of Ryugu pyr
rhotite before and after the laser irradiation of 3.0 mW under circulating 
N2 gas. Even under the oxygen-free conditions, we found that the 
metallic luster of the original pyrrhotite surface was lost by thermal 
damage due to the 3.0-mW laser irradiation. Fig. 1 (c) shows the tem
poral change of the Raman spectra with the 3.0-mW laser irradiation. 
Two intense and sharp Raman peaks appeared just after the laser irra
diation on the surface. Taking into account the absence of other intense 
and sharp Raman peaks, the two peaks were identified as marcasite 
(FeS2, 323 cm− 1 and 388 cm− 1 for a single crystal), another thermally 
stable phase of iron sulfide under atmospheric pressure (Lutz and 
Müller, 1991). Since the energy of the laser spot has a Gaussian distri
bution, the focused area of the laser beam should have a local but a steep 
temperature gradient. Thus, we can consider that the pyrrhotite surface 
partially melted and transformed into marcasite at the center spot of the 
irradiation area of the focused laser beam. However, owing to O2-free 
conditions because of the N2 gas circulation in the sample chamber, the 
pyrrhotites did not transform to hematite from a reaction with oxygen 
molecules. 

By lowering the power of the excitation laser beam, we found that 
the irradiation power of 0.6 mW was the most appropriate for the 
measurements of Ryugu pyrrhotites under our instrumental setup. Fig. 2 
shows the irradiation test for Ryugu pyrrhotite at a laser power of 0.6 
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mW. The characteristic peak for pyrrhotite was observed at around 115 
cm− 1 (Urashima et al., 2022), indicating its crystal structure was unaf
fected during the 10-minute irradiation. The spectra in Fig. 2 lack peaks 
that are characteristic of iron oxides and (oxy)hydroxides, which are 
typically intense and occur in the range 350–750 cm− 1 for terrestrial 
pyrrhotites exposed to the O2-rich terrestrial atmosphere (de Faria et al., 
1997; Hanesch, 2008; Urashima et al., 2022). No other significant 
changes in Raman spectra were detected, but three minor, broad bands 
appeared in the range of 200–350 cm− 1, whose assignments will be 
discussed below. Based on these results for the measurements of Ryugu 
pyrrhotites surfaces under our instrumental setup, we limited the 
duration of signal accumulation with the 0.6-mW laser power to 2 min 
(120 s) at the same spatial spot. 

3.2. Comparisons of the Raman spectra of Ryugu and terrestrial 
pyrrhotites 

To compare the similarities and the differences between Ryugu and 
terrestrial pyrrhotites, we first measured the Raman spectra of terrestrial 
pyrrhotites. Without any cleaving and polishing pre-treatment of the 
surfaces of terrestrial pyrrhotites, they were a somewhat yellow hue 
with a metallic luster. Fig. 3 (a) shows the Raman spectrum of an intact 
surface of a terrestrial pyrrhotite from Kavalerovo. We observed many 
Raman peaks from iron oxides formed on the pyrrhotite surface, such as 
hematite (the most intense peak at around 1300 cm− 1) and magnetite (at 
660–680 cm− 1) (de Faria et al., 1997; Hanesch, 2009). As mentioned 
above, since the pyrrhotite surface is highly reactive, its oxidative 
corrosion to magnetite and hematite readily occurs in the O2-rich 
terrestrial atmosphere. Fig. 3 (b) shows the fresh surface of the terres
trial pyrrhotite from Kavalerovo prepared by cleaving just before the 
Raman spectroscopic measurements. The Raman peaks from iron oxides 
were no longer present in the cleaved samples. The color of the surface 
was gray in hue with a metallic luster. In addition, the same experiments 
were performed on another terrestrial pyrrhotite sampled from Dalne
gorsk, and the results are shown in Fig. 3 (c) and (d). As observed for the 

Kavalerovo pyrrhotite (Fig. 3 (a) and (b)), iron oxide peaks were 
observed on the uncleaved surface, while they were absent from the 
fresh surface. 

Fig. 3 (e)–(h) compares Ryugu pyrrhotites and terrestrial ones in the 
lower wavenumber region (70–400 cm− 1). The characteristic peak for 
pyrrhotite appears at around 115 cm− 1 (Urashima et al. 2022), and was 
observed for both Ryugu and terrestrial pyrrhotites. One notable char
acteristic was the appearance of three bands in the ranges of 200–350 
cm− 1 for the Ryugu pyrrhotites. The assignments of these Raman bands 
will be discussed in the section 4.1. 

3.3. Typical Raman spectra of Ryugu pyrrhotites with hexagonal and lath 
morphologies 

The morphologies of the Ryugu pyrrhotites are roughly categorized 
into two types: hexagonal and lath. These shapes are common for pyr
rhotite and related iron sulfides found in both CI1 chondrites and Ryugu 
grains (Bullock et al., 2005; Alfing et al., 2019; Nakato et al., 2023; 
Yokoyama et al., 2023; Nakamura et al., 2023). The differences in the 
shapes of the pyrrhotites may be related to their superstructures (Tang 
and Chen, 2022). Another possible explanation for the differences in the 
shapes of the pyrrhotites is that the grains are simply viewed down 
different orientations. The hexagonal morphology would be viewing the 
pyrrhotite down the c axis, whereas the lath morphology would be 
viewing the pyrrhotite from the side (a or b axes). In either case, Raman 
spectroscopic comparisons of pyrrhotites between hexagonal and lath 
morphologies can provide information on the differences in their surface 
crystal structures and resultant stabilities and/or chemical reactivity 
during aqueous alteration. 

Fig. 4 compares the typical Raman spectra of Ryugu pyrrhotites with 
hexagonal and lath shapes without any background correction. In both 
morphologies, the characteristic Raman peak for pyrrhotite appears at 
around 115 cm− 1. Furthermore, three characteristic Raman bands 
ranging from 200–350 cm− 1 were also observed in both hexagonal and 
lath morphologies. Several Ryugu pyrrhotites were observed in this 

Fig. 1. Thermal damage test of laser irradiation on Ryugu pyrrhotite for obtaining appropriate conditions of laser power and irradiation duration. (a) and (b) 
Reflected light images of before and after laser irradiation. (c) Temporal changes in the spectra. Even in the Raman spectrum measured in the first minute of laser 
irradiation, pyrrhotite had transformed into another iron sulfide phase similar to marcasite, characterized by the Raman peaks of in-phase stretching modes (Ag 
symmetry) appeared at around 320 and 385 cm− 1, by thermal annealing. The peak positions of a single crystal of marcasite (323 cm− 1 and 388 cm− 1) reported by 
Lutz and Müller (1991) are indicated as arrows. The representative peak position of pyrrhotite (115 cm− 1) reported by Urashima et al. (2022) is also shown. 
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study, and almost all the Ryugu pyrrhotites showed these characteristic 
Raman bands. We also note that Raman peaks characteristic to iron 
oxides or (oxy)hydroxides in the range of 350–750 cm− 1 were not 
observed for the Ryugu pyrrhotites, indicating their formation and 
alteration environments were under low fO2. This will be discussed in 
the section 4.2. 

Fig. 5 shows the peak positions of the averaged Raman spectra of 
Ryugu pyrrhotites with hexagonal and lath morphologies. The intensity 
ratios of the three bands ranging from 200–350 cm− 1 were somewhat 
different for each grain. Another difference is the appearance of a peak 
at 85–90 cm− 1 for hexagonal pyrrhotite. The details of these spectro
scopic features and their relation to their surface structures with 
aqueous alteration will be discussed in the section 4.3. 

3.4. Comparisons of the corrosion features on both hexagonal and lath 
morphologies of Ryugu pyrrhotites 

Using reflected light microscopy, we found that some Ryugu pyr
rhotites with corroded features showed iridescence, especially on the 
basal plane of the hexagonal pyrrhotite. Fig. 6 shows an example of the 
reflected light images of Ryugu pyrrhotite with hexagonal morphology. 
Note the iridescence on some areas of the surface and at the rims of the 
pyrrhotite grain. Furthermore, there are many small patches with 
iridescence and also isolated particles in and around the pyrrhotite 
grain. Since the iridescence of metal surfaces can often be related to the 
formation of thin metal oxides by surface corrosion (Martinez et al. 
2007; Xue et al. 2011; Parkinson 2016; Lin et al. 2018; Cong et al., 
2020), it is expected that these corroded features retain important re
cords on the initial change of the surface structures induced by aqueous 

alteration. 
Fig. 7 also shows the reflected light images of the corroded feature on 

the surface of Ryugu pyrrhotite grains with a lath morphology. Similar 
surface structures to the hexagonal grains, with iridescence and the 
scattered particles at the rims, were also observed. The shape of the 
corroded area on the grain seems to change from linear features to 
multiple patches. The linear features show iridescence, whereas the 
patches do not. 

In primitive carbonaceous chondrites, the secondary formation of 
magnetite (Fe3O4) from primary iron sulfides has been observed and 
attributed to oxidation during aqueous alteration (Choi et al. 1997; Choi 
et al., 2000; Choi and Wasson, 2003; Davidson et al. 2014; Jilly-Rehak 
et al. 2018; Singerling and Brearley 2020). Thus, these changes in the 
surface structure and color of pyrrhotites found in intact Ryugu particles 
(Figs. 6 and 7) may record the extent of the initial reaction induced by 
aqueous alteration that occurred on the Ryugu parent body. 

Fig. 8 (a) shows a reflected light image of the area after partially and 
likely dissolved Ryugu pyrrhotite with a hexagonal morphology. Frag
ments of the pyrrhotite with iridescence are scattered in the area. Fig. 8 
(b) shows the examples of the Raman spectra of the fragments (A–D 
indicated in Fig. 8(a)) measured at this area. Fig. 9 (a) shows the as
semblages of white particles in the areas after partially and likely dis
solved Ryugu pyrrhotites with a hexagonal morphology. We measured 
Raman spectra of the particles (A–D indicated in Fig. 9 (a)) in these 
areas. Typical examples are shown in Fig. 9 (b), and the characteristic 
bands were assigned to magnetite. The chemical reactions involving 
pyrrhotite altering to magnetite and the corresponding chemical and 
thermodynamic conditions are discussed in the following sections. 

4. Discussion 

4.1. Assignment of the characteristic Raman bands observed from the 
surface of Ryugu pyrrhotites 

Firstly, it should be noted that Raman signals from pyrrhotites are 
quite weak and often have strong backgrounds. The background with a 
negative slope (<350 cm− 1) observed in the Raman spectra in Fig. 4 is 
due to Rayleigh wing scattering from the strong reflection by metallic 
surfaces. In addition, a background with a positive slope (>350 cm− 1) is 
sometimes observed due to the strong fluorescence from the phyllosili
cate matrices of the Ryugu particles. This occurs when the focusing area 
of the laser beam is within a few microns of the matrix material. 

Secondly, we should be aware of oxidative corrosion by oxygen 
molecules and water vapor that is often observed in iron sulfides on 
meteorite surfaces exposed to the terrestrial atmosphere. This oxidative 
corrosion often results in the occurrence of iron oxides and (oxy)hy
droxides showing characteristic intense Raman peaks mainly in the 
range of 350–750 cm− 1. For examples, magnetite shows three bands 
(310 cm− 1, 540 cm− 1, and 670 cm− 1) bands, maghemite also has three 
bands (350 cm− 1, 500 cm− 1, and 700 cm− 1), natural two-line ferrihy
drite shows only the strong band (710 cm− 1), and synthetic six-line 
ferrihydrite has three bands (370 cm− 1, 510 cm− 1, and 710 cm− 1) (de 
Faia et al. 1997; Mazzetti and Thistlethwaite 2002; Hanesch 2009). 
These Raman peaks of iron oxides and (oxy)hydroxides were not 
detected in Ryugu pyrrhotites, owing to the freshness of the intact 
samples which were directly returned from the asteroid (Fig. 4). 

Thirdly, before starting the discussion of the spectral features at 
200–350 cm− 1, we should also be aware of the contribution from other 
iron sulfide phases, namely pentlandite (Fe, Ni)9S8 and cubanite 
CuFe2S3. This is because these sulfides are also found in Ryugu 
(Yokoyama et al., 2023; Nakamura et al., 2023) as well as other heavily 
aqueously altered samples, such as CI1 chondrites and samples from 
comet 81P/Wild 2 (Macdougall and Kerridge, 1977; Bullock et al., 2005; 
Berger et al., 2011; Berger et al., 2016). Ryugu samples were reported to 
show strong similarities to both CI1 chondrites and stardust samples 
from comet 81P/Wild 2 (Kawasaki et al., 2022). Pentlandite and 

Fig. 2. Laser irradiation test for Ryugu pyrrhotite with 0.6 mW excitation. The 
characteristic Raman peak for pyrrhotite at around 115 cm− 1 (indicated as 
dashed line) was observed. Additional Raman bands ranging 200–350 cm− 1 

(indicated as dashed square) were also discerned from background from the 
beginning of laser irradiation. The spectral features of the Raman peak (at 115 
cm− 1) and bands (within 200–350 cm− 1) did not change during the measure
ments (10 min) with 0.6 mW excitation. 
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cubanite show intense and characteristic sets of two Raman peaks above 
300 cm− 1 (pentlandite: 323 and 380 cm− 1; cubanite: 337 and 376 cm− 1) 
(Mikuła et al., 2021; Pankrushina et al., 2023). However, the surfaces of 
pyrrhotite crystals investigated in the present study did not show these 
peaks in their Raman spectra. 

Based on these spectral confirmations, the assignments of the main 
Raman peak centered at around 115 cm− 1 and the additional three 
bands centered at 225, 275, and 313 cm− 1 are discussed by comparing 
them with terrestrial pyrrhotites. In the Raman spectra of air-exposed 
terrestrial pyrrhotites (Fig. 4 (a) Kavalerovo and (c) Dalnegorsk), 
Raman peaks of oxides (mainly hematite and magnetite) dominate the 
spectra (as indicated with arrows). In contrast, none of these peaks were 
visible when we observed the freshly cleaved surfaces (Fig. 4 (b) and 
(d)). In the Fig. 4 (e)–(f), the main peak at 115 cm− 1, which is charac
teristic of the pyrrhotite crystal structure, was always observed in the 
Raman spectra of Ryugu pyrrhotites with both hexagonal and lath 
morphologies. Additional Raman bands at 225, 275, and 313 cm− 1 in 
Ryugu pyrrhotites that are not apparent in terrestrial pyrrhotites. 
Further, the bandwidths of these Raman bands have broadened features, 
indicating that they reflect some inhomogeneity in the local crystal 
structures on the pyrrhotite surfaces. The relation between these Raman 
bands and the surface structures of Ryugu pyrrhotites will be discussed 
in the following section from the viewpoint of aqueous alteration. 

4.2. Local amorphous structures found on the surfaces of Ryugu 
pyrrhotites 

To assign the three bands centered at around 225, 275, and 313 cm− 1 

in the Ryugu pyrrhotites, we compared them with artificial pyrrhotites 
synthesized under chemically and thermodynamically controlled con
ditions. The reason for choosing artificial pyrrhotites for the assignment 
is that they are purely and uniformly synthesized with controlled com
positions and structures and can be well characterized. For the iron 
monosulfide (FeS) system, pyrrhotite, troilite, and mackinawite have 
been extensively studied from the viewpoint of nanomaterial synthesis 
and surface corrosion chemistry (Hansson et al., 2006; El Mendili et al., 
2013; Genchev and Erbe, 2016; Matamoros-Veloza et al., 2018; Zhou 
et al., 2019), allowing the set of broadened Raman bands centered at 
around 225 cm− 1 and 275 cm− 1 to be assigned to Fe-S stretching modes 
with ν2 (225 cm− 1) and ν 1 (275 cm− 1) of the nanoparticulate phase 
(Matamoros-Veloza et al., 2018). Since the nanoparticulate phase has 
various surfaces and edges that are distinct from the bulk phase, the 
crystal symmetry in the infinite lattice structure of the pyrrhotite bulk 
phase is expected to be effectively broken. This should result in the 
activation of the Fe-S stretching Raman modes that are inherently 
inactive in the infinite crystalline phases. Broadening of the Fe-S 
stretching Raman bands suggests they are derived not from a homoge
neous structure but from the lattice structures with inhomogeneity. It is 
also worth mentioning that the set of two characteristic Raman bands 
centered at around 225 and 275 cm− 1 are observed not only in artificial 
nanoparticulate iron monosulfides, but in natural amorphous 

Fig. 3. Comparison of the Raman spectra of terrestrial and Ryugu pyrrhotites. (a) – (d): Comparisons of the Raman spectra of terrestrial pyrrhotites before and after 
cleaving ((a) and (b) Kavalerobo; (c) and (d) Dalnegorsk). Black arrows indicate the representative peak positions for magnetite (at 660 – 680 cm− 1) and hematite (at 
around 1300 cm− 1). (e) – (h): Comparisons of the Raman spectra of Ryugu pyrrhotites with (e) hexagonal and (f) lath shape in the lower wavenumber region and with 
the cleaved fresh surfaces of terrestrial pyrrhotites from (g) Kavalerovo and (h) Dalnegorsk. The dashed line indicates the representative peak position of pyrrhotite 
(at 115 cm− 1). The dashed lines show the wavenumbers of the characteristic set of Raman bands observed within a range of 200 to 350 cm− 1, that were clearly 
discerned from the background of the spectrum for Ryugu pyrrhotite with hexagonal shape. 
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pyrrhotites found in sediments formed under low fO2 environments 
(Boughriet et al., 1997). In the sediments formed under low fO2 condi
tions, pyrrhotite can be free from extensive oxidization by the direct 
attack of oxygen molecules. When pyrrhotites are exposed to an O2-rich 
atmosphere, the surface of pyrrhotite grains should readily change to 
more thermodynamically stable phases, such as hematite. The oxidation 
to hematite is ubiquitously observed on pyrrhotite surfaces exposed to 
the terrestrial atmosphere. Hematite shows many intense Raman peaks, 
and these peaks readily surpass the intensities of the set of Raman bands 
(225 and 275 cm− 1) that are inherently weak. Thus, the disappearance 
of the strong peaks corresponding to iron oxides and the appearance of 
the set of Raman bands at around 225 and 275 cm− 1 on Ryugu pyr
rhotite surfaces show that the Ryugu pyrrhotites are free from terrestrial 
alteration, and that the surface alteration of Ryugu pyrrhotites occurred 
in low fO2 environments. This is in good accordance with the model 

calculations for the chemical thermodynamic conditions of aqueous 
alteration that occurred on the parent bodies of carbonaceous chondrites 
(Zolensky et al., 1989; Singerling and Brearley 2020). For an example, 
the value of log fO2 was suggested to be less than the hematite stability 
field (Singerling and Brearley 2020). Further, the appearance of the set 
of Raman bands at around 225 and 275 cm− 1 is expected to record 
nanoscale structural changes on pyrrhotite surfaces by aqueous alter
ation in its initial stages. 

The band centered at around 313 cm− 1 is typically observed in the 
local tetrahedral lattice structure of Fe(III) formed in the FeS system 
(Robineau et al., 2017; Baum et al., 2018). Therefore, the corresponding 
chemical formula for the pyrrhotite system is noted as FeII

1-3xFeIII
2xS. Since 

Fe(III) favors tetrahedral bonding with surrounding S(− II)s, disordering 
of the local crystal structure around Fe(III) should occur. This is also in 
good agreement with the occurrences of the local inhomogeneous 
structure of the pyrrhotite surfaces that are represented by the appear
ance of characteristic Raman bands of Fe-S stretching modes (225 cm− 1 

and 275 cm− 1). These inhomogeneities are typically observed in the 
nanoparticulate phases in FeS systems, rather than the infinite crystal 
structure. 

The assignment of the Raman peak at 85–90 cm− 1 for hexagonal 
pyrrhotites should also be mentioned. The origin of the peak is not yet 
clear. This is because the low-frequency region (<100 cm− 1) of the 
Raman spectrum of pyrrhotite and related iron monosulfide has not been 
fully elucidated (Urashima et al. 2022). One characteristic peak at 85 
cm− 1 was hardly seen in the pyrrhotite with lath morphology. This 
feature suggests the peak at 85 cm− 1 reflects the difference in the 
orientation of the lattice structure and in the facets of pyrrhotite crystals 
(Multani and Waters, 2018). 

4.3. Possibilities of the dissolution of pyrrhotite and following 
precipitation of magnetite under aqueous alteration 

Finally, we discuss the physical and chemical features of the 
corroded parts of Ryugu pyrrhotites as observed by reflected light mi
croscopy. Nakato et al. (2023) reported smooth, stepped, and altered 
textures on the surfaces of Ryugu pyrrhotites by FE-SEM-EDS. They 
suggested that space weathering is a possible origin for the altered 
texture. In the present observation by reflected light microscopy under 
visible (white) illumination, the iridescence was generally observed at 
such corroded surface textures (Figs. 6 and 7). The texture gradually 
transforms from a linear shape to aligned multiple but separated patches 
and then finally disappears (Fig. 6 (b) and (c), Fig. 7 (b) and (c)). Such 
gradual changes recorded on the surface structure of the corroded areas 
can provide information on the local environmental changes by aqueous 
alteration. 

Further corroded features of pyrrhotite crystals are shown in Fig. 8. 
Fragments of pyrrhotite and particles with a yellow hue and an irides
cence are scattered in the matrix area where pyrrhotite with hexagonal 
morphology likely dissolved (Fig. 8 (a)). Fig. 8 (b) shows examples of 
Raman spectra observed from the particles (A-D) in this area. Under the 
terrestrial atmosphere, where oxygen and vapor water molecules are 
abundant, (oxy)hydroxides are typical intermediate phases during the 
formation of iron oxides. In addition, thin films of (oxy)hydroxides and 
iron oxides formed on corroded iron surfaces textures generally show 
iridescence (Martinez et al. 2007; Xue et al. 2011; Parkinson 2016; Lin 
et al. 2018; Cong et al. 2020). These (oxy)hydroxides and iron oxides 
exhibit intense Raman peaks at around 600–750 cm− 1 (Boughriet et al., 
1997). However, Raman peaks from (oxy)hydroxides and iron oxides 
were not observed from particles A-D, indicating the corrosion of the 
Ryugu pyrrhotite differs from that which occurs on terrestrial pyrrho
tites in an O2-rich atmosphere. 

Another possible pathway for the corrosion of Ryugu pyrrhotites is 
dissolution with their cathodic decomposition. Such cathodic decom
position of pyrrhotite was reported in deoxygenated solutions at the 
temperature of 25 ℃, a near-neutral pH (6.8) and an electrical potential 

Fig. 4. Comparison of several Raman spectra of Ryugu pyrrhotites with (a)-(c) 
hexagonal shape and (d)-(f) lath shapes with corresponding images observed by 
reflected light microscope. The laser irradiation power was 0.6 mW, and data 
accumulation duration was 120 s at each spot. The spectra were measured at >
10 different spots in each grain, and they were averaged to improve signal-to- 
noise ratio. Because peak intensity for each raw spectrum was comparable to 
each other, no pretreatment such as intensity normalization was performed for 
the average. The characteristic Raman peak for pyrrhotite was detected at 115 
cm− 1 for all of the spectra (a)-(f). An additional three Raman bands at 225, 275, 
and 313 cm− 1 were also discerned from the background, especially for the 
pyrrhotites with a hexagonal morphology. The dashed line indicates the spec
tral position of Raman shift at 350 cm− 1, for distinguishing other Raman peaks 
of iron oxides and (oxy)hydroxides that generally have intense peaks above 
350 cm− 1. No peak from iron oxides and (oxy)hydroxides was observed. A 
background with a positive slope (>350 cm− 1) was sometimes observed due to 
the strong fluorescence from the phyllosilicate matrices of Ryugu particles 
when the focusing area of the laser beam included matrices simultaneously at 
the edges or corroded areas of the pyrrhotite grain. 
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Fig. 5. Comparison of the averaged Raman peaks for pyrrhotites between with hexagonal plate structure ((a) and (b)) and with lath-shaped structure ((c) and (d)). 
The set of Raman bands at 225 cm− 1 and 275 cm− 1 are consistent with the Fe-S stretching modes of amorphous pyrrhotite, and the band at ~ 313 cm− 1 is consistent 
with the local tetrahedral lattices of Fe(III) formed on the pyrrhotite surface, denoted as FeII

1-3xFeIII
2xS. 

Fig. 6. Reflected light images of the corroded regions on the surface of Ryugu pyrrhotite (indicated as dashed-circles); (a) An example of the overall Ryugu pyrrhotite 
with hexagonal morphology. (b) and (c) Enlarged images of corroded parts with iridescence. White arrows indicate the positions of patches and scattered particles. 

Fig. 7. Reflected light images of the corroded regions on the surface of Ryugu pyrrhotite (indicated as dashed-circles); (a) An example of the overall Ryugu pyrrhotite 
with lath structure. (b) and (c) Enlarged images of corroded parts with iridescence. White arrows indicate the positions of patches and scattered particles. 
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(Eh) of − 0.455 V (Cheng et al. 1998). An example of the carhodic 
decomposition pyrrhotite (Fe7S8) is shown as follows.  

Fe7S8 (s) + 2H+ + 2e- → 6FeS + Fe2+ + 2HS-                                 (1) 

It is worth noting that the solution conditions (deoxygenated, tem
perature, pH, and Eh) are close to those expected for model calculations 
based on the interaction with the initial mineralogy for CI-type rocks 
(Zolensky et al., 1989; Rosenberg et al. 2001; Zolotov 2012). 

As mentioned above, the appearance of the set of two Raman bands 
(225 cm− 1 and 275 cm− 1) indicates that the nanoparticulate phase 
formed and is found as scattered particles in the area near the decom
posed pyrrhotite gains (for example, particle C and D in Fig. 8 (b)). The 
formation of nanoparticulate phase and the local tetrahedral disorder 
structure can be started by the dissolution of Fe(II) atoms from the 
pyrrhotite surfaces as Fe2+ into the aqueous solutions adjacent to the 
pyrrhotite surfaces. 

Assuming that the major species of sulfur (S) is HS- in aqueous 

solutions under moderately alkaline and reduced Eh conditions, a series 
of the dissolution reaction can be described as follows:  

Fe3+(aq.) + HS- → Fe2+ (aq.) + S (s) + H+ (2)  

Fe1-xS (s) + H+ → (1-x) Fe2+ (aq.) + HS-                                        (3) 

In these steps, locally generated H+ by the chemical reaction (2) 
should play an important role for the dissolution of pyrrhotite surfaces 
shown as the chemical reaction (3) (Thomas et al. 1998). Further, in this 
reaction scheme, HS- can be regenerated and reused in the chemical 
reaction (2). Elemental sulfur (S) formed by chemical reaction (2) could 
possibly remain on the surface. This might be responsible for the 
yellowish color of the pyrrhotite surface. This effective dissolution of Fe 
(II) atoms from the crystal lattice of pyrrhotite surface into aqueous 
solution is in good agreement with the experimental observation of the 
lower Fe/S ratio (<Fe7S8, x  = 0.125) in pyrrhotite crystals in heavily 
aqueously altered CI chondrites (Schrader et al. 2021). 

Fig. 8. (a) Reflected light image of the area of highly and likely dissolved Ryugu pyrrhotites with hexagonal and lath morphologies. Dashed lines show the edges of 
the original pyrrhotite with a hexagonal morphology for the aid of visibility. (b) Examples of Raman spectra of small fragments measured in the area. The corre
sponding location to each spectrum (A-D) is indicated with white arrow in the Fig. 8 (a). Four dashed lines in the Fig. 8(b) indicate the peak positions of 225, 275, 
320, and 380 cm− 1. (A and B) Raman bands observed at around 320 cm− 1 and 380 cm− 1 are characteristic of pentlandite. (C and D) Raman bands observed at around 
225 cm− 1 and 275 cm− 1 are assigned to Fe-S stretching mode particulate (amorphous) pyrrhotites. The decrease in the Raman shift and broadened bandwidth of 
these bands can be explained by the relative decrease in the crystallinity. In the present case, the fragment C is more amorphous than the fragment D. 

Fig. 9. (a) Reflected light image of the areas of altered Ryugu pyrrhotites with a hexagonal morphology. Dashed lines show the edges of the areas after pyrrhotites 
with a hexagonal morphology for the aid of visibility. (b) Typical Raman spectra of the particles (A-D) in their assemblage on the areas. The corresponding areas to 
each spectrum (A-D) are indicated with white arrows in the Fig. 9 (a). Three dashed lines in the Fig. 9(b) indicate the peak positions of 310, 540, and 670 cm− 1. All 
show characteristic Raman peaks for magnetite (310, 540, and 670 cm− 1). 
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We can also observe the particles that show similar Raman bands at 
around 320 and 380 cm− 1 to those of pentlandite (particles A and B in 
Fig. 8 (b)). These particles might be originally embedded in the pyr
rhotite crystal but appeared by the dissolution of the host pyrrhotite 
crystal. The resistant nature of pentlandite compared to pyrrhotite 
during aqueous alteration of primitive meteorites was reported and 
discussed for CM2 and CR2 chondrites (Singerling and Brearley, 2020). 
The corresponding environments (pH and temperature) of the aqueous 
solution were implied to be pH > 6 and < 100 ℃ (Singerling and 
Brearley, 2020). 

Aqueous solutions of alkaline pH conditions under lower tempera
tures were successfully modeled based on the interaction with the initial 
mineralogy for CI-type rocks (Zolensky et al., 1989; Rosenberg et al. 
2001; Zolotov 2012). Calculations by Zolensky et al. (1989), using a 
solution with a starting composition of pH = 7, varied aqueous carbon 
concentrations (dissolved CO2, HCO– and CO3

2–) from 10-8 to 10-2 mol / 
L, and anhydrous mineralogies, indicated that the gradual rise of pH, 
with its final value reached between 10 and 11 calculated at 50 ℃ and 
99 ℃. The Mg-rich composition of the CI-type rocks accounts for alka
line pH. Such alkaline fluids dominate at low water/rock ratio (≤10), 
corresponding to the advanced stage of aqueous alteration (Zolotov 
2012). This is also in good agreement with the estimated temperature 
(<90 ℃) for Ryugu particles based on O-isotope experiments 
(Yokoyama et al., 2023). 

Fig. 9 (a) shows the appearance of the assemblage of particles found 
in the matrix where the pyrrhotite crystals with hexagonal morphology 
likely dissolved. Typical Raman spectra of these particles are shown in 
Fig. 9 (b) (A–D). Almost all of the particles showed Raman bands at 310 
cm− 1, 540 cm− 1, and 670 cm− 1 that were identical to magnetite (FeII

FeIII
2 O4) (de Faria et al., 1997; Shebanova and Lazor, 2003; Hanesch, 

2009). These assemblages of magnetite particles are typically observed 
in the CI chondrites that experienced heavy aqueous alteration (Alfing 
et al., 2019). These features suggest that pyrrhotites are an important 
supplier of Fe atoms at local microenvironments for the subsequent 
formation of magnetite. The overall reaction can be expresses by the 
following scheme (Singerling and Brearley 2020).  

3Fe1-xS (s) + 4H2O (l) → Fe3O4 (s) + 3HS- (aq.) + 5H+ (aq.) + 2e- (aq.) 
(4) 

In a pH vs Log fO2 diagram, moving from the stable area of pyrrhotite 
to that of magnetite requires a relative increase in fO2 (but less than that 
required for hematite formation) at moderately alkaline pH (Singerling 
and Brearley 2020). In a pH vs Eh diagram, thermodynamically stable 
conditions for both pyrrhotite and magnetite are located in moderately 
to strongly alkaline regions (pH 8 ~ 12) and strongly reducing (Eh ~ 
-0.5 V) conditions (Multani and Waters 2018). At the same Eh condition, 
moving from the stable area of pyrrhotite to that of magnetite requires a 
relative increase in pH from moderately (pH: 8 ~ 11) to strongly (11 ~ 
12) alkaline conditions. Chemical equation (4) suggests an increase in 
HS- and H+. The presence of HS- is in good agreement with the stable S 
species form for the pH and Eh conditions in aqueous solutions. The 
combination of H+ and e- may contribute the successive dissolution of 
Fe2+ from pyrrhotite surfaces by thier cathodic decomposition as shown 
as chemical equation (1). The H+ may also contribute to the local in
crease in the acidity at the microenvironment for the dissolution of Fe(II) 
atoms from the pyrrhotite surfaces shown as chemical equation (3). 

It is worth noting that the crystallo-chemical states recorded by 
Ryugu pyrrhotite surfaces measured here are in good agreement with 
the expected aqueous alteration conditions (alkaline pH > 6, Eh ~ -0.5 
V, and low temperature < 100 ℃) modeled with thermodynamic cal
culations for CI’s mineralogy (Zolensky et al., 1989; Rosenberg et al. 
2001; Zolotov 2012), the experimental observation in low Fe/S ratio of 
CI pyrrhotites (Schrader et al. 2021), and experimental estimation for 
the alteration temperature (40℃) for Ryugu particles (Yokoyama et al., 
2023). However, the intermediate chemical species between the 

dissolved pyrrhotite grain and the precipitated magnetite particles 
remain unclear and should be further investigated. 

5. Conclusion 

The use of N2-gas circulation in the measurement chamber and 
excitation conditions that minimized heating for micro-Raman spec
troscopy enabled us to measure the characteristic Raman bands centered 
at around 225 cm− 1, 275 cm− 1, and 313 cm− 1 in addition to the char
acteristic peak for pyrrhotite at around 115 cm− 1. All of these bands and 
the peak were observed on the surfaces of pyrrhotites with both hex
agonal and lath morphologies. The Raman band at around 313 cm− 1 was 
assigned to the symmetric stretching motion of the local tetrahedral 
bonding of Fe(III)-S in FeII

1-3xFeIII
1-2xS, where a part of the Fe(II) in the 

pyrrhotite lattice was changed to Fe(III), probably due to the redox re
action induced at the interface with an aqueous solution. The set of the 
Raman bands at around 225 cm− 1 and 275 cm− 1 was assigned to the 
typical Fe-S stretching vibrations in nanoparticulate phases and in 
amorphous lattice structures of iron monosulfides formed under low fO2 
condition. The corroded features with iridescence recorded on the sur
faces of Ryugu pyrrotites can be explained by the dissolution of Fe atoms 
from the surfaces of pyrrhotites from interaction with an aqueous so
lution of alkaline pH and reducing Eh and under low fO2 conditions. This 
is in good agreement with the low Fe/S ratio observed for CI pyrrhotites 
(Schrader et al. 2021) and thermodynamic calculations for aqueously 
altered parent bodies of carbonaceous chondrites (Zolensky et al., 1989; 
Rosenberg et al. 2001; Zolotov 2012). The preferential occurrence of the 
assemblage of magnetite FeIIFeIII

2 O4 particles was also observed in as
sociation with dissolved areas of pyrrhotites. This feature shows the 
importance of the local change in redox microenvironments for the 
dissolution and precipitation reactions via Fe2+. The spectroscopic fea
tures observed here are in agreement with modeled and estimated 
chemical and thermodynamic conditions for aqueous alteration (alka
line pH, reducing Eh, low fO2, and low temperature). Further spectro
scopic studies on the local chemical changes of the iron sulfides and 
matrix minerals should bridge the chemical evolution of Fe-S-O-H2O 
system and add further constraints to the alteration conditions on as
teroids during the early stages of solar system formation. 
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