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Abstract–Ryugu asteroid grains brought back to the Earth by the Hayabusa2 space mission
are pristine samples containing hydrated minerals and organic compounds. Here, we
investigate the mineralogy of their phyllosilicate-rich matrix with four-dimensional scanning
transmission electron microscopy (4D-STEM). We have identified and mapped the mineral
phases at the nanometer scale (serpentine, smectite, pyrrhotite), observed the presence of Ni-
bearing pyrrhotite, and identified the serpentine polymorph as lizardite, in agreement with the
reported aqueous alteration history of Ryugu. Furthermore, we have mapped the d-spacings of
smectite and observed a broad distribution of values, ranging from 1 to 2 nm, with an average
d-spacing of 1.24 nm, indicating significant heterogeneity within the sample. Such d-spacing
variability could be the result of either the presence of organic matter trapped in the interlayers
or the influence of various geochemical conditions at the submicrometer scale, suggestive of a
range of organic compounds and/or changes in smectite crystal chemistry.

INTRODUCTION

Samples from the C-type (carbonaceous) asteroid
162173 Ryugu were returned to the Earth by the
Hayabusa2 space mission of the Japanese Aerospace
Exploration Agency (JAXA). Recent studies report
that Ryugu belongs to the CI (Ivuna-like) group of

chondrites. Whereas Ryugu grains have experienced space
weathering (Noguchi et al., 2023) they have never witnessed
terrestrial weathering effects, making them the most fresh
and uncontaminated CI chondrites studied so far (e.g., Ito
et al., 2022; Nakamura et al., 2023; Yada et al., 2022;
Yokoyama et al., 2022). This high level of preservation
makes Ryugu samples particularly valuable for understanding
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the composition and evolution of the early solar system and
the transformations of solid matter on small carbonaceous
asteroids, as well as for developing new analytical
techniques that can be applied to future sample return
missions. Mineralogical investigations have revealed that
Ryugu grains are composed mainly of phyllosilicates (a
mixture of serpentine and smectite), magnetites, Fe-sulfides,
and carbonates (e.g., Ito et al., 2022; Nakamura et al., 2023;
Viennet et al., 2023; Yamaguchi et al., 2023). The presence
of phyllosilicates in Ryugu grains, which are also common
in many carbonaceous chondrites (CCs) (e.g.,
Brearley, 2006; Clayton & Mayeda, 1984), shows that
Ryugu has undergone aqueous alteration (Nakamura
et al., 2023). Transmission electron microscopy (TEM)
analyses have found out that the fine-grained materials at
the nanometer scale are predominantly phyllosilicates,
nanosulfides, and organic matter (Ito et al., 2022; Leroux
et al., this issue; Noguchi et al., this issue), while coarser
materials (�>10 lm) are mostly magnetite, iron sulfides,
and carbonates (e.g., Dobric�a et al., 2023; Nakamura
et al., 2023; Yokoyama et al., 2022). Previous studies have
also shown that Ryugu’s samples’ phyllosilicate-rich matrix
is composed of multiple lithologies (Nakamura et al., 2023),
showing heterogeneous elemental and isotopic distributions
(e.g., H, B, C, N, and Na).

A variety of analysis techniques have been employed
in order to characterize the mineralogy of the phyllosilicate-
rich matrix (PSM) in carbonaceous chondrites in the last
few decades, most of which were used in recent studies of
Ryugu grains. The bulk characteristics of CCs have been
investigated by transmission infrared spectroscopy (IR) in
the (2–25 lm) spectral range, providing a classification
method of CCs and a way to determine the nature of their
phyllosilicates (Beck et al., 2014). X-ray diffraction
provided a basis for petrologic classification of CCs
(Howard et al., 2009, 2011), allowed accurate quantification
of their modal mineralogy, and enabled the estimation of
the degree of aqueous alteration primarily from the
abundance of phyllosilicates (Howard et al., 2009, 2011;
King et al., 2015, 2017).

TEM studies have revealed the heterogeneous nature
of CCs and the nanometer scale mixing between phases
(Barber, 1981; Brearley, 2006; Nakamura et al., 2023;
Tomeoka & Buseck, 1988; Yokoyama et al., 2022). The
ease with which TEM provides petrographical and
mineralogical information at a scale where phyllosilicates
can be distinguished from other matrix constituents has led
to its widespread application in the study of chondritic
materials. High-resolution transmission electron microscopy
(HRTEM), due to its high magnification, is suitable to
study in detail small regions of interest of the sample. It has
been used to distinguish between the various phyllosilicates
found in chondrites such as the CI chondrite Orgueil
(Tomeoka & Buseck, 1988), the Yamato-74662

carbonaceous chondrite (Akai, 1982), the Mighei-type
carbonaceous (CM) chondrites ALH-81002 and Bells
(Brearley, 1995; Lauretta et al., 2000), and, most recently,
the Ryugu asteroid samples (Nakamura et al., 2023;
Noguchi et al., this issue). Selected area electron diffraction
(SAED) has been employed in chondritic materials for
structural analysis (Barber, 1981; Marinova et al., 2021;
Trigo-Rodr�ıguez et al., 2019). However, the amount of
information that can be obtained from SAED is constrained
by the fine-grained nature, the thickness changes of
individual crystallites, their variable degree of crystallinity,
and most importantly, by the size of the selected area
(� 100 nm and higher), which is one order of magnitude
larger than typical particle sizes (Ferrell & Paulson, 1977).
When the grain size is large enough (around 100 nm) and
no overlapping occurs, the recently developed 3-D
precession electron diffraction (3-D-PED) is to be used for
the accurate structure determination of isolated phases
(Gemmi & Lanza, 2019), including their refinement
(Palatinus, Correa, et al., 2015; Palatinus, Petricek,
et al., 2015; Rondeau et al., 2019). It has been successfully
used on the Paris CM meteorite for the identification of
cronstedtite polytypes (Pignatelli et al., 2018). Multiple
scanning transmission electron microscopy (STEM)
techniques have proven useful for the study of chondritic
materials. Energy-dispersive x-ray spectroscopy (EDS)
provides elemental maps. In principle, it could be possible to
segment the chemical maps into the different material
phases in the samples based on their distinct elemental
composition. However, when the grains are much smaller
than the typical sample thickness (as in this work), the
spectra correspond to mixtures of the different phases in
the sample and, therefore, the elemental maps cannot be
easily segmented. EDS is often used in combination with
other STEM methods, such as bright-field (BF) and high-
angle annular dark-field (HAADF) imaging. HAADF has
the advantage over HRTEM that the contrast is roughly
proportional to the mass 9 thickness of the sample, easing
image interpretation. However, electron-induced beam
damage usually precludes atomic resolution HAADF
imaging of beam-sensitive materials such as phyllosilicates.

Here, we use four-dimensional scanning transmission
electron microscopy (4D-STEM) for the analysis of Ryugu
samples. In 4D-STEM, a two-dimensional diffraction
pattern is acquired at each point on a two-dimensional grid
over the sample, resulting in a four-dimensional data set.
There exist multiple 4D-STEM imaging techniques
(Ophus, 2019) such as virtual dark-field (VDF) imaging,
phase mapping, and orientation mapping. In VDF imaging
(see Figure 1b,c), images are obtained by integrating
through numerical apertures any desired combination of
regions of the reciprocal space (Gammer et al., 2015). In
phase mapping, by leveraging the unique electron
diffraction signatures exhibited by different mineralogical

Four-dimensional-STEM analysis 3
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phases, their distribution can be mapped through data
analysis of the 4D data set (Ophus, 2019; Ophus
et al., 2022). Similarly, orientation mapping utilizes electron
diffraction information to determine the crystallographic
orientation of the phases in a sample (Ophus et al., 2022).

Some chondritic samples consist of phyllosilicates and
regions of organic matter that can be easily damaged under
electron irradiation (Le Guillou et al., 2013; Li &

Egerton, 2003), which imposes a limitation on the
achievable spatial resolution in electron microscopy studies
in general, and in 4D-STEM in particular. Hybrid-pixel
direct electron detectors (DED), thanks to their speed, large
dynamic range, and close-to-ideal detective quantum
efficiency (DQE), enable the analysis of beam-sensitive
materials at higher resolution than possible with standard
detectors (Bustillo et al., 2021; Tate et al., 2016). Indeed,

FIGURE 1. (a) Schematic of a typical 4D-STEM experiment. The cones in blue represent the STEM probe being rastered over
the sample area. Each diffraction pattern in the figure is an average of 9 9 9 experimental diffraction patterns recorded on a
Medipix3 pixelated detector. (b) A 4D-STEM variance diffraction pattern reconstructed from a terrestrial serpentine sample.
Overlayed circles are numerical apertures used to reconstruct virtual images shown in the color-coded corresponding figures (c1–
c5). We can select any regions of the reciprocal space to reconstruct virtual dark field (VDF) images as shown in (c1–c3). A
virtual bright-field (VBF) image is reconstructed by integrating the subset of pixels corresponding to the location of the direct
electron beam as emphasized by the red circle in (b). The VBF image is plotted in (c4). An annular virtual dark field is
reconstructed by integrating the subset of pixels in the reciprocal space corresponding to a given interplanar spacing for example
as shown in (c5). Note that we can also reconstruct virtual dark field images from arbitrary shapes as the yellow shape in (b)
which corresponds to an arbitrary VDF reconstruction (not shown here).

4 B.-e. Mouloud et al.
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hybrid-pixel DEDs enable scanning electron diffraction
(SED) experiments with shorter dwell times per pixel for the
same signal quality, hence reducing the electron dose
required for a given experiment (Bustillo et al., 2021).
Examples of 4D-STEM DEDs applications include
structural characterization (B�ech�e et al., 2009; Ophus, 2019;
Ophus et al., 2022), high-resolution (HR-) STEM imaging
(Li et al., 2022; Pennycook et al., 2019; Yang et al., 2016,
2017), and short- and medium-range order measurements in
glassy materials (Ehrhardt et al., 2021; Im et al., 2018). As a
result, pixelated detectors based on direct electron detection
technology are becoming universal detectors for STEM
imaging (Krajnak et al., 2016; Paterson et al., 2020).

In this work, by utilizing 4D-STEM and a Medipix3
hybrid-pixel DED over two samples areas of Ryugu, we
were able to identify various mineral phases, including an
Ni-bearing variety of pyrrhotite, and we identify the
serpentine polymorph as lizardite, which provides
valuable insight into the aqueous alteration history of
Ryugu. Furthermore, our statistical analysis of smectite
d-spacings at the nanometer scale offers new evidence for
the potential presence of organic matter within the
interlayers of smectite. These findings demonstrate
the power of our 4D-STEM-based approach in
unraveling the complex mineralogical and chemical
composition of extraterrestrial samples.

MATERIALS AND METHODS

Sample Preparation and Data Acquisition

The Hayabusa2 spacecraft retrieved a number of
Ryugu grains after two touchdowns in the A and C
chambers (Tachibana et al., 2022). The fragment used in
this study comes from chamber A of the first touchdown
site. The sample studied is A0104-00600303 and was
prepared by focused ion beam (FIB) technique at Kyoto
University (Helios NanoLab 3G, ThermoFisher
Scientific). Two different areas of one FIB section, of
thickness � 100 nm were examined in this work using
STEM-HAADF, STEM-EDS, and 4D-STEM. Analyses
were conducted on a ThermoFisher Titan Themis 300
S/TEM operating at 200 kV at the microscopy platform
of the University of Lille. The Titan Themis is equipped
with a high brightness Schottky field emission gun
(FEG), a monochromator, and a probe corrector. The
STEM-EDX mapping of the investigated areas was
performed on a ThermoFisher super-X windowless 4
quadrants silicon drift detection (SDD). 4D-STEM data
sets (Figure 1a) were acquired on a Medipix3 Merlin
hybrid-pixel DED (Plackett et al., 2013) installed in a
Gatan post-column energy filter (GIF) (Quantum
ERS/966), enabling energy-filtered 4D-STEM. Three
data sets denoted R1U, R1F, R2U were acquired from

two different regions. The first region was analyzed twice;
first without energy filtering (R1U) and then again with
energy filtering (R1F). The second area was analyzed
once without energy filtering (R2U). In all acquisitions, a
convergent electron probe was rastered on a 128 9 128
grid covering a � 1 9 1 lm area. The convergence semi-
angle was 0.1 mrad. The full-width half-maximum
(FWHM) of the probe profile was � 7 nm. The dwell
time per pixel was 3.5 ms for both acquisitions on the
first area and 20 ms for the second area. No beam
damage was observed after the 4D-STEM acquisitions.

Analysis of 4D-STEM Data

The acquired data were analyzed using the open-
source Python packages py4DSTEM (Savitzky et al.,
2021) and HyperSpy (De la Pe~na et al., 2022). The
analysis involves a number of common preprocessing
steps followed by radial analysis and specific processing
procedures for the different 4D-STEM imaging
techniques.

Preprocessing

All the 4D-STEM data were preprocessed prior to
further investigation as follows:

• Dead pixel correction: Dead pixels are malfunctioning
pixels that do not respond to incoming electron
signals or do not produce a measurable output. These
pixels were corrected through linear interpolation
with neighboring pixels.

• Diffraction stack alignment: The method utilized is
described in detail in Savitzky et al. (2021). The data
were cropped to only retain the direct beam. The
second diffraction pattern in the stack was cross-
correlated with the first one to find its relative offset,
and then the second pattern was shifted to align with
the first one. The third pattern was then aligned
with the second, and so on until all the diffraction
patterns in the stack were properly aligned.

• Vacuum probe and probe kernel: The objective is to
extract the shape of the electron probe for pattern
matching. First, pixels corresponding to vacuum or
very thin areas in the sample are identified, and the
corresponding diffraction patterns are averaged to
generate a two-dimensional image of the unscattered
electron probe in diffraction space, which is referred
to as the vacuum probe. A kernel for cross-correlative
template matching is generated in two steps: The
vacuum probe is centered and shifted to the origin to
remove any offset in the measurements. Then, a wider
Gaussian is subtracted from the probe, resulting in a
negative intensity region around the probe to ensure

Four-dimensional-STEM analysis 5
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that the total integrated intensity of the kernel is zero
(for more details, see Savitzky et al. (2021)).

Processing

• Bragg spot registration: In this step, diffraction spots
are found by calculating the cross-correlation of the
probe kernel generated in the preprocessing step with
each individual diffraction pattern in the 4D-STEM
stack, and then locating the correlation maxima (for
details, see Savitzky et al. (2021)). This results in a list
of Bragg spots detected, where each spot is defined by
the coordinates of the pixel containing the diffraction
pattern from which they originate (a unique pair (x,
y)), the coordinates of the different spots detected in
the reciprocal space (qx, qy) and the intensity of each
of these spots.

• Mineralogical phase identification: Several virtual
diffraction patterns can be useful for identifying the
mineralogical phases present in the surveyed area. An
average diffraction pattern can be generated by
summing up all the diffraction patterns in the 4D data
stack, which can be regarded as equivalent to a selected
area electron diffraction (SAED) pattern. This can then
be azimuthally integrated to obtain an average radial
profile over the surveyed area. However, the Bragg
spots from minor phases may be obscured in the
average diffraction pattern. Therefore, we mainly rely
on the variance diffraction pattern (vDP) and the Bragg
vector map (BVM) to obtain an overview of the
mineralogy. The vDP is the variance intensity of every
diffraction pixel across the entire data set. The BVM is
a reconstructed pattern obtained by merging all the
diffraction peaks detected via the peak detection
processing step previously described from every
diffraction pattern in the 4D stack in a single image (for
more details, see Savitzky et al. (2021)). We can then
azimuthally average the BVM pattern and use the
resulting 1D profile for x-ray diffraction-like mineral
phase identification.

• Template matching: Template matching involves
comparing experimentally obtained diffraction patterns
with simulated diffraction patterns generated from
crystallographic information files (CIF) after the Bragg
peaks finding procedure. The resulting correlation
values are calculated to identify the crystal structure or
orientation. A high correlation value indicates a good
match, but the specific threshold for a “good match”
value varies depending on the material and quality of
data. For more details on the template matching
procedure and the underlying mathematical framework,
we refer readers to Ophus et al. (2022).

• Virtual imaging and phase mapping: In virtual dark field
imaging, specific pairs of diffraction spots from the

reciprocal space are used to create virtual images that
highlight specific regions of the sample. Integration is
performed over the intensities of the diffraction spots
that correspond to these regions. For instance, selecting
diffraction spots corresponding to a particular crystal
orientation produces a VDF image that highlights that
orientation (Figure 1b,c1–c3). Similarly, the direct
beam in the diffraction pattern is selected to produce a
virtual bright-field (VBF) image (Figure 1b,c4).
Furthermore, selecting an annular region in the
diffraction pattern generates an annular VDF image
that highlights the sample regions that diffracted within
that specific annulus (Figure 1b,c5). By using these
different types of virtual imaging techniques, different
regions of the sample can be mapped out. In this
particular study, a comprehensive map of the
mineralogical features within the sample is generated
by selecting and integrating over sets of diffraction
peaks detected in the areas under examination, which
can be correlated to their chemistry. Valuable insights
into the sample’s composition and microstructure can
be obtained as a result.

RESULTS

STEM-HAADF images from areas of the examined
FIB section show typical heterogeneous mixtures of fine-
grained matrix components (Figure 2). The dominant
component is the phyllosilicate matrix (PSM). It
constitutes a groundmass where other minerals such as
sulfides are present in various proportions.

The image in Figure 3a is a VBF reconstruction from
the 4D-STEM data set (R1F), which corresponds to the
STEM-HAADF image in Figure 2a. An average
diffraction pattern over the whole surveyed area is shown
in Figure 3b alongside a vDP in Figure 3c and a BVM in
Figure 3d over the same area. The vDP and the BVM
virtual diffraction patterns better emphasize weakly
diffracting phases and/or diffraction spots from minor
phases which can be obscured in the average diffraction
pattern. Consequently, these maps provide additional
information about the phases that are present and can
be used to investigate deviations from the dominant
phase. These differences can be better emphasized by
azimuthally integrating these virtual patterns as shown in
Figure 3e,f.

General Description of Ryugu’s Mineralogy

Structural identification of different mineralogical
phases present in Ryugu matrix can be obtained by
analyzing the BVM-based radial profile of Figure 3e and
correlating with VDF imaging to identify each diffraction
peak in the profile.

6 B.-e. Mouloud et al.
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Sulfides

Iron and iron–nickel sulfides have characteristic
peaks located at � 0.55, � 0.29, � 0.2, � 0.179, and

� 0.169 nm (see Viennet et al., 2023). Taking all these
peaks into account, a combined VDF image of sulfides
along with a corresponding EDX map over the same area
are shown in Figure 4a,b, respectively. A clear

FIGURE 2. (a) A low magnification high-angle annular dark field (HAADF) image of the sample A0104-00600303, with color-
coded boxes overlayed to indicate the specific areas that were further examined by EDX and 4D-STEM and which the
corresponding high magnification HAADF are shown in (b, c). Both areas examined are magnetite and carbonates free and the
brighter regions correspond to Fe-bearing sulfides.

Four-dimensional-STEM analysis 7
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FIGURE 3. (a) Virtual bright-field (VBF) image of the area corresponding to the HAADF image in Figure 2a. Figures (b–d)
correspond to the mean diffraction pattern, the variance diffraction pattern, and the Bragg vector map of the whole 4D-STEM
data set (R1F), respectively. Corresponding 1D radial profiles, obtained by azimuthally averaging diffraction patterns (b–d) are
shown in (e, f) color coded to match the corresponding diffraction patterns. While the BVM-based radial profile show
characteristic peaks of all the minerals present in the area that was investigated, the average radial profile captures mainly the
hk0 reflections of phyllosilicates while the variance radial profile captures the 001 reflections as well as the hk0 reflections of
phyllosilicates. The radial profile obtained by integrating the Bragg vector map can be used to describe the mineralogy of Ryugu
asteroid.

8 B.-e. Mouloud et al.
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consistency between the two image reconstructions is
observed. Figure 4c–e are diffraction patterns obtained
from the 4D-STEM data over the areas that are
highlighted in Figure 4a. Template matching (described
in more details in Ophus et al. (2022)) of pyrrhotite and
pentlandite diffraction pattern libraries (calculated with,
respectively, space groups P3121 (Nakano et al., 1979)
and Fm-3m (Rajamani & Prewitt, 1975)) with the sample
diffraction patterns were performed using the automated
crystal orientation mapping (ACOM) module of
py4DSTEM (Ophus et al., 2022). These patterns were
properly indexed as pyrrhotite as shown in Figure 4f,g,
while pentlandite did not match these diffraction patterns
at all. This suggests that Ryugu may contain Ni-bearing
pyrrhotite which is consistent with the findings of
Harisson et al. (2022), Ito et al. (2022), and Nakamura
et al. (2023). The gray areas of Figure 4a have
corresponding diffraction patterns that lacked enough
Bragg spots to be indexed, and hence, no structure
information was retrieved to complement the chemical
information. The interested reader can consult in-depth
investigations on the formation of Ni-bearing pyrrhotite
and pentlandite in CI-chondrites described in Berger
et al. (2016) and Schrader et al. (2021).

Serpentine and Smectite

The radial profile in Figure 3e corresponding to the
mean diffraction pattern in Figure 3b displays three
relatively broad diffraction peaks at � 0.45, � 0.254, and
� 0.154 nm. Following Brindley and Brown (1980), these
peaks have been attributed to reflection on (2,11,0),
(13,20,0), and (6,33,0) planes of phyllosilicates. This
suggests that most of the pixels in the examined area are
mainly made up of a mixture of fine-grained smectite and
Mg-rich serpentine (King et al., 2015; Tomeoka &
Buseck, 1988).

In agreement with Viennet et al. (2023), the peaks
located at � 0.728 and � 0.359 nm in Figure 3e
correspond to the serpentine 001 and 002 reflections,
respectively, while the peak located at � 0.212 nm
corresponds to the 112 reflection of serpentine. The
intense peak around � 1.24 nm corresponds to the 001
reflection of smectite. A small contribution can also be
seen from the 002 reflection of smectite at � 0.625 nm
and a relatively broad peak located at � 0.32 nm is
attributed to the 004 reflection of smectite.

In the area shown in Figure 5a, a virtual dark field
map of smectite and serpentine distribution in the
phyllosilicate matrix was obtained, as shown in
Figure 5b. This was accomplished by integrating over the
smectite and serpentine 001 diffraction rings and over
the phyllosilicate reflection at � 0.45 nm. The boundaries
of the diffraction rings used for the integration are

determined by the width of the corresponding peaks in
the 1D radial profiles. On this virtual dark field,
serpentine- and smectite-rich areas are, respectively,
colored in green and red whereas mixed areas are colored
in blue. An element map obtained by STEM-EDS
showing Si/Mg ratio is shown in Figure 5c. In favorable
cases, serpentine and smectite can be distinguished
through STEM-EDS analysis. Without taking into
account possible Al substitutions, Mg-rich serpentine
exhibits a Mg/Si ratio of � 1.5, while smectite, possessing
a permanent charge of 0.4, has an Mg/Si ratio of � 0.83.
However, the mixing scale between both phases is often
smaller than our pixel size in the EDX maps and,
therefore, only the larger grains can be reliably identified
in this way. Comparison of Figure 5b,c indicates that
smectite-rich areas oriented with (001) planes edge-on are
correlated with Si-rich areas in the corresponding
elements map (both in red). Nevertheless, serpentine
(001) area as well as smectite-serpentine rich areas (green
and blue, respectively) are both associated with Mg-rich
areas (blue on the EDX map). It shows that 4D-STEM
identifies serpentine and smectite grains at a finer scale
than EDX when they are properly oriented with basal
planes edge-on.

Serpentine in Ryugu

Serpentine are 1:1 tri-octahedral phyllosilicates. The
three most common polymorphs of serpentine are
lizardite, antigorite, and chrysotile which are all Mg-
dominant. The ideal chemical formula of serpentines is
Mg3Si2O5(OH)4. They only differ in terms of how their
fundamental coordinating polyhedra are oriented one to
each other. These form flat layers in the case of lizardite,
wavy layers in antigorite, and curled layers in chrysotile
(Andreani et al., 2008; Mellini, 2013; Vance &
Melwani, 2020). Chrysotile is common in CM chondrites
(Barber, 1981; MacKinnon, 1980) but rare in CI
chondrites (Tomeoka & Buseck, 1988) and is easily
recognized by high-resolution TEM because of its
apparent tubular structure (Yada, 1971). No previous
investigations of Ryugu asteroid samples have indicated
the presence of chrysotile; neither has the current study.

In order to identify the polymorph that can be most
representative of serpentine in the PSM of Ryugu among
lizardite and antigorite, a set of pixels (� 20 pixels) of
serpentine that are close to Bragg conditions were chosen
from the second area (R2U) examined in this study
(Figure 2b). This was accomplished by template matching
of experimental diffraction patterns with simulated
patterns of lizardite and antigorite using libraries from
Mellini et al. (2010) for lizardite and Uehara (1998) for
antigorite. We used the ACOM module of py4DSTEM to
compare the experimental diffraction patterns in the 4D-

Four-dimensional-STEM analysis 9
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FIGURE 4. (a) Combined virtual dark field image made by 4D-STEM (b) showing Ni-free and Ni-bearing sulfides in the
examined area and (b) corresponding STEM-EDS maps. (c–e) Color-coded diffraction patterns corresponding to the different
areas of equivalent color shown in (a). Gray areas in (a) correspond to sulfides that could not be indexed due to insufficient
diffraction spots in the corresponding DPs. White circles in (e) indicate diffraction spots relevant to the corresponding iron-rich
sulfide in (a). Indexing diffraction patterns of (c, d) shows that both the Ni-free and Ni-bearing sulfides are pyrrhotite (f, g).

10 B.-e. Mouloud et al.
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stack to the template patterns and retained only the pixels
that showed correlation values >0.5 for both cases. We
selected this threshold value because we found it to be the
minimum value that excluded diffraction patterns for
which the corresponding simulated patterns were
obviously different from the measured ones. Afterward,
the diffraction patterns of these pixels were summed and
then azimuthally integrated to get the radial profile in
Figure 6b. For clarity, diffraction patterns corresponding
to only three different pixels are shown in Figure 6c1–c3.
From the template matching results, the correlation
value between Ryugu’s serpentine diffraction patterns
and lizardite simulated diffraction patterns was
consistently higher than that of antigorite as shown
in Figure 6. This was observed in all the pixels that
corresponded to serpentine close to the Bragg
conditions. Furthermore, the simulated diffraction
patterns of antigorite in Figure 6 suggest that certain
spots in the corresponding experimental patterns should
exhibit a perpendicular streaking, which is not observed
here. Perpendicular streaking is also commonly observed
in SAED patterns of both antigorite and chrysotile
(Zvyagin, 1967). This supports the interpretation that
serpentine in the PSM of Ryugu is most likely present in
the form of lizardite.

Smectite in Ryugu

Smectite minerals are a type of clay mineral that
belongs to the phyllosilicate family and have a T-O-T
structure. Isomorphic substitutions in variable amounts
by lower charge cations in tetrahedral and/or octahedral
sheets induce negatively charged 2:1 layers, the so-called
“permanent charge.” This permanent charge is in turn
compensated by hydrated exchangeable cations in the
interlayer space that are responsible for the hydration
properties leading to the expansion of the layer-to-layer
distance reflected by the position of the (001) reflection
(Ferrage, 2016). The layer-to-layer distance depends on
the hydration state. Indeed, the tri-hydrated state of
smectite, characterized by the presence of three water
molecules between the layers, leads to a layer-to-layer
distance of up to � 1.9 nm, while a dehydrated state
reduces the distance to � 0.96 nm (Colten-Bradley, 1987;

FIGURE 5. (a) STEM-HAADF image of the surveyed area
(same as Figure 2a). (b) A corresponding combined virtual dark
field image made by 4D-STEM showing smectite and serpentine
distribution in the matrix along with (c) energy-dispersive x-ray
spectroscopy (EDS) map made by scanning transmission
electron microscopy (STEM) of Mg/Si ratio over the same area.
Sulfides in (b) are imaged in light gray for a better localization of
the different features observed in (a) and (c).

Four-dimensional-STEM analysis 11
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Ferrage, 2016; Moyano et al., 2012; Sayers & den
Boer, 2016). The radial profiles in Figure 3 for Ryugu
samples indicate that smectites have a mean d-spacing of
� 1.24 nm. Using 4D-STEM, it is possible to map the
variation in the interlayer spacing of smectite by
determining the d001 spacing at each scan position. This
was accomplished on the filtered data used in this study
(R1F) by first cropping each diffraction pattern to only
retain a region of the reciprocal space up to a reciprocal
space radius of 1.1 nm�1. This selection restricts our
analysis to the 001 reflection areas of smectite,
corresponding to a minimum observable real space
distance of � 0.9 nm. Afterward, the peak finding
procedure described in the previous section is used over
this newly formed data set to extract the positions of each
pair of diffraction spots and measuring their spacing, and
hence, the d001 of smectite. A histogram of the different
smectite d-spacings identified by this procedure in the
area examined by 4D-STEM is shown in Figure 7. It
suggests that d-spacings are ranging from � 1 to � 2 nm.
Most d-spacings lie between � 1 and � 1.4 nm with a
mean value that is around � 1.24 nm as previously
emphasized by the radial profiles of Figure 3e.

Figure 8a shows a VDF image reconstructed using
the (001) reflection of smectite. At each smectite pixel in
the surveyed area, we have a value for the interlayer
spacing, which results in a map of the interlayer spacing
of smectite that is shown in Figure 8b. The map displays
a random distribution of d-spacing values without any
discernible patterns or trends. Some representative
diffraction patterns selected from a set of pixels in the
smectite-rich area are displayed in Figure 8c1–c6.

DISCUSSION

The Ryugu samples studied here are important to
understanding the mineralogy and crystallization history
of the asteroid (e.g., Dobric�a et al., 2023; Ito et al., 2022;
Nakamura et al., 2023; Yada et al., 2022). The
identification and characterization of minerals in these
samples are crucial for unraveling the formation
processes and environmental conditions that shaped
Ryugu. To achieve comprehensive mineralogical analysis,
advanced techniques capable of high-resolution imaging

and diffraction are required. In this regard, the
emergence of 4D-STEM using direct electron detection
technology has opened up new possibilities for
investigating complex and beam-sensitive samples (e.g.,
Bustillo et al., 2021; Li et al., 2022; Ophus, 2019; Ophus
et al., 2022; Savitzky et al., 2021). One of the most
significant benefits of 4D-STEM over SAED is its ability
to offer both high spatial resolution and representative
sample measurements over several lm2. Phase and
orientation mapping of beam-sensitive materials is now
feasible, providing important information on the
presence or absence of orientation relationships and
hence the crystallization history of the sample.

It is noteworthy that the 4D-STEM data set we used
for depicting the mineralogy of Ryugu (data set R1F) is
acquired with zero-loss energy filtering. To illustrate the
effect of filtering, we show in Figure 9a,b two variance
diffraction patterns that were reconstructed from two
separate 4D-STEM data sets taken from the same area
(HAADF image Figure 2a). The first data set was
acquired without filtering (R1U), while the second
was acquired with filtering (R1F). The energy filtering
removes the inelastic scattering from the diffraction
patterns (mainly plasmon scattering collection at low
angles (Yi & Voyles, 2011)), which can cause broadening
of the diffraction spots and decrease the contrast in the

FIGURE 6. (a) A reconstructed VBF image of the area that was examined in 4D-STEM along with a corresponding average
radial profile reconstructed from the diffraction patterns of the 4D data stack. The homogeneous light gray region in top is
vacuum. (b) 1-D histogram of scattering vectors from oriented serpentine (black) and simulated electron diffraction profiles of
lizardite (purple) and antigorite (yellow) with serpentine’s detected inverse plane spacings overlaid. (c1–c3) are diffraction
patterns from the three separate color-coded areas of serpentine in (a) along with (d1–d3) lizardite matches and (e1–e3)
antigorite matches of the respective diffraction patterns. Lizardite’s and antigorite’s correlation scores are shown in the bottom
right of their respective matches showing that the correlation score for lizardite is higher than that of antigorite. Best-fit zone
axes of lizardite are shown in the top right of their respective matches.

FIGURE 7. A histogram of the variability of d-spacings in
the examined area of Ryugu showing, as a percentage, the
frequency of smectite pixels in the map that correspond to a
given d-spacing. Most d-spacings lie between � 1.1 and
� 1.4 nm while some other pixels (<5%) display larger
interlayer spacing values.

Four-dimensional-STEM analysis 13
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diffraction pattern (Figure 9a). This results in a clearer
diffraction pattern with sharper spots and reduced
background. Figure 9c depicts the one-dimensional

azimuthally averaged profiles of the two variance
diffraction patterns, which are color-coded for clarity.
Notice that the smectite and serpentine reflections are

FIGURE 8. (a) VDF image of smectite-rich area in Ryugu reconstructed from the 001 reflection. Colored arrows indicate pixels
from which a set of diffraction patterns are taken as a showcase. (b) A map of the distribution of the interlayer spacing in
smectite over the same area shown in (a). (c1–c6) are diffraction patterns taken from the pixels color-coded in (a). A variety of
d-spacings ranging from � 1 to � 2 nm were observed.

14 B.-e. Mouloud et al.
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hardly discernible in the unfiltered radial profile with a
dwell time of 3.5 ms, but clearly visible in the radial
profile obtained with energy filtering. In data set (R2U),

we increase the dwell time to 20 ms to improve the signal-
to-noise (SNR) ratio to enable serpentine phase
identification. While this enabled the detection of the 001

FIGURE 9. The effect of zero-loss energy filtering. A variance diffraction pattern over the area under investigation (a) without
filtering and (b) with filtering. The corresponding azimuthally averaged one-dimensional profiles are shown in (c). We can clearly
see that the intensity near the zero beam is higher without energy filtering which makes the diffraction signal of smectite and the
001 of serpentine near the direct beam very weak, hence, cannot be emphasized without energy filtering. We should note here
than the unfiltered 4D-STEM data set (R1U) was acquired prior to the filtered one (R1F).

Four-dimensional-STEM analysis 15
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reflection of serpentine, it was not possible to detect the
001 reflection of smectite. As previously described, low-
angle scattering features, such as smectite 001 d-spacing,
can be resolved more effectively in electron diffraction
when using zero-loss energy filtering. Therefore, if energy
filtering had been employed to acquire the data set, it
would likely have been possible to resolve the 001
reflection of smectite.

Using 4D-STEM, we were able to accurately identify
and map the different minerals present in Ryugu. The
regions analyzed in this study did not include magnetite
and carbonates, also present in Ryugu (Dobric�a
et al., 2023; Ito et al., 2022; Nakamura et al., 2023; Yada
et al., 2022), as we focused on phases of smaller grain size.
Instead, our main focus was on the phyllosilicates.

Several studies tried to address the identification of
the serpentine polymorph in the phyllosilicate matrices
of chondrites. For instance, Takir et al. (2013) used IR
analysis on the Ivuna CI-chondrites and detected the
presence of both lizardite and chrysotile, but was unable
to differentiate between them. Osawa et al. (2005) also
reported, from IR spectra analysis, the signature of
lizardite in Ivuna CI-chondrite, and that of chrysotile in
CH and CB chondrites. TEM studies, however, have
generally been able to distinguish serpentine polymorph
based on the appearance of basal lattice fringes. For
instance, chrysotile has been identified in CM chondrites
by HRTEM studies based on its tubular structure
(Tomeoka & Buseck, 1985). Additionally, the presence of
polyhedral serpentine in Murchison, Mighei, and Cold
Bokkeveld CM chondrites was reported by Zega
et al. (2006) using TEM imaging. They also proposed a
possible pathway for its formation through alteration and
oxidation of cronstedtite on the parent body. Determining
the main serpentine polymorph in the matrix may provide
clues about the conditions and processes that occurred
during the formation and alteration of the parent body.

In this study, and by means of template matching,
over a selection of diffraction patterns close to exact
Bragg conditions taken from serpentine areas, we have
identified the serpentine polymorph present in Ryugu to
be lizardite. Investigating the conditions under which
lizardite forms and the mechanisms that drive its
formation will provide valuable information about the
history and evolution of Ryugu. Serpentine minerals are
known to form through a process called serpentinization,
which involves the hydration of minerals that contain
iron or magnesium, such as olivine (Bailey, 1991). When
olivine interacts with water, the crystal structure of the
mineral breaks down, leading to the formation of lizardite
with possibly magnetite and brucite (Bailey, 1991). A
work conducted by Wenner and Taylor (1971) measured
18O-fractionations between coexisting serpentine and
magnetite to give approximate temperatures of

serpentinization of ultramafic rocks. They found that, at
fluid pressures up to � 4 kbar, different chrysotile–
lizardite mixtures occur at temperatures ranging from 85
to 185°C, while antigorite is stable at even higher
temperatures. This is in agreement with other studies by
O’Hanley et al. (1989) and O’Hanley and Wicks (1995),
which investigated the stability of serpentine polymorphs
under different conditions. In these studies, they reported
that, under fluid pressures up to � 4 kbar, the stability of
serpentine polymorphs changed with increasing
temperature. Specifically, lizardite was found to be the
most stable phase at temperatures below 200°C, but as
temperature increased, it was replaced by chrysotile. At
even higher temperatures, the most stable serpentine
polymorph was observed to be antigorite. A more recent
study by Evans (2004) focused on the role of temperature
and reported that lizardite is favored at lower
temperatures. However, its stability diminishes as the
temperature surpasses 290°C, and antigorite–brucite
assemblage becomes stable. Schwartz et al. (2013)
investigated phase transitions between the different
polymorphs of serpentine and observed that below 300°C
and 4 kbar, only lizardite is stable, while in the 320–
390°C range of temperatures, and for pressures >9 kbar,
antigorite progressively replaces lizardite. Since the
present study suggests that lizardite is the predominant
serpentine polymorph in Ryugu samples, it is likely that
aqueous alteration occurred at low temperatures that are
favorable for lizardite formation. This is consistent with
recent studies of Ryugu grains. Nakamura et al. (2023)
concluded, from the low abundance of Mg-chlorite, that
aqueous alteration may have occurred at temperatures
below 100°C while Yamaguchi et al. (2023) reported that
the alteration temperature does not exceed 210°C. Yet,
the implications of lizardite formation discussed here
might not be directly applicable to Ryugu and CI-
chondrites meteorites because the precursor materials for
the serpentine are still unknown. Indeed, our study did
not find any evidence of amorphous, gel, or glass-like
minerals in Ryugu from which a serpentine phase like
lizardite could eventually be formed. However, as pointed
out by Leroux et al. (this issue) and Nakamura
et al. (2023), a part of serpentine could have been formed
from anhydrous silicate material such as Mg-rich olivine
and pyroxene.

The detection of smectite in Ryugu grains is
consistent with previous results on the mineralogy of
Ryugu (Ito et al., 2022; Leroux et al., this issue;
Nakamura et al., 2023; Noguchi et al., this
issue; Yokoyama et al., 2022). As for serpentine, smectite
is an aqueous alteration product particularly abundant in
CI chondrites (e.g., King et al., 2015; Tomeoka &
Buseck, 1988). Considering desorption of interlayer water
molecules under vacuum conditions of the TEM, the
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expected value for the interlayer space should be around
� 1 nm. The 4D-STEM results reported here show
that the average d-spacing of smectite in the examined
area is � 1.24 nm. Common d-spacing uncertainties are
generally <5%, which is far below the � 20% dispersion
(FWHM) of the distribution reported in Figure 7. So far,
smectite’s d-spacing had been inferred locally using
HRTEM (Noguchi et al., this issue), and as a bulk value
using XRD (Nakamura et al., 2023; Viennet et al., 2023;
Yamaguchi et al., 2023). The average d-spacing value
here measured is consistent with the study led by Viennet
et al. (2023) through XRD experiments at 0% relative
humidity. This, together with the high dispersion of the
d-spacings distribution, indicates that species other than
water could be present within smectites’ interlayer space,
not volatile enough to be released under vacuum. Indeed,
using thermogravimetric analysis, Yokoyama et al. (2022)
showed that smectite in Ryugu contain little or no
interlayer water. One likely candidate then is organic
matter. The presence of organic matter within the
interlayer space of smectites would lock the interlayer
space of smectites at d-spacings >1 nm under 0% RH or
under vacuum. This behavior is long known in 2:1
phyllosilicate as organic intercalation (Lagaly &
Beneke, 1991; Lanson et al., 2022). More recently,
experiments dedicated to the investigation of the
interaction between organics and phyllosilicates in
chondritic-like conditions revealed the same behavior
(Viennet et al., 2019, 2020, 2021, 2022, 2023). Stroud
et al. (this issue) studied Ryugu’s organic matter and its
relationship to minerals at the micrometer to nanometer
scale. Yabuta et al. (2023) investigated the abundant
organic matter within the Ryugu grains, composed of
aromatic and aliphatic carbons, ketones, and carboxyls.
They discussed the interaction between minerals
and organics based on the presence of diffuse organic
matter, supporting the possibility of organic matter’s
involvement in the interlayer space of smectites. In our
study, the ratios of K/Si, Na/Si, and Ca/Si over smectite-
rich areas identified with 4D-STEM VDF imaging were
below our detection limits (<0.01, not shown) to be
responsible for charge compensation in the interlayers of
smectite, indicating that, apart for possible residual water
molecules, organic matter could be the main species
compensating the permanent charge of smectite layers.

While XRD provides a bulk scale d-spacing value
(Viennet et al., 2023), 4D-STEM is a powerful
complementary source of information. Indeed, our 4D
STEM results indicate a considerable degree of
heterogeneity among the smectite d-spacings at a scale of
� 80 nm, with values ranging from � 1 to � 2 nm. This
heterogeneity can have different interpretations. Distinct
organic molecules, with different carbon chain lengths for
instance, may be present within the interlayer space

(Lanson et al., 2022). Alternatively, it could be possible
for the same organic molecules to exhibit different spatial
arrangements or configurations. Since the d-spacing
heterogeneity cannot be attributed to one specific cause,
it is difficult to determine its origin. However, one
possible explanation for the observed variability is the
influence of local geochemical conditions, which can be
related to the nature of organic matter and its
interactions within the smectite layers. Furthermore, if
such heterogeneity is related to variations in the crystal
chemistry of smectite layers, such differences could be
attributed to local variations in geochemical conditions
and/or smectite precursors. The d-spacing map shows
that the variability occurs within each particle but does
not seem to be totally random. Pixel clusters of several
tens of nanometers display relatively similar d-spacing
values (Figure 8b). It may suggest that the process
controlling the d-spacing was variable at the same spatial
scale and that heterogeneously localized environmental
conditions affected either the crystal chemistry, the
organic matter nature, or their interactions.

CONCLUSION

Our study focuses on the detailed microstructural
characterization of the phyllosilicates in Ryugu asteroid
samples using 4D-STEM. Using advanced electron
diffraction data analysis protocols, we characterized the
mineralogy of Ryugu asteroid samples and identified
the main minerals that are present. Our study identified
Ni-bearing pyrrhotite in Ryugu, consistent with previous
findings. We identified lizardite as the primary serpentine
polymorph in Ryugu’s matrix. If lizardite formed by the
alteration of olivine, this alteration may have occurred
at low temperatures. The main smectite reflection is
located at an average distance of � 1.24 nm suggesting
the presence of organic matter trapped within the
interlayer space of smectite in addition to possible
residual water molecules. The spatial mapping of the
interlayer spacing of smectite highlights the sub-
microscale heterogeneity of Ryugu and shows the close
association of organics with smectite-type clay minerals.
Our findings highlight the importance of continued
investigation into the mineralogical, chemical, and
structural properties of asteroidal and chondritic
samples, and the significant role that advanced electron
microscopy techniques such as 4D-STEM can play in
enhancing our understanding of such objects.
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