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Materials

Ryugu samples

In 2020, the Japan Aerospace Exploration Agency (JAXA)’s Hayabusa2 mission delivered to Earth 5.4 g of samples
from the carbonaceous asteroid (162173) Ryugu (e.g., Yada et al., 2022; Yokoyama et al., 2022). The Hayabusa2
spacecraft collected two sets of samples: one from the surface (Chamber A), representing the outermost layer of
Ryugu and therefore affected by space weathering, and one from the subsurface (Chamber C), excavated from a
crater created by an impact device. The latter provides access to material that has potentially less been exposed to
space weathering. Samples from both chambers (sample A0159 and sample C0105-45) are analysed in this study.

Hectorite sample

A synthetic hectorite sample was used to compare the STXM data with that of Ryugu. The hectorite has been
synthesized and characterized by Dazas et al. (2013; 2024), with a reported composition, measured by particle-
induced gamma- and X-ray emissions, of Nag soMgs 31L10.69S18.0020(OH)0.76F3.24. Minor quartz (Si0), sellaite (MgF»),
and enstatite (MgSiO3) were also reported, attributed to synthesis residues. Our STEM-EDS analyses on the same
material reveal a similar composition (Table S-1), with contamination by MgF, and CaF, (Fig. S-1). The slight
differences arise from the different characterization approaches, bulk versus localized, and from the fact that Li
cannot be detected by EDS.
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Table S-1 Composition of hectorite and MgF, in atoms per formula unit (a.p.f.u.) as reported by Dazas et al. (2013)
and as measured in this study by STEM-EDS analysis. The a.p.f.u. values were calculated on the basis of 8 Si atoms,

and the O content was determined by subtracting the F value from a total of 24 O.

ElL Hectorite (a.p.f.u.; | Hectorite (a.p.f.u.; | MgF; (a.p.f.u.;
Dazas et al., 2013) this study) this study)

Al Not reported 0.09

Ca Not reported 0.39

Na 0.69 0.03

Li 0.69 Not measured
Mg 5.31 5.18 7.80

Si 8.00 8.00

F 3.24 4.40 14.54

0) 20.76 19.60

Figure S-1 STEM-EDS maps of hectorite. (a) HAADF image showing presence of MgF, and CaF,. The dashed
white rectangle indicates where the EDS analysis was performed. (b—d) Elemental distribution maps of Ca, F, and
Mg in the sample, highlighting the presence of MgF, and CaF.. Pixel size: 121 nm.

Methods

FIB extraction

FIB lamellae (approximately 20 x 6 pm) were extracted at the Institute of Electronics, Microelectronics and
Nanotechnology (IEMN) of the University of Lille using a Zeiss Crossbeam 550 L instrument. The FIB sections
were extracted from rough grains (C0105 and small grains found alongside A0159) and from grains with a plasma-
FIB-polished surface (A0159; Jossé et al., 2025). The grains were secured using C-tape during FIB cuts. The sections
were first excavated using a 30 keV Ga beam, then thinned down to ~100 nm using a 10 keV beam and polished at
2 keV to remove surface implantation damage.

Transmission electron microscopy

TEM observations were performed at the Electron Microscopy Facility of the Chevreul Institute at the University of
Lille, using a Thermo Fisher TITAN Themis operating at 300 keV in scanning TEM mode (STEM). The microscope
is equipped with a high-brightness Schottky field emission gun (FEG), a super-X windowless four-quadrant silicon
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drift detector (SDD) EDS system, different annular dark field detectors, a Wien filter type monochromator and a
probe aberration corrector, allowing a spatial resolution of 70 pm and flexibility in choosing the electron dose. High
annular dark field (HAADF) images were collected with a probe semi-convergence angle of 20 mrad and a probe
current of 50 pA. STEM-EDS maps were collected with a probe semi-convergence angle of 5 mrad, a spot size of 2
nm and a probe current between 300 and 500 pA.

Fluorine is known to volatilize during TEM observations due to the strong interaction of the electron beam with the
sample (Capitani, 2019). For this reason, to avoid beam damage and analytical artifacts, EDS maps where collected
in multi-frame mode with a dwell time between 2 and 20 ps and continuous scanning over a total time of 5-12 hours
for large maps (A0159 02; A0159 05; A0159 06; C0105 01; C0105 03) and 1-2 hours for smaller maps
(A0159 01; A0159 03; A0159 04; A0159 gl13; A0159 gl4; C0105 02; C0105_04). Although this approach
minimizes F volatilization, some F loss still occurred. As illustrated in Figure S-2, a slight variation in F content is
observed from the first 500 frames to the last 500 frames (10000 frames in total; sample A0159 05). Quantification
reveals that the F concentration in the first 500 frames is 3.14 at. %, whereas in the last 500 frames it decreases to
2.45 at. %, corresponding to a 22% loss. Oxygen also shows a minor variation from the first to the last frames, a
well-documented phenomenon in 2:1 dioctahedral phyllosilicates, where dehydroxylation can occur under electron-
beam (Kogure, 2007). All frames were used for quantification, so the reported fluorine and oxygen values may be
slightly underestimated due to volatilization. Quantification of the EDS data were done applying absorption
correction using experimentally derived k-factors (Conconi et al., 2023, 2025; Le Guillou et al., 2024). EDS data
were processed using the open-source software Python package HyperSpy (de la Pefia er al., 2017). Background
fitting and subtraction were done using a Bremsstrahlung model (Zanetta et al., 2019). Peak fitting and deconvolution
were performed with a Gaussian function, and the integrated intensity were used for quantification. The Fx, line and
Fev, partially overlap, being centred at 677 eV and 705 eV, respectively. To assess that the measured F signal is real
and not an artifact from the Fer, contribution, we compared residuals of the fitting performed with and without Fk,
in the model. This test was applied to average spectra from two samples: C0105 1 (low F content, average 0.86
at. %) and C0105_3 (high F content, average 7.70 at. %). In sample C0105_3, omission of F from the model results
in a clear misfit of the peak (Fig. S-3). A similar, although less pronounced, effect is observed in sample C0105 1
(Fig. S-4), due to the weaker intensity of the Fk, line. In both cases, the residual to peak intensity ratio is consistently
higher when F is excluded. These results demonstrate that the F signal is real and confirm the robustness of our
quantification.
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Figure S-2 Average EDS spectrum of sample A0159_05. (a) Comparison between the summed spectrum of the first
500 frames (blue) and the summed spectrum of the last 500 frames (orange). Only minimal changes occurred between
the start and end of the acquisition, these changes mainly affect carbon, oxygen and fluorine. The inset shows the
presence of F since the peak is not centred on the Fer, but is slightly shifted to lower energy. (b, ¢, d) Quantification
of the summed spectra for the first 500 frames (b) a middle set of 500 frames (frames 5000-5500) (¢) and the last

500 frames (d). Spectral deconvolution confirms the presence of F, and its intensity decreases slightly from the start
to the end of the acquisition.
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Figure S-3 Average spectrum of sample C0105_03. (a) Spectrum with background model and peak fitting including
F; (b) the same spectrum fitted without F in the model, showing a clear misfit of the peak. The corresponding
residuals are shown in (¢) and (d), illustrating that the residual is significantly lower when F is included (c) than

when it is omitted (d). Residuals were calculated by integrating the area of the residual (/*,.;) and the area of the peak
(I peat) between the two black dashed lines (0.63-0.77 keV).
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C0105_01: low F content
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Figure S-4 Average spectrum of sample C0105_01. (a) Spectrum with background model and peak fitting including
F; (b) the same spectrum fitted without F in the model. Because F is present at low concentration (average 0.86 at. %),
the difference is less pronounced than in Figure S-3. However, a closer look shows that the left shoulder of the peak
is better fitted when F is included. The corresponding residuals are shown in (¢) and (d), illustrating that the residual
is lower when F is included (c) than when it is omitted (d). Residuals were calculated by integrating the area of the
residual (I,.s) and the area of the peak (I”pear) between the two black dashed lines (0.63-0.77 keV).

Scanning transmission X-ray microscopy coupled with X-ray absorption near-edge structure at the F-edge
STXM-based XANES measurement were obtained on the HERMES Beamline at the SOLEIL synchrotron (Belkhou
et al., 2015; Swaraj et al., 2017). The microscope is first pumped to high vacuum before Helium is introduced into
the chamber to perform the measurements. We acquired image stacks at energy increments of 0.2 eV over the F K-
edge (685-700 eV) and 0.1 eV over C K-edge (280-295 eV) using a dwell time of 2 ms per pixel. Energy calibration
was performed using CO, absorption bands for the C K-edge, and thanks to an internal hematite sample for the F K-
edge (Fe’" peak at 710 eV). Calibration are further confirmed with cross comparison from published CaF, data
(Roesch et al., 2023). Data reduction workflow and spectra extraction was made using the HyperSpy python package.
A power law background was subtracted and spectrum normalization to the F content was performed by integrating
the optical density up to 695 eV (Le Guillou et al., 2018). Spectra of Ryugu are obtained from one FIB section
(C0105_03) and the hectorite reference was measured on a microtomed preparation.

Fourier Transform Infrared Spectroscopy

Mid-infrared (MIR) hyperspectral maps were collected using an Agilent Cary 670 Fourier-Transform IR (FTIR)
microscope equipped with a Focal Plane Array Detector (FPA) installed at the SOLEIL synchrotron (France). The
configuration was very similar to the one used by Aléon-Toppani ef al. (2024). We measured in transmission mode
with a spectral resolution of 4 cm™, and a spectral range from 800 to 3900 cm™, typically averaging 512 scans for
each map. We used a 25x objective in combination with a high magnification system placed in front of the FPA
detector, which was resized to 64x64 pixels. In this configuration, the size of the projected pixel size was ~0.66 pm
and the field of view was ~42 pm, but the spatial resolution was diffraction-limited in the whole spectral range. Each
map was ratioed to a reference map acquired on an empty field of view before each analysis. The average spectrum
of each section was obtained by first selecting only pixels where the silicate bands were observed, and then by
averaging only the central part (typically less than 100 pixels) in order to avoid the edges of the sections. A rubber
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band baseline correction was then applied to the 850-1950 cm™ range to produce the absorbance spectra shown in

Figure S-11.

Supplementary Tables

Table S-2 Average values in at. % with relative errors for F, Si, and Mg for phyllosilicates in each sample shown in
Figure S-5. The reported values were obtained by quantifying the average phyllosilicates contribution from the
STEM-EDS maps, excluding other phases such as, carbonates, magnetite, sulphides and large organic particles.
Errors were calculated by considering both the uncertainty associated with counting statistics (36) and the uncertainty
in the k-factors, assumed to be 3% for Mg (experimentally derived k-factor) and 10% for F (manufacturer-provided

k-factor).

Q) EAc

Sample F (at. %) Si (at. %) Mg (at. %)
C0105 01 0.86+0.09 13.58+0.01 11.30+0.34
C0105 02 2.18+0.23 13.72+0.09 11.76+0.36
C0105 03 7.70+0.77 16.11+0.02 14.61+0.44
C0105 04 1.76+0.20 13.33+0.13 10.08+0.33
A0159 01 0.62+0.07 13.45+0.12 9.96=+0.32
A0159 02 229+£0.23 13.19+£0.02 10.56+0.32
A0159 03 0.71+£0.08 14.04+0.10 9.76+0.31
A0159 04 4.50+£048 13.43+£0.21 10.72+0.38
A0159 05 349+035 15.11£0.02 11.72+0.35
A0159 06 3.66+0.37 1443+0.05 11.18+0.34
A0159 g13 - 1229 +£0.15 9.02+0.10
A0159 gl4 - 11.39+£0.05 9.46+0.10
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Supplementary Figures
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Figure S-5 F vs. Mg/Si plot for all the FIB sections studied. The F, Mg and Si concentrations are reported in at. %
and were obtained by quantifying the average phyllosilicates contribution from the STEM-EDS maps, excluding
other phases such as, carbonates, magnetite, sulphides and large organic particles. The F concentration varies from
not detected (samples A0159 g13/gl4, corresponding to FIB sections from the small detached grains found alongside
A0159) to 7.70 at. % (sample C0105_3). The Mg/Si ratio varies between 0.70 (sample A0159 03) to 0.91 (sample
C0105_03), indicating that the matrix is dominated by saponite rather than serpentine. Values below the ideal Mg/Si
ratio of saponite (0.75) may reflect the presence of silica within the phyllosilicate porosity (Leroux et al., 2024). The
dashed line at Mg/Si = 0.75 marks the low-charge saponite end-member
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Figure S-6 Fluorine content in dolomite (Dol) and an organic grain (C-grain) compared with that of the surrounding
phyllosilicate matrix (Srp-Sap). Dolomite contains minor amounts of F (average 1.05 at. %), while the organic grain
show no detectable fluorine. Pixel size for both maps is 121 nm.
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Figure S-7 Relationship between O and F contents for each phyllosilicate pixels of the STEM-EDS maps. The F
content varies from not detected up to ~17 at. % depending on the section. The dashed red line represents the
regression line for samples with the best statistics. The slope ranges from -1.275 (C0105_03) to -1.853 (A0159 06),
with an average value of approximately -1.5. This suggests that the substitution between F and O is not strictly 1:1,
likely due to partial volatilization of F and OH groups under the electron beam and the variable mixing degree of
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saponite and serpentine. The higher slope observed for sample A0159 06 is consistent with it being the longest map
acquired, comprising approximately 162,000 frames.
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Figure S-8 O/F ratio quantified at different acquisition stages (frames) for map A0159 05 to evaluate the evolution
of F and O. The x-axis corresponds to the fraction of the total number of frames (10,000). The O/F ratio does not
remain constant and shows an increasing trend, suggesting that F is lost more rapidly than O.
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Figure S-9 Relationship of F with Na and CI. No clear correlations are present and the concentrations of Na and Cl
are minimal, ranging from undetectable to 1.25 at. % and undetectable to 0.8 at. %, respectively.
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Figure S-10 STXM-based XANES spectra of Ryugu phyllosilicates. (a) C K-edge spectra extracted from the F
hotspot (orange) and from the surrounding matrix (blue). The two spectra are similar and show only signals
attributable to organic matter, with no distinct features indicative of C—F bonding. The intense band around 290.3 eV
is only observed after STEM-EDS measurements and is thus related to beam damage. b) F K-edge spectra extracted
from the F hotspot (orange) and the surrounding matrix (blue). The two spectra are similar showing a broad

absorption feature between 691-695 eV and a low energy absorption shoulder around 686-687.5 eV. The F K-edge
spectra were collected before STEM-EDS analysis.
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Figure S-11 FTIR spectra of samples C0105 03 (red; average F = 7.70 at. %), A0159 05 (cyan; average F = 3.49
at. %), and C0105 04 (orange; average F = 1.76 at. %). The spectra were normalized to the most intense band at
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around 1000 cm™'. All three spectra display absorption bands similar to those reported for other Ryugu particles (e.g.,
Aléon-Toppani et al., 2024). Specifically, the band around 1000 cm™, together with the small shoulder at ~1080 cm™
! (8i~0-), represents the main and secondary SiOj stretching modes in phyllosilicates (Salisbury et al., 1991; Beck
et al., 2014), while the remaining bands are characteristic of organic matter (see Aléon-Toppani et al., 2024 and
references therein for a detailed discussion). The bands around 1180 and 1310 cm™ (dashed arrows) remain
unassigned. The 1000-1400 cm™' region also overlaps with the spectral range in which C—F vibrations are typically
observed. However, C—F species generally produce multiple absorption bands, with the most intense features
occurring around 1150-1250 cm™ (Weiblen, 1954). Thus, although the presence of some C—F bonding cannot be
completely ruled out, no unequivocal spectral evidence for C—F bonding is observed in the FTIR spectra. Any
potential C—F bands may be either too weak to be resolved or overlap with the broad absorption features associated
with phyllosilicates and organic matter, making their unambiguous identification difficult.

% of OH-F substitution
10% 20% 30% 40% 50%
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A0159_6

Figure S-12 Estimate of the degree of OH-F substitution in the phyllosilicate of the different FIB sections, assuming
that the phyllosilicate consists of two-thirds saponite and one-third serpentine. This proportion represents a simplified
and conservative estimate based on the Mg/Si ratio of section CO105 03 (~0.9); the actual proportion of saponite
may be higher, particularly in sections with lower Mg/Si ratios. Consequently, the OH-F substitution for these
samples may differ slightly from the values reported here. Section C0105-03 exhibits the highest degree of
substitution, reaching 50%, whereas section A0159 01 shows the lowest degree, at 4%. The dashed line represents
the mean value of 17.9%.
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Figure S-13 Diagram showing how Mg/Si and F/Si ratios vary with different proportions of saponite—serpentine
(Phyl), their mixtures with MgF», and the degree of OH-F substitution for sample C0105_03. (a) Variation of the
Mg/Si ratio (y-axis) as a function of the MgF,-Phyl mixing proportion (x-axis) for different saponite-serpentine
compositions (red curves). The black dashed line represents the average Mg/Si ratio measured in sample C0105_03,
and the shaded area the associated uncertainty (see Table S-2). Red dots mark the intersections between the measured
Mg/Si ratio and the model curves. For example, the 66-33 curve (two-thirds saponite and one-third serpentine)
intersects the dashed line at ~98% (point 1), indicating that the Mg/Si ratio of 0.907 in sample C0105 03 can be
explained by a mixture of ~98% phyllosilicate (66.66% saponite + 33.33% serpentine) and ~2% MgF,. Similarly,
the 70-30 curve intersects the dashed line at ~92% (point 2), corresponding to ~92% phyllosilicate (70% saponite +
30% serpentine) and ~8% MgF». These results show that the observed Mg/Si ratio can be reproduced by different
Sap/Srp proportions combined with variable amounts of MgF,, and that the MgF, proportion increases with
increasing saponite content. Panels (b-e) show the variation of F/Si ratios for different Sap/Srp compositions (b:
66.66-33.33; c: 70-30; d: 75-25; e: 80-20) as a function of both MgF>-Phyl mixing and the degree of OH-F
substitution in the phyllosilicates (blue curves). A value of 0% indicates fully hydroxylated phyllosilicates, whereas
100% indicates complete substitution of OH by F. The black dashed line represents the average F/Si ratio measured
in sample C0105_03, and the shaded area the associated uncertainty. For example, in panel (b), point 1 corresponds
to the ~98% Phyl and ~2% MgF, mixture identified in panel (a), and it lies within the 50% and 60% OH-F substitution
curves, in agreement with the degree of OH-F substitution measured in Figure S-12 (~50%). Overall, the model does
not unambiguously demonstrate the presence of MgF,. Nevertheless, it shows that MgF, could be present without
producing a clear Mg-F correlation in the EDS maps, depending on the saponite-serpentine proportion. The model
assumes ideal compositions for saponite [(Mg3SisO19(OH):] and serpentine [(Mg3Si>Os(OH)4], deviations from these
ideal compositions may slightly modify the model curves.
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