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Abstract: Ferrous saponite is a secondary mineral that can be used to reveal the redox state of past
aqueous environments on Mars. In mineralogical analyses for ferrous saponite formed in laboratory
simulations or contained in future returned samples from Mars, its oxidation by the Earth’s air could
be problematic due to the high redox sensitivity. Here, we performed micro X-ray diffraction and
scanning transmission X-ray microscopy analyses for a single particle of synthesized ferrous saponite
without any exposure to air. The sample was reanalyzed after air exposure for 10–18 h to assess the
adequacy of our anoxic preparation/measurement methods and the impacts of air on the sample.
We found that the crystal structures agreed with ferrous saponite, both before and after air exposure;
however, ferrous iron in saponite was partially oxidized, at least until 0.1–1 µm from the surface,
after air exposure at the submicron scale, forming micro-vein-like Fe(III)-rich features. Together with
our results of infrared spectroscopy of ferrous saponite, we showed that oxidation of octahedral iron
occurred rapidly and heterogeneously, even in a short time of air exposure without any structural
rearrangement. Since ferrous saponite is expected to exist on carbonaceous asteroids and icy dwarf
planets, our methodology is also applicable to mineralogical studies of samples returned from
these bodies.

Keywords: Fe-bearing clay minerals; ferrous saponite; redox chemistry; micro XRD; STXM;
XANES; Mars

1. Introduction

Knowledge of the redox evolution of aqueous environments on Mars is critical to
understanding geochemical cycles and habitability (e.g., [1,2]). Sedimentary records re-
vealed by Mars rovers, their interpretations based on experiments and modeling, and
Martian meteorite analyses show that the redox states of aqueous environments would
have dramatically changed on early Mars depending on time and locations (e.g., [3–11]).
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Among secondary minerals on Mars, iron-bearing smectite is one of the promising miner-
alogical phases to assess redox states and pH of paleo-environments [8,12,13]. The global
presence of smectite on Mars was reported by orbital observations using visible/near-
infrared (VNIR) instruments, such as OMEGA (Observatoire pour la Minéralogie, l’Eau, les
Glaces et l’Activité) and CRISM (Compact Reconnaissance Imaging Spectrometer) onboard
Mars Express and Mars Reconnaissance Orbiter, respectively [14–18]. The widespread clay
mineral-bearing outcrops, especially within Noachian terrains, are indicators of occurrence
of water-rock reactions, and would provide information about the geochemical and hy-
drological cycles at the time of formation (e.g., [14]). To characterize the mineralogy and
chemistry of Martian smectite, previous studies used infrared absorption at a wavelength
around 2–3 µm associated with the vibration between cation filling the octahedral site and
structural OH (e.g., [19]). The global distribution of Martian smectite shows a variation
in both mineralogical groups (tri- to di-octahedral) and octahedral cation composition
(Mg-rich to Fe-rich) [14,20]. The observed smectite with the absorption band at wavelength
of 2.30 µm is assigned to be ferric (Fe(III)) dioctahedral smectite, which requires oxidizing
aqueous environments [20]. Recent experiments argue that later oxidation of trioctahedral
Fe2+-bearing smectite, hereafter called ferrous saponite, can explain the absorption band at
~2.30 µm [12].

Ferrous saponite is a secondary mineral formed through water-rock reactions under
anoxic and alkaline conditions. Considering the mafic crust of Mars that contains reduced
iron (Fe(II)) [21], ferrous saponite occurrence would be widespread on Mars through
crustal aqueous alterations [14]. Substantial amounts of ferrous saponite may also have
been generated through hydrothermal alteration of crust in the earliest stage of planetary
evolution during magma ocean cooling [22]. The existence of Fe-rich saponite within
sedimentary rocks is indicated by the Mars Science Laboratory Rover, Curiosity, using an
X-ray diffraction (XRD) spectrometer, CheMin [23]. The 02l diffraction peaks corresponding
to 4.59 Å for the John Klein and Cumberland drilling samples were attributed to ferrian
saponite, which has a trioctahedral sheet dominantly filled with Fe3+ [23,24]. Combined
with the experimental results, it was suggested that ferrous saponite is the precursor of the
detected ferrian saponite [12,24].

Although ferrous saponite also occurs on Earth in anoxic alkaline aqueous environ-
ments [25,26], its sensitivity against oxidation by O2 in the atmosphere has made it difficult
to study its mineralogy and geochemistry in natural samples. Instead, synthesized ferrous
saponite has been used for characterization of its spectroscopic properties [27,28]. Ferrous
saponite with various octahedral cation compositions (Fe2+, Fe3+, Mg, and Al) has been
analyzed using multiple techniques, such as infrared spectroscopy [27,28]. These series
of analyses demonstrated that a 2–3 µm absorption position can be used to constrain the
octahedral cation composition and the oxidation state of Fe [27,28]. Such spectroscopic
catalogs have improved the orbital capabilities to identify ferrous saponite and its pos-
sible oxidation products (e.g., ferrian saponite). To further interpret the formation and
alteration environments of ferrous saponite on early Mars, mineralogical and chemical
analyses of laboratory simulants that went through the similar environments would be
required (e.g., [12,29]). Considering the redox sensitivity of ferrous saponite, laboratory
experiments using ferrous saponite may suffer from oxidation by the Earth’s air during
experimental and analytical procedures. For instance, previous work estimated different
oxidation states of ferrous saponite based on the two different analyses (X-ray absorption
fine structure (XAFS) and Mössbauer spectroscopy) [12]. Thus, the differences between the
analytical procedures may have been caused by different degrees of air exposure during
the measurements [10]. Thereby, evaluation of oxidation of ferrous saponite by air under
controlled conditions is necessary to interpret results of analyses of laboratory simulants
and future returned samples from Mars (e.g., MSR: Mars Sample Return mission [30]) and
Martian moons (e.g., MMX: Martian Moons eXploration mission [31]).

Ferrous saponite formation is expected not only on early Mars and Earth, but also on
other volatile-rich small bodies, such as icy satellites, icy dwarf planets, and carbonaceous
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asteroids [32–38]. The demand for analyzing ferrous saponite is expanding into mineralog-
ical and geochemical analyses for returned samples from carbonaceous asteroids (e.g., the
Hayabusa 2 and OSIRIS-REx missions) and their laboratory simulants [39–41]. To analyze
samples composed of multiple phases (e.g., a serpentine/saponite mixed layer) and with
limited amounts, microscopic analytical techniques using synchrotron radiation are effec-
tive (e.g., [42]). However, no previous study has demonstrated microscopic analysis to
assess the effects of oxidation of ferrous saponite.

Here, we demonstrated microscopic analyses of synthesized ferrous saponite without
any air exposure using micro XRD and scanning transmission X-ray microscopy (STXM).
The preparation, installation, and measurement of the samples were carried out under
anaerobic conditions in both analyses. X-ray absorption spectroscopy and infrared re-
flectance spectroscopy were used to characterize bulk powder samples under anaerobic
conditions with the least air exposure (<3 min) during sample setting. In addition, we
repeated all analyses after exposure of the same ferrous saponite samples to ambient air
for about half a day (10–18 h). There were two objectives for this parallel analysis: One was
to confirm the suppressed contribution of air in anaerobic preparation/measurement of
ferrous saponite, and the other was to assess how the air exposure with the timescale of
sample preparation impacted the analytical results.

2. Materials and Methods
2.1. Materials: Synthesis of Ferrous Saponite

The ferrous saponite sample in this study was synthesized with a sol-gel method
modified from previous work [27,43,44]. To prevent oxidation of iron by atmospheric
oxygen, the synthesis was done in an acrylic glovebox connected to a deoxygenation
system (SiOC-2000 GB; STLab Co., Ibaraki, Japan) [45,46]. The concentration of oxygen
(O2) in the glovebox was kept below 1 ppb during the experimental procedures by purging
argon (Ar) gas and circulation through the deoxygenation system. Since dissolved oxygen
(DO) also causes oxidation of iron, ultrapure water used for all following procedures was
deoxidized before use. To reduce DO to lower than 0.01 ppm, 0.5 L of Milli-Q water was
bubbled with Ar gas (>99.999 vol.%, Suzuki Shokan, Japan) at 2.8 L/min for 3 h in the
glovebox.

A stock solution was prepared from 4 types of salt reagents: iron (II) sulfate heptahy-
drate, magnesium chloride hexahydrate, aluminum (III) chloride hexahydrate (Guaranteed
Reagent, Wako Pure Chemical Industries, Ltd., Osaka, Japan), and sodium orthosilicate
(practical grade, Nacalai Tesque, Inc., Kyoto, Japan) (Table 1). The proportions were deter-
mined to stoichiometry representing the target saponite composition with Mg: Fe2+ = 1:1
for octahedral and Si:Al = 7:1 for tetrahedral composition; i.e., the ideal half-cell formula
described as Na(Mg1.5Fe2+

1.5)(Si3.5Al0.5)O10(OH)2. The homogenized salts were dissolved
using a magnetic stirrer to 50 mL of 0.5 wt. % sodium hydrosulfite solution prepared from
deoxidized ultrapure water and sodium hydrosulfite (practical grade, Wako Pure Chemical
Industries, Ltd., Osaka, Japan). After stirring for >15 min until the salts dissolved, the
stock solution was sealed within PTFE (polytetrafluoroethylene) containers that were set
in decomposition vessels (HU-100, San-Ai Kagaku Co., LTD., Aichi, Japan). The decom-
position vessels could withstand temperatures below 230 ◦C and pressure below 15 MPa
by covering the sealed PTFE container with a stainless steel (SUS) cylinder. The sealed
containers of stock solution were enclosed in SUS cylinders and kept at 180 ◦C for ~160 h
in an electric oven.
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Table 1. The composition of the stock solution prepared for the ferrous saponite synthesis experiment
in this study. The standard errors are shown in parentheses.

Reagent Molecular Equation Concentration (mmol/kg)

Sodium orthosilicate Na4SiO4 90.0 (0.2)
Iron (II) sulfate
heptahydrate FeSO4·7H2O 38.6 (0.1)

Magnesium chloride
hexahydrate MgCl2·6H2O 38.7 (0.4)

Aluminum (III) chloride
hexahydrate AlCl3·6H2O 12.9 (0.1)

After the hydrothermal treatments, the aged solutions were transferred to polycar-
bonate centrifuge tubes in the glovebox. The precipitate was collected by centrifuging
at 3500 rpm for 30 min, followed by two cycles of rinsing to remove remaining chloride
salts. The rinsing was carried out by replacing the supernatant with ultrapure water to
form a suspension and centrifuging again. Although the samples were centrifuged outside
the glovebox, the centrifuge tube was sealed with a screwed cap with PTFE tape in the
glovebox to prevent the inflow of air. The precipitate was then dried by vacuum (<1 mbar)
for 2 days in a chamber directly connected to the glovebox. The dried ferrous saponite was
powdered using an agate mortar and was subsequently sealed together with an oxygen
absorber in the glovebox. The sealed samples were transported to the synchrotron radiation
facility for the analyses (see Section 2.2).

2.2. Methods of Analysis and Air Exposure
2.2.1. Synchrotron-Radiation-Based Micro XRD

To characterize the mineralogical structure of the synthesized ferrous saponite, we
performed micro XRD analysis of a saponite particle at beamline BL-3A in the Photon
Factory, Institute of Materials Structure Science, KEK, Japan. Following a micro XRD
measurement of a single particle, an STXM analysis was performed for the same sample
without air exposure.

A ferrous saponite particle of 100 µm in size, coated with fine Si particles, was mounted
in a Gandolfi camera in a nitrogen-substituted glove bag with an atmospheric pressure
of 1 bar. Monitored O2 and humidity in the glove bag were kept at <0.01% and <1%,
respectively. The saponite particle was stored under dry conditions for about one month in
a nitrogen (N2)-filled glove box at Tohoku University. The camera was evacuated with a dry
scroll pump, and the sample was irradiated with X-rays at a wavelength of 2.1680 ± 0.0008
angstroms (Å) for 15 min to obtain a powder XRD pattern. To observe the structural
changes caused by air exposure, XRD experiments were performed another three times;
that is, the mounted ferrous saponite particle was exposed to ambient air for about 2 h,
4.5 h, and 10 h. The XRD patterns were obtained with irradiation times of 15 min. Thus,
the same particle was analyzed four times with the same camera setting and the same
exposure time, so that the difference in the XRD patterns was ascribed to have occurred by
oxidation and/or hydration in the air. The obtained XRD pattern was developed by the
imaging plate (IP) reader (Typhoon FLA 7000; GE Healthcare) and was calibrated with Si
diffraction using the analysis software GanCon2, developed by Nakamura T.

2.2.2. XANES Spectra

Following the micro XRD experiment for the ferrous saponite particle without air
exposure, the same sample was thinned with the focused ion beam (FIB) system (SMI3200,
Hitachi High-Tech Science Co., Ltd., Tokyo, Japan) for STXM analysis in an anaerobic
atmosphere. Helium (He) gas (G1 grade, He > 99.99995%) was continuously flowed at a
rate of 3 L/min into a glove bag attached to the FIB system. The sample sealed under an
anaerobic condition was transferred into the glove bag. Nitrogen gas (industrial grade,
N2 > 99.99%) was also connected to the FIB system to replace the gas that contacts the
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sample during the venting process. Monitored O2 in the glove bag was less than 1.0%.
A section of the ferrous saponite particle was cut with an ion beam, picked up on a
molybdenum grid, and fixed by carbon deposition. After these procedures, a thinning
treatment was performed to create parts with thicknesses of ca. 250 nm. This thickness
is suited for scanning the Fe L-edge of carbonaceous chondrites by STXM. The prepared
sample was sealed with an oxygen absorber and stored in a glovebox, where O2 was below
10 ppm.

The STXM technique enabled us to conduct X-ray absorption near-edge structure
(XANES) mappings with a high spatial resolution of approximately 30 nm by applying a
Fresnel zone plate. The STXM measurements of the FIB thin section sample were performed
at beamline BL-19A in the Photon Factory. The sealed FIB thin section sample was opened
and installed on the measurement stage in a customized glovebox docked directly above
the compact STXM chamber [47]. The glovebox was purged with Ar gas (G1 grade,
Ar > 99.99994%) at an atmospheric pressure of 1 bar during the sample installation. The
level of O2 (LD-450-C, Toray Engineering Co., Ltd., Tokyo, Japan) and dew point (SP-
323-4-A2, UINICS Co., Ltd.) were continuously monitored and kept at several ppm and
−60 ◦C, respectively. The STXM chamber was closed and then filled with He gas (G1 grade,
He > 99.99995%) at 0.1 bar during the measurements. After the focus was adjusted to the
section sample, XANES mappings were carried out around the Fe L-edge (700–732 eV). An
area of 1.5 µm × 2.4 µm was raster-scanned with a 10 ms dwell time per 50 nm × 50 nm
sized pixel. Following the experiment without air exposure, the analyzed sample was
taken out and placed in ambient air for about 18 h. The STXM measurement for the
air-exposed sample was performed with the same procedures, except for a wider area
of 2.5 µm × 3.2 µm, including the area previously analyzed. The obtained stack images
were converted to optical density to extract the XANES spectra using the analysis software
aXis2000 [48].

The XANES spectra of the bulk ferrous saponite powder and reference materials
were obtained at Beamline 19B in the Photon Factory. We used commercially purchased
biotite (K(Mg, Fe2+)3(Al, Fe3+)Si3O10(OH, F)2; #8. ED. 120-1, Nichika Inc., Kyoto, Japan; the
Fe3+/ΣFe ratio was estimated at 2.8% based on the below potassium dichromate titration
method under N2 atmosphere) as a reference of phyllosilicate that composed ferrous iron in
an octahedral sheet with a low Fe3+/ΣFe ratio. We also used commercially purchased mont-
morillonite ((Na0.42K0.008Ca0.068)(Al1.56Mg0.31Fe3+

0.09Fe2+
0.01)(Si3.91Al0.09)O10OH2 [49];

Kunipia-F, Kunimine Industries Co., LTD., Tokyo, Japan) as a reference of phyllosilicates
that contained ferric iron in an octahedral sheet with a high Fe3+/ΣFe ratio of 90%. Approx-
imately 100 µg of sample powder was mounted on a copper plate and was then evacuated
to 10−5 Pa immediately after the plate was placed at measurement stage. The duration of
air exposure during sample preparation was shorter than 3 min. The XANES spectra in
electron yield mode around the Fe L-edge (700–740 eV) were collected for each sample with
an energy step of 0.1 eV and a dwell time of 100 ms per step. The air was introduced to the
sample chamber after the first measurement. Then, the same measurement was performed
after 11 h of air exposure. The obtained XANES spectra were calibrated with absorption
edge E0 and normalized using the analysis software Athena ver. 0.9.26 [50].

2.2.3. IR Spectroscopy

We performed Fourier-transform infrared spectroscopy (FTIR) of the synthesized
saponite sample with two types of methods: In one, a diffuse reflection method was
employed for the powder sample mixed with KBr powder in the mid-infrared (MIR) and
near-infrared (NIR) region. In the other, a reflection method was used for the powder
sample enclosed in an air-tight cell in the visible to near-infrared (VNIR) region.

MIR and NIR spectroscopy (Frontier, PerkinElmer Japan Co., Ltd., Kanagawa, Japan)
was performed with the diffuse reflection method for the powder saponite sample mixed
with pure KBr powder (PIKE Technologies Inc.). To eliminate hydration and oxidation
during the measurements, pure N2 gas (G1 grade, N2 > 99.99995%) was purged in the
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sample room throughout the measurements. For the measurement without air exposure,
ferrous saponite powder was mixed with KBr powder using an agate mortar immediately
before the measurements (~20 min) under anoxic conditions (O2 < 1 ppb). The mixed
powder was exposed to air for ~15 s during the sample installation. As for the measurement
after air exposure, ferrous saponite powder was placed under ambient air for 14 h and
1250 h (~50 days). These exposed samples were mixed with KBr powder for FT-MIR/NIR
analyses. For the sample preparation, the mixing ratios of saponite were approximately
2 wt. % relative to the KBr powder. The KBr powder without saponite was also prepared
and measured as background in the measurements. MIR spectra were obtained for the
wavenumber ranges of 4000–400 cm−1 with resolutions of 1 cm−1. NIR spectra were ob-
tained in the wavelength range of 0.7–5 µm at a resolution of 0.00035 µm. Each sample was
measured 2–3 times using remixed powder. The averaged spectra were smoothed by the
25-point moving average, followed by removal of continuum components estimated by the
1001-point moving average from NIR spectra. Both the NIR and MIR absorption features
of the sample could provide insights into changes in the mineralogical structure and/or
cation (i.e., Fe2+ vs. Fe3+) composition of the saponite samples due to the air exposure (see
Section 3.3 for details). For comparison, infrared spectra of commercially purchased Mg
saponite (Na0.33Mg3(Si3.67Al0.33)O10OH2; Sumecton-SA, Kunimine Industries Co., LTD.,
Tokyo, Japan), natural nontronite (Clay Mineral Society source clay, sample ID: NG-1)
((Al0.36Fe1.61Mg0.03)(Si3.56Al0.13Fe0.31)O10OH2 [51]), natural ferric smectite (Clay Mineral
Society source clay, sample ID: SWa-1) ((Al0.55Fe1.31Mg0.13)(Si3.70Al0.30)O10OH2 [51]), and
commercially purchased magnetite (Wako Pure Chemical Industries, Ltd.) were acquired.

VNIR reflectance spectroscopy (VERTEX 70v, Bruker Corp.) of the powder saponite
sample with a wavelength range from 0.4 µm to 8 µm was also performed before and after
air exposure. The incidence and emission angles were 30◦and 0◦, respectively. Approxi-
mately 50 mg of unexposed saponite powder was taken out from the sealed vial and put
into an air-tight cell with a CaF2 window in a N2-purged glove box in which O2 was <0.1%
and humidity was <1%. Reflectance standard slabs, such as Labsphere Spectralon (99%
reflectance) and Infragold, were also enclosed along with the sample to remove effects
of the optical window. The cell was put into the spectrometer and vacuumed down to
3 mbar, while the inside of the cell was at the atmospheric pressure of nitrogen. After
the measurements, the powder sample was exposed to air for 12 h in the laboratory (we
opened the CaF2 window, and the sample stayed in the cell). The exposed sample was
analyzed under the same conditions as that of the unexposed sample, except this time the
cell was filled with atmosphere. The spectral resolution was 32 cm−1 at visible wavelengths
and 4 cm−1 at infrared wavelengths. The spectra were obtained from the central 4 mm
diameter area of the powdered sample.

3. Results
3.1. XRD Pattern

The XRD pattern of our synthesized sample without air exposure confirmed the
analyzed particle to be ferrous smectite, together with trace amounts of magnetite or
maghemite (Figure 1a). The 001, 02l, and 060 diffraction peaks attributed to smectite were
observed at 2θ = 11.0◦ ± 0.2◦, 27.4◦ ± 0.2◦, and 89.5◦ ± 0.2◦, respectively (Figure 1b,c).
The peak position of broad 001 reflectance corresponded to the basal interlayer spacing of
11.3 Å ± 0.2 Å. This interlayer spacing was consistent with the expanded 2:1 layered struc-
ture of smectite. Compared to those of synthesized ferrous saponite reported previously
(14–17 Å [27,28]), the low value of interlayer spacing of our sample was attributed to the in-
terlayer cations not being exchanged to Ca2+, but remaining occupied by Na+ [44]. The 060
reflection of 1.540 Å ± 0.003 Å corresponded to the b unit cell parameter of 9.24 ± 0.02, con-
sistent with a trioctahedral structure [27]. The 02l reflection of 4.58 Å ± 0.03 Å agreed with
that of ferrous saponite reported in earlier work [27,28] and Griffith ferrian saponite [24],
which strongly supported our synthesized saponite having a trioctahedral structure.
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The XRD patterns of saponite obtained after air exposures of a few to 10 h showed no
significant differences in the diffraction patterns from those without air exposure, except
for the 001 diffraction peak position. Figure 1a,b show that the 001 diffraction peak position
gradually decreased with the time of air exposure (e.g., 2θ = 10.1◦ ± 0.2◦ after 10.5 h of air
exposure), corresponding to an increase in interlayer spacing to 12.3 Å ± 0.2 Å. This shift
in interlayer spacing could have been caused by hydration of interlayer cations during
air exposure, although the XRD measurements were conducted in an evacuated camera
where pressure <10−2 Pa. In the present study, the sample preparation of the unexposed
sample was performed in a globe box in which the humidity was 1% or less. Then, the air
exposure was performed with ambient air with a relative humidity (RH) of approximately
50%. An increase in interlayer spacing was reported in response to an increase in RH
from ~20% to 40% for Na-montmorillonite, due to transformation to a one-molecular-layer
hydration state [52]. Assuming similar hydration would have occurred for our saponite, a
sample with a longer exposure time may have suffered from more hydration of interlayers,
possibly causing the observed increase in interlayer spacing as a function of exposure time.
Our results showed that the XRD peak due to the 02l reflection at 4.58 Å was unchanged
throughout the experiments (Figure 1c). If any change from trioctahedral to dioctahedral
structures occurred in our saponite upon air exposure, the XRD peak due to the 021
reflection should have shifted from 4.58 Å to 4.50 Å, which is characteristic of dioctahedral
smectite, such as montmorillonite and nontronite [23,53]. Therefore, no shift in the 021
d-spacing strongly suggested that the trioctahedral structure was largely unchanged upon
air exposure. The uniform 060 reflection also indicated that there was no structural change
from a trioctahedral to dioctahedral sheet due to air exposure (Figure 1d). If any change to
a dioctahedral structure occurred, the XRD peak at 1.540 Å should have shifted toward
lower values.
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3.2. XANES Spectra
3.2.1. Bulk X-ray Absorption

To determine the oxidation state of Fe in synthesized ferrous saponite and its change
through air exposure, XANES spectra at the Fe L-edge were collected for two types of
samples: bulk powder and an FIB thin section (i.e., STXM). The bulk spectra of powder
samples measured before and after 11 h of air exposure exhibited clear absorption features
attributed to iron (Figure 2a). Both the spectra shared absorption features due to the
presence of ferrous iron: a major peak at 707.4 eV and shoulders at 705.5 eV, 706.0 eV,
and 708.0 eV. The sample after air exposure had the predominant absorption at 709.5 eV,
which is the primary peak position due to the presence of ferric iron. To perform a linear
combination fitting (LCF) for the obtained spectra using the analysis software Athena,
the previous reference spectrum of magnetite obtained at the same beamline was used,
in addition to those of phyllosilicates with ferrous or ferric iron (see Section 2.2.2). The
fitting of the spectra explained the feature of the samples with a reliability factor (R-factor)
of ~0.005 (Figure 2b,c). The calculated weights of each reference are shown in Table 2. The
Fe3+/ΣFe ratio in smectite increased from ~4% to ~15% within a short time (11 h) of air
exposure, indicating effective oxidation of iron in smectite by air. Figure 2 also indicates
that the relative abundance of magnetite may have increased after air exposure, which was
consistent with the sharp peaks due to magnetite in the XRD pattern obtained after air
exposure (Figure 1a). This would also be caused by oxidation of ferrous iron in smectite
by air.
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Figure 2. (a) Normalized XANES spectra around the Fe L-edge collected for bulk powder of syn-
thesized ferrous saponite before and after air exposure with the reference samples, offset for clarity.
Detailed descriptions about the reference samples are shown in the main text (Section 2.2.2). The
X-ray energy was calibrated with an absorption edge of E0 = 707.6 eV. The vertical solid and dashed
lines show the peak and shoulder energy positions, respectively, referred in the main text. (b,c)
Results of linear combination fitting for the obtained spectra using reference data (b) before and (c)
after air exposure. The pink curves in panels (b,c) show the sums of three reference components.
The colors of the reference components in panels (b,c) are the same as those shown in panel (a). As
the reference spectra of maghemite was unavailable, we could not rule out the possible presence of
maghemite. The vertical brown lines show the lower and upper energy limits used for fitting. The
horizontal dashed lines represent 0 in the absorption.
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Table 2. Results of linear combination fitting of the Fe L-edge XANES spectra of the bulk powder of
synthesized ferrous saponite collected before and after air exposure for 11 h. The calculated R-factor
and the oxidation states of Fe (Fe3+/ΣFe) in smectite are also shown. The Fe3+/ΣFe values in smectite
were calculated in molar ratios based on those of the reference samples. The values in parentheses
represent errors in the fitting.

Reference Sample Before Air Exposure After Air Exposure

Fe2+ smectite 0.823 (0.008) 0.627 (0.008)
Fe3+ smectite 0.041 (0.007) 0.129 (0.007)

Magnetite 0.137 (0.009) 0.243 (0.009)

R-factor 0.0053 0.0047

Fe3+/ΣFe of smectite 0.043 (0.007) 0.154 (0.007)

3.2.2. STXM Analysis

XANES mapping around the Fe L-edge was performed for the FIB thin section samples
using STXM. Figure 3a,b show a scanning ion microscope (SIM) image of the FIB thin
section of the ferrous saponite particle. The broken squares in Figure 3a show the areas
analyzed with STXM. The front view of the section shows an apparently uniform structure
of the sample (Figure 3a). The bottom view of the section shows the uniform thickness for
the analyzed area in between the molybdenum grid and the pillar structure (Figure 3b).

Figure 3c–f show the results of mapping of optical density at single X-ray energies.
Panels (c) and (d) of Figure 3 represent the results before air exposure, whereas the panels
(e) and (f) are those after air exposure for almost the same area of panels (c) and (d) (see
panel (a) for the analyzed area). The difference in the optical density at an X-ray energy
of 708.6 eV (Figure 3d,f) to 705.0 eV (Figure 3c,e) represented the difference in degree of
absorption by iron in the samples. A comparison of Figure 3c,d indicated there was a
difference in optical density due to the presence of iron in the top-right part of the analyzed
area (hereafter, we will refer to this as the Fe-rich area). The area with low optical density
in Figure 3c,d shows low levels of absorption due to iron (hereafter, we will refer to this
area as the Fe-depleted area). A comparison of Figure 3e,f also showed that the distribution
of Fe-rich/depleted area after air exposure agreed with that observed before air exposure
(Figure 3c,d; see Section 4.2. for the formation mechanism). Both the left-end part in
Figure 3c–f and the right-end part in Figure 3e,f are out of the thinned area with the FIB
system (the dotted lines in the panel (b) correspond to those in the panels (c–f)). The typical
XANES spectra of the Fe-rich and Fe-depleted areas are shown in Figure 3g. The XANES
spectra showed that no significant X-ray absorption was featured at the Fe-depleted area,
whereas there were clear absorption features due to iron in the Fe-rich area both before and
after air exposure.

To further investigate the oxidation state of iron (i.e., ferrous vs. ferric) and the
distribution in the Fe-rich/depleted area, singular value decomposition (SVD) mapping
was conducted for both stack images (Figure 3h,i). We used four components (XANES
spectra of ferrous saponite, ferric smectite, magnetite, and the Fe-depleted area) for fitting
Hereafter, we use the term ferric smectite for Fe(III)-rich smectite (ferric smectite does
not represent nontronite). We displayed the results as a RGB color map using relative
contributions by ferrous saponite (green), ferric smectite (red), and magnetite (blue). These
three components were the same as those used for fitting the bulk spectra of the ferrous
saponite powder before and after air exposure (Figure 2). The Fe-rich area was suggested to
be composed mainly of ferrous saponite before air exposure (Figure 3h). On the other hand,
the spectra after air exposure exhibited mixtures of ferric and ferrous iron in the Fe-rich
area with spatial variation. In particular, the micro-vein-like structures (represented by
the red color (ferric smectite) in Figure 3i) appeared in the Fe-rich area (Figure 3g), where
ferrous saponite was predominant before air exposure (Figure 3h). These results strongly
suggested that: (1) ferrous saponite was oxidized by air exposure even in a short time (i.e.,
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half a day); and that (2) oxidation of ferrous saponite proceeded spatially heterogeneously
within one ferrous saponite particle, forming micro-vein-like Fe(III)-rich structures.
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Figure 3. (a,b) Scanning ion microscope (SIM) image of the FIB thin section of the ferrous saponite
particle. (a) SIM image view from the optical axis of STXM. The blue and yellow broken squares
correspond to the areas scanned with STXM before (panels (c,d,h)) and after (panels (e,f,i)) air
exposure, respectively. (b) SIM image view from the arrow direction in panel (a). The dotted lines
show the left/right ends of the FIB thin section. (c–f) The optical density of X-rays collected before
(panels (c,d)) and after (panels (e,f)) air exposure. The color represents optical density at 705.0 eV
(no Fe absorption) (panels (c,e)) and at 708.6 eV (due to Fe(II) and Fe(III) absorption) (panels (d,f)).
The orange dotted lines correspond to the range of thinned area shown in panel (b). The white
broken curves represent the approximate boundary between the Fe-rich and Fe-depleted areas. (g)
Typical XANES spectra at the Fe-rich and Fe-depleted areas. The areas used for extracting the spectra
are shown in the top-right image with the same color for the index R (Fe-rich area) and index D
(Fe-depleted area). (h,i) RGB map of the estimated composition using singular value decomposition
(SVD) of XANES mapping before (panel (h)) and after (panel (i)) air exposure. Red, green, and blue
represent the regions with presence of ferric smectite, ferrous saponite, and magnetite, respectively.
The spectra of these three components were obtained by calibrating the reference spectra shown
in Figure 2a using E0 to that of XANES spectra at the Fe-rich area shown in panel (g); that is,
E0 = 707.8 eV for measurement before air exposure (panel (h)) and E0 = 707.4 eV for measurement
after air exposure (panel (i)), respectively. The brightness and contrast were modified for clarity. The
gray square in panel (i) corresponds to the scanned area before air exposure shown in panel (h).
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3.3. IR Reflectance Spectroscopy

We performed FTIR spectroscopy of the synthesized ferrous smectite with both re-
flectance and diffuse reflectance methods independently, and obtained consistent results.
We show the results of the diffuse reflectance method in the main text (see Appendix A for
the results of the reflectance method). Figure 4 shows the MIR and NIR diffuse reflectance
spectra before (spectrum B) and after air exposure of 14 h (spectrum A1) and 50 days
(spectrum A2), together with those of the reference samples of Mg saponite Sumecton-SA,
nontronite NG-1, ferric smectite SWa-1, and magnetite, for comparison. VNIR reflectance
spectra before and after 12 h of air exposure are shown in Figure A1. All measured spectra
exhibited the absorption features consistent with smectite. Namely, the absorptions caused
by octahedral cation-OH vibration in bending (δMn-OH), stretching (νMn-OH), and a
combination of both (δ + νMn-OH) modes were identified (Figure 4), where M represents
octahedral cations; i.e., Mg, Fe2+, Fe3+, or Al, and the suffix n represents the number
of them.
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Figure 4. Results of NIR (a,b) and MIR (c,d) diffuse reflectance spectra of ferrous saponite before
(spectrum B) and after air exposure for 14 h (spectrum A1) and 50 days (spectrum A2). The spectra
of 4 reference samples are included for comparison. The spectra were scaled and offset after being
smoothed for clarity. The numbers with red marks show the centers of the wavelength/wavenumber
of absorptions. The gray vertical dashed lines and solid bars show the positions of sharp and broad
absorption features, respectively, attributed to the vibrations (see the main text for details).
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The absorptions due to δ + νMn-OH in the NIR region of 2.1–2.5 µm (Figure 4b) are
sensitive to the octahedral cation composition [20,24,27,28]. Our NIR spectra of ferrous
saponite before and after air exposure exhibited neither strong Al-related absorption; e.g.,
δ + νAl2-OH at 2.20 µm and δ + νAl2(Mg, Fe3+)-OH at 2.23–2.25 µm [28], nor strong
Fe3+-related absorption; e.g., δ + νFe3+

2-OH at 2.28–2.29 µm [20,28]. The absence of
these features supported the trioctahedral structure with low Al and Fe3+ contents in our
samples, consistent with the results of the XRD analysis (Figure 1). The strong absorptions
were observed at 2.32 µm, which was in between the known peaks at 2.31 µm due to
δ + νMg3-OH and at 2.35 µm due to δ + νFe2+

3-OH. The peak at 2.32 µm was suggested
to be attributed to δ + ν(Mg2Fe2+)3-OH, as seen in the synthesized ferrous trioctahedral
smectites, samples D and H, in [27]. The synthesized ferrous trioctahedral smectite, sample
P, in [28] also exhibited identical absorption at 2.31 µm. These three previous smectite
samples had high-Mg (>57 mol%) and low-Al (<13 mol%) octahedral cation compositions,
similar to ours. Figure 4b shows a slight shift in the absorption center from 2.324 µm
in the spectra B and A1 (no/less oxidized saponite) to 2.319 µm in the spectrum A2
(more oxidized saponite), suggesting the increasing contribution of Fe3+ in ΣFe due to air
exposure [24]. The weak absorption features at 2.40 µm and 2.44 µm in all measurements
were attributed to the combination of νMn-OH and νSi-O, which were also observed in the
previous studies [24,28].

The strong asymmetric absorption features appeared between 3800–3000 cm−1

wavenumber region in the MIR spectra (Figure 4c). The broad feature was due to vibration
of interlayer OH and adsorbed H2O (hydration) by interlayer cations (3750–3300 cm−1),
which were overlapped with the peak attributed to the octahedral cation-OH stretching
mode around 3600 cm−1. A sharper feature at 3650 cm−1 in the spectrum A1 than in
the spectra B and A2 may be explained by lower contributions of hydration of interlayer
cations during the measurements for spectrum A1. The peak position at 3620–3650 cm−1

was distinct from νMg3-OH of Mg saponite at 3680 cm−1 or νFe3+
2-OH of nontronite at

3570 cm−1, but they were close to νMg2Fe2+-OH of Griffith saponite at 3660 cm−1. The
absorption at 3620 cm−1 was typical for smectites with a high amount of octahedral Al [54];
however, as discussed above, the absence in absorption related to Al at 2.20–2.25 µm sug-
gested that the contribution of octahedral Al was minor. On the other hand, the absorption
at 3623 cm−1 of Antwarp talc was assigned to νFe2+

3-OH [51]. Thus, we considered that
the observed peak at 3650–3620 cm−1 would be mainly attributed to octahedral Fe2+. The
change in absorption features at 3800–3000 cm−1 between spectrum A1 and spectra B and
A2 would be caused by a difference in the degree of hydration of interlayer cations.

The peak position at 1.40 µm in our ferrous saponite (Figure 4a) was consistent with
trioctahedral δ + ν(Mg, Fe2+)3-OH at 1.401 µm of synthesized smectite, sample H, in [27]
(high-Mg and low-Al ferrous saponite); however, similar to the absorption features at
3800–3000 cm−1, the structural OH and H2O vibrations also caused absorption at ~1.40 µm
in the NIR spectra. The observed change in absorption depth at around 1.40 µm among
the measurements was consistent with the view that different degrees of hydration of
interlayer cations, namely, the interlayer cations of samples B and A2, were more hydrated
than those of sample A1 (Figure 4c). We also found the appearance of strong absorption at
1.9 µm, attributed to a water molecule in the crystal structure of smectite, for the sample
with 50 h of air exposure (Figure A1b). The trend of deeper absorption depths for longer air
exposure time was broadly consistent with the change in hydration levels suggested by our
XRD analysis. The appearance of 1.9 µm absorption for the unexposed sample was likely
to have occurred during the sample preparation in the low-O2 glovebox, where humidity
was around 40%.

The vibrations of tetrahedral Si–O stretching (1200–900 cm−1), Si–O bending
(600–400 cm−1), and octahedral cation-OH bending modes (950–600 cm−1) were found
in our samples in the MIR range (Figure 4d). The low frequency of the Si–O stretching
position around 1000 cm−1 was typical for trioctahedral smectite with low Al contents [55].
The peaks due to Si–O bending mode at 458–444 cm−1 were consistent with Mg saponite
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(460 cm−1 and 443 cm−1) and Griffith saponite (451 cm−1) [51]. The peak positions caused
by cation-OH bending mode varied among the spectra B, A1, and A2 (Figure 4d). The
peak frequency of 654 cm−1 in spectrum B was slightly lower than that of Mg saponite,
δMg3-OH, 660 cm−1. In contrast, the frequency increased to 666 cm−1 in spectrum A1. It is
empirically known that substitution of dioctahedral Mg into Fe2+ decreases the vibrational
frequency, whereas substitution to Fe3+ increases the frequency [55]. Assuming that this
relationship is applicable to trioctahedral δMg3-OH, the lower and higher frequencies in
the spectra B and A1 were attributed to the presence of octahedral Fe2+ and Fe3+, respec-
tively. The highest absorption peak at 674 cm−1 in spectrum A2 was interpreted as the
highest abundance of Fe3+ in our samples assigned to the Fe–O out-of-plane bending vi-
bration shown in Fe3+-bearing smectite around 680 cm−1 [28,51], although this absorption
overlapped with octahedral (Fe3+, Mg)3-OH vibration at 678 cm−1 [51,56]. No absorption
associated with δ(Al, Fe3+)2-OH in 900–800 cm−1 was observed in all spectra. The absence
of absorption around 590–570 cm−1 associated with Fe-O vibration suggested that the
contribution of magnetite (or maghemite) was low in the bulk powder samples [57].

4. Discussion
4.1. Synthesis of Our Analyses

To assess both the adequacy of anaerobic measurements and the impact of air exposure
on ferrous saponite, we synthesized the results of our various analyses collected before
and after air exposure. Micro XRD patterns exhibited no significant change in structure
throughout overnight air exposure, except for interlayer hydration (Figure 1). If the
oxidation caused deformation of trioctahedral structure into the dioctahedral structure, the
vacant sites of the octahedral sheets could reduce the b unit of the cell parameter, possibly
resulting in small 02l and 060 d-space. The constant 02l (4.58 Å) and 060 reflections (1.540 Å)
indicated that the structure of ferrous saponite; i.e., a 2:1 layer type with a trioctahedral
sheet, was kept throughout the air exposure. By contrast, oxidation of ferrous iron into
ferric iron in saponite by air exposure was found based on XANES spectroscopy for both
bulk powder and micro STXM analysis (Figures 2 and 3). Our results of STXM analysis
showed that oxidation of ferrous saponite occurred heterogeneously at the submicron scale
in the Fe-rich area of a saponite particle (Figure 3). Based on our spectral fitting of XAFS
spectra of bulk samples, Fe3+/ΣFe of saponite increased from 4% to 15% after 11 h of air
exposure (Table 2). The amount of Fe3+/ΣFe in saponite implies that if the structure of
saponite changed upon oxidation, Fe3+-bearing trioctahedral smectite could be detected in
the XRD analysis (c.f., the detectability of mineral phase in XRD: about several percent).
Our experimental results suggested that oxidation of Fe in saponite by air exposure did
not associate with the structural rearrangement, at least within the air exposure time of
10–18 h.

Previous work demonstrated that oxidation of ferrous saponite by air-saturated water
for one week increased the Fe3+/ΣFe ratio from near zero to 24–38% [12]. Although the
durations of air or air-saturated water exposure were different between the present study
(10–18 h), the relatively high Fe3+/ΣFe (~15%) in our saponite after air exposure suggested
that oxidation of ferrous saponite by air proceeded effectively. The previous results using
air-saturated water suggested about half of oxidation of ferrous saponite proceeded in the
first half-day, implying that the effectivity of oxidation by air may be comparable to those
by air-saturated water [12].

Our finding of the occurrence of micro-vein-like Fe(III)-rich structures indicated that
oxidation of ferrous saponite proceeded spatially heterogeneously within one ferrous
saponite particle (Figure 4i). To identify/evaluate such submicron-scale oxidation, we
emphasized the importance of microscopic analysis (such as STXM) for laboratory sim-
ulants of water–rock reactions on early Mars and future samples returned from Mars.
Given the rapid oxidation of ferrous saponite, our anaerobic treatments during micro XRD
measurement, FIB thinning, and sample installation are necessary to avoid an oxidation of
ferrous saponite.
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The results of our IR spectroscopy were consistent with the results of microscopic
X-ray analyses. We found that only small shifts occurred in the absorption position due to
cation-OH vibration (Figure 4), supporting that the trioctahedral structure was kept. On the
other hand, there were changes in the octahedral cation composition due to air exposure. As
described in Section 3.3, the peak frequency due to δM3-OH vibration in the MIR 660 cm−1

band increased after 14 h of air exposure (Figure 4d). This shift was likely attributed
to an increase in Fe3+/ΣFe, consistent with the results of XANES spectra (Table 2 and
Figures 2 and 3). The increasing wavenumber of the νM3-OH absorption peak (Figure 4c)
would reflect the decreasing Fe2+ content in saponite. The previous study showed that an
increase in ν + δM3-OH absorption at 2.3 µm can be caused by an increase in Fe3+

2-OH (or
Mg2-OH) by oxidation of Fe2+ [28]. Although the shift in the absorption center wavelength
toward 2.3 µm might reflect an increase in the fraction of Fe3+ in saponite, the ν + δM3-OH
absorption in the NIR range at 2.3 µm showed no significant shift after 14 h of air exposure
(Figure 4b). Our results suggested that the MIR 660 cm−1 band associated with δ(Mg, Fe2+,
Fe3+)3-OH vibration was more sensitive to iron oxidation of ferrous saponite than the NIR
2.3 µm band.

4.2. Mechanism for Occurrence of the Fe-Depleted Area in Ferrous Saponite

In the STXM analysis, we found that the Fe-depleted area had low absorption by
iron (Figure 3c–f). There are several possibilities that can explain the occurrence of the
Fe-depleted area. First, the Fe-depleted area could not be composed of saponite. However,
our XRD results of predominance of ferrous saponite, with trace magnetite (or maghemite),
in our sample contradict this idea. XRD amorphous components can exist in the sample;
nevertheless, it would be difficult to explain depletion of iron in the amorphous phase.
Second, there could be a spatial variation in octahedral cation composition; namely, Mg
dominated in the Fe-depleted area. However, our STXM measurements at the Mg-K edge
for the same sample showed little absorption due to Mg within the Fe-depleted area,
whereas the Fe-rich area showed Mg absorption (Appendix B). The measured correlation
between Fe and Mg suggests the third possibility; that is, the volume of ferrous saponite
had been swollen due to hydration of interlayer cations. Hydration of interlayer cations
could have occurred due to humidity in the FIB chamber. To obtain transparent spectra,
adjusting the thickness of the sample is essential so that the target element can absorb
an irradiated X-ray beam. High levels of moisture adsorption by interlayer of ferrous
saponite were confirmed in our XRD patterns, showing the existence of expanding 001
d-space (Figure 1) and IR spectra showing H2O absorption bands (Figure 4). If moisture
was kept during the STXM measurements, the swollen region in saponite would contain
less Fe and other elements. Alternatively, if moisture in saponite was lost during the STXM
measurements, the swollen region in saponite would then be shrunk. In either case, the
swollen region would become optically thin in the STXM measurements. Therefore, we
interpreted the Fe-depleted area to be optically thin because of swelling due to interlayer
hydration, and that there would be no mineralogical or chemical difference between the
Fe-rich and Fe-depleted areas. We assumed that the extracted XANES spectra at the Fe-rich
area reflected ferrous saponite that did not suffer from hydration. We concludes that
swelling due to hydration should be considered in preparing FIB thin section samples of
ferrous saponite in laboratory simulants, meteorites, and returned samples from Mars and
carbonaceous asteroids.

4.3. Mechanism of Ferrous Saponite Oxidation and Its Implications

As discussed in Section 4.1, oxidation of octahedral ferrous iron into ferric iron oc-
curred without any change in the mineralogical structure, at least with 10–18 h of air
exposure. The fact that the oxidation of ferrous saponite was observed in our STXM (X-ray
transmission) analysis suggested that the oxidation proceeded, at least, ~0.1 µm in depth
from the surface. Given that an IR analysis is sensitive to surface solid materials (in order
of µm in depth from the surface), the results of our bulk IR analysis also suggested that the
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oxidation of ferrous iron could have occurred, at most, until a depth of ~1 µm. These results
suggested that the oxidation may have proceeded at least 0.1–1 µm from the surface. This
raises a new question; that is, where did excess charge go upon the oxidation of ferrous
iron? Since any excess charge should be balanced, electrons can be consumed through
substitution of structural OH− by O2− [24] or cation migration [12]. Transformation into
a dioctahedral structure requires mechanisms to decrease an octahedral site occupancy,
which are suggested to occur upon hydrothermal recrystallization and/or effective Fe3+

ejection by reactions with strong oxidants [12,43]. The iron oxidation associated with the
deformation to dioctahedral structure would have a high activation energy and, thus, was
likely kinetically inhibited at relatively low temperature (i.e., room temperature ~20 ◦C)
during air exposure of our sample [12]. In contrast, saponite is characterized by high water
adsorption and cation exchangeability within the interlayer structure. This flexibility in
the structure could provide the ability to maintain Fe3+ in a trioctahedral sheet with a
low activation energy, allowing the rapid oxidation of octahedral iron at relatively low
temperatures. The swollen structure in the Fe-depleted area might enhance the accessibility
of interlayer compounds and oxygen in air. This hypothesis may explain that micro-vein-
like Fe(III)-rich structures seemed to grow from the boundary between the Fe-rich and
Fe-depleted areas (Figure 4i). We hypothesized that volume changes due to partial hy-
dration of saponite could have formed micro-cracks. Upon the air exposure, oxidation of
ferrous iron of saponite might have proceeded through the micro-cracks, possibly forming
Fe(III)-rich micro-vein-like structures.

The high sensitivity of ferrous saponite to oxidation inferred the possibility of its
usage for a promising redox proxy for Martian environments. On early Mars, atmospheric
redox states may have dramatically varied over geological time (e.g., [11,58]). In Mars
rover missions and Martian meteorite analyses, previous work focused on Mn; e.g., Mn
(hydro)oxides, to reconstruct redox states of aqueous environments [3,4,7,10]. With micro-
scopic analyses, ferrous saponite could be an alternative proxy indicator of oxidation on
Mars. In fact, through the Mars Sample Return mission, sedimentary rocks at Jezero Crater,
where the Mars 2020 Perseverance Rover landed, might be collected and sent to Earth for
detailed mineralogical and chemical analyses [30]. Spectroscopic observations suggest the
presence of clay minerals, most likely including ferrous saponite, on delta deposits at Jezero
Crater [15,30,59]. We suggest that our preparation/measurement methods are applicable
to future returned samples from Mars to evaluate in situ oxidation processes. Given the
possibility of presence of saponite in returned samples from carbonaceous asteroids, our
methods are also applicable to the chemical analysis for the asteroid sample-return missions
(Hayabusa 2 and OSIRIS-REx) [37–41].

Another implication of the high sensitivity of ferrous saponite to oxidation is its
potential as a reductant to cause redox reactions in natural aqueous environments. The
reducing ability of ferrous iron-bearing minerals, such as magnetite and green rust, on early
Martian environments has previously been discussed (e.g., [60]). However, knowledge of
the reducing ability of ferrous smectite is limited [61]. A continuous supply of reductants
is required for chemoautotrophic life on Earth [62] and beyond [63,64]. Estimating the
available reductants and their fluxes would also provide insights into the origin of life on
early Earth [65–68].

5. Conclusions

We conducted microscopic X-ray analyses, bulk XANES, and IR spectroscopy for
synthesized ferrous saponite under anaerobic conditions. A comparison between the
results before and after air exposure provided the following findings:

• Ferrous saponite was rapidly oxidized by air on an hour to daily timescale at room
temperature, at least until 0.1–1 µm from the surface. Ferric iron replaced octahedral
ferrous iron without rearrangement of the trioctahedral structure within this timescale.
The oxidation occurred heterogeneously at the submicron scale (micro-vein-like struc-
ture) in saponite.
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• Our preparation and measurement methods without any air exposure were able to
limit oxidation before/during measurements. Avoiding hydration of interlayer cations
in saponite is also preferred during FIB thinning of samples for microscopic X-ray
analysis, such as STXM.

• Ferrous saponite can be a promising redox indicator for environments on early Mars.
Our preparation/measurement methods are applicable to chemical analyses for fer-
rous saponite in both laboratory simulants and returned extraterrestrial samples.
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Appendix A

In addition to the NIR diffuse reflectance spectra (Figure 4a,b), VNIR reflectance
spectra of synthesized ferrous saponite powder were obtained before and after 12 h of
air exposure. Both VNIR reflectance spectra showed absorption peaks due to δ + ν(Mg,
Fe2+)3-OH at 2.32 µm and 1.40 µm (Figure A1a), similar to our diffuse reflectance NIR
spectra (Section 3.3.). The strong absorptions at ~1.9 µm attributed to hydration occurred
within the vial used for carrying the sample prior to the measurement (Figure A1b). The
air exposure caused darkening in the reflectance spectra at short wavelengths (<1 µm).
This trend was also observed in the NIR diffuse reflectance spectra, although the range
was almost the measurement limit of the instrument. The darkening of VNIR reflectance
spectra by air oxidation was also reported for ferrous saponite with high-Mg and low-Al
trioctahedral cation composition (sample D in [12,27]), suggesting the observed darkening
in our ferrous saponite sample was also due to the air oxidation.

Figure A1b shows a close-up view of IR absorption features at ~1.9 µm for the air-
exposed/unexposed saponite samples. The reflectance NIR spectra of Fe saponite after air
exposure for 50 days showed deeper absorption than that obtained before the air exposure.
A weak absorption at ~1.9 µm for the sample with 14 h of air exposure (Figure A1b) was
consistent with the interpretation of other bands in the FT-MIR/NIR spectra (Section 3.3).
The presence of positive shifts in reflectance at around 1.9 µm suggested that the effect
of water vapor in the instrument could have been poorly removed. Nevertheless, the
absorption due to hydration of the sample with 14 h of air exposure would be weak, even
when removing the effect of water vapor.

https://figshare.com/s/ac8c70a81a31429b299a
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Figure A1. (a) Results of VNIR reflectance spectra before and after air exposure for 12 h. The NIR
diffuse reflectance spectra are offset and shown for comparison. Note that the continuum components
are not removed. Vertical lines show the peak position observed in NIR diffuse reflectance spectra
(spectra A1 and B in Figure 4). The solid gray bar shows the position of absorption band due to H2O
molecules. (b) Close up of a 1.9 µm wavelength region. The colors of the spectra are the same as
those in panel (a).

Appendix B

The additional STXM measurements were performed around the Mg K-edge
(1300–1340 eV) following the measurement of the Fe L-edge after air exposure for the
same area, pixel size, and dwell time. We found low optical density with little absorption
features of Mg in the Fe-depleted area, whereas a relatively high optical density with weak
absorption features was found in the Fe-rich area (Figure A2).
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