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Key Points:

e Seven amorphous ferric sulfates with specific hydration degrees (6w-12w) were
synthesized.

e Water quantification of amorphous and crystalline ferric sulfates is achieved by Raman
and LIBS spectroscopic methods.

e A new pathway of amorphous ferric sulfates by unsaturated solution is suggested to occur
on Mars.
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Abstract

Crystalline ferric sulfates (e.g., ferricopiapite and Fe(OH)SO4) have been proposed at multiple
locations on Mars by the orbiter. While at Meridiani Planum and Gale Crater by rover missions,
amorphous ferric sulfates were also suggested to exist in soils and sedimentary rocks. The ferric
sulfates with different hydration degrees may play a key role in the water cycle on Mars. In order
to understand in detail the role of the hydrated ferric sulfates in the water cycle and their exact
hydration states on Mars, twelve ferric sulfates with different hydration states containing five
crystalline ferric sulfates and seven amorphous ferric sulfates were synthesized in the laboratory.
The water content (number of H;O molecules) was quantified by Raman spectroscopy and
Laser-induced breakdown spectroscopy (LIBS), respectively. It was found that the amorphous
ferric sulfates water content has a good relationship with the SO, tetrahedron main Raman
feature position around 1000 cm™, the intensity and area of water feature around 3500 cm™ over
SO, tetrahedron main Raman feature around 1000 cm™, respectively. Twelve ferric sulfates’ Ho
emission line area at 656.7 nm is normalized by the O emission line area at 778 nm in LIBS
spectra. The crystalline and amorphous ferric sulfates all showed a good relationship between the
values of normalized results and the water content. These results will aid us in precisely
constraining the exact phases of hydrated ferric sulfates, provide a better reference for
ChemCam, SuperCam, and SHERLOC data interpretation and their use to quantify the water
content in detected targets.

Plain Language Summary

Hydrated ferric sulfates have been proposed to occur on Mars at different sites (e.g., Meridiani
Planum and Gale Crater) during orbital and rover missions. The hydration states of crystalline or
amorphous ferric sulfates are greatly affected by environmental conditions, and the amorphous
ferric sulfates are metastable phases, which are considered to be produced by rapid dehydration
and rehydration process. The presence of ferric sulfates indicates the occurrence of water-related
processes, while the water content within these compounds can provide valuable insights into
Mars' water history. However, the exact phases of ferric sulfates can not be precisely constrained
except for the jarosite that limited our knowledge about the water-related geochemical process
on Mars. In the present study, twelve hydrated ferric sulfates were synthesized in the laboratory
and measured by Raman and LIBS spectroscopy. The unique Raman features of those ferric
sulfates will help identify them on Mars by Raman spectroscopy. Besides, the methods of water
content quantification were developed based on their Raman and LIBS spectra, respectively. It
will help us to better understand the water cycle and provide a better reference for payloads like
ChemCam, SuperCam, and SHERLOC to determine the ferric sulfates on Mars.

1 Introduction

Ferric sulfates were inferred on Mars in the 1970s by the Viking Lander X-ray
fluorescence spectroscopic (XRFS) experiments (Toulmin et al., 1976). Based on the chemistry
results of Viking, Burns first proposed the existence of ferric sulfates on Mars in 1987 (Burns,
1987) including the jarosite and copiapite. These ferric sulfates were recognized as formed and
kept at low temperatures and pH conditions in Martian permafrost (Burns, 1987). The Mossbauer
spectra (MB) measured from Mars Exploration Rover (MER) Opportunity in the outcrops at
Meridiani Planum confirmed the presence of jarosite on the surface of Mars in 2004 (Madden et
al., 2004). Up to now, several ferric sulfates have been identified or suggested on Mars, such as
ferricopiapite, hydronium jarosite, and Fe(OH)SO4 (Johnson et al., 2007; Lane et al., 2008;
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Lichtenberg et al., 2010). These phases/minerals are products of evaporation and diagenetic
process. The ferric sulfates can not only provide mineralogical evidence clues for past water
activity on Mars but also hold a significant amount of water or hydrogen and play a key role in
the water cycle on Mars. Moreover, the hydration states of the ferric sulfates are very easily
changed due to minor variations in climate parameters, such as air, humidity, temperature, and
pH. Thus, ferric sulfates may be used to trace paleoclimate on Mars (Wang and Ling, 2011;
Wang et al., 2012). However, until now, the precision phases or hydration states of crystalline
ferric sulfates are still a big challenge. This is because the payloads on orbits and on rovers or
landers had a low resolution or can not use to exactly constrain the phases of targets and the
ferric sulfates occurred as various hydration states.

Except for the crystalline sulfates minerals identified at multiple locations on Mars, the
amorphous sulfates were also detected widely on the whole Mars surface and found that the
amorphous phases are a major component of Martian soils. The major compositions of
amorphous phases are clays and sulfates. At some local sites, the amorphous phases contain a
large percentage of SOs, such as at Gale Crate and Meridiani Planum, which means sulfates or
sulfites may exist in amorphous phases (Glotch et al., 2006; Golden et al., 2005; Morris et al.,
2013). The high abundances (~15-75 wt %) of X-ray amorphous components were identified
ubiquitously in ancient sedimentary rocks and soils in Gale Crater by the CheMin (XRD, CoKa)
on the Mars Science Laboratory rover Curiosity (Bish et al., 2013; Blake et al., 2012, 2013;
Treiman et al., 2016). In these X-ray amorphous phases in Gale Crater, the bulk SO3 was found
to be about ~20-90 wt % and the X-ray amorphous sulfur-bearing phase compositions are
consistent with mixtures of Mg-S, Fe-S, and possibly Ca-S phases, likely sulfates or sulfites
(Smith et al., 2022). Furthermore, ChemCam’s laser-induced breakdown spectroscopy on the
Curiosity suggests that the amorphous materials in Gale Crater also contain a significant amount
of hydrogen, such as the Rocknest aeolian deposit containing 5-9 wt % hydrogen (Meslin et al.,
2013). As mentioned above, it has been demonstrated that ferric sulfates are not only present in
amorphous materials but may also have a certain degree of hydration. Various proportions, or
various degrees of hydration of this amorphous phase like ferric sulfates in the soil or
sedimentary rocks, could be sufficient to explain the global hydrogen variations seen from the
orbit by Gamma Ray spectrometer on Odyssey (Feldman et al., 2002).

Phase transitions and stability of the sulfate phase at Mars-related temperatures and
pressures have been widely investigated (Ling and Wang, 2010; Wang and Ling, 2011; Wang et
al., 2012; Wang et al., 2013; Wang and Zhou, 2014). These studies suggest that amorphous ferric
sulfate on the surface of Mars can persist under Martian conditions. RH fluctuations on the
surface of Mars will change the water content of the amorphous ferric sulfate but will not result
in crystallization. Amorphous ferric sulfate has previously been shown to dehydrate rapidly
through saturated solutions (Wang et al., 2012; Xu et al., 2009). Wang et al. (2020) showed that
electrostatic discharge would trigger an electrochemical reaction that would alter the material on
the surface of Mars, making it amorphous. Repeated slope linearization suggests that there is
currently an active brine cycle on Mars, which could facilitate the formation of amorphous
sulfates on the Martian surface (Bishop et al., 2021; Chevrier and Altheide, 2008; McEwen et al.,
2011). It is important to determine the specific hydration degrees of ferric sulfate relative to the
Martian surface environment and atmospheric environment. Crystalline and amorphous ferric
sulfates have been characterized by spectroscopic methods in some previous works (Cloutis et
al., 2006; Dyar et al., 2013; Sklute et al., 2015; Sklute et al., 2018; Wang et al., 2012). However,
to date, only a few studies have explored if there are any trends with amorphous sulfates and
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abundance, or explored if there is systematic variation between crystalline or amorphous ferric
sulfates and their hydrogen content on Mars (Sobron et al., 2012).

Although significant amounts of sulfates have been found on the Martian surface, more
experimental data are needed to confirm which sulfates are present and to extract information
about historical hydration levels and the possibility of supporting life on Mars (King et al., 2010;
Lane et al., 2008; Sobron et al., 2012). Raman spectroscopy, which can provide detailed
information about chemical structures, phases and polymorphs, crystallinity and molecular
interactions, is an ideal tool for microscopic sample analysis of rock samples collected from the
surface of Mars (Chou et al., 2013; Vandenabeele et al., 2014; Wang et al., 2015). Raman spectra
contain a series of features corresponding to different vibrational modes in molecules. The
positions and line widths of these peaks are so unique to a system that they are considered to be
the "fingerprints" of molecular species. Therefore, Raman spectrometers are also being selected
as payloads for Mars exploration. The Perseverance rover landed in Jezero Crater in February
2021, carrying several scientific instruments, two of which are Scanning Habitable Environments
with Raman and Luminescence for Organics and Chemicals (SHERLOC) and SuperCam
(Bhartia et al., 2021; Lopez-Reyes et al., 2023; Moeller et al., 2021; Phua et al., 2023, Wiens et
al., 2021). The SHERLOC and SuperCam are the first two Raman spectrometers to be ever
employed in planetary exploration missions. Different secondary minerals have been identified
by the SHERLOC including carbonates, phyllosilicates, perchlorates, sulfates, and amorphous
(Hurowitz et al., 2023; Lopez-Reyes et al., 2023; Phua et al., 2023). Among the sulfates, the Ca-
and Mg- sulfates with different hydration states, such as the polyhydrated Mg-sulfates and
anhydrite Ca- sulfates, were suggested. However, characterizing hydration in these minerals is
not easy in some detected targets by the total area of OH band as a function of sulfate v; peak
position and intensity, respectively (Phua et al., 2023). Hence, new methods should be developed
to characterize hydration degrees for those secondary minerals.

LIBS is a rapid, portable, in situ atomic spectroscopy technique used to measure the
concentration of major and trace elements in solid, liquid, or air samples, or to record the
chemical signature of a material (Harmon et al., 2013; Pathak et al., 2012). LIBS is a spot
analysis technique, it is possible to evaluate spatial changes in material composition and also to
average shots taken from many different locations on the materials to obtain a bulk composition
(Jin et al., 2022; Liu et al., 2022; Meslin et al., 2013). As a powerful spectroscopic technology
for chemical composition analysis, LIBS helps to extract the elemental information of the rocks,
minerals, and soil of Mars (Jin et al., 2022; Liu et al., 2022; Meslin et al., 2013; Schroder et al.,
2015). LIBS technology has been deployed on Mars aboard different rovers since 2012,
including ChemCam on Mars Science Laboratory Rover Curiosity, MarSCoDe on Tianwen-1
Rover Zhurong, and SuperCam on Mars 2020 Rover Perseverance (Liu et al., 2022; Jin et al.,
2022; Wiens et al., 2012; Wiens et al., 2021). Based on the measured results of LIBS on Mars,
the major, minor, and trace elements were quantified using emission intensities of the respective
elements, including Fe, Mg, Ca, Li, Rb, Sr, Ba, etc. However, the quantification of nonmetallic
elements is challenging due to the numerous facts which influence the LIBS signal. Such as the
quantification of hydrogen by the Balmer alpha emission peak (656.6 nm). The peak at 656.6 nm
is much wider and the part overlapped with the C signal (Rapin 2019, 2016). Moreover, the
strongest signal position of some nonmetallic elements’ is out of the LIBS measured range.
Therefore, it is necessary to develop a new method or optimize parameters to quantify
nonmetallic elements in different materials, especially the hydrogen content in different materials
on Mars, which will be significant for subsequent geological interpretations and has broad
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implications for habitability studies. Rapin et al. (2016, 2019) and Nachon et al (2014)
constrained the water content of the calcium sulfate veins targeted on Mars by LIBS. It is
important to understand the information about past aqueous activity on Mars in terms of
temperature, humidity, and salinity (Nachon et al., 2014; Rapin et al., 2016, 2019).

The goals of this study is to synthesize different hydrated amorphous and crystalline
ferric sulfates in the laboratory, to fulfill precisely determined hydration states of different ferric
sulfates by combining Raman and LIBS technologies. Develop LIBS and Raman methods to
quantify the water content of amorphous and crystalline ferric sulfates to help evaluate the water
content in soils and rocks, and help to understand the aqueous history and environmental
evolution. The exact identification of these ferric sulfates and quantification of their hydrogen
content are important for understanding the soil or rock compositions and environmental
conditions that produced hydrated phases, water cycle on Mars.

2 Experiments and Instruments

2.1 Synthesis of twelve kinds of ferric sulfates

For the synthesis of seven amorphous ferric sulfates with different hydration degrees. The
ferric sulfate powder was first dissolved in deionized water to obtain a solution of ferric sulfate.
Its concentrations were fixed at 28.6 wt % and 5 wt %, respectively. Then these solutions were
put into seven PTFE Petri dishes, respectively, and the mass of the solutions in each petri dish is
4 gor 5 g (Table 1). After that, the seven Petri dishes which contain the solutions were put into
saturated LiBr buffer (relative humidity, RH% = 5.23%) solutions under 70°C for different hours
(12 h - 48 h). The synthesized seven kinds of amorphous ferric sulfates occurred as transparent
glass and with the increase of water content the color of them from light yellow to reddish
(Figure 1).

Table 1. Synthesis conditions of amorphous ferric sulfate with different hydration degrees.

Sample Temperature RH% buffer Concentration mass | Time
Fex(S04)312H,0 70 °C LiBr 28.6 wt % 4¢g ~12h
Fex(S04)311H,0 70 °C LiBr 28.6 wt % 4¢ ~15h
Fex(S04)3°10H,0 70 °C LiBr 28.6 wt % 4g ~18 h
Fex(S04)3°9H,0 70 °C LiBr 28.6 wt % 4g ~24 h
Fex(S04)3°8H,0 70 °C LiBr 28.6 wt % 4¢g ~48 h
Fex(S04)327H,O 70 °C LiBr 5.0wt % S5¢g ~24 h
Fex(S04)3°6H,0 70 °C LiBr 5.0wt% 5¢g ~48 h




180

181
182

183
184
185
186
187
188
189
190
191
192
193
194
195
196

197
198
199
200
201
202

203

204
205
206
207
208
209
210

manuscript submitted to Journal of Geophysical Research: Planets

(@) (b) (c) (d)
Fe,(SO,),-6H,0 Fe,(SO,),7H,0 Fe,(SO,),-8H,0 Fe,(SO,),-9H,0
=, ’ &
3{* 1 ’\ .
i IR e i L :
!"”\”“Zf“ I ‘:L”"!”"l\‘“”l””g““ﬂ”é [ "\7'”1“”1‘nTnmmim T \ll,uumymp n!»wgw[nuj(l)nunn‘f ‘!‘ | l ‘ L L |‘l|3 L i '“U‘“g”'!""1““J‘”‘5\”"\””js””\””y‘”\“"y“WW‘
(e)

(f) (9)
Fe,(SO,),-10H,0 Fe,(S0O,),-11H,0 Fe,(SO,),12H,0

|m||iH||u||||m||u|||n\;nn‘m||m||||nun||lmﬂm.mmunwuuqHx\|m|yml‘|m|m|‘mmm‘n|<|m|‘uu|nn|'HHH!H1\HH\I!H\HHUIHU\\w\w\\i\mmm‘mmmlnuUm.m
e B i e TR S A . e P N SN PR, T

Figure 1. Optical image of seven amorphous ferric sulfates. With the H,O molecules increased
the color of the samples from light yellow to reddish.

The five crystalline ferric sulfates with different hydration states were synthesized first in
the laboratory. The rhomboclase was synthesized by the 10 mL saturated ferric sulfates solution
added 0.6 g concentrated sulfuric acid at 50°C for 1 day. The pentahydrate ferric sulfate was
prepared used the hydrothermal method. The 1.52 mL deionized water and 0.48 mL concentrated
sulfuric acid using to solve the 1.98 g ferric sulfates powder. Then the solution was transferred to
an autoclave at 90 °C for one week. The kornelite was synthesized using Fe»(SO4);-xH,O
powder (Sinopharm Chemical Reagent Co. LTD, CAS:142906-29-4, > 99%, Shanghai) under
95°C in KI-H,O saturated solutions (RH% = 59.92%) for 24 h in an oven (Ling and Wang,
2010). The paracoquimbite was synthesized at 25°C in NaBr-H,O saturated solutions (RH% =
57.58%) using the synthesized ferricopiapite as the starting material for three weeks. The
ferricopiapite was synthesized using the ferric iron sulfate saturated solution at 25°C and the
RH% ranged from 20% to 60% in the atmosphere for one week until the liquid solutions were
entirely converted to solid. The Fe(OH)SO4 was synthesized by heating the melanterite for three
days at 180°C.

The phase identification of twelve synthesized samples was made by laser Raman
spectroscopy and the seven amorphous ferric sulfates were then employed by XRD (Figure 2).
For five crystalline samples, Raman data of more than 100 points were collected from a flattened
powder sample that is placed on a glass slide, to confirm its homogeneity (Figure 3a). Seven
amorphous ferric sulfates were characterized in Petri dishes directly (Figure 3b). The 2 theta of
XRD were run in the 5-70° range with an increment of 0.02°and 5° per minute (Figure 2).

2.2 Instruments

An inVia® Raman imaging system (Renishaw Company) was used, which uses a 532-nm
line of a DPSS laser for excitation, and a long-working-distance 50 % objective (NA = 0.75) for
signal collection. The Raman spectra from 100 to 1400 cm™ were collected for five crystalline
ferric sulfates and from 100 - 4000 cm™ for seven amorphous ferric sulfates (Figure 3). The
inVia system has a spectral resolution better than 1 cm™' and spectral repeatability of £ 0.2 cm ™.
The spectral wavelength was initially calibrated using the emission lines of the Ne lamp. The
Raman peak position of a Si wafer (520.7 cm™") was checked and corrected on inVia at the



211
212

213
214
215
216
217
218
219
220
221
222
223
224
225

226

227

228
229
230
231
232
233
234
235
236
237
238
239

240

241
242
243
244
245
246
247
248
249
250
251
252

manuscript submitted to Journal of Geophysical Research: Planets

beginning and the end of every working day. These two calibrations ensure a Raman peak
position accuracy of + 0.2 cm ! in this study.

Laser-induced breakdown spectroscopy (LIBS) initiated by laser ablation of the samples
in a vacuum chamber (Liu et al., 2021; Wu et al., 2021) with the simulated atmospheric
environment of Mars (CO,, ~7 mbar) and Earth environment, respectively, at Shandong
University, Weihai. The system has been equipped with a Q-switched pulsed Nd: YAG laser
with a power of 200 mJ and a wavelength of 1064 nm. The corresponding laser fluence was
about 83.56 J/cm?, and the average diameter of the laser-focused spot size on the sample was 400
um. The synthesized ferric sulfate samples were pressed under a pressure of ~20 MPa for 90 s to
form a pellet with a diameter of 4 cm. The synthesized amorphous ferric sulfate samples were
directly measured in the dishes. Six spectra were collected at different locations for each sample
with different laser energy used. After obtaining the LIBS spectra, the noise and continuous
background were removed using the wavelet function and spline function (Liu et al., 2021),
respectively. Six spectra were collected for every sample and every spectroscopy of them is
acquired by an accumulation of ten shots.

3 Results

3.1 Phases identified of twelve ferric sulfates

The hydration degrees of seven amorphous ferric sulfates were determined by mass-
change measurements. The starting materials (Fe,(SO4);-xH,0 powder, Sinopharm Chemical
Reagent Co. LTD, CAS:142906-29-4, > 99%, Shanghai) were heated to 220 °C in a muffle
furnace for 3 days to make it completely converted to mikasaite (Fe,(SO4)3). The water content
of different amorphous was calculated by the mass loss of the ferric sulfates solution after being
completely converted to solids. Finally, the number of H,O molecules for per Fe»(SO4); were
derived from Fe;(SO4)3-6H,0 to Fey(SO4)3-12H,0. Moreover, the stability of the seven
amorphous ferric sulfates was studied. We found that the synthesized seven amorphous ferric
sulfates could be kept for at least 24 hours when sealed by parafilm in Petri dishes. Thus, all
measurements in the study were performed within one day to make sure all results are convinced.
The hydration states of five crystalline ferric sulfates were determined by their standard Raman
spectra published by Ling and Wang in 2010 (Ling and Wang, 2010).

3.2 The Raman spectra of synthesized ferric sulfates

All measured Raman spectra of five crystalline ferric sulfates and seven amorphous ferric
sulfates are identical to the standard Raman spectra and no other phases were detected, which
indicated that the samples are homogeneous. The wavenumber range was 100 - 4000 cm™', which
was divided into three regions according to the origin of characteristic peaks. The Raman peaks
in the first region (150 - 1500 cm™) can be attributed to the different vibration modes of the SO,
tetrahedron. Among them, the features in the range of 930 - 1100 cm™ are attributed to the
symmetric stretching (v) vibration of SOy tetrahedra, the features in the range of 350 - 550 cm™
are attributed to the symmetric bending (v,) vibration of SOy tetrahedra, the features in the range
of 1100 - 1200 cm™ can be assigned to the asymmetric stretching (vs) vibration of SOy
tetrahedra, and the features in the range 550 - 700 cm™ are attributed to the asymmetric bending
(v4) vibration of the SO tetrahedra (Ling and Wang, 2010; Nakamoto, 1978). The characteristic
peaks in the range of 1600-1800 cm™ can be attributed to the bending vibration of H,O. The
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253 characteristic peaks in the range of 3000-3600 cm™ can be attributed to the symmetric and

254 antisymmetric stretching vibration of H,O. The detailed assignment of these Raman features can
255  be found in a paper published by Ling and Wang in 2010. For seven amorphous ferric sulfates
256  with different water contents, we found that all Raman peaks had large widths, indicating that the
257  synthesized samples are amorphous. This result was further confirmed by the XRD

258  measurements. All seven amorphous ferric sulfates XRD patterns show a broad peak around 25°
259  which means the synthesized samples are amorphous phases (Figure 2).

Fe,(SO,);-11H,0

" Ilml Fei(SO4)3-9H20

Intensity

15 30 45 60 75 90
20 (deg)

261 Figure 2. XRD patterns of seven amorphous ferric sulfates. All of them showed a broad feature
262 around 25° demonstrating they are amorphous phases.
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Figure 3. Raman spectra of twelve synthesized ferric sulfates. (a) Five crystalline ferric sulfates
Raman spectra in the range 100 - 1400 cm™. (b) Seven amorphous ferric sulfates Raman spectra
in the range 100 - 4000 cm™'; For the seven amorphous ferric sulfates the main features around
1000 cm" shift to low wavenumber with increase the hydration degrees.

3.3 The Raman spectra of synthesized ferric sulfates

The Raman spectra of seven amorphous ferric sulfates were analyzed to find the
relationship among the peak positions, peak intensities, peak areas, and the number of water
molecules. The Gauss-Lorentz mixture function in WIRE 3.4 software was used to fitting the
peaks around 1000 cm™ and 3500 cm™ and found that with the hydration degree increased the
peak positions shift to the low wavenumber, and the hydration degrees of amorphous ferric
sulfates had a linear relationship with the peak positions (Figure 4a). The linear fitting was
carried out on it, and the fitting result was:

Rig00 = -2.00 W + 1041.5, R* = 0.989

where R 1s the Raman shift of SO, tetrahedron Raman peak around 1000 cm'l, and W
is the water content of the synthetic sample.

By fitting the peaks of water around 3500 cm™ and SO, tetrahedron around 1000 cm™,
the peak intensities and peak areas were obtained, respectively. It is found that the peak
intensities and peak areas ratio of water features over SO, tetrahedron features are related to
water content, respectively. With the increase of HO molecules, the ratios of peak intensities
and peak areas of H,O over SOy tetrahedron between 3500 cm™ and 1000 cm™ are increased.
The linear fitting was also carried out on it, and both of them are shown a good linear
relationship (Figure 4b and 4c). The relationship between peak intensities ratio versus the
number of H,O molecules in amorphous ferric sulfates is:

13500/1000 =0.0296 W + 00476, R2 =0.990

The relationship between peak areas ratio versus the number of H;O molecules in
amorphous ferric sulfates is:

A3500/1()()() =0.2183 W + 0.5813, R2 =0.995
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where I is the intensity of Raman peaks, I3500/1000 1S the ratio of peak intensities of H,O
over SOy tetrahedron between 3500 cm™! and 1000 cm'l, A is the area of Raman peaks, A3s00/1000
is the ratio of peak areas of H,O over SO, tetrahedron between 3500 cm™ and 1000 cm™, and W
is the water content of the synthetic sample.
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Figure 4. The linear fitting of the number of H,O molecules in seven amorphous ferric sulfates
with (a) peak positions, (b) peak intensities ratio of H,O at 3500 cm™ over SOy tetrahedron at
1000 cm'l, and (c) peak areas ratio of H,O at 3500 cm™! over SOy tetrahedron at 1000 cm'l,
respectively; All of them are shown a good linear relationship.

3.4 LIBS spectra general analysis

The LIBS spectra of five crystalline ferric sulfates were measured under the Earth and
simulated Mars environment, respectively (Figure 5a and 5b). However, the seven amorphous
ferric sulfates were only measured under the Earth environment (Figure 6) because they change
easily under simulated Mars conditions. Furthermore, these amorphous ferric sulfates measured
voltage is different from crystalline ferric sulfates. The amorphous phases were measured at 750
V and the crystalline ferric sulfates were measured at 820 V. This is because the amorphous
LIBS signal reaches saturation at 820 V, while the signal intensity of crystalline ferric sulfate is
weaker at 750 V. Hence, the ferric sulfates were recognized as two systems. All LIBS spectra of
twelve ferric sulfates can be divided into three spectral regions. The Fe emission lines dominate
in the UV, Blue, and VIS-NIR spectral regions (Perkins et al., 2009). The hydrogen emission line
is produced from the dissociation of the water molecules and hydroxyl appears at 656.7 nm. The
oxygen lines around 778 nm can be attributed to oxygen in sulfate ions (SO3~), water molecules,
and hydroxyl (OH) in ferric sulfates. However, no matter what is measured conditions of all
twelve ferric sulfates LIBS spectra are not produced S lines. This is because the detection limit
of the sulfur element is higher than other elements and the LIBS system’s performance is not
good. Moreover, the LIBS spectra of the same crystalline ferric sulfates measured under Earth-
and Mars-like environments are different. In the UV region (238 - 400 nm), the intensity of LIBS
signal under the Earth environment is weaker than in Mars-like environments. Oppositely, in the
VIS-NIR region, the peak intensity of LIBS under the Earth’s environment is higher under
simulated Mars conditions (Figure 5). Furthermore, the ratio of signal to noise is higher and the
peak width of iron and oxygen emission lines are narrow under a Mars-like environment. These
results are due to the physical matrix effects.
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Figure 5. The LIBS spectra of five ferric sulfates were obtained from (a) the Earth environment
and (b) Mars-like conditions; (¢) The LIBS spectra of Fe(OH)SO4 were acquired from Earth and
Mars conditions, respectively, to evaluate the effects of the environment.
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Figure 6. LIBS spectra of seven amorphous ferric sulfates. (a) the whole spectra from 238 to 900
nm of seven amorphous ferric sulfates; (b) the enlarged of Ho emission line at 656.7 nm.

3.5 The water content of synthesized ferric sulfates quantified by LIBS

A number of experimental parameters affect the standoff LIBS signal. They are related to
laser irradiance (laser energy, focus, and distance to target), atmosphere (total pressure/density
and composition), and target properties (different chemical/physical matrices and mixtures).
However, those results do not affect quantifying the hydrogen content using the LIBS outputs. In
order to eliminate the influence of accidental error, the obvious abnormal points were
abandoned, and each sample was analyzed using five spectra. Subsequently, we normalize the
signals in order to compensate as much as possible for the undesired effects of these parameters.
The hydrogen content quantification was carried out through oxygen emission line intensity (778
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nm) normalization for all twelve samples. The Gauss-Lorentz mixture function in WIRE 3.4
software was used to fit the H peak at 656.7 nm and the O peak at 778 nm, respectively.

For two system ferric sulfates samples, the value of the normalized peak intensity
increases monotonously as the number of H,O molecules increases in the ferric sulfate
structures. In order to keep the H,O molecules comparable among crystalline ferric sulfates, the
number of H,O molecules of Fe(OH)SO4 and FeH(SO4),-4H,0 were calculated as one and nine,
respectively. Under Mars conditions, the linear regression equation for crystalline ferric sulfates
system is (Figure 7a):

Asser773=0.149W + 0.784, R = 0.991
In Earth environment, the linear regression equation is (Figure 7b):
Agse771s = 0.0852W +0.295, R* = 0.958
For amorphous ferric sulfates system, the linear regression equation is (Figure 7c¢):
Agseam1s = 0.374W +0.0467, R* = 0.955

where A is the area of LIBS emission line, Agsg 7773 1S the area of Ho emission line at
656.7 nm normalized by O emission line at 778 nm, and W is the water content of the synthetic
ferric sulfates. These results demonstrated that the hydration states of the ferric sulfates can be
extracted from their LIBS spectra. This capability will be significant when encountering ferric
sulfates in a sampling spot on Mars and Earth.

Leave one out cross validation refers to extracting data points from a dataset one at a
time, fitting the remaining data, predicting the extracted data points with model results, and then
cycling until all data in the dataset have been extracted once. The use of RMSECV is common,
and it is considered an excellent general purpose error metric for numerical predictions (Thomas
et al., 2018). In order to evaluate the goodness of fit of the model, the root-mean-square error of
cross-validation (RMSECV) was calculated in this study, using the equation below:

RMSECV = \/
n

In the formula, y; is the true value measured by LIBS, ¥, is the predicted value of cross-
validation, and n is the sum of all data points. The calculated RMSECV values of amorphous
ferric sulfates and crystalline ferric sulfates under Earth and Mars environment are 0.028, 0.130,
and 0.127, these results indicated that the fitting effect of our model is good, and also
demonstrated the feasibility of H quantification of different ferric sulfates by LIBS technique.
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Figure 7. The linear fitting of the number of H,O molecules in twelve ferric sulfates with O 778
nm normalized area. (a) is the five crystalline ferric sulfates measured under an Earth
environment; (b) is the five crystalline ferric sulfates measured under Mars conditions; (c) is the
seven amorphous ferric sulfates measured under an Earth environment. All of them showed a
better linear relationship.

4 Discussion and implications

4.1 A new pathway of amorphous ferric sulfates occurred on Mars

The amorphous ferric sulfates were suggested widely on Mars, especially in the Gale
Crater the amorphous ferric sulfates may be the candidate phase at some detected sites. In
common, the volcanic activity, impacts, hydrothermal activity, and chemical weathering could
lead to the amorphous phases formed in early Martain history (Shidare et al., 2021). The
geological process of volcanic activity, impacts, and hydrothermal activity can be provided the
source of heat and water to dissolve the igneous rock (e.g., Fe-olvine and sulfides). The chemical
weathering at relative low temperature with acid fluids can also lead to the formation of
amorphous phases. Except for these geological processes, the formation mechanisms of
amorphous ferric sulfates were recognized by two main ways previously: (1) they formed by
dehydration of saturated solution/fluids of ferric sulfates under lower relative humidity; and (2)
as the high hydrated ferric sulfates dehydration products (Audouard et al., 2014; Sklute et al.,
2015; Xu and Parise, 2012). In this study, the method to synthesize amorphous ferric sulfates by
unsaturated ferric sulfate solution with different concentrations is different from the above two
ways. This may provide a new mechanism to interpret the occurring amorphous ferric sulfates on
Mars. In our experiment, lower-concentration ferric sulfate solutions tend to precipitate
amorphous ferric sulfate with lower water content. The products of saturated solutions or fluids
of Fe;(S04); tend to produce crystalline ferric sulfates (Sklute et al., 2015). Therefore, if the
amorphous ferric sulfate on Mars is formed by the rapid evaporation of brine, it tends to be an
unsaturated solution of large amounts of water.

In addition, the previous study showed that the number of H,O molecules per Fe(SO4)s
maximum value is 11 (Wang et al., 2012). In the present study, the highest number of H,O
molecules in amorphous is 12 and the water budget of H,O wt % is 35% indicating that the
amorphous ferric sulfates were able to store more water without undergoing a phase transition
and will contribute more to Mars' water cycle. For example, if these amorphous ferric sulfates
were present on Mars at Gale Crater, they account for the percentage of the soil that will affect
the water abundance determined by the results of Sample Analysis at Mars (SAM) and CheMin.
It is calculated that amorphous ferric sulfate could account for ~ 6.8-9.4 wt % of the rockest soil
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in the Gale Crater, assuming that the amorphous ferric sulfate water content is similar to
lausenite (Fe,(SO4);-6H,0) (Sklute et al., 2015).

4.2 Importance for phases identification of ferric sulfates on Mars

The crystalline ferric sulfates have also been proposed to exist on Mars at multiple
locations determined by VNIR and Mdssbauer spectra. However, because of the similar spectra
features of hydrated crystalline ferric sulfates and other sulfates. The exact phases of the
crystalline ferric sulfates can not be constrained except jarosite. However, as shown in the
present study, the Raman spectra of five crystalline hydrated ferric sulfates have their unique
features indicating that the phases of hydrated ferric sulfates can be exactly identified by the
Raman spectroscopy. Moreover, the Raman spectroscopy can be used to distinguish between
crystalline ferric sulfates and amorphous ferric sulfates. For the different hydrated amorphous
ferric sulfates they can also be separated by their main SO, tetrahedron peak positions shifts
around 1000 cm™. The Mg-, Ca-, sulfates, and amorphous phases have been identified in Jezero
Crater soils and rocks by the Raman spectrometers, and the Fe- sulfates were determined at Cape
Nukshak, Yori Pass Outcrop in Jezero Crater by the Planetary Instrument for X-ray
Lithochemistry (PIXL) (Hurowitz et al., 2023; Lopez-Reyes et al., 2023; Phua et al., 2023).
However, the exact phases of Fe- and Mg- sulfates were not precisely constrained whether or not
they performed as crystalline or amorphous. If they are detected in the future by Raman
spectrometers, this study may provide a better reference to determine their phases, especially to
determine the hydration degree of amorphous ferric sulfates.

The elements information derived from their LIBS spectra can be used to assist in the
detection of different kinds of ferric sulfates at Gale Crater. The methods to quantify the major
elements have been matured by using multivariable analysis (David et al., 2020; Maurice et al.,
2016; Vogt et al., 2020). The ferric sulfates have been suggested to have occurred in Gale Crate
at different sites including the Rocknest soils, Naukluft Plateau and Vera Rubin Ridge by the
FeOr weight percent as a function of weight percent of SO; or correlation with other elements
(David et al., 2020, 2022; L’Haridon et al., 2018). But the hydration states and the crystallinity of
these ferric sufates were not well constrained. The LIBS measurement results and the method of
water content quantification in this study can help to constrain the hydration states of ferric in
Gale Crater. For the Perseverance, if the LIBS employed on SuperCam combined with the
SHERLOC, not only the hydrated ferric sulfates but also all hydrated minerals hydration degrees
can be exactly determined in Jezero Crater.

4.3 Significance and applications of ferric sulfate water quantification

The Raman Spectrometer, which has been on board the Perseverance and will board
ExoMars in the future, can provide precise identification of the mineral phases and the
possibility of detecting organics on Mars. The hydrated minerals have been detected in Jezero
Crater, including the polyhydrated Mg-sulfates, Ca-sulfates, phyllosilicates, and amorphous
phases at Séitah and Maaz formations. This indicates aqueous alteration of the crater floor units.
However, the water content of these determined hydrated minerals and some of their exact
phases are not well constrained. This may be due to the fact that the methods are not available
and the definitive identification of hydration carriers can be complicated by coexisting materials,
and varying states of hydration. Those results will affect our understanding of the detailed
information of water and geochemical processes in the Jezero Crater. The relationship between



448
449
450
451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

469

470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488

489
490
491

manuscript submitted to Journal of Geophysical Research: Planets

the water content and peak intensity, peak position, and peak area established in the present
study can be used as a better reference for the water quantification and the precise hydration state
detection of hydrated minerals determined in the Jezero Crater now and in Oxia Planum in the
future.

With the acquired data from the LIBS employed on the Curiosity, the hydrogen or water
content in soils and rocks was studied. As mentioned above, the main kinds of sulfates identified
in Gale Crater are Mg-, Fe-, and Ca- sulfates. The hydration states of calcium sulfates in veins
and magnesium sulfates in the Norwood Cove (crosses) and Beach CIiff (triangle) bedrock
fragments from the upper Murray formation heterolithic facies were derived by the hydrogen
weight percent versus the water content in different hydration states of calcium sulfates and
measurements of CaO and MgO weight percent (Nachon et al., 2014; Rapin et al., 2016, 2019).
It also means the methods were established to identify the Mg- and Ca- sulfates on Mars based
on LIBS technique. The ferric sulfates have no reliable method to determine on Mars by LIBS
even though there have been a lot of studies, such as Sobron et al.'s (2012) finding that the
relationship between hydrogen content and the H emission line area at 656 nm is irregular
(Sobron et al., 2012). In this study, the identification hydration degrees method for ferric sulfates
was developed by referring to the calcium sulfates and magnesium sulfates hydration degrees
determined methods based on LIBS from Rapin et al. in 2019 and 2016 (Rapin et al., 2016,
2019). As shown above, the number of H,O molecules in ferric sulfate has a good relationship
with the O normalized area. These results can be used to help precisely constrain the phases of
ferric sulfates in Jezero Crater and Gale Crater.

4.4 Implications for water cycles on Mars

The hydrated minerals, such as clays, zeolites, and sulfates play a critical role in the water
cycle on current Mars. Even though Mars is arid and no liquids were observed on its surface, the
water cycle still exists between the atmosphere and the soils or minerals on Mars (Pommerol et
al., 2009). Two ways for the minerals or soils to keep the water. One is the H,O molecules as
adsorbed on the mineral surface; another way is the H,O stored in the crystalline structure. All
kinds of rocks and minerals can hold a certain amount of adsorbed water on their surface (Meslin
et al., 2013). When the temperature increases in the early daytime, the adsorbed water first goes
into the atmosphere. When the temperature reaches the maximum of the day, the structural water
in some minerals will released into the atmosphere. Compared with the amorphous phases, the
H,0 molecules in crystalline minerals release into the atmosphere is not easy. The amorphous
ferric sulfates are very sensitive to environmental parameter changes (Skulte et al., 2015). They
can not only hold a large amount of adsorbed water but also rehydrate and dehydrate very
quickly. The amorphous phases, especially amorphous ferric sulfates in soils and rocks may play
an important role in water diurnal cycles (Figure 8a). Compared with the amorphous sulfates, the
crystalline ferric sulfates tend to be more important in water seasonal cycles (Figure 8b), because
of the long duration of the phase change of crystalline ferric sulfates on the Martian surface. By
measuring the hydration states of different kinds of ferric sulfates or other hydrated minerals, we
can trace the climate evolution and the pathways of the water evolution at different times in one
Martain year between the atmosphere and the soils or minerals on current Mars.

In the Martian winter, the surface temperature is very low, probably below the release
temperature of water in the hydrated minerals of ferric sulfates (Wang et al., 2012, 2013). Water
molecules may exist mostly in the form of crystalline water in ferric sulfates, which is not easily
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released into the atmosphere. When the spring and summer, the Martian surface's temperature
increases, the water molecules would be released from the ferric sulfates into the atmosphere to
form water vapor. As temperatures on the Martian surface begin to drop again, in the fall, the
ferric sulfates may absorb water molecules and store them in their crystalline structures (Figure
8b). Currently, most of the water is stored in polar ice caps or underground ice (Scheller et al.,
2021). With the temperature changes in different seasons, the ice and snow of the polar ice caps
will melt and release water molecules or the water vapor turns into water ice again in polar
regions (Figure 8b). These processes could affect the water status of hydrated minerals on the
Martian surface. In addition, the groundwater and Martian dust storms may also be involved in
the formation of ferric sulfates. The groundwater would participate in the weathering of minerals
in rocks to form hydrated minerals (Frydenvang et al., 2017; Michalski et al., 2013). The Martian
dust storms can increase the meridional circulation of the atmosphere, thereby enhancing water
vapor transport between the northern and southern hemispheres (Aoki et al., 2019, Figure 8b).
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Figure 8. Schematic diagram of the Martian surface water cycle with ferric sulfates. (a) the role
of ferric sulfates in water seasonal cycles on Mars surface; (b) the role of ferric sulfates in water
diurnal cycles on Martian surface.
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5 Conclusions

Twelve hydrated ferric sulfates were synthesized which contain five crystalline ferric
sulfates and seven amorphous ferric sulfates. A new pathway was proposed to synthesize
amorphous ferric sulfates from unsaturated solutions, which would help us understand the water
cycle and geochemical processes on Mars. The number of H,O in the structure for per Fe,(SO4)s
from 6 to 12 in amorphous ferric sulfates. The relationship between its spectra features and water
content was obtained. The linear relationship between the number of H,O molecules in seven
amorphous ferric sulfates and their Raman features (main SOy tetrahedron peak positions and the
intensity and area ratios of SO4 tetrahedron peak positions over water features) were established.
Also, the linear relationship between the number of H,O molecules and the Ho emission line area
at 656.7 nm normalized by O at 778 nm was developed. All of them have a good linear
correlation with an R” value greater than 0.95. These results will provide a better reference for
ChemCam, SuperCam, and the SHERLOC identified ferric sulfates on Mars, helping us to better
understand the water cycle and aqueous history on Mars.
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