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Key Points:

e A large percentage of the bulk SOz in Gale crater sedimentary rocks is in the X-ray
amorphous state (20-90%).

e X-ray amorphous S-bearing phases are likely mixtures of Mg, Fe, Ca and other cation
sulfates present as cement and in diagenetic features.

e Insitu detections of X-ray amorphous SOs likely contribute to orbital spectral detections
of sulfates in lower Mount Sharp.

Abstract

The Curiosity rover in Gale crater is investigating the transition from the “clay -bearing
unit” to the younger “sulfate-bearing” unit, which likely reflects a major aridification of the
Martian climate. To fully understand this transition, we must characterize the sulfur-bearing
phases encountered below it. The rocks below the transition have mostly crystalline Ca-sulfates
with minor Fe-sulfates, and often have some fraction of their bulk SOs in the X-ray amorphous
state with a poorly constrained nature. Here, we characterize the abundances and compositions of
the X-ray amorphous sulfur-bearing phases in 19 drill samples using mass balance calculations,
as well as evolved SO2 gas measured by the SAM instrument for a subset of 5 samples. We find
that ~20-90 wt% of a sample’s bulk SOz is in the X-ray amorphous state and that X-ray
amorphous sulfur-bearing phase compositions are consistent with mixtures of Mg-S, Fe-S, and
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possibly Ca-S phases, likely sulfates or sulfites. These materials reside in the bedrock, perhaps as
cementing agents deposited either with the detrital sediments or during early diagenesis, and in
diagenetic alteration halos likely deposited after lithification during late diagenesis. Many rocks
have large fractions of X-ray amorphous Mg-S phases, possibly highly soluble Mg-sulfates,
suggesting negligible fluid flow through the bedrock post-Mg-sulfate deposition. X-ray
amorphous sulfur-bearing materials likely contribute to orbital spectral detections of sulfates, and
so our results help form multiple hypotheses to be tested in the sulfate unit and are important for
understanding the evolution of the Martian surface environment at Gale crater.

Plain Language Summary: (should be 200 words)

The Curiosity rover in Gale crater, Mars is investigating a mineral transition observed
from orbit — older clay-rich to younger sulfur-rich rocks - that likely reflects a change from a
wetter to a drier Martian climate. Many of the sedimentary rocks investigated by the rover below
the mineral transition have X-ray amorphous sulfur-bearing phases that are poorly constrained.
To fully appreciate the significance of the transition to more sulfate-rich rocks, we must
understand the abundance and compositions of the X-ray amorphous sulfur-bearing phases
present below the transition. Here, we investigate the X-ray amorphous sulfur-bearing phases at
19 drill sites below the transition. We find that most rocks have large fractions of X-ray
amorphous sulfur-bearing phases that are likely mixtures of Mg-, Fe-, and possibly Ca-sulfates
or sulfites. In some rocks, X-ray amorphous sulfur-bearing phases might have precipitated from
solutions delivered to the lake early on and could be cementing sediment grains. In other
locations, X-ray amorphous sulfur-bearing phases are associated with zones where fluids altered
the rocks long after they were cemented. These results help form multiple hypotheses to be tested
in the sulfate-rich rock unit and are important for understanding the evolution of the Martian
surface environment at Gale crater.

1 Introduction:

One reason why the Mars Science Laboratory (MSL) mission was sent to Gale crater,
Mars was because orbital observations indicated that the central mound, Aeolis Mons, comprises
relatively flat-lying layered rocks that transition from stratigraphically lower (older) rock units
with clay/sulfate mineral spectral signatures to stratigraphically higher (younger) rock units with
sulfate/oxide spectral signatures (Milliken et al., 2010). This spectrally significant clay-sulfate
mineral transition has been noted in other locations on Mars (e.g., Bibring et al., 2006; Carter et
al., 2013) and is thought to preserve a period of global scale climate change in Mars’ history
from a wetter to a more arid climate, possibly leading ultimately to the inhospitable conditions
found on the surface today (Bibring et al., 2006). To fully appreciate the nature, extent and
implications of this transition, it is important to “ground truth” the observation by investigating
the textures and chemistry of the sulfur-bearing mineral phases along the rover traverse and into
the mineralogical transition.

A range of sulfur-bearing mineral compositions has been observed in the sedimentary
rocks examined by the Curiosity rover. To date, the Chemistry & Mineralogy (CheMin) X-ray
diffractometer (XRD) (Blake et al., 2012) has detected mostly Ca-sulfates (gypsum, bassanite,
and anhydrite) with Fe-sulfates (jarosite) detected in relatively low abundances in some locations
(Vaniman et al., 2018; Rampe et al., 2020a). Notably, sulfides have not been identified above the
CheMin detection limit (> ~1 wt%) in any sample. The Sample Analysis at Mars (SAM)
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instrument (Mahaffy et al., 2012) cannot detect Ca-sulfates, but SAM evolved gas analyses
(EGA) for most drill sites indicate SO- release temperatures and peak shapes consistent with Fe-
and Mg-sulfur-bearing materials. Additionally, EGA SO, traces and isotopic compositions show
that most samples have oxidized S-bearing phases such as sulfates and sulfites with reduced
sedimentary sulfides being important SO, contributors at only two locations (Franz et al., 2017).
These observations indicate mostly oxidizing conditions during the deposition of the sulfur-
bearing phases and the lack of detection of Mg-sulfates or sulfites (and in some cases Fe-
sulfates) by CheMin indicates that these phases are either mixtures of crystalline phases present
below CheMin detection limits and/or X-ray amorphous in nature.

X-ray amorphous phases are materials that either completely lack crystal structure
(amorphous) or do not have sufficient consecutive planes of atoms to create detectable peaks in
the X-ray diffraction patterns (Klug and Alexander, 1974). X-ray amorphous sulfur-bearing
materials are not common geologic materials on Earth. Hypotheses for these phases on Mars
include amorphous, nano-, or poorly crystalline sulfates formed through dehydration under
current Martian surface conditions or as precursors to crystalline sulfates (e.g., Vaniman et al.,
2004; Vaniman and Chipera, 2006; Wang et al., 2009; Sklute et al., 2015, 2018; Wang, Y. et al.,
2012), sulfate anions adsorbed onto X-ray amorphous weathering products (e.g., allophane,
ferrihydrite) (e.g. Rampe et al., 2016), and S-bearing phase inclusions in glass (McAdam et al.,
2014; Sutter et al., 2017). Sulfur-bearing phase properties (e.g., abundance, crystallinity,
composition) can be linked to environmental conditions such as relative humidity (RH), pH,
oxidation state, and salinity, and so constraining these properties can help inform on the
environments and processes that formed them.

Here, we use bulk X-ray amorphous component compositions calculated by Smith et al.
(2021) and detailed SAM evolved SO- gas analyses to compare the abundances and
compositions of the X-ray amorphous sulfur-bearing phases in most of the Gale crater rocks
examined by CheMin below the mineral transition detected from orbit. These results are then
used to speculate on the timing of deposition and their formation conditions. One of our findings,
that between 20 and 90 wt% of a sample’s bulk SOs is in the X-ray amorphous state, highlights
the importance of this study as this observation indicates that large fractions of the sulfur-bearing
phases present below the spectrally significant mineral transition have not been characterized.
We discuss how these phases can allow us to better appreciate the geologic significance of the
mineral transition and increase our understanding the history of water in Gale crater in general.

2 Background
2.1 Geologic Context

As of sol 2300 (January 24, 2019; a sol is a Martian day, numbered from the first sol of
any mission), the Curiosity rover has worked its way up the slopes of Aeolis Mons, investigating
~380 vertical meters of the sedimentary rocks that make up the basal part of this ~5 km high
topographic feature (e.g., Grotzinger et al., 2014, 2015). The Gale crater impact event has been
dated to between ~3.6 and 3.8 Gy ago during the late Noachian/early Hesperian epochs
(Thomson et al., 2011), and it is possible that the entire crater was filled with fluvial, lacustrine,
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and eolian sediments by the early Hesperian before being eroded through eolian processes
(Malin and Edgett, 2000; Le Deit et al., 2013; Grant et al., 2014; Grotzinger et al., 2015). From
orbit, the crater floor and lower strata of Aeolis Mons have spectral signatures consistent with
alteration assemblages including hematite and phyllosilicates with variable hydrated sulfate and
hydrated silica (Figure 1a; Fraeman et al., 2016). Higher up Aeolis Mons are strata with spectral
signatures consistent with alteration assemblages dominated by monohydrated and polyhydrated
sulfate minerals (a structure referred to as the “sulfate unit”). As of sol 2300, the most recent
sampling date examined in this study, MSL had driven over 20 km laterally and gained 380 m of
elevation but had not yet reached the mineral transition (Figure 1a). The three major stratigraphic
units observed along the traverse and covered in this study are the Bradbury, Mount Sharp, and
Siccar Point groups (Figure 1b).

The Bradbury group rocks make up part of the crater floor deposits (Grotzinger et al.,
2015), and three Bradbury group drill samples were examined by CheMin: two lacustrine
mudstones in the Yellowknife Bay formation, John Klein (JK) and Cumberland (CB) (see Figure
1a for sampling locations and name abbreviations used throughout the text), and one fine-grained
sandstone consisting of reworked deltaic and eolian sediments located in the Kimberley
formation, Windjana (WJ) (Rice et al., 2017; Vaniman et al., 2014; Treiman et al., 2016;
Morrison et al., 2018). Both mudstone samples were found to have crystalline Ca-sulfates
(anhydrite and bassanite) and were initially modeled with 1 wt% pyrrhotite, though subsequent
analyses were not able to model pyrrhotite with confidence for either sample (e.g., Morrison et
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al., 2018; Rampe et al., 2020a). Models of XRD data showed that the sandstone sample
contained crystalline Ca-sulfates (anhydrite and bassanite), and the X-ray amorphous component
was notably high in SOz and CI (Treiman et al., 2016; Dehouck et al., 2017). Ca-sulfates are
either completely or mostly associated with diagenetic features (e.g, veins, nodules, etc.;
Vaniman et al., 2014; Nachon et al., 2014, 2017).

As of sol 2300, CheMin had analyzed 12 drill hole locations within the Mount Sharp
group, which consists of mostly fluviolacustrine mudstones and fine-grained sandstones (e.g.,
Rivera-Hernandez et al., 2020; Morris et al., 2016; Rampe et al., 2017, 2020b; Achilles et al.,
2020). Most of these rocks have geochemical compositions distinct from sediments in the
Bradbury group (Berger et al., 2020; Thompson et al., 2020), indicating a change in dominant
sediment sources (Bedford et al., 2019) and degree of chemical alteration (e.g., Mangold et al.,
2019; Hurowitz et al., 2017; Thorpe et al., 2021). The Mount Sharp group includes three targets
on Vera Rubin ridge (VRR; between ~ -4190 and -4140 m), a topographic ridge that shows
strong spectral signatures of hematite from orbit and from the ground, and is interpreted to have
experienced substantial diagenetic alteration relative to the surrounding units (e.g., Fraeman et
al., 2020; David et al., 2020; Horgan et al., 2020; L’Haridon et al., 2020; Rampe et al., 2020b).
The first three drill samples in the Mount Sharp group, Confidence Hills (CH), Mojave2 (MJ2),
and Telegraph Peak (TP) notably lacked crystalline Ca-sulfates, though Mojave2 did contain
lenticular features interpreted as pseudomorphs after gypsum (Kah et al., 2018), and instead were
found to contain jarosite (~1 wt% in CH, ~3 wt% in MJ2, and ~2 wt% in TP) (Rampe et al.,
2017). Ca-sulfates reappeared in the Buckskin sample (~1 wt% anhydrite) but jarosite was absent
(Rampe et al., 2017). Anhydrite was observed in all subsequent Mount Sharp group rocks
through VRR with some locations also bearing gypsum and/or bassanite, as well as jarosite
(Marimba, Quela, Sebina, Stoer, and Rock Hall) (Achilles et al., 2020; Rampe et al., 2020b).

The youngest strata considered in this study are the lithified eolian dunes comprising the
Siccar Point group, which unconformably lie on top of some sections of the Mount Sharp group
(Watkins et al., 2016; Banham et al., 2018). CheMin analyzed four drill samples within the
Siccar Point group prior to sol 2300: two within parent bedrock, Big Sky (BS) and Okoruso
(OK); and two within light-toned alteration “halos” surrounding central fractures, Greenhorn
(GH) and Lubango (LB) (Yen et al., 2017). The fracture-associated alteration halos are silica-
enriched zones ~50 cm wide that crosscut both the Mount Sharp and overlying Siccar Point
group rocks (Frydenvang et al., 2017; Yen et al., 2017). These alteration halos have been
interpreted as late diagenetic features that represent either chemical precipitates (Frydenvang et
al., 2017) or leaching residue (Yen et al., 2017) and may have formed through multiple fluid
episodes (Yen et al., 2017; Hausrath et al., 2018). The parent rocks were found to contain minor
crystalline Ca-sulfates (anhydrite and bassanite) and the alteration halos had significant
crystalline Ca-sulfates (anhydrite, bassanite, and gypsum) (Yen et al., 2017).

Multiple diagenetic events are recorded in the sedimentary rocks in Gale crater, but the
timeframes for these processes are somewhat poorly constrained. Buried sediments underwent
the diagenetic process of lithification, which includes porosity reduction through compaction and
cementation (Worden and Burley, 2003). The cementing agents for Gale crater rocks are not well
understood but likely consist of variable mixtures of syn-depositional to early diagenetic
crystalline Fe oxides (magnetite and hematite; Blaney et al., 2014; Bristow et al., 2015; Hausrath
et al., 2018; Tosca et al., 2018) and phyllosilicates (Bristow et al., 2015, 2018; Bridges et al.,
2015), X-ray amorphous Fe oxides and silicates (Smith et al., 2021), and Ca-sulfate (e.g., Blaney
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et al., 2014; Newsom et al., 2016; Rapin et al., 2019), with potential Mg-sulfate cemented layers
in one ~10 m interval (Rapin et al., 2019).

The sedimentary rocks also contain evidence for diverse diagenetic processes spanning a
range of timeframes. Early diagenetic features include lenticular crystal pseudomorphs after
gypsum (likely deposited syndepositionally) in the Pahrump Hills section of the Mount Sharp
group (Kah et al., 2018) and desiccation cracks in the Sutton Island member of the Mount Sharp
group (Stein et al., 2018). Sections of the Sheepbed mudstone in the Bradbury group display
syneresis cracks filled with cement (fracture-filling raised ridges) likely comprised of Mg-rich,
Al-deficient smectitic clays, akageneite, and magnetite (McLennan et al., 2014; Siebach et al.,
2014; Léveillé et al., 2014). Features more pervasive along the rover traverse include concretions
and relief enhanced features that are sometimes associated with Mg- and Ca-sulfate (Stack et al.,
2014; VanBommel et al., 2016; Nachon et al., 2017; Sun et al., 2019), with one ChemCam point
on a nodular feature being consistent with jarosite (Nachon et al., 2017). Both the fracture-filled
raised ridges and concretions likely formed after the rocks were at least partially lithified but
before the formation of the light-toned veins that often cross-cut these features.

Extensive networks of light-toned veins and fracture-associated alteration halos suggest
that diagenetic fluids continued to circulate through the rocks for some time after lithification
(e.g., Nachon et al., 2014, 2017; Frydenvang et al., 2017; Yen et al., 2017; Gabriel et al., 2019;
Kronyak et al., 2019). The APXS and ChemCam instruments have been used to determine the
compositions of millimeter- to centimeter-scale light-toned veins and demonstrate that these
features are most often Ca-sulfates (Nachon et al., 2014, 2017; VanBommel et al., 2017,
Kronyak et al., 2019). APXS measurements show that the ~50 cm wide fracture-associated
alteration halos are relatively enriched in SiO2 and SO3 compared to the surrounding bedrock,
and CheMin analyses indicate these elements are mostly present as high fractions of amorphous
silica and sulfates and crystalline Ca-sulfates (Yen et al., 2017). The best constraint on the timing
of post-sedimentation fluid interactions is a K-Ar age date < 3 Ga (possibly as young as ~2.1 Ga)
for diagenetic jarosite in a single drill hole location (MJ2), indicating that diagenesis continued
for a significant amount of time after sedimentation ceased (Martin et al., 2017).

2.2 Sulfur-bearing Phase Detection with MSL Instrumentation

CheMin, APXS, and SAM are three of the main instruments onboard MSL capable of
detecting and differentiating between sulfur-bearing phases; each has different abundance and
phase detection limits. CheMin can detect most crystalline sulfur-bearing phases expected for
Gale crater if they are present in abundances > ~1 wt% (Blake et al., 2012). Any crystalline
sulfur-bearing phase present below that amount would be automatically allocated to the X-ray
amorphous composition, largely because at this abundance, phases lack prominent peaks in the
XRD patterns.

APXS measures elemental abundances and can detect SOz present in abundances > 0.2
wit%, as well as elements commonly associated with sulfur, such as Ca, Fe, and Mg present at
abundances > 0.2, 0.03, and 1 wt%, respectively (Gellert et al., 2015). S-bearing phases can be
inferred from correlations between sulfur and cations (e.g., McLennan et al., 2014; VanBommel
et al., 2016; Berger et al., 2020). APXS is assumed to measure SOz associated with both
crystalline and X-ray amorphous sulfur-bearing phases.
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SAM has sensitivity for SO> at the ppm scale (Mahaffy et al., 2012), and there are no
known constraints on the degree of crystallinity of materials that are detectable by SAM (e.qg.,
McAdam et al., 2014). SO gas is evolved from volatile-bearing phases (e.g., minerals and
organic molecules) at characteristic temperatures, and so detectability is mostly driven by
whether or not a phase decomposes within the temperature range at which the SAM instrument
operates (ambient to 900°C; Mahaffy et al., 2012). Phases known to evolve SO; in the
temperature ranges examined by SAM include elemental sulfur and sulfonic acids, Fe-sulfates
and sulfides, Mg-sulfates, and Ca sulfites (Franz et al., 2017). Fe and Mg sulfites have not yet
been investigated in SAM-like conditions, but it is likely that they also decompose in the SAM
temperature range. Elemental sulfur, sulfonic acids, and Fe sulfides that are oxidized during
pyrolysis decompose at temperatures between ~125 and 400°C, Fe-sulfates and sulfides
generally decompose at temperatures between ~400 and 700°C, Mg-sulfates decompose at
temperatures between ~700 and 900°C, and Ca sulfites decompose at temperatures between ~750
and 850°C (McAdam et al., 2014; Franz et al., 2017; Sutter et al., 2017). Ca-sulfates mostly
decompose at temperatures beyond the upper temperature limit for SAM and thus cannot be
detected by SAM (e.g., Mu and PerImutter, 1981; McAdam et al., 2014). However, some phases
expected for the Martian surface, such as Ca-, Mg-, and Fe-perchlorates, can catalyze the
decomposition of crystalline Ca-sulfates so that Ca-sulfates could have SO, peak initiation
temperatures ~600°C in the temperature range of SAM; However, the catalyzed Ca-sulfates do
not fully decompose within SAM’s temperature range (e.g, McAdam et al., 2016).

Few studies have examined EGA SO traces for amorphous, poorly crystalline, and/or
nanocrystalline sulfates. McAdam et al. (2014) showed that amorphous ferric sulfate has an EGA
SO, trace nearly identical to that of crystalline ferric sulfate. Though they did not study sulfates,
Archer et al. (2013) showed that a reduction in particle size for calcite lowered the peak
decomposition temperature by ~200°C (Archer et al., 2013). These studies suggest that
amorphous, poorly crystalline, and/or nanocrystalline sulfates may evolve SO; at temperatures
approximately equal to or lower than (up to ~200°C lower) those of um to mm sized particles.
Therefore, if present in Gale crater rocks, amorphous, poorly crystalline, and nanocrystalline Ca-
sulfates would still likely evolve SO> outside the range measured by SAM, while amorphous,
poorly crystalline, and nanocrystalline Mg and Fe-sulfates should be detectable. It is not known
if catalysts will also reduce Ca-sulfate’s SO> peak initiation temperature if the Ca-sulfate is
amorphous.

3 Methods:
3.1. Mass Balance Approach

This study uses the results of Smith et al. (2021), who calculated bulk X-ray amorphous
component compositions for all rock samples through Vera Rubin ridge (VRR; up to sol 2300)
and reported X-ray amorphous FeOt and SiOz contents. The methods from that study are
summarized here.

Bulk X-ray amorphous component compositions are estimated through mass balance
models. First, XRD-derived minerals and abundances from CheMin are converted to a bulk
crystalline component composition. Then, assuming APXS measurements of drill samples
represent the bulk sample geochemistry (crystalline + X-ray amorphous), the crystalline
component composition is subtracted from the bulk composition, and the residual represents the
bulk X-ray amorphous component composition, with the uncertainties listed below. Since APXS
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frequently acquires multiple compositions of drill samples (e.g., undisturbed rock, drill tailings,
discard pile), Smith et al. (2021) used the same APXS measurements from previous calculations,
where applicable, and otherwise averaged compositions from multiple APXS measurements
(Table DR3). It should be noted that recommended APXS composition results for the drill sites
covered in this study are presented in Berger et al. (2020), published after the calculations were
performed for Smith et al. (2021), and in some cases the recommended compositions are
different from those used by Smith et al. (2021) (Table DR3). Mineral abundances and
compositions were from the published literature (Morrison et al, 2018; Achilles et al., 2020;
Rampe et al., 2020b) and are summarized in the Supplemental Material for Smith et al. (2021).

Uncertainties in bulk X-ray amorphous component compositions result from the
following caveats and assumptions made for these calculations, discussed in detail in Dehouck et
al. (2014) unless otherwise noted: (1) compositions of crystalline phases that might be present
below the detection limit of CheMin XRD (~1 wt%) are allocated to the X-ray amorphous
component composition by default; (2) minor elemental substitutions in crystalline minerals
(e.g., Ti, Mn, Cr, P) not detectable by XRD are also allocated to the X-ray amorphous
component composition; (3) when present, poorly constrained clay mineral compositions make it
difficult to precisely determine the X-ray amorphous component composition; for samples with
~25 wt% phyllosilicates in the crystalline component, different plausible clay compositions
result in differences of < ~2 wt% CaO, MgO, and FeOr in the X-ray amorphous components
(Dehouck et al., 2014); (4) uncertainties in CheMin-derived mineral abundances from standard
errors and differences in fitting efforts (Morrison et al., 2018; see also Supplemental Material)
create a range of possible crystalline component compositions, which results in a range of
possible X-ray amorphous component compositions; Smith et al. (2021) calculated a “best
estimate” composition for each X-ray amorphous component using the reported mineral
abundances from CheMin (i.e., did not consider mineral uncertainties) as well as a range of X-
ray amorphous component compositions using the mineral abundance uncertainties. The
minimum and maximum X-ray amorphous SOz contents for each sample varied on average by
21% of the reported “best estimate” value (Table DR2); (5) the general accuracy of quantitative
XRD analytical results for multiphase mixtures is dependent on a great number of factors (e.g.,
modeling method, background models, accuracy of phase identification, etc.) and is a continuous
area of research with a complicated discussion that is beyond the scope of this paper. We
mention this here even though the error cannot be quantified, and note that for a given Mars
analog sample, both methods employed by the CheMin team (Rietveld refinement and
FULLPAT) produce similar mineralogy results, and therefore similar X-ray amorphous
component compositions for Mars analog samples (Smith et al., 2018); (6) there are uncertainties
on the oxide abundances from APXS measurements detailed in Gellert and Clark (2015) with a
relative uncertainty of 15% for SOs (see Table DR3 for the errors on each oxide abundance); (7)
the new Feed-Extended Drilling/Feed-Extended Sample Transfer (FED/FEST) drilling technique
does not allow drill fines to be homogenized in the Collection and Handling for In-Situ Martian
Rock Analysis (CHIMRA) device before delivery to CheMin (Rampe et al., 2020a), which
complicates the assumption that CheMin and APXS measure the same sample. The first dill site
after the anomaly was Duluth (DU) and so this uncertainty is mostly an issue for samples from
Duluth (DU) on. Some of these sources of uncertainty can be quantified and we propagate errors
to give a minimum error on X-ray amorphous component compositions (calculations described
in the Supplemental Text).

3.2. SAM Evolved SO; trace analyses
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To investigate the X-ray amorphous S-bearing phase compositions determined from the
mass balance calculations, we report SAM SO evolved gas analysis (EGA) results for five of the
nineteen samples in this study (CH, BS1, GH1, MJ2, and WJ; SAM sometimes measures a
sample more than once and so the numbers indicate the subsample; Sutter et al., 2017). These
five samples were primarily selected because they have relatively high X-ray amorphous SO3
contents based on the mass balance calculation results. Two of the samples were selected to
examine potential differences between X-ray amorphous sulfur compositions in parent Siccar
Point rocks (BS) and alteration halos (GH) formed through late-stage diagenetic fluid alteration.
The other three samples were selected because the peak fitting methods described below
provided results with relatively low uncertainties. Thus, these samples may not be representative
of the full suite of X-ray amorphous sulfur-bearing materials compositions at Gale crater.

Volatile content for each sample was determined through pyrolysis of drill fines using the
SAM instrument, which consists of a quadrupole mass spectrometer (QMS), gas chromatograph
(GC), and tunable laser spectrometer (TLS) (Mahaffy et al., 2012). Samples were heated from
~40°C to ~870 or 900°C (depending on the sample) at a rate of 35°C/min (Sutter et al., 2017,
McAdam et al., 2020). Evolved sample SO> gas was directly monitored by the QMS resulting in
signal versus temperature curves referred to as EGA traces. Evolved SO gas totals were
combined with estimated sample mass deliveries to SAM to calculate evolved gas contents (e.qg.,
wt %) (Sutter et al., 2017).

To resolve the S-bearing phases and their abundances from SAM data, peaks were fit to
the SO2 EGA traces using the data analysis and graphing software Origin. Peaks were either fit
visually or by using the 2" derivative technique to locate peaks that are difficult to see. Once the
peaks were identified, they were fit with Gaussian (for symmetric peaks) or BiGaussian (for
asymmetric peaks) curves. The peaks were assigned to phases (e.g., Mg-S, Fe-S) and the areas
under the peaks were used to determine the abundances of the phases in each sample. In four of
the five samples (CH, GH1, BS1, WJ), one modeled peak fell within the temperature ranges
shared by both Mg-S and Fe-S phases (~700°C) and so it could not be determined to which
phase the peaks should be attributed (Figure S1). For these samples, we calculated a range of
phase abundances, first by ignoring the contribution from the “Mg-S or Fe-S” peak altogether,
next by attributing the “Mg-S or Fe-S” peak solely to Mg-S phases, and last by attributing the
“Mg-S or Fe-S” peak solely to Fe-S phases.

3.3. “Difference method” (assumed X-ray amorphous Ca-sulfate quantification)

Assuming SAM can detect all S-bearing phases present in Gale crater except Ca-sulfates,
we attribute the difference between SOs contents measured by APXS and SAM (ASO3) to Ca-
sulfate (Sutter et al., 2017) and calculate the abundance of amorphous Ca-sulfate for samples
with SAM data in the following steps:

1) ASOs= SO3apxs — SO3 sam
2) SOz amorph Ca-S = ASO3 — SO3 cryst Ca-S

Where SOz apxs is the bulk SO3 content (wt%) measured in each sample with the APXS
instrument, SO3 sam is the SO3 content (wt%) measured in each sample with the SAM
instrument, SO3 amorph ca-s IS the abundance (wt%) of amorphous Ca-sulfate in each sample, and
SO3 cryst ca-s 1S the wt% abundance of SOs associated with crystalline Ca-sulfates calculated from
CheMin-derived Ca-sulfate abundances. Thus, in the cases where crystalline Ca-sulfates could
not account for all the difference between APXS and SAM measurements (ASOz — SO3 cryst ca-s >
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0), the remaining SO3 was attributed to amorphous Ca-sulfates. Uncertainties associated with this
assumption include the fact that SAM SO3 abundances are relatively low (< 7 wt%) and can have
significant errors associated with the measurements (up to 3 wt%; Table DR5). Additionally, it is
possible that some of the difference between APXS and SAM SOz measurements could be
attributed to other phases with decomposition temperatures above the SAM range such as,
complexes involving SOz adsorbed onto X-ray amorphous alteration products (discussed in
greater detail below). Another assumption made in the calculation of the X-ray amorphous
material compositions is that APXS, CheMin, and SAM all measure the same material. This is
likely an acceptable assumption for the samples with detailed SAM analyses in this study, but is
possibly more problematic for sites sampled after the drilling anomaly since drill fines are not
homogenized before delivery to CheMin and SAM.

4 Results:

Figure 2a shows the bulk SOs in each rock allocated to the crystalline and X-ray
amorphous fractions based on APXS and CheMin data. On average, bulk rocks contain ~5.3
wit% crystalline SO (standard deviation = 4.4 wt%; range = 0.7 — 14.1 wt%) and ~4.2 wt%
amorphous SOz (standard deviation = 2.6 wt%; range = ~0.2 — 9.9 wt%) (Table DR1). Thus,
between 20 and 90% of any sample's sulfur content is in the X-ray amorphous state. There is a
possible weak correlation between SOs in the crystalline state and SOs in the X-ray amorphous
state, with r?=0.25 (Figure 2b).

A molar SO3-MgO-CaO ternary diagram (Figure 3a) helps characterize potential
compositions of X-ray amorphous sulfur-bearing materials in each drill hole location. In this
diagram, the uppermost apex represents Fe-sulfate, as well as any sulfate composition other than
Ca or Mg-sulfates (e.g., Al sulfate, Na sulfate, K sulfate, adsorbed SOs, etc.). For this diagram,
all sulfur is assumed to be oxidized, and if present, phases such as elemental sulfur and Fe
sulfides would plot at the uppermost apex. Any samples with X-ray amorphous compositions
that lie above the kieserite—gypsum tie line must have some contribution from those “other”
sulfates because they do not have enough amorphous MgO and CaO to balance the amorphous
SOs. For these drill hole locations (RH, CH, BK, and MB), we can infer that their X-ray
amorphous components represent complex/variable mixtures of X-ray amorphous Ca, Mg, and
Fe + “other” sulfates, and possibly mixed cation sulfates. Any sample with an X-ray amorphous
component composition that plots below the kieserite—gypsum tie line has more amorphous
MgO and/or CaO than amorphous SOz. For these drill hole locations (TP, DU, QL, SB, JK, WJ,
BS, ST, OU, HF, and CB), we can infer that their X-ray amorphous components represent
complex/variable mixtures of X-ray amorphous Ca, Mg, and Fe + “other” sulfates with other
amorphous and poorly crystalline Mg and Ca bearing phases (e.g., silicates). Samples with X-ray
amorphous compositions that fall on or close to the kieserite—gypsum tie line have amorphous
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Figure 2. (a) Distribution of bulk SOz in the crystalline and X-ray amorphous state for each drill
hole sample; bulk SOz is measured by the APXS instrument, crystalline SO3 is measured by the
CheMuin instrument, and X-ray amorphous SOs is calculated using the mass balance method as
described in the methods section. (b) Plot showing X-ray amorphous SO3 from mass balance
calculations vs. SOs in the crystalline component with some outliers labeled for reference; all
contents given in wt% of bulk rock; solid black line is the linear fit to the data with r> = 0.445
(adjusted r? = 0.412) and dotted lines represent +2-standard error. See Supplemental Materials for
description of how error bars were calculated.
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MgO and CaO that roughly balance the amorphous SOs. For these locations (MJ, GH, and LB),
it is possible that they contain mostly mixtures of Mg and Ca-sulfates (or mixed cation-Ca, Mg-
sulfates) with essentially no Fe + “other” sulfates.

SAM SO; EGA trace analysis results are shown in Table 2 and peak fitting models are
shown in Figure S1. All five samples examined in this study with SAM data show evolved SO
trace analysis results that indicate some Mg-S. Using the abundance of SO, associated with Mg-
S phases to calculate abundances of X-ray amorphous Mg-sulfates of kieserite composition, we
find all five samples would have Mg-sulfates at or above the ~1 wt% detection limit of CheMin
(average = 4.1 wt%; range = 1.0 — 5.6 wt%) (Table DR7) but CheMin did not detect any Mg-S
phases (Table 1).

Likewise, all these samples measured by SAM contain some fraction of Fe-S phases.
CheMin detected crystalline Fe-S phases in only two of the five samples (CH and MJ2; Table 1),
and in both cases SAM analysis indicates that these samples contain more SOs related to Fe-S
phases than the CheMin jarosite can account for. Assumptions of either a schwertmannite or
melanterite composition for the leftover abundance of SAM-measured SO, associated with Fe-S
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Figure 3. SO3-MgO-CaO ternary diagrams used to determine which cations are likely associated
with the X-ray amorphous SOs. In both figures, SOs, MgO, and CaO molar abundances in the X-
ray amorphous component for each drill hole sample are normalized to 1. Inset figure in upper
right is used to interpret mixing of phases in the bulk X-ray amorphous components. Reference
compositions of common Mg-, Ca-, Fe- and S-bearing phases are shown for comparison (the
names of the crystalline forms are used for simplicity). (a) X-ray amorphous compositions
derived using the mass balance calculation method. (b) Comparison of X-ray amorphous
compositions derived using the mass balance calculation method (black filled circles) to X-ray
amorphous S-bearing material compositions determined from SAM data for five targets (blue
diamonds). Blue lines show possible range of X-ray amorphous S-bearing phase compositions
calculated using SAM data based on uncertain attribution of some sulfate to Mg or Fe, not error
bars (see main text for details).

423  phases produces Fe-sulfates (other than jarosite) at or above the ~1 wt% detection limit of
424 CheMuin for these samples (CH and MJ2) (Table DR7). In all samples except Confidence Hills
425  (CH), SOz from X-ray amorphous Mg-S is more abundant than SOs from X-ray amorphous Fe-S,



426  even when the ambiguous “Fe-S or Mg-S” peaks are attributed to Fe-S phases (Table 2 and
427  Table DR4).

428 Three of the five samples examined in this study with SAM data (MJ2, BS1 and GH1) do
429  not have enough crystalline Ca-sulfates (“best estimate” abundances) to account for all the

430  difference between APXS and SAM measurements (ASO3 — SO3 cryst ca-s > 0), and so the

431  remaining SOs was attributed to amorphous Ca-sulfates. Assuming an anhydrite composition for
432  the X-ray amorphous Ca-S phases, we find that these three samples would have Ca-sulfates

433  (other than those already detected) at or above the ~1 wt% detection limit of CheMin (average =
434 3.2 wt%; range = 1.2 — 5.5 wt%) (Table DR7). Even when the maximum possible Ca-sulfate
435  abundances are taken into account (“best estimate” abundance + 2-sigma uncertainty for each
436  crystalline Ca-sulfate phase), these three samples do not have enough crystalline Ca-sulfates to

Table 1. Crystalline sulfur-bearing phases in Gale crater rocks as determined by CheMin analysis.
Calculated from CheMin
CheMin mineralogy mineralogy
Sample Jarosite Bassanite Anhydrite Gypsum SO3 (Wt%) SO3 (Wt%)
in crystalline in crystalline
Fe-sulfate Ca-sulfate
CB 0.0 (0.0) 1.3(0.1) 0.7 (0.4) 0.0 (0.0) 0.00 1.21
JK 0.0 (0.0) 1.4(0.1) 2.1(0.4) 0.0 (0.0) 0.00 2.03
WA 0.0 (0.0) 0.5(0.2) 0.5 (0.3) 0.0 (0.0) 0.00 0.58
CH 1.1(0.7) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.40 0.00
MJ 3.2(0.7) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 1.14 0.00
TP 1.8 (2.1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.63 0.00
BK 0.0 (0.0) 0.0 (0.0) 0.8 (0.2) 0.0 (0.0) 0.00 0.47
ou 0.0 (0.0) 0.0 (0.0) 3.2 (0.6) 2.9 (0.2) 0.00 3.56
MB 0.3 (0.6) 0.8 (1.0) 2.3(1.4) 1.3(0.9) 0.12 2.59
QL 0.5 (0.6) 1.9 (0.9) 3.1(0.7) 0.4 (0.7) 0.18 3.19
SB 0.9 (0.6) 1.1 (0.6) 5.2 (1.6) 1.1(1.2) 0.32 4.34
DU 0.0 (0.0) 3.3(0.3) 1.5 (0.5) 0.2 (0.2) 0.00 2.90
ST 1.1(0.3) 0.5(0.2) 3.3(0.3) 2.5(0.8) 0.39 3.72
HF 0.0 (0.0) 1.2 (0.3) 3.8(0.5) 2.4 (0.5) 0.00 4.33
RH 2.0 (0.1) 0.0 (0.0) 10.1 (1.5) 0.0 (0.0) 0.72 5.92
BS 0.0 (0.0) 0.0 (0.0) 1.2 (0.2) 0.0 (0.0) 0.00 0.71
GH 0.0 (0.0) 1.4 (0.5) 5.6 (0.5) 0.0 (0.0) 0.00 4.14
OK 0.0 (0.0) 0.8 (0.3) 0.5 (0.3) 0.0 (0.0) 0.00 0.77
LB 0.0 (0.0) 2.4 (0.5) 3.3(0.5) 0.6 (0.4) 0.00 3.75
Note: all values are wt% in total sample (crystalline + phyllosilicates + X-ray amorphous) and
values in parentheses are 2-sigma uncertainties on mineral abundances in %. See Figure 1 caption
for full sample name abbreviated here.
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Table 2. SAM SO; EGA trace peak fitting results.

Peak # Fit Area (%) Likely phase Fe-$% Mg-S?
Windjana

1 Gaussian 2.4 (1.9 Fe-S

2 Gaussian 9.3(0.7) Fe-S or Mg-S

3 Gaussian 12.2 (2.7) Mg-S 0.0 1.0
4 Gaussian 68.7 (6.3) Mg-S

5 Bi-Gaussian 7.4 (2.4) Mg-S

Confidence

Hills

1 Bigaussian 27.9 (0.9) Fe-S

2 Gaussian 18.2 (4.9) Fe-S

3 Gaussian 18.7 (1.0) Fe-S or Mg-S 0.6 0.4
4 Gaussian 27.7 (5.4) Mg-S

5 Gaussian 7.5(1.9) Mg-S

Mojave2

1 Bi-Gaussian 20.3 (2.2) Fe-S

2 Bi-Gaussian 4.9 (3.5) Fe-S

3 Bi-Gaussian 19.2 (4.3) Mg-S

4 Gaussian 12.3(0.5) Mg-S 0.3 0.7
5 Gaussian 32.6 (6.7) Mg-S

6 Gaussian 4.9 (3.1) Mg-S

7 Bi-Gaussian 5.8 (0.9) Mg-S

Big Sky (1)

1 Bigaussian 1.9(1.3) Fe-S

2 Bigaussian 56.7 (3.9) Fe-S or Mg-S

3 Bigaussian 11.5(7.1) Mg-S 0.0 1.0
4 Bigaussian 25.4 (3.2) Mg-S

5 Bigaussian 4.5 (0.8) Mg-S

Greenhorn (1)

1 Gaussian 4.0 (1.2 Fe-S

2 Gaussian 13.7 (2.4) Fe-S or Mg-S

3 Gaussian 6.5 (0.4) Mg-S 0.0 10
4 Gaussian 48.0 (2.4) Mg-S ' '
5 Gaussian 7.0 (2.4) Mg-S

6 Bigaussian 20.9 (1.5) Mg-S

Fraction of phase calculated by ignoring ambiguous peaks. See text in Supplemental for details.

account for all the difference between APXS and SAM measurements (ASOs — SO3 cryst ca-s > 0)
and the maximum crystalline Ca-sulfate abundances only minimally change the resulting
abundances of X-ray amorphous Ca-sulfates (average = 2.8 wt%; range = 1.2 — 4.7 wt%).
Additionally, mass balance calculations indicate that these three samples have more moles of X-
ray amorphous CaO than moles of SOz assumed to be associated with X-ray amorphous Ca-S
phases. In other words, assuming a 1:1 molar ratio of SO3:Ca0, there is always excess X-ray
amorphous CaO, implying that the assumed Ca-S associated SOs is reasonable and that there are
other Ca-bearing X-ray amorphous phases present in these samples.

SAM-derived X-ray amorphous S-bearing compositional ranges were plotted on the same
ternary diagram as the mass balance calculation results to determine how well these two
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techniques agree (Figure 3b). Ternary plot compositions were calculated for SAM data by
combining SAM Mg-S and Fe-S (with crystalline Fe-S phases subtracted) peak integration
results with X-ray amorphous Ca-sulfate abundances calculated through equations 1 and 2 (see
Supplemental Material for detailed calculation methods). Samples that had relatively large
ambiguous “Fe-S or Mg-S” peaks (e.g., BS1) have relatively large compositional ranges that are
illustrated by longer blue lines (Figure 3b; blue diamonds show the case where the ambiguous
peaks are ignored). Overall, agreement between the mass balance and SAM-derived X-ray
amorphous component compositions seems to depend on the X-ray amorphous SOz contents. For
the samples with relatively high X-ray amorphous SOs contents (CH, MJ2 and GH), the X-ray
amorphous S-bearing phase compositional ranges calculated using SAM data show reasonable
agreement to the X-ray amorphous compositions calculated using the mass balance method.
These results indicate that, for these three samples, CaO and MgO in the X-ray amorphous
components are likely associated with S-bearing materials (as opposed to silicates, for example).
For the samples with relatively low X-ray amorphous SOz contents (BS and WJ), there are
relatively large differences between the mass balance and SAM-derived compositions, indicating
that the X-ray amorphous components for these samples also likely contain significant MgO-
bearing phases (e.g., silicates). Because it is difficult to separate cation associations with sulfur
vs. other materials such as silicates, we urge significant caution when using mass balance
calculation results to infer amorphous sulfate compositions, and recommend performing detailed
SAM SO; trace analyses.

Even for samples with relatively high X-ray amorphous SOs contents, there are some
discrepancies between the compositions of X-ray amorphous sulfates in each sample based on
SAM and mass balance calculation results. For example, the Greenhorn (GH) and Confidence
Hills (CH) samples have more Mg-rich SAM-derived X-ray amorphous sulfur-bearing phase
compositions, while the mass balance calculation results would indicate that the X-ray
amorphous sulfur-bearing phases are more Ca-sulfate-rich (Figure 3b). It is possible that some of
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Figure 4. Scatter plots showing X-ray amorphous SOs in each drill hole sample compared to X-
ray amorphous FeOr (a) and SiO2 (b). All contents given in wt% in bulk rock. Symbol colors and
shapes are same as in Figure 1.
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the SAM-derived SO attributed to Mg-S phases could, in part, come from the catalyzed
decomposition of crystalline or amorphous Ca-sulfates. Indeed, these two samples show
particularly high-temperature peaks in the evolved SO release traces that are consistent with
catalyzed Mg-sulfate and Ca-sulfate phases (Franz et al., 2017). However, they also have
relatively low to moderate abundances of evolved O attributed to perchlorate (a possible
catalyst) when compared to other samples (Sutter et al., 2017). Perhaps in addition to small
amounts of catalyzed Ca-sulfates, this discrepancy could also result from uncertainties in the
bulk X-ray amorphous component compositions due to uncertainties in mineral compositions
and abundances.

Overall, both the mass balance compositions and the SAM data indicate that the X-ray
amorphous S-bearing material in most Gale crater rocks likely consists of complex/variable
mixtures of Mg-S, Fe-S, and possibly Ca-S phases. There is no strong trend in X-ray amorphous
S-bearing material composition with stratigraphic group (Figure 3a). However, the Siccar Point
samples with detectable X-ray amorphous S-bearing materials (BS, GH, and LB) have a
significant fraction of the X-ray amorphous S-bearing material attributed to Ca-S phases whereas
most of the non-VRR Mount Sharp group rocks (except OU) have X-ray amorphous components
that roughly cluster around the tie line between Mg-S and Ca-S phases.
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Calculated X-ray amorphous SO3
contents are compared to the other two most
abundant oxides in the X-ray amorphous
components, SiO. and FeOr, in Figure 4. X-ray
amorphous SOz shows no correlation with X-
ray amorphous FeOr content (Figure 4a), and
there exists a possible weak positive correlation
with X-ray amorphous SiO; (r? value = 0.235;
Figure 4b).

Figure 5 shows stratigraphic variations
in SO3 (Wt%) in the X-ray amorphous
component for each drill hole location. Each
stratigraphic group contains a range of X-ray
amorphous SOz contents, and there is no
systematic change in X-ray amorphous SO3
contents between stratigraphic groups that
otherwise show geochemical evidence for
changes in sediment source (e.g., across the
Bradbury - Mount Sharp group boundary). The
Siccar Point group location Okoruso (OK) has
the lowest bulk SOz and is the only location to
have almost no X-ray amorphous SOs (Table
DR2). The locations with the greatest X-ray
amorphous SOs contents are found in the Siccar
Point group alteration halos Greenhorn and
Lubango (GH and LB) and in the VRR sample
Rock Hall (RH).

5 Discussion:

5.1 Constraining X-ray amorphous
sulfur-bearing phases
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Figure 5. Stratigraphic variation in
amorphous SOz (wt% in 100%

X-ray
X-ray

amorphous component) for each drill hole
sample. Siccar Point group expanded in plot
at top for clarity. Symbol shape represents
lithology with mudstones in circles and

sandstones in squares.

No single instrument on the rover can distinguish with certainty the nature of the X-ray
amorphous sulfur-bearing phases. However, we can combine observations to put some
constraints on these phases. All locations examined in this study except Okoruso (OK) have X-
ray amorphous SOz contents > 1 wt%, and both mass balance calculation and SAM analysis
results indicate that the X-ray amorphous SOs represents mixtures of Mg-S and Fe-S phases,
with likely contributions from Ca-S phases. Other possible contributors include reduced phases,
e.g., sulfides or sulfur in glass, that were oxidized during the SAM measurements (McAdam et

al., 2014, Sutter et al., 2017), and sulfate anions adsorbed onto X-ray amorphous alteration

products (e.g., Rampe et al., 2016). The ratios of these phases likely vary between sampling
locations, which is reflected in the varying ratios of Mg-S, Fe-S, and Ca-S phases.

SAM EGA SO; traces and sulfur isotope data can be used to indicate the oxidation state
of sulfur in sulfur-bearing phases. For most of the samples covered in this study (CB through
BS/GH), previous SAM analyses show a wide range of sulfur isotopic compositions (Franz et al.,
2017). Two of the samples (CB and OU) have significantly **S-depleted isotopic compositions,
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and the SO from these samples was attributed to sedimentary sulfides. Most samples have
oxidized S-bearing phases such as sulfates and sulfites, indicating mostly oxidizing conditions
during the formation of the X-ray amorphous sulfur-bearing phases.

Potential oxidized S-bearing phases present in the X-ray amorphous components include
crystalline sulfates or sulfites present below the detection limit of CheMin (~1 wt%); amorphous,
nanocrystalline, or poorly crystalline sulfates and sulfites; and SO4 anions adsorbed onto X-ray
amorphous alteration products. Due to instrument limitations, we are unable to definitively
determine the crystallinity of the S-bearing phases that make up the X-ray amorphous fraction. In
four of the five samples for which we have SAM peak integrations (WJ, CH, MJ2, and GH1),
SAM-derived SOs associated with Mg-S phases is > 1 wt%, which should be detectable by
CheMin if these contents represented a single crystalline Mg-S phase. The fact that they are not
detected by CheMin indicates that either this material is amorphous, nanocrystalline, or poorly
crystalline or there are multiple crystalline Mg-S phases each present at < ~1 wt%. The same can
be said for SAM-derived SOs associated with Fe-S phases where present above the detection
limit of CheMin. Below we discuss these possibilities.

Amorphous, poorly crystalline, and nanocrystalline sulfates have been previously
hypothesized for the Martian surface as the current cold and dry environmental conditions are
conducive to the formation and preservation of these phases. Amorphous sulfate solids can form
through two general means: (1) direct precipitation or (2) structural destabilization of previously
crystalline sulfates. Research over the past few decades has shown that most crystalline phases
formed at low temperatures have amorphous and nanocrystalline precursors, and Ca-sulfates
such as gypsum are no exception (e.g., Wang, Y. et al., 2012; Jia et al., 2020). However,
amorphous calcium sulfates have very short lifetimes in laboratory settings and experiments
generally produce small quantities (e.g., Wang, Y. et al., 2012; Morris et al., 2015). Morris et al.
(2015) found that freeze-drying mixed cation sulfate solutions (e.g., Fe**, Mg?*, Na*, K*) will
cryoprecipitate XRD detectable abundances of amorphous sulfates but freeze-drying single
cation sulfate solutions (Ca?*, K*, Na*) will not. The complexity of X-ray amorphous sulfur-
phase compositions in Gale crater suggest mixed cation solution compositions that might have
precipitated greater abundances of amorphous (vs. crystalline) precipitates. However, possibly
more likely for Gale crater is the formation of amorphous, poorly crystalline, and nanocrystalline
sulfates when hydrated crystalline sulfates experience rapid dehydration, which causes structural
destabilization. This has been shown to be an important process for hydrated Mg and Fe-sulfates
and could take place upon exposure to surface conditions during erosion or upon exposure to
warmer and drier conditions inside the rover instruments during sample measurement (Vaniman
et al., 2004; Vaniman and Chipera, 2006; Wang et al., 2009; Wang and Zhou, 2014; Sklute et al.,
2015, 2018). However, while gypsum could dehydrate to bassanite and possibly anhydrite under
Mars surface conditions (Vaniman et al., 2018), we could find no examples in the literature for
the formation of amorphous Ca-sulfates through the structural destabilization of hydrated
crystalline Ca-sulfates. Therefore, it is uncertain if the X-ray amorphous Ca-S materials in Gale
crater rocks could have formed through dehydration. More work is needed to determine if these
X-ray amorphous Ca-S phases are truly present and, if they are present, more work is needed to
better understand their formation mechanisms.

Sulfate anions can be adsorbed onto X-ray amorphous weathering products, such as
allophane and ferrihydrite, in soils on Earth (e.g., Ishiguro et al. 2006) at contents comparable to
X-ray amorphous SOz contents reported for Gale crater rocks (Jara et al. 2006; Rampe et al.,
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2016). These X-ray amorphous weathering product — sulfate complexes would be X-ray
amorphous to CheMin if present in Gale crater rocks. Rampe et al. (2016) examined XRD
patterns and evolved SO release traces for complexes consisting of sulfate anions chemisorbed
onto allophane and ferrihydrite. They found that the sulfate — allophane complex had peak SO>
releases at temperatures outside the usual temperature range for the SAM instrument, and so this
complex would not be detectable by SAM and could be an alternate explanation for the SO3
interpreted here as amorphous Ca-sulfate. Using the X-ray amorphous Al>O3 contents of the
samples in this study with SOs attributed to amorphous Ca-sulfate (MJ2, BS1, and GH1), we find
that 18.7%, 8.5%, and 0.2% of their respective X-ray amorphous components could be
comprised of Al-rich allophane. However, we point out that X-ray amorphous Al,O3 contents
and SOz attributed to amorphous Ca-sulfate are seemingly anticorrelated in this sample set (e.g.,
MJ2 has the lowest abundance of potential amorphous Ca-sulfate and highest potential allophane
contribution while GH1 has the highest abundance of potential amorphous Ca-sulfate and the
lowest potential allophane contribution). Thus, allophane— sulfate complexes could explain
some, but probably not all of the amorphous SOz attributed to Ca-S. The sulfate — ferrihydrite
complex did evolve SO> in the temperature range measured by SAM, but the shape of the trace
was inconsistent with that from the Rocknest soil and John Klein samples (Rampe et al., 2016),
as well as the subsequent drill holes (e.g., CB, WJ, CH, MJ, TP, BK, BS, and GH) (Sutter et al.,
2017). Thus, these specific sulfate anion — X-ray amorphous weathering product complexes are
not likely major contributors to the X-ray amorphous SOz components in Gale crater rocks, but it
IS possible that other adsorbed sulfate - X-ray amorphous weathering product complexes are
present, given the wide range of X-ray amorphous weathering products found in terrestrial
analog sedimentary materials (Smith and Horgan, 2021).

Terrestrial settings are known to have a plethora of crystalline Mg and Fe-sulfate and
hydrated sulfate phases, and sulfate phase assemblages can be complex (Chou et al., 2013 and
references therein). Laboratory experiments suggest the same may be true for the Martian surface
and subsurface (Chou et al., 2013 and references therein), indicating that multiple crystalline
oxidized sulfur-bearing phases could be present below the CheMin detection limit. For instance,
there is significant overlap in the temperature and relative humidity stability fields for MgSO4 ¢
1H20, MgSO4 * 4H-0, and amorphous MgSO, « nH20 (Chou et al., 2013), suggesting multiple
crystalline hydrates could be present and could also be intimately mixed with amorphous Mg-
sulfates.

Possible reduced S-bearing phases contributing to the X-ray amorphous S-bearing
material are crystalline sulfide phases present below the detection limit of CheMin and S-bearing
inclusions in minerals or glass (McAdam et al., 2014; Sutter et al., 2017). SAM can detect the
pyrolysis of reduced sulfur-bearing phases, and some of the samples have at least one SO peak
consistent with oxidized elemental sulfur or sulfides (CB and MJ2) (Franz et al., 2017).
Petrographic analyses of Martian meteorites show that the Martian crust contains a range of
reduced S-bearing phases such as pyrrhotite, rare chalcopyrite and/or cubanite, pentlandite,
troilite-pentlandite-chalcopyrite intergrowths, pyrite, and some secondary marcasite (Meyer 2008
and references therein). Collectively, these phases compose a minor component of the Martian
crust, with S present at < 1 wt% (equivalent to 2.0 wt% SO; and 2.5 wt% SO3). lon microprobe
analyses of primitive shergottite meteorites indicate that sulfur is present in mineral-hosted melt
inclusions at < ~0.2 wt% (equivalent to 0.4 wt% SO, and 0.5 wt% SO3) and in groundmass glass
at < ~0.6 wt% (equivalent to 1.2 wt% SO> and 1.5 wt% SOs) (Usui et al., 2012). These
observations indicate that oxidation of reduced S-phases in melt inclusions and groundmass glass
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could collectively produce up to ~ 1.6 wt% of the SAM evolved SO, (~2.0 wt% SOs3) in any
sample. These minor phases could account for the relatively small X-ray amorphous S-bearing
material contents of the Cumberland (CB) sample (1.4 wt%) and the small low temperature SO>
peak for Mojave2 (MJ2), as shown in Franz et al. (2017). Note that if present at these fractions,
elemental sulfur and sulfides should be detected by both the SAM and APXS instruments, so
these phases cannot explain the ASOs that we attribute to Ca-S.

5.2 Relative timing of deposition

X-ray amorphous SOs contents show no strong correlation with either X-ray amorphous
SiO; or FeOr, unlike the anticorrelation observed between X-ray amorphous SiO2 and FeOr
contents as reported by Smith et al. (2021). Additionally, X-ray amorphous SOz content does not
change across the Bradbury Group - Mount Sharp boundary. Previous studies have shown
evidence for changes in sediment source (Bedford et al., 2019) and increased chemical alteration
(e.g., Mangold et al., 2019) across this boundary, and the observation that X-ray amorphous SiO>
increased across the boundary was used as evidence to hypothesize that the X-ray amorphous
SiO2 was also linked to the sediment source regions for many Bradbury and Mount Sharp group
rocks (Smith et al., 2021). The lack of correlation between X-ray amorphous SOz and source
regions indicates that X-ray amorphous SOz deposition was, for the most part, (i) unrelated to the
deposition of X-ray amorphous SiO> and FeOr, (ii) that SOz concentrations were much more
variable than SiO: in the source rocks or fluids that deposited the X-ray amorphous materials,
and/or (iii) that later diagenetic fluids introduced new SOz or mobilized and redistributed SOs,
overprinting any original correlation with the other X-ray amorphous component constituents.

Observations of most of the Bradbury and Mount Sharp group locations covered in this
study indicate that late-stage diagenetic fluids were primarily confined to fractures. For the most
part, sharp contacts between mineral infilling and host rock indicate that the sediments were well
lithified before the formation of the fractures (De Toffoli et al., 2020) and there is no evidence
that the sulfur-bearing diagenetic fluids permeated the surrounding bedrock. APXS studies
consistently find that vein-bearing targets have CaO:SOs weight ratios of ~3:2, consistent with
Ca-sulfate (Berger et al., 2020). Additionally, a comparison of measured areas of light-toned
veins in the Cumberland and John Klein bore holes with the CheMin Ca-sulfate abundances
indicate that most, if not all of the XRD-detected Ca-sulfates at these locations could be
associated with such visible diagenetic features (e.g., Vaniman et al. 2014). Thus, if the X-ray
amorphous S-bearing materials reside in the bedrock, as is likely since there is no indication of
large, continuous salt deposits (Rapin et al., 2019), the simplest conclusion is that the X-ray
amorphous S-bearing materials were deposited before the diagenetic veins. Fractures and
diagenetic veins are interpreted to have formed mostly during late diagenesis (post cementation)
(e.g., Nachon et al., 2014, 2017; Rapin et al., 2016; Kronyak et al., 2019; De Toffoli et al., 2020)
and so the X-ray amorphous SOz would have been deposited either with the detrital sediments
(syn-depositional) or during early diagenesis, possibly contributing to sediment cementation.

Sulfate cements have been hypothesized for Gale crater rocks in previous studies (e.g.,
Blaney et al., 2014; Newsom et al., 2016; Rapin et al., 2019). APXS measurements have shown
many instances where Gale crater bedrock has SO3:CaO ratios that trend away from the simple
addition of Ca-sulfate, indicating the presence of other cation sulfur-bearing phases (Berger et
al., 2020). Dendritic and spherical concretions (cemented features) often show a positive
correlation between MgO and SOz and could be enriched with ~10-15 wt% pure MgSO4
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(VanBommel et al., 2016, 2017). Thus, Berger et al. (2020) hypothesized that some Mg-sulfate
could also be present in the bedrock matrix, likely at abundances equal to or lower than Mg-
sulfate in the concretions, which is consistent with bedrock Mg-sulfate abundances determined in
this study. While the ChemCam LIBS instrument does not quantify volatiles (e.g., S, H, C and P)
directly, their presence can be inferred from low oxide totals that indicate “missing components”
and peaks in the LIBS spectra (see Nachon et al., 2014 for an in-depth discussion). ChemCam
data were used to hypothesize the presence of impure Ca-sulfate cements for sections of the
Missoula interval, which belongs to the Stimson formation in the Siccar Point group (Newsom et
al., 2016). The Missoula member was not sampled by CheMin, and so there is no information
about the crystallinity of the ChemCam-detected Ca-sulfate cement. The nearest unaltered
Stimson drill hole locations are Okoruso (OK) and Big Sky (BS), which were sampled at a
slightly higher elevation in the Stimson formation. Okoruso has negligible X-ray amorphous
SO3, but SAM analyses indicate that Big Sky has a significant X-ray amorphous Ca-sulfate
component that could be consistent with the ChemCam observations. Rapin et al. (2019) also
used ChemCam data to show evidence for Ca-sulfate-enriched bedrock in the Sutton Island and
Blunts Point members of the Murray formation, with a ~10 m-thick section of possibly Mg-
sulfate-enriched bedrock in the Sutton Island member. The base of the Sutton Island member
was sampled at Sebina (SB) and the upper section of the Blunts Point member was sampled at
Duluth (DU); both samples have X-ray amorphous component compositions that lie relatively
close to the tie-line between kieserite and gypsum on the ternary diagram in Figure 3a, and could
be consistent with ChemCam observations of Ca- and Mg-sulfate cements. However, the
enrichments estimated by Rapin et al. (2019) (30-50 wt% Ca-sulfate and ~25 wt% Mg-sulfate)
far exceed X-ray amorphous Ca and Mg-sulfate values estimated for Sebina and Duluth drill
holes in this study (0-5.5 wt% and 1-5.5 wt%, respectively; Table DR6). This discrepancy could
possibly be a result of the distance between the sites observed with ChemCam and the drill sites.

Late diagenetic overprinting has been observed in multiple locations along the rover
traverse (discussed in Section 2.1, above), and the samples from these locations have some of the
highest and lowest X-ray amorphous SOz contents. For example, the two drill hole locations that
represent the light-toned, silica-rich alteration “halos” sampled in the Siccar Point group (LB and
GH) have some of the highest X-ray amorphous (this study) and crystalline SOz contents (Yen et
al., 2017) observed. Additionally, the results from our study suggest that the X-ray amorphous
and crystalline sulfur-bearing phases in the alteration halos have similar compositions, both
being Ca-sulfate-rich. It is unclear how the crystalline and X-ray amorphous S-bearing phases in
the alteration halos are related, if at all. Do their similar compositions indicate that crystalline
Ca-sulfate deposited during late diagenesis was later partially altered to become X-ray
amorphous or that the X-ray amorphous Ca-sulfates represent amorphous precursors that have
yet to be converted to more crystalline phases? Interestingly, our SAM data analyses suggest that
the composition of the X-ray amorphous S-bearing material in the unaltered bedrock surrounding
the halos (BS) is also predominantly Ca-sulfate. The relationship, if any, between the X-ray
amorphous S-bearing material in the host rock and the alteration halos remains unclear. The
Siccar Point group rocks are sandstones (Banham et al., 2018) and are likely relatively
permeable, so it is possible that halo-forming late-diagenetic fluids infiltrated the surrounding
bedrock to precipitate the X-ray amorphous Ca-sulfate.

Some VRR locations also have strong evidence for late-stage diagenetic overprinting.
The Rock Hall (RH) and Highfield (HF) samples represent portions of VRR bedrock that display
“red” and “grey” coloring, respectively. The difference in coloring has been attributed to
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differences in hematite grain size stemming from differences in diagenetic fluid interactions,
with red colors resulting from the syn-depositional or early diagenetic formation of fine-grained
ferric species, and the gray colors resulting from late-stage diagenetic alteration by groundwater
to coarser-grained iron species (e.g., L’Haridon et al., 2020). As such, the Highfield location is
thought to have experienced more late-stage diagenetic alteration, and so the low X-ray
amorphous SOs contents could have resulted from the removal or recrystallization of any X-ray
amorphous SOs, or could suggest that the VRR late-stage diagenetic fluids were less sulfur-
bearing than the fluids that formed the alteration “halos” in the Siccar Point group. In contrast,
the Rock Hall sample has high X-ray amorphous SO3 contents that are comparable to those in the
Siccar Point group alteration “halos” and has very high abundances of crystalline Ca-sulfates
(anhydrite) and minor jarosite (Rampe et al., 2020b), all of which indicate sulfur-rich fluid
interactions at this VRR location at one point in time. These X-ray amorphous SO3 observations
are further evidence for spatially variable mobilization and redeposition of geochemical
components with diagenetic fluid activity within Gale crater.

5.3 Consequences for Gale crater environmental conditions

Mass balance calculation results coupled with SAM SO, EGA trace analyses indicate that
in most cases, X-ray amorphous S-bearing materials are complex/intimate mixtures of Mg-S, Fe-
S, and possibly Ca-S phases that are likely oxidized (sulfates or sulfites) with reduced S phases
as possible low-level contributors. If these X-ray amorphous S-bearing materials are aqueously
deposited sulfates and sulfites, what implications do they have for the compositions of fluids in
Gale crater? Additionally, if they are amorphous, nanocrystalline, and/or poorly crystalline
sulfates, what can these materials tell us about post-depositional environmental conditions?

A hypothesis for the formation of sulfate and sulfite evaporite deposits in Gale crater
sedimentary rocks involves the concentration and evaporation of brines derived from basaltic
weathering during early diagenesis (Rapin et al., 2019). Terrestrial studies show that an
important parameter responsible for brine compositions and evaporite mineral assemblages is the
composition of the dilute water at the onset of concentration (Hardie and Eugster, 1970). The
mostly basaltic crust of Mars coupled with high sulfur contents would produce fluids rich in Mg,
Ca, Fe (depending on redox conditions and pH), SiO>, and SO3 compared to weathering
solutions on Earth (e.g., Burns 1993; Catling 1999; King and McLennan, 2010). Modeling
efforts have shown that the evaporite mineralogy precipitated from such Martian weathering
solutions would be dominated by Mg, Fe (depending on redox conditions and pH), Ca-sulfates
and silica phases such as amorphous silica (Tosca and McLennan, 2006).

Compared to other sulfate assemblages examined in situ on Mars, including crystalline,
amorphous, or phases of unknown crystalline state, Gale crater rocks seem to have relatively less
Fe-S phases and more Mg-S and Ca-S phases. Crystalline Fe-sulfate (jarosite) was detected in
eight of the nineteen drill hole locations examined in this study at ~1-3 wt% in the bulk rock
(Table 1; Rampe et al., 2020a), and X-ray amorphous Fe-S phases were found to be relatively
significant in two of the five rocks examined in this study using detailed SAM analyses (CH and
MJ2). In contrast, the instrument suite of the Opportunity rover determined that the Burns
formation of Meridiani Planum consisted of ~10 wt% jarosite (via combined APXS and
Mdossbauer), ~18 wt% Mg-sulfate, and ~10 wt% Ca-sulfate (via APXS and TIR spectroscopy)
(Clark et al., 2005; McLennan and Grotzinger, 2008). Since this study examined only a small
subset of samples with detailed SAM analyses, it is unclear how important amorphous Fe-S
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phases are in Gale crater rocks. Future studies with larger sample sets are necessary to better
determine the spatial and temporal variability of crystalline and amorphous Mg, Fe, and Ca
phase ratios below and through the mineral transition. Such work can help constrain changes in
environmental conditions in Gale crater that can be compared to other rover landing sites.

The relative rarity of crystalline or X-ray amorphous Fe-S at some Gale crater drill hole
locations (e.g., WJ, BS and GH) could be a result of environmental factors (pH, temperature)
and/or parent rock lithology different from other locations on Mars. Ferric and ferrous iron
sulfates, such as jarosite and melanterite, typically form in acidic environments on Earth (e.g.,
Cogram, 2018). For example, at 298 K, jarosite is stable between pH ~2.5 to 3.5 under oxidizing
conditions (e.g., Elwood Madden et al., 2004). Tosca et al. (2005) modeled evaporite
assemblages of different weathering fluids relevant for Mars and showed that weathering fluids
with pH > 3.5 will not produce jarosite, and at slightly higher pH levels, fluids will precipitate
the poorly crystalline Fe-hydroxysulfate schwertmannite (pH ~2.5-6) (Tosca et al., 2005). Thus,
the lack of both crystalline and X-ray amorphous Fe-S phases at these locations could indicate a
near-neutral fluid pH (> ~6). Alternatively, weathering solutions could have been more acidic,
initially precipitating jarosite, but with continued diagenetic fluid interactions, jarosite would
eventually breakdown to form goethite (Tosca et al., 2005). No goethite has been detected at any
of the drill hole locations in this study, but goethite can alter over time with continued diagenetic
fluid interactions to form hematite. However, this seems to be an unlikely pathway for Gale
crater as continued diagenetic fluid interactions would also likely have recrystallized the
amorphous SiO2 and FeOr phases found in high abundance in nearly all drill hole locations
(Smith et al., 2021).

An alternative explanation for the presence of X-ray amorphous S-bearing phases in the
bedrock (as opposed to having been precipitated from weathering fluids during early diagenesis)
is their emplacement by brines originating from the overlying sulfate-bearing unit that is detected
from orbit. Bristow et al. (2021) argue that the emplacement of the aerially extensive and thick
sulfate-bearing unit would have caused density-driven brine infiltration into the underlying
Mount Sharp group sediments prior to lithification. The brines would have been silica-poor,
which could have promoted the destabilization of detrital feldspar and Fe-bearing clay minerals,
forming X-ray amorphous silica and iron-bearing materials and depositing Mg and Ca-sulfates
(Bristow et al., 2021).

Materials originally precipitated as amorphous should easily dissolve or recrystallize into
crystalline materials with time, heat, and water, and this would especially be the case for such
soluble phases as sulfates. In fact, laboratory crystallization experiments have shown that
amorphous Ca-sulfate precursors form faceted gypsum crystals after ~40 minutes at 90°C (Jia et
al., 2021). Thus, it would be very surprising if these are primary (~3-4 Ga) materials that stayed
amorphous during burial in Gale crater. More likely, these X-ray amorphous phases represent
multiple crystalline S-bearing phases each present below the detection limit of CheMin or phases
that more recently became amorphous through partial dehydration, as has been shown to happen
for epsomite (Vaniman et al., 2004; Vaniman and Chipera, 2006; Wang et al., 2009) and
hydrated Fe-sulfates (Wang and Zhou, 2014; Sklute et al., 2015, 2018). Hydrous evaporative
phases initially deposited as crystalline could have become amorphized when exposed through
erosion to surface conditions or by the rover to instrument conditions.



805
806
807
808
809
810
811
812
813
814
815
816
817
818

819
820
821
822
823
824
825
826
827
828
829

830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

Regardless of crystallinity, Mg-sulfates are the most soluble of the three mono-cation
sulfates considered here (Ca, Mg, and Fe-sulfates), and any post-depositional interactions with
dilute meteoric surface or ground waters would have caused preferential dissolution of the Mg-
sulfates. Because of their solubility, the fact that the X-ray amorphous S-bearing components of
many Mount Sharp group rocks are seemingly dominated by Mg-sulfates suggests negligible
fluid flow through the bulk bedrock post-Mg-sulfate deposition at these locations. It should be
noted that the presence of 2.1 Ga jarosite in the Mojave2 bedrock sample (Martin et al., 2017),
which also contains a large fraction of X-ray amorphous Mg-S phases, indicates some fluid
interactions long past sediment lithification. The question is whether or not this jarosite is
representative of more pervasive late diagenetic fluids infiltrating bedrock throughout Gale crater
or if it formed through very localized reactions. The fact that jarosite is not detected in more drill
sites is an argument in support of more localized processes.

6 Implications

Hydrated amorphous sulfates have visible and near infrared (VNIR) spectral features at
the same positions as their crystalline counterparts (Wang, A. et al., 2009), and so the crystalline
state of hydrated Mg-sulfates detected from orbit cannot be discerned. Spectral maps from
Milliken et al. (2010), Fraeman et al. (2016) and Sheppard et al., (2021a) show that most of the
rocks traversed by the rover through sol 2300 have been spectrally bland, have shown
phyllosilicate spectral signatures mixed with weak hydrated Mg-sulfate spectral signatures, or
have been consistent with mafic minerals that might have obscured or weakened sulfate spectral
signatures. This study used in situ investigations from the Curiosity rover to confirm that the
sedimentary rocks of Gale crater from the landing site through VRR contain Mg-S phases, most
likely Mg-sulfates intimately mixed with Fe and Ca-sulfates, all of which appear X-ray
amorphous to CheMin.

The rocks higher up Mount Sharp in the “sulfate unit” have much stronger hydrated Mg-
sulfate spectral signatures and the reasons for the increase in spectral signature strength have yet
to be discovered (Milliken et al., 2010; Sheppard et al., 2021a). Several hypotheses regarding
this transition can be tested as the rover enters the sulfate unit. One hypothesis is that, regardless
of crystalline state, Mg-sulfate contents are higher in the sulfate unit with relatively fewer mafic
minerals to mask the sulfate spectral signatures. Such a finding would indicate a more saline or
less water-dominated environment. A second hypothesis is that the range of Mg-sulfate contents
does not change significantly across the transition, but the sulfate-bearing unit is less dusty,
allowing for a stronger bedrock signature to reach the orbiting spectrometer. A third hypothesis
is that the range of Mg-sulfate contents does not change significantly across the transition, but
there is an increase in crystallinity or hydration state in the sulfate unit resulting from a
difference in exposure to Martian surface conditions. The spectral contrast of hydrated sulfates
decreases with decreasing crystallinity and hydration, which would make amorphous phases
more challenging to detect, especially when present in mixtures with strong absorbers (Sheppard
et al., 2021b). Lastly, the presence of > ~10 wt% clay minerals has been shown to obscure the
spectral signature of amorphous Mg-sulfates (Sheppard et al., 2021a), and so a fourth hypothesis
is that clay minerals are not present (or present at low abundance) in the sulfate unit. Clay
minerals have been detected at most drill hole locations in this study, and so a decrease in clay
minerals would indicate a major shift in environment, during weathering in the source region or
during diagenesis, depending on whether the clay minerals are detrital or diagenetic (Bridges et
al., 2015; Bristow et al., 2018), or could also possibly indicate the destruction of once present
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clay minerals through diagenetic alteration (Bristow et al., 2021). Testing these hypotheses will
be important for understanding the evolution of the Martian surface environment and climate at
Gale crater.
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