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Key Points:

e The Curiosity rover investigated sulfur from the clay-bearing Glen Torridon region with
the Sample Analysis at Mars instrument suite

e Multiple analyses (evolved gases, isotopes, comparative laboratory research) were used
to determine whether sulfur was oxidized or reduced

e The samples mostly contained oxidized sulfur, but two had results consistent with
reduced sulfur, which has implications for habitability
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Abstract

The Mars Science Laboratory (MSL) Curiosity rover has been assessing the habitability and
geologic history of Gale crater, Mars since landing in 2012. One of the primary objectives of the
mission was to investigate a clay-bearing unit identified using orbital spectral data, designated the
Glen Torridon (GT) region. This region was of particular interest because of its elevated abundance
of clay minerals that may have preserved geochemical evidence of ancient habitable environments.
The Curiosity rover explored the GT region for ~750 sols and analyzed eight drilled samples with
the Sample Analysis at Mars (SAM) instrument suite using evolved gas analysis-mass
spectrometry. Evolved sulfur-bearing gases provided insight about the composition of sulfur-
containing compounds in Martian samples. Evolved gases were analyzed by three methods to
understand the oxidation state of sulfur in the samples: (1) SOz evolution temperature, (2) quadratic
discriminant analysis comparing SAM data to SAM-like laboratory investigations, and (3) sulfur
isotope values from evolved 3#S0,/*?SO.. The results of these three methods were consistent with
the majority of sulfur in the GT region being in an oxidized state, but two of the eight samples
analyzed by SAM were consistent with the presence of small amounts of reduced sulfur. The
oxidized and reduced sulfur could have a variety of sources and represents a nonequilibrium
assemblage that could have supported putative ancient chemolithotrophic metabolisms.

Plain Language Summary

The Mars Science Laboratory (MSL) Curiosity rover has been searching for ancient habitable
environments in Gale crater, Mars, since 2012. Orbital data indicated the presence of a clay
mineral-rich region along the rover’s traverse, which could have preserved geochemical evidence
of ancient habitable environments. MSL drilled several samples from this region, now called the
Glen Torridon region, and analyzed the samples’ chemistry. The work here describes analyses of
the sulfur chemistry from these samples as determined from the Sample Analysis at Mars (SAM)
instrument suite. The chemical state of sulfur in the samples was determined by a combination of
SAM data and comparative laboratory investigations. While most of the sulfur in this clay-bearing
region was consistent with the presence of sulfate (S04%), two samples were consistent with the
presence of small amounts of sulfide (S*). The presence of both sulfide and sulfate could have
supported the energy requirements of ancient microorganisms if they were present.
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1 Introduction

1.1 Geologic Context of Gale Crater and the Glen Torridon Region
The Mars Science Laboratory (MSL) Curiosity rover has been exploring Gale crater, Mars,

since August 2012 to assess the region’s geologic history, present environment, and potential
evidence of past habitability (Grotzinger et al., 2012, 2015). Gale crater, a ~155 km diameter
impact crater of Noachian age, is located near the Martian equator at the crustal dichotomy and
features ~5 km of exposed stratigraphy that forms a central mound called Aeolis Mons, informally
referred to as Mt. Sharp (Grotzinger & Milliken, 2012; Wray, 2013). Spectral data from orbiters
were used to identify key targets within Gale crater for in-situ exploration by Curiosity. For
example, the Thermal Emission Imaging System (THEMIS) on board the Mars Odyssey orbiter
identified a high thermal inertia unit (representative of well-cemented sedimentary rocks) on the
crater floor. Similarly, the Compact Reconnaissance Imaging Spectrometer (CRISM) on board
Mars Reconnaissance Orbiter (MRO) detected distinct units with elevated spectral signatures of
either hematite, phyllosilicates, or sulfates along the lower slopes of Mt. Sharp (Fraeman et al.,
2016). These sedimentary strata record major paleoclimatic changes and have the potential for
preserving evidence of ancient habitability. The rover explored the phyllosilicate-bearing region
of lower Mt. Sharp from Sol (Martian day) 2300 to Sol 3072 of the mission, in what has been
informally named the “Glen Torridon (GT) campaign” (Bennett et al., this issue).

Phyllosilicates indicate the presence of ancient near-neutral pH waters and, on Earth, are
associated with enhanced preservation of organic molecules, so they have major implications for
past Martian habitability (Keil & Mayer, 2013; Summons et al., 2011). The GT region underlies a
sulfate-bearing unit and therefore records a period of Martian geological history prior to a major

environmental shift (Grotzinger & Milliken, 2012). Exploration of the region can provide a
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framework to understand the environmental changes that allowed for the formation of the sulfate-

bearing strata (Bennett et al., this issue; Fox et al., 2020).

Figure 1. Stratigraphic column showing drill samples acquired during the GT campaign (and two
samples from Vera Rubin ridge that are discussed in this manuscript, HF and RH). See Figure S1
for a complete stratigraphic column from the MSL mission through the GT campaign. Column
credit: MSL Sed-Strat Working Group.

Glen Torridon is a trough to the southeast of the Vera Rubin ridge (VRR) that overlaps
substantially with the orbital spectral signatures of phyllosilicates. The region has been divided
into several lithological units. The lowest portions of the GT trough consist of a continuation of
hundreds of meters of mudstones known as the Murray formation. This portion of the GT is part
of the Jura member, which is stratigraphically equivalent to the Jura member on VRR.
Stratigraphically above the Murray formation was an observed change in lithology that warranted
the naming of a new unit, the Carolyn Shoemaker formation, which was subdivided into the
Knockfarril Hill member (KHm), and the Glasgow member (Gm) (Bennett et al., this issue)
(Figure 1). Curiosity also completed a ‘mini-campaign’ by investigating and ascending the
overlying Greenheugh pediment. The mini-campaign determined that the unconformable pediment
capping unit was part of the Stimson formation of the Siccar Point group, which was encountered
earlier in the mission (Banham et al., this issue). Eight drilled samples from the GT campaign are
discussed in this work: Kilmarie (KM) from the Jura member, Glen Etive 1 and 2 (GE1 and GE2),
Mary Anning (MA), and Groken (GR) from the KHm, Glasgow (GG) and Hutton (HU) from Gm,
and Edinburgh (EB) from the Greenheugh pediment capping unit (Figure 2).

Geochemical analyses indicated that the GT region is compositionally similar to Murray
formation rocks encountered earlier in the mission but with elevated abundances of crystalline
phyllosilicates and minor changes in volatile chemistry indicative of a complex geologic history.

Data from the Alpha Particle X-ray Spectrometer (APXS) showed that the GT region is
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geochemically similar to median Murray formation composition (O’Connell-Cooper et al., this
issue; Berger et al., 2020). The Chemistry and Mineralogy (CheMin) X-ray Diffractometer (XRD)
detected elevated abundances of phyllosilicates in the GT region, consistent with the orbital data,
and lower amounts of hematite compared to the Vera Rubin ridge (Thorpe et al., this issue). The
Sample Analysis at Mars (SAM) instrument suite detected evolved gases consistent with the
presence of Fe-sulfates/sulfides (e.g., FeSOa, FeS»), Mg-sulfates (e.g., MgSQOas), and chlorides
(e.g., NaCl, CaCly), with the notable absence of abundant nitrates (NO3’) and oxychlorines (e.qg.,
perchlorates/chlorates, ClO4/CIOs™ salts) (McAdam et al., this issue.; McAdam et al., 2021). The
SAM gas chromatography-mass spectrometry (GCMS) and wet chemistry experiments identified
various organic molecules including nitrogen-, oxygen-, and chlorine-containing molecules as well
as polycyclic aromatic hydrocarbons. SAM GCMS also revealed the highest diversity and
abundance of sulfur-bearing aliphatic and aromatic organic compounds yet detected in Gale crater

(Millan et al., this issue.).

Figure 2. Mars Hand Lens Imager (MAHLI) images of the drill holes acquired during the GT and
Greenheugh pediment campaigns. Drill holes are ordered according to stratigraphy but do not
reflect true vertical distances between samples. Glen Etive 1 and 2 were drilled from the same rock
for two sets of experiments. Each drill hole is ~1.6 cm in diameter. Courtesy of NASA/JPL-
Caltech/MSSS.

1.2 Sulfur on Mars and its Astrobiological Relevance
The sulfur cycle is a complex geochemical cycle with great relevance and impact on

terrestrial ecosystems (Rogan et al., 2005) and with important astrobiological implications. Sulfur
is an essential element for terrestrial organisms’ life cycles (Clark, 1998). These cycles consist of
the transformation of reduced sulfur to its oxidized forms, and vice versa, that go from the -2
oxidation state (reduced) to the +6 oxidation state (oxidized). This chemical modification supports

life in Earth ecosystems, whereby organisms gain chemical energy with the transformation of
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sulfur from one oxidation state to another. Both sulfur oxidation and reduction reactions are the
energy sources for metabolism by various microorganisms on Earth. The oxidation reactions from
its reduced state can occur in both aerobic (i.e., with the presence of oxygen) and anaerobic (i.e.,
absence of oxygen) environments (Bosch et al., 2012; Percak- Dennett et al., 2017). In the latter
case, these oxidation reactions are often mediated by phototrophic microorganisms (Bryant &
Frigaard, 2006). In the case of aerobic or microaerophilic oxidation reactions, they require the
presence of a neutral pH in the aqueous solution, which would be compatible with the presence of
phyllosilicates in the GT region and with the measured pH of Martian soil (Quinn et al., 2011).
The oxidation of reduced forms of sulfur towards the oxidized ones mediates the production of H,
promoting acidification of the environment.

The reduction of oxidized sulfur phases energetically supports sulfate-reducing
microorganisms as well. This second part of the cycle is complementary to the first and allows
these organisms to gain energy from the reduction reactions. Sulfide-oxidizing organisms could
take advantage of the availability of a variety of oxidants on contemporaneous Mars (Lasne et al.,
2016).

Forms of reduced sulfur are also invoked at one point or another in the majority of the
various hypotheses of the abiotic chemistries for the origin of life (B. Clark et al., 2021). Reduced
sulfur compounds also play substantial roles in the intermediate metabolism of living organisms
on Earth.

Sulfur has been detected over much of the Martian surface by orbital and in-situ
measurements (King & McLennan, 2010). The majority of sulfur detected in-situ at Gale crater
has been oxidized in the form of sulfate. Ca-sulfate was detected in Gale crater surface materials

in the form of white veins by the rover’s Chemistry and Camera (ChemCam) instrument (Gasda
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et al., 2020; Kronyak et al., 2019). Various crystalline sulfates (i.e., gypsum, bassanite, anhydrite,
and jarosite) have been detected in drill samples by CheMin, with Ca-sulfates occasionally
reaching over 20 wt% of the crystalline fraction (Rampe et al., 2020; Thorpe et al., this issue;
Vaniman et al., 2018). Other sulfates, such as Mg-sulfates and Fe-sulfates have been inferred from
data collected by the SAM instrument suites’s evolved gas analysis (EGA) mode (e.g., Sutter et
al. 2017; Stern et al. 2018; McAdam et al. 2020), which records the volatile decomposition
products released by compounds in solid samples during heating. While crystalline Ca-sulfates
have been detected by CheMin, their decomposition temperature is above the SAM oven
temperature range, which prevents their detection by SAM EGA on Mars. SAM-EGA can be
especially useful for identifying compounds that are either X-ray amorphous or below the CheMin
minimum detection limit (~1-2 wt.%).

While oxidized sulfur is ubiquitous on Mars today, sulfides remain an important part of
Martian geologic history. Igneous sulfides, in addition to sulfates, have frequently been observed
in Martian meteorites (up to ~2300 ppm sulfide), and analysis of meteorite sulfur has indicated the
common assimilation of sulfur into magmas over much of Martian history (Franz et al., 2014 and
references therein). At Gale, the first apparent detection of sulfide was in the John Klein (JK) and
Cumberland (CB) drilled samples, which were collected early in the mission in the Sheepbed
member of the Yellowknife Bay formation (Vaniman et al., 2014). CheMin reported pyrrhotite
and/or pyrite in both JK and CB, though the mineral abundances were near the instrument’s
detection limit (Vaniman et al., 2014), and subsequent reinterpretations of the XRD data have not
reported crystalline sulfide detections (Morrison et al., 2018). However, SAM analyses of these
samples support the presence of trace and/or amorphous sulfide based on sulfur isotope analysis

and quadratic discriminant analysis comparing the SAM data to SAM-like laboratory analogue
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analyses (Franz et al., 2017; Wong et al., 2020). EGA of other samples, such as the Rocknest
Martian fines, suggested the presence of sulfide based on the detection of evolved gases, such as
H>S (Leshin et al., 2013; McAdam et al., 2014; Ming et al., 2014; Sutter et al., 2017). However,
the evolution of H2S may also occur due to oven reactions between oxidized sulfur (SO2) and H>
(SO2 + 3H2 > H3S + 2H,0) (McAdam et al., 2014). H; evolved during EGA may have several
sources, including water fragmentation, organic molecules, or instrument effects, though its exact
nature is under investigation (McAdam et al., this issue and references therein). SAM has also
detected the thermal decomposition products of various sulfur-containing organic compounds,
such as thiophenes, at high temperatures (Eigenbrode et al., 2018; Millan et al., this issue). Overall,
SAM analyses of surface materials suggest the presence of reduced sulfur in various locations

throughout the rover’s traverse.

1.3 Approach of this Work
This article presents the results of three methods of analyzing EGA data to detect whether

Glen Torridon samples contain sulfide, particularly at trace levels below the detection limits of
CheMin. The peak temperatures of SO, evolutions were used to identify sulfur and associated
metals (i.e., Mg sulfate vs. Fe sulfate/sulfide) in a sample. Additionally, multivariate statistical
comparisons of SAM EGA data and SAM-like laboratory analogue data were used to identify Gale
crater samples that were likely to contain sulfide. Finally, sulfur isotope values were calculated
from SAM-evolved SO to potentially identify which SO, peaks are likely derived from the
oxidation of a sulfide versus decomposition of a sulfate. These combined analyses represent a
novel approach to identifying sulfide in Martian samples from EGA data that is more powerful

than any single method, providing greater confidence for any detection. We also discuss
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implications for habitability and geologic history of the Glen Torridon region in Gale crater based

on the detection of sulfide.

2 Materials and Methods for Evolved Gas Analysis

2.1 Sample Analysis at Mars Evolved Gas Analysis (SAM EGA)
The SAM instrument suite was designed to investigate the volatile organic and inorganic

chemistry of Martian samples. SAM EGA experiments study the gases released from solid samples
during a ramped heating process. The SAM EGA procedure has been detailed previously (e.g.,
Mahaffy et al. 2012; Sutter et al. 2017; McAdam et al. 2020). In short, solid samples from the drill
or scoop are delivered to quartz sample cups, which are then sealed in one of the two SAM
pyrolysis ovens. Under a constant He flow of 0.8 sccm at 25 mbar, samples are heated to ~850°C
with a temperature ramp rate of 35°C/min. Evolved gases are moved by the He carrier gas directly
to the quadrupole mass spectrometer (QMS) for analysis. The QMS records the ionized volatiles
as a mass-to-charge (m/z) ratio with a scan from m/z 2 to m/z 535. The data are then visualized in

plots showing intensity versus temperature for any given m/z (Franz et al., 2020).

2.2 Laboratory Samples and Preparation
A variety of sulfur compounds and mixtures of sulfur compounds with Mars-analogue

phases were analyzed on a SAM-like EGA system at Goddard Space Flight Center (GSFC) for use
in the quadratic discriminant analysis. These analogue samples included oxidized (melanterite,
ferric sulfate hydrate, jarosite, and kieserite) and reduced (pyrite and troilite/pyrrhotite) sulfur
along with mixtures of various chlorine-, water-, or carbon-bearing phases (Table S1). These
compounds were chosen to investigate specific volatile evolutions and interactions within simple
mixtures relevant to SAM observations. A range of Fe-bearing sulfates (melanterite, ferric sulfate

hydrate, and jarosite) were chosen because Fe-sulfates have been identified on Mars as both
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crystalline (jarosite; e.g., Morrison et al., 2018; Rampe et al., 2020) and amorphous phases (Smith
et al., accepted; Sutter et al., 2017). Observations of these Fe-sulfates are consistent with
predictions from models involving hydration, pH, and oxidation (King & McSween Jr., 2005).
Jarosite purity was confirmed by X-ray diffraction (Wong et al., 2020). While the hydration state
of Fe-sulfates can change over time (Hyde et al., 2011), the effects on SO, evolution temperature
are minimal (McAdam et al., 2014). Kieserite (MgSO4+H>0) was chosen because hydrated Mg-
sulfates are expected to be abundant on Mars from orbital observations (Milliken et al., 2010) and
Mg-sulfates have been interpreted from SAM data (McAdam et al., this issue; Sutter et al., 2017).
Ca-sulfates, despite their observation by CheMin (Rampe et al., 2020), were not included in this
study because of their high decomposition temperatures that are above the SAM oven range (Lewis
et al., 2015; Sutter et al., 2017). Likewise, Na- and K-sulfates also decompose at temperatures
above the SAM range and were not included (King et al., 2018; Lewis et al., 2015). While
thermogravimetric analyses indicate that hydrated Ca-, Na-, and K-sulfates undergo mass loss
during heating, the loss is due primarily to dehydration rather than SO, evolution (Bali¢-Zuni¢ et
al., 2016; King et al., 2018; Kloprogge et al., 2004). The sulfides were chosen based on their
detection by CheMin (Vaniman et al., 2014) and interpretation of SAM data (Franz et al., 2017).
Laboratory sulfide purity was determined by X-ray diffraction (Wong et al., 2020). Chlorine
phases were chosen due to the observations of chlorides and (per)chlorates on Mars (J. Clark et
al., 2021; Glavin et al., 2013). The phyllosilicate nontronite was chosen because evidence of
similar phyllosilicates has been observed in several samples (e.g., Bristow et al., 2015, 2018;
McAdam et al., this issue ; Thorpe et al.,this issue). The carbon-bearing species were chosen to

represent various oxidation states of carbon that could potentially be found on Mars and affect
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EGA results, including contamination within SAM (Eigenbrode et al., 2018; Freissinet et al., 2019;
Glavin et al., 2013; Lewis et al., 2021).

While the laboratory-analyzed compounds were typically crystalline, it is important to note
that Martian samples are a mix of crystalline and amorphous phases. On Mars, only jarosite and
Ca-sulfates (anhydrite, bassanite, and gypsum) have been repeatedly observed by CheMin (with
possible observations of pyrite and pyrrhotite at John Klein and Cumberland near the detection
limit of ~1wt. % for crystalline phases) (Rampe et al., 2020; Vaniman et al., 2014). Importantly,
CheMin analyses reveal large proportions of amorphous materials (Achilles et al., 2020; Rampe
et al., 2020). Other MSL instrumentation, such as SAM, APXS, and ChemCam have been used in
conjunction with CheMin to constrain the composition of the X-ray amorphous materials (Cousin
et al., 2015; Dehouck et al., 2014; Smith et al., 2021; Sutter et al., 2017). It has been calculated
that 20-90% of the total sulfur of a sample is in the amorphous component and the sulfur is
primarily composed of Fe-, Mg-, and/or Ca-sulfates (Smith et al., accepted). Amorphous phases
may have similar decomposition temperatures as their crystalline counterparts, as observed for
ferric sulfate (McAdam et al., 2014). While other factors may impact observed decomposition
temperatures (e.g., particle size, sample size, and mixtures (Archer et al., 2013; Lewis et al., 2021;
McAdam et al., 2016)), the use of a large temperature range during analysis minimizes these effects
(Section 3.1 and Wong et al., 2020).

All solid compounds were mixed with inert, amorphous fused silica (typically 9:1 fused
silica:sulfur by mass) to act as a non-volatile-bearing matrix to simulate the bulk Martian sample
(Conrad et al., 2012). Such mixtures, while not 1:1 comparisons to Mars samples, allow for the
interpretation of Martian data from simpler, known analyses. Solid mixtures were either combined

using a sterile, organic-free steel mixing tool or ground together by a solvent-washed mortar and
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pestle for three minutes. The mixtures were sieved to a size fraction <150 um, comparable to
powdered samples analyzed by SAM. The same set of samples (Table S1) was used for statistical
comparisons to Mars samples through the Vera Rubin ridge and has been described in detail by

Wong et al. (2020).

2.3 Laboratory Evolved Gas Analysis
The laboratory EGA instruments used in this work were designed to have similar operating

conditions to the SAM oven and QMS so that resulting evolved gas data could be directly
compared to SAM EGA data. The EGA work used for the quadratic discriminant analysis
comparisons was conducted at GFSC with an Agilent 5975T Low Thermal Mass Gas
Chromatograph/Mass Selective Detector (LTM GC/MSD) attached to a Frontier PY-3030D
pyrolysis oven (Wong et al., 2020). Samples were first held at 75°C for up to 31 minutes under a
constant He flow rate of 35°C/min (50 mL/min at 30 mbar) to allow for the desorption of adsorbed
volatiles (e.g., atmospheric water) on the sample without thermal decomposition. Samples were
heated in inert stainless steel pyrolysis cups in the oven to at least 850°C with the same flow
conditions. The He flow was routed to the quadrupole mass spectrometer for analysis of evolved

volatiles with m/z values ranging up to 200.

3 Data and Analyses

3.1 Quadratic Discriminant Analysis
Known samples (Table S1) were analyzed using a laboratory SAM-like EGA system

(Section 2.3) and then statistically compared to SAM EGA data using quadratic discriminant
analysis (QDA). QDA is a supervised multivariate machine learning statistical method that is used
to classify unknown items with a set of variables into classes based on a known training dataset.

During QDA, a model is built from a training dataset (laboratory EGA volatiles from sulfides and
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sulfates). Using this training dataset, an unknown sample with the same variables (SAM EGA
sample) is put into one of two classes (sulfide or no sulfide) based on its maximum probability of
being in a class given the values of its variables. This method is commonly used to classify
unknowns samples into distinct categories and has been used previously on Mars for identifying
Martian samples that likely contained reduced sulfur (Wong et al., 2020). In addition to the
classification, the posterior probability was calculated for each sample’s classification. The
reported posterior probability (as a percent value) for a given sample indicates the probability that
the Martian sample correctly classifies with the laboratory sulfide. A sample is considered likely
to contain sulfide when the posterior probability is >50%. All QDA work was performed in Python
2.7.14 as described previously (Wong et al., 2020).

Recorded counts of evolved m/z ratios corresponding to the evolved volatiles SO,, COS,
CSz, CO», and 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane (i.e., bi-silylated water
(BSW)) from 75°C-600°C were used for the QDA variables dataset. These volatiles were chosen
because they can help discriminate between sulfates and sulfides. In laboratory experiments, COS
and CS; were shown to evolve significantly more (typically 1-3 orders of magnitude) from sulfides
than from sulfates (Wong et al., 2020). CO was considered a potential source of carbon for COS
and CS; production from sulfide, and it could have been derived from background, carbonate
decomposition, organic decarboxylation, or organic oxidation by O (Francois et al., 2016; Lewis
et al., 2021; Lewis et al., 2015; Sutter et al., 2017). SO evolved during sulfate decomposition or
sulfide oxidation (e.g., by O2, H20, or CO>; Table S2) could also be a sulfur source for COS and
CS2 (e.g, SO2 +3CO — COS +2CO2; Table S2). BSW is the product of N-tert-butydimethylsilyl-
N-methyltrifluoroacetamide (MTBSTFA) hydrolysis (Table S2) that occurs in all SAM EGA

experiments (Eigenbrode et al. 2018, supporting information). MTBSTFA is one of two chemical
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derivatization reagents used for SAM wet chemistry experiments. MTBSTFA is present in the
Sample Manipulation System (SMS) due to a leak in at least one of the sample cups containing it
and from carry-over after the wet chemistry experiments (Glavin et al., 2013). The amount of
MTBSTFA varies depending on sample size (due to surface area available to adsorb) and length
of time allowed for adsorption. BSW was used as a tracer for MTBSTFA contamination that can
result in interfering m/z ratios or oven reactions that would otherwise cause false positive sulfide
detections. The volatiles described above can form during EGA from a variety of reactions, some
of which are shown in Table S2. All counts were normalized by total sample size and then log

transformed for comparisons.

3.2 Sulfur Isotope Calculations
Sulfur isotopes (reported as §**S Vienna-Canyon Diablo Troilite, V-CDT) were calculated

from SAM-evolved peaks of 32SO, (m/z 64) and **SO, (m/z 66) without a priori knowledge of
source material. Evolved counts were “dead time” corrected to account for the time between events
to be counted as separate and for high count rates (Franz et al., 2014). Counts were subsequently
background corrected by subtracting average counts prior to the start of heating. Ratios of
3150,/2?S0, were calculated for each simultaneously collected m/z 66 and m/z 64 during the
evolution of an SO, peak. The average ratio of 3S0,/*?SO. was calculated for the values under
the peak when the ratio appeared stable and the associated error with this average was carried
through calculations. The 34S0,/*2SO, was then corrected for interfering isotopologues (i.e.,
325160180, 3s0Q, and *?S’0O'0) that would artificially increase the apparent ratio. This
subtraction effectively yielded a ratio of 34S/32S, which was compared to the V-CDT standard ratio
to calculate a delta value according to the formula:

5%4S = 1000 x [(34Rsample/34RV-CDT) - 1]1
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where *Rsample = 2*5/%2S = m66/m64 — 2x'8R — 2x}'Rx**R — 1'R?
and 18R - 180/160’ 17R - 170/160’ and 33R - 338/328

accounting for the isotopologue contributions mentioned above. In this work the following
assumptions about the oxygen and sulfur isotope ratios were made:

(1) An assumed 8*0 of +50%o (based on the modern Martian atmosphere) was used to calculate

18R (Webster et al., 2013),
(2) 'R was calculated from Martian meteorites A}’O=+0.32% where A'O=5''0-
0.52x5'80 (Franchi et al., 1999),

(3) **R was assumed to be equal to the V-CDT standard (Franz et al., 2017).
These sulfur isotope calculations follow the extended methods described by Franz et al. (2017)
and were only calculated for SAM data. A range of S values from -47+14%o to 28+7%o was
previously reported for Gale crater samples by Franz et al. (2017). A model involving atmospheric
processing of volcanic sulfur gases and equilibrium fractionation between sulfide and sulfate in a
hydrothermal groundwater system was described to explain the wide §**S range. Photolysis and
oxidation of sulfur gases in the atmosphere can result in isotopically-enriched products with
relatively small depletions in the source pools. Equilibration in a hydrothermal system can
fractionate the isotopes, with **S being preferentially incorporated into sulfates/sulfites, leading to
the isotopic depletion of resultant sulfides. Based on this model, here, enriched values 5**S are
considered to represent sulfates, while highly depleted values represent sulfides, and §4S near 0
may be from mantle-derived sulfide or sulfate.

A schematic summary of the methods used in these analyses can be found in Figure S2.
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4 Results and Discussion

4.1 Sulfur EGA Results
A summary of the results for the 13 (sub-)samples analyzed by SAM EGA is provided in

Table 1. Refer to Figures S3 and S4a-g for additional details on QDA clustering and QDA volatiles,
respectively. EB has consistent evidence for the presence of a sulfide from the three methods of
analysis. KM also appears likely to contain reduced sulfur.

Table 1. Summary of sulfur EGA, QDA, and S isotope results for all drilled samples in the GT
campaign and Greenheugh pediment mini-campaign. Sample abbreviations are listed in the first
column. The peak temperature of evolved SO for the release in the interpreted Fe-sulfate/sulfide
region is given in the second column. “Low temperature” (<400°C) SO- releases have their peaks
listed in the third column, if applicable. The fourth column lists the posterior probability of a
sample containing sulfide based on QDA. The final column lists the 534S values calculated for the
main SO release in the Fe sulfate/sulfide region.

Figure 3. Evolved SO from samples analyzed by the SAM instrument suite during the GT
campaign and the pediment capping unit mini-campaign. SO, data were normalized to the
maximum intensity of evolved SO during EGA to focus on differences in temperatures. Different
colors represent different EGA runs of the same sample (black=first, red=second, green=third).
KM=Kilmarie, GE=Glen Etive, MA=Mary Anning, GR=Groken, GG=Glasgow, HU=Hutton,
EB=Edinburgh

Figure 4. Low temperature evolution of SO from 50°C - 400°C. Vertical axes have been adjusted
to show the lower intensity SO releases in this temperature range compared to Figure 3. EB is the
only sample with a clear low-temperature SO, peak. Black=1% sample, red=2"4 sample, green=3"
sample. KM=Kilmarie, GE=Glen Etive, MA=Mary Anning, GR=Groken, GG=Glasgow,
HU=Hutton, EB=Edinburgh

Kilmarie (KM, drilled on Sol 2384) was the first sample analyzed by SAM during the GT
campaign and was acquired from the GT Jura member of the Murray formation. Two previous
samples of the Jura (Highfield and Rock Hall) were studied by SAM at Vera Rubin ridge, both of
which likely contained reduced sulfur based on QDA (Wong et al. 2020). Two subsamples of KM
(KM1 and KM2) were analyzed by SAM EGA and showed similar SO evolution profiles (Figure

3). Both KM samples evolved SO peaks consistent with Fe-sulfate/sulfide (~560°C) and Mg-

sulfate (~770°C). Based on QDA, the posterior probabilities of KM1 and KM2 clustering with the
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laboratory sulfides were 97% and 63%, respectively (Table 1, Figures S3 and S4a). These posterior
probabilities are consistent with the VRR Jura samples and Sheepbed mudstone samples. The §%4S
value of KM1 was most consistent with sulfur derived from a sulfide, with 84S = -21 + 19%o,
while KM2 was effectively unconstrained, with §34S = 0 + 20%o (Table 1).

Several drill samples of the KHm from the Carolyn Shoemaker formation were obtained
during the GT campaign. Two adjacent Glen Etive (GE) samples from the same rock target were
drilled (Sols 2486 and 2527) after KM. GE1 and GE2 represent EGA results from the first drill
hole while GE3 is from the second drill hole. Mary Anning (MA), drilled on Sol 2838, was also a
sample of the KHm. MA was chosen as a drill target to conduct a search for organic molecules in
the KHm at a site that was stratigraphically similar to earlier GE samples. Groken (GR) was
investigated due to its elevated Mn detections and was drilled next to MA on Sol 2910. A total of
six EGA experiments were performed on these samples (three subsamples of GE, two of MA, and
one of GR). Despite the samples all coming from the KHm, their SO profiles were distinct (Figure
3). All of the analyses showed SO releases consistent with Fe-sulfide/sulfate, though the GR Fe-
sulfate/sulfide SO. peak evolved at a slightly lower temperature than the GE1, GE3, or MA1
samples. GE1 and GE2 also had high-temperature SO> releases consistent with Mg-sulfate. GR
and GE1 had SO peaks near 720°C, consistent with an Fe- or Mg-sulfate. Both MA samples, on
the other hand, had generally narrower peaks consistent with Fe-sulfide/sulfate and no Mg-sulfate.
The QDA results were not consistent with laboratory sulfides in any of the KHm samples analyzed
by SAM. For QDA, the highest posterior probability was 11% for GE2, which is less than the 50%
cutoff for being considered likely to contain reduced S (Table 1, Figures S3 and S4b-d). The KHm

samples did show a range of §**S values from -14 + 5%o (GE3) to 20 + 4% (GE1) (Table 1). While
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GE3 did have a moderately depleted 53S, other evidence was not fully consistent with a sulfide.
Overall, the analyses of the KHm samples were consistent with the presence of sulfates only.

Glasgow (GG), drilled on Sol 2754, was a sample from the Glasgow member of the
Carolyn Shoemaker formation. Two subsamples of GG were analyzed by EGA. Both GG1 and
GG2 had SO, evolutions consistent with Fe-sulfate/sulfide, while only GG2 had a peak consistent
with Mg-sulfate (Figure 3). QDA results suggested that neither sample was consistent with the
laboratory sulfides (Table 1, Figures S3 and S4e). The calculated 84S values from the Fe-
sulfide/sulfate peak were highly enriched at 5 + 9%o and -5 £ 9% for GG1 and GG2, respectively
(Table 1). These isotope values were consistent with a sulfate or a sulfide. While isotope and
temperature analyses are ambiguous, the QDA results suggested that the GG samples were not
likely to contain sulfide.

The Greenheugh pediment mini-campaign was conducted to investigate rocks that may
provide insight into diagenetic fluids that altered the Glen Torridon rocks. Two samples were
associated with this pediment mini-campaign: Hutton (HU, drilled Sol 2668) and Edinburgh (EB,
drilled Sol 2711). Two SAM analyses were performed on the HU drill sample, which was chosen
as a drill target due to its proximity to the basal unconformity. HU was a sample from the Glasgow
member and was hypothesized to have been influenced by ancient fluid runoff from the pediment.
Only a single SAM analysis was conducted on EB, which was taken from the Greenheugh
pediment capping unit. Both HU samples generally resembled the GG and MA SO; evolutions,
with only Fe-sulfate/sulfide peaks observed (Figure 3). HU was not consistent with laboratory
sulfide according to QDA (Table 1, Figures S3 and S4f). The §**S values of HU1 and HU2 were
enriched at 18 + 6%o and 21 + 4%o (Table 1), suggestive of a sulfate formed from equilibrium

fractionation. While HU sulfur results were largely consistent with other GT samples, EB had
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entirely different results. The primary SO> peak evolution of EB was again consistent with Fe-
sulfate/sulfide (Figure 3). However, there was also a significant peak of SO2 at ~300°C, which
may be consistent with a sulfur source such as sulfonic acids, elemental sulfur, or the oxidation of
asulfide (Franz et al., 2017; McAdam et al., 2020). Such a low temperature peak was not observed
in any of the other GT samples (Figure 4). The shape of the EB SO, EGA profile was comparable
to laboratory-run FeS (Figure S5). Furthermore, the quadratic discriminant analysis clustered EB
with the laboratory sulfides (Table 1, Figures S3 and S4q), suggesting the presence of a sulfide
reacting with carbon gases (Table S2). As an independent, third line of evidence, the %S
calculated from SO; evolved during SAM-EGA was depleted at -27+7%o, consistent with a sulfide
formed during equilibrium fractionation or hydrothermal alteration (Table 1). The ~300°C peak of

SO, observed in EB was too small to calculate a %S value.

4.2 Discussion

4.2.1 Sulfides in Samples from the GT Campaign
Most of the samples analyzed by SAM during the GT campaign produced results consistent

with the presence of sulfates rather than sulfides. The widespread occurrence of sulfates in the GT
region is plausible given the ubiquity of sulfates on Mars and the oxidizing conditions near the
surface. However, two of the GT samples (KM and EB) had multiple lines of evidence for the
presence of reduced sulfur. These two samples had EGA, QDA, and S isotope evidence that were
generally consistent with a sulfide. KM1, KM2, and EB are shown as a distinct group in QDA-
variable space in Figure S2.

The evolution temperature of the largest release of SO, during KM EGA was consistent
with either a sulfide or sulfate, but the QDA clustering and depleted 534S values in the KM sample

from the Jura member strongly suggested the presence of a sulfide. The presence of a sulfide in
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KM was also consistent with previously reported results from the Vera Rubin ridge where two
Jura member samples, HF and RH, also clustered with laboratory sulfides in QDA (Wong et al.,
2020). In Wong et al. (2020), it was hypothesized that the reduced sulfur on VRR was the result
of mildly reducing, sulfite-containing diagenetic fluids in which the sulfite decomposed in
disproportionation reactions to form reduced S. Such disproportionation reactions could occur
quickly at elevated groundwater temperatures of ~150°C (Kusakabe et al., 2000). Hydrothermal
isotopic equilibration could additionally result in a depletion of §**S in sulfides (H B Franz et al.,
2017). Given that KM was also a sample from the Jura member, it is possible that its reduced sulfur
was from the same source. This would suggest that the lower strata of Glen Torridon were affected
by at least some of the same diagenetic fluids as the upper strata of the VRR. Additionally, CheMin
and SAM have reported detections of siderite (FeCO3) in the KM sample at >2 wt. % abundance
(Archer Jr. et al. 2020; Thorpe et al. this issue), suggesting the presence of reducing aqueous
conditions during formation.

The EB sample had the strongest evidence for the presence of reduced sulfur based on the
EGA profile of SO, the results of QDA, and the calculated 5**S. The shape of the SO evolution
in EB was consistent with laboratory-run troilite and pyrrhotite samples, though the temperatures
of the peaks were ~100°C higher in the SAM analysis (Figure S5). EB had a distinct SO> peak
around 300°C, which was potentially consistent with the oxidation of a sulfide. Small low-
temperature SO peaks have been observed in numerous samples on Mars, including CB, HF, and
RH, all of which have similarly been identified as likely containing reduced sulfur (Wong et al.
2020). QDA and S isotopic compositions also agreed that a sulfide was likely present in the EB
sample. EB represents the pediment capping unit, which is a sandstone from the Stimson

formation. This overlying lithological unit was deposited unconformably on the Mt. Sharp group
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rocks, which have made up the majority of samples analyzed by the mission so far. The sulfide
present within the capping unit may have been derived from sulfide/sulfate equilibration at
elevated temperature or, perhaps, from the disproportionation of sulfite in groundwater to allow
for the preservation of the depleted **S signal. While sulfide and sulfate (e.g., pyrite and gypsum)
can coexist under the right Eh/pH conditions (King & McSween Jr., 2005), their isotopic
equilibrium fractionation is kinetically inhibited at low temperatures and would be unlikely to
account for the strongly depleted 34S signal (Eldridge et al., 2016; Franz et al., 2017). Rocks that
are stratigraphically equivalent to the Greenheugh pediment, where EB was collected, will be
encountered again later in the mission as the rover continues up Mt. Sharp, which will allow for
additional analyses of similar rocks. If reduced sulfur is widespread in these more recent strata, it

could have provided an energy source for potential ancient microbes.

4.2.2 Potential Habitability in the GT Region
The detection of both oxidized and reduced sulfur in the Glen Torridon region samples

could be indicative of a complete sulfur cycle in ancient times. The resulting materials with sulfur
in a range of oxidation states could have provided potential energy sources to support a complex
sulfur oxidation/reduction ecosystem.

In environments where there have been sedimentary deposits including lake bottom sludge,
anoxic environments may be produced. When these types of environments are exposed to solar
radiation on Earth, they can develop bacterial activity over time that, together with abiotic
processes, give rise to the deposition of chemical gradients formed by different oxidation states of
sulfur (among other elements) (Dang et al., 2019). The sulfur in variable oxidation states may be
used as metabolic substrates by various microorganisms. The presence of sunlight promotes the

development of photosynthetic ecosystems that oxidize the reduced forms of sulfur in the absence
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of oxygen, as is the case for green and purple sulfur bacteria (Bryant & Frigaard, 2006). Other
chemolithotrophic microbes, such as Acidithiobacillus and Beggiatoa species, can also be
supported by oxidative chemical reactions using different inorganic electron donors such as
hydrogen sulfide (H2S), elemental sulfur (S°), sulfite (SOs%), and thiosulfate (S20s%") (Ghosh &
Dam, 2009). The resulting oxidized sulfur (as sulfate) can, in turn, be a metabolic substrate for
sulfate reducers, such as Desulfovibrio and Archaeoglobus species, giving rise again to reduced
sulfur (Muyzer & Stams, 2008). Therefore, the co-occurrence of oxidized and reduced sulfur
supports the possibility of a past ecosystem sustained by sulfur redox reactions.

While the presence of multiple oxidations states of sulfur could have supported habitability
for a hypothetical microbial ecosystem as described above, the sulfur could have had numerous
sources. For example, minerals with oxidized and reduced sulfur can achieve chemical equilibrium
at room temperature (King & McSween Jr., 2005). Multiple oxidations states of sulfur may also
be the product of sulfur disproportionation (Kusakabe et al., 2000; Matsuzaki et al., 1978; Pryor,
1960; Wong et al., 2020). Alternatively, it is possible that the sulfur was delivered from a sulfide-
containing basaltic source that underwent minimal or partial alteration (McAdam et al., 2014). The
observation of mixed sulfur oxidation states could also be due to multiple sources of sulfur, such
as sulfates (crystalline and/or amorphous) and preserved reduced sulfur in organic molecules
(Eigenbrode et al., 2018; Millan et al., this issue). Regardless of source, the presence of both
oxidized and reduced sulfur has interesting implications toward the habitability of the Glen

Torridon region.

4.2.3 Complementary Sulfur Analyses
This work presents numerous avenues to aid in determining whether Martian samples

contain reduced sulfur. Release of SO during EGA is among the first possible indicators of sulfur
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oxidation state. While SO is readily produced from the thermal decomposition of sulfates during
EGA, it can also form during sulfide oxidation (Table S2). Based on laboratory data, SO2 peaks
around 500°C-600°C are generally consistent with either Fe-sulfate or Fe-sulfide decomposition.
Furthermore, low temperature peaks near 300°C may be consistent with a source such as a sulfide,
elemental sulfur, or sulfonic acids. Taken together, there is not a unique solution from EGA
temperature alone, especially given that multiple sulfur compounds from laboratory analyses may
match the SO, release in a Martian sample.

Quadratic discriminant analysis adds another method of determining the oxidation state of
sulfur using SAM EGA data and laboratory analogue data. From the laboratory analyses, it was
clear that sulfides consistently evolved the reduced carbon-sulfur gases COS and CS2, which were
broadly interpreted as reaction products between the sulfide and CO/CO; (Table S2) in the system
(Wong et al. 2020). These gases are key variables in the QDA and can be used to identify which
Martian samples are likely to contain reduced sulfur. However, the amount and exact type of
reduced sulfur cannot be reliably determined from this method, though QDA-determined sulfur is
most likely an iron sulfide that is present at trace abundance and/or amorphous and therefore not
detectable by CheMin. QDA also does not reveal information about the source of sulfur
compounds inferred.

Sulfur isotopic compositions calculated from SAM EGA SO, data can provide valuable
information about the oxidation state of sulfur. Possible sources of the sulfur can also sometimes
be inferred from these values based on the observed fractionation. Highly depleted values are
consistent with a sulfide formed during equilibrium fractionation between sulfide and sulfate over
time. Depleted values may also be consistent with sulfide formed from the disproportionation of

mid-valence sulfur compounds, such as sulfite. Values of 5**S near zero suggest that the sulfur
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was derived from mantle material. This may be consistent with either igneous sulfides or sulfates
formed from volcanic SO rainout. More enriched sulfur isotopic values are consistent with sulfate
formed during equilibrium fractionation, disproportionation reactions, or atmospheric processing.

Although S isotopic compositions from SO evolutions can provide information on the
oxidation state of sulfur, there are challenges associated with this method. The &S values near
zero can be ambiguous in that they could still represent either sulfide or sulfate. Additionally, some
peaks are too small for accurate isotope values to be calculated due to the relatively low abundance
of 3*S. The signal-to-noise ratio of an m/z 66 peak, from which 3S is derived, can be too low for
accurate calculation.

Each of our methods determining sulfur oxidation state from SAM EGA data complement
each other well in different situations. SO evolution peak temperatures can provide a quick insight
into the presence of an iron-bearing sulfur compound. QDA can help distinguish whether that
compound is a sulfide or sulfate. S isotopes can confirm the QDA finding if the 534S shows a strong
enrichment or depletion. Alternatively, QDA can suggest whether an ambiguous %S result (i.e.,
534S near 0%o) corresponds to a sulfide. As the MSL mission continues to explore Gale crater for
potential signs of habitability, it would be prudent to use all three types of analyses to identify
sulfur oxidation states. These analyses further complement chemical and mineralogical work
performed by the other instruments on the rover, such as APXS and CheMin to gain a more

complete picture of Martian habitability.

5 Conclusions
The Glen Torridon campaign accomplished a long-held goal of the MSL mission: to

explore the region of Gale crater with elevated orbital signatures for clay minerals and to assess

its potential for ancient habitability. The work here specifically investigated the possible presence
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of reduced sulfur in the GT region and surrounding units using a combination of complementary
methods analyzing SAM EGA data. Most of the samples did not have strong evidence for reduced
sulfur except for Kilmarie and Edinburgh. Kilmarie may have been diagenetically altered by some
of the same fluids as the Jura member on the nearby Vera Rubin ridge, resulting in reduced S. It is
not yet clear why Edinburgh appears to contain reduced sulfur, though it presents an opportunity
for further study as the rover is expected encounter the same strata later in the mission. The
observation that most GT samples did not contain sulfide suggests that the GT region has been
largely oxidized, consistent with most of the underlying samples at Gale crater. The presence of
sulfides in two samples, however, suggests that reduced sulfur could have been available as an
electron donor for putative chemolithotrophic metabolisms in a potentially habitable environment

on ancient Mars.

Data Availability
All SAM raw data are available on the Planetary Data System at http://pds-

geosciences.wustl.edu/missions/msl/ (Mahaffy, 2013). Laboratory data for the QDA comparisons
are stored on the Harvard Dataverse (Wong, 2020). Laboratory EGA data used in Figure S5 and
processed SAM data used for QDA are available on a separate Harvard Dataverse page (G. Wong,

2022).
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SOz RELEASE (*C) O PROBABILITY %)
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