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Abstract Evolved gas analysis (EGA) data from the Sample Analysis at Mars (SAM) instrument suite 
indicated Fe-rich smectite, carbonate, oxidized organics, Fe/Mg sulfate, and chloride in sedimentary rocks 
from the Glen Torridon (GT) region of Gale crater that displayed phyllosilicate spectral signatures from orbit. 
SAM evolved H2O data indicated that the primary phyllosilicate in all GT samples was an Fe-rich dioctahedral 
smectite (e.g., nontronite) with lesser amounts of a phyllosilicate such as mixed layer talc-serpentine or 
greenalite-minnesotaite. CO2 data supported the identification of siderite in several samples, and CO2 and 
CO data was also consistent with trace oxidized organic compounds such as oxalate salts. SO2 data indicated 
trace and/or amorphous Fe sulfates in all samples and one sample may contain Fe sulfides. SO2 data points 
to significant Mg sulfates in two samples, and lesser amounts in several other samples. A lack of evolved O2 
indicated the absence of oxychlorine salts and Mn 3+/Mn 4+ oxides. The lack of, or very minor, evolved NO 
revealed absent or very trace nitrate/nitrite salts. HCl data suggested chloride salts in GT samples. Constraints 
from EGA data on mineralogy and chemistry indicated that the environmental history of GT involved alteration 
with fluids of variable redox potential, chemistry and pH under a range of fluid-to-rock ratio conditions. Several 
of the fluid episodes could have provided habitable environmental conditions and carbon would have been 
available to any past microbes though the lack of significant N could have been a limiting factor for microbial 
habitability in the GT region.

Plain Language Summary The Mars Science Laboratory Curiosity rover carried out a 
comprehensive investigation of the sedimentary rocks in the Glen Torridon (GT) region in Gale crater, Mars, to 
better understand Martian geologic history. The rover’s Sample Analysis at Mars instrument suite was used to 
heat samples from GT and detect gases that were evolved to help identify the volatile-bearing mineralogy of the 
samples. Results indicated the presence of Fe-rich smectite, carbonate, oxidized organics, Fe and Mg sulfate, 
and chloride while oxychlorine salts, Mn 3+/Mn 4+ oxides, and nitrate/nitrite salts were either not detected or 
occurred in trace amounts. This mineralogy data implied that geochemical conditions and fluid-to-rock ratios 
varied over time and that the conditions of GT depositional and diagenetic environments would have been 
amenable to microbial life with sufficient carbon but nitrogen abundances could have been limiting.
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1. Introduction
The Mars Science Laboratory (MSL) Curiosity rover has been exploring Aeolis Mons, informally known as 
Mount Sharp, in Gale crater to understand the geological and environmental history and potential habitability 
recorded in the mineralogy and chemistry of its strata (Grotzinger et al., 2012). Orbital observations of the strata 
indicated mineralogical variations, including different abundances of sulfates, phyllosilicates, and hematite (e.g., 
Fraeman et al., 2013, 2016; Milliken et al., 2010). These observations identified a phyllosilicate-rich region and 
investigation of this layer has been a much-anticipated goal for Curiosity. Phyllosilicates can be key indicators of 
habitable environments, the detailed characteristics of those phyllosilicates can constrain the nature of the habita-
ble environments (e.g., pH, open vs. closed system alteration), and these minerals can possibly facilitate the pres-
ervation of organic compounds (e.g., Bristow et al., 2015; Farmer & Des Marais, 1999; Grotzinger et al., 2014; 
Millan et  al.,  2020; Wattel-Koekkoek et  al.,  2003; Williams et  al.,  2019). In addition, sulfate-bearing layers 
overlie the phyllosilicate-rich layer and this sequence may record a large-scale environmental change over time 
(Milliken et al., 2010) so the environmental history gleaned from study of the phyllosilicate-rich layer can inform 
conditions at the beginning of this significant transition. Finally, assessment of how environments recorded in 
the phyllosilicate-rich layer fit into the story recorded in the underlying fluvio-lacustrine sedimentary rocks, and 
the nearby diagenetically altered hematite-bearing layer exposed in Vera Rubin ridge (VRR), will enable further 
insights into Gale crater’s geological history. Curiosity investigated this phyllosilicate-rich layered region, or 
clay-bearing unit, termed “Glen Torridon” (GT) (Figure 1), with its suite of instruments between sols (Martian 
day) 2,300 and 3,050.

Figure 1. Glen Torridon region explored by Curiosity (Calef & Parker, 2016) with rover traverse indicated in yellow and drill 
sites marked with green circles and labeled in green. White dotted lines mark boundaries between members. After Figure 5 in 
Bennett et al., 2022. Drill sites and members are described further below.
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2. Overview of Glen Torridon Geology
The stratigraphically lowest GT rocks, of the Jura member (Jm), had textures and bulk chemistry indicating that 
they are likely a continuation of the Murray formation (Mf) (e.g., Fox et al., 2020; O’Connell-Cooper et al., 2022). 
The Murray formation in Mt. Sharp is a stack of fluvial-lacustrine deposits >300 m thick (Fedo et al., 2018) that 
Curiosity has been exploring since 2,014. The Jura member in GT was primarily a fine-grained mudstone and 
was observed to consist of two different morphologies, a “rubbly Jura” expressed as dominantly rubble with rare 
bedrock patches and a “coherent Jura.” Rubbly Jura was mainly comprised of finely laminated mudstones while 
coherent Jura was coarser grained (e.g., Dehouck et al., 2022). These rocks are stratigraphically equivalent to the 
Jura member rocks studied by Curiosity on VRR (Fedo et al., 2020).

Figure 2. Stratigraphic column showing context of drill samples acquired during the Glen Torridon (GT) campaign, and two 
drill samples from Vera Rubin ridge (VRR), that are discussed in this manuscript. The GT samples are KM (Kilmarie), Glen 
Etive (GE), Mary Anning (MA), Groken (GR), and Glasgow (GG). The VRR samples are Highfield (HF) and Rockhall (RH). 
Column credit: The Mars Science Laboratory Sed-Strat Working Group.
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Above the Jura member, Curiosity observed a change in lithology that warranted the naming of a new formation, 
the Carolyn Shoemaker formation (CSf), which was subdivided into the Knockfarril Hill member (KHm) and the 
Glasgow member (Gm) (Figure 2). The KHm consisted of mainly cross-bedded sandstones (Fedo et al., 2022; 
Fox et al., 2020). The Gm consisted of faintly laminated mudstone (Fedo et al., 2022). A variety of diagenetic 
features were observed in GT including nodules and vein fills (Gasda et  al.,  2022). Gm exhibited a signifi-
cant number of diagenetic features which were less common in the underlying KHm (e.g., Gasda et al., 2022; 
O’Connell-Cooper et al., 2022). As seen throughout Gale crater, Ca sulfate filled veins were also observed in GT 
rocks (Gasda et al., 2022).

The mineralogy derived from Chemistry and Mineralogy (CheMin) instrument X-ray diffraction (XRD) analy-
ses revealed several key observations of GT sample clay, sulfate and iron oxide mineralogy, as well as additional 
characteristics important for constraining the geologic history recorded in materials of GT, the adjacent VRR, 
and the stratigraphically lower Murray formation. The primary minerals plagioclase feldspar, pyroxene, and 
potassium feldspar (in small abundances) were detected in all samples but Jm member samples showed lower 
feldspar abundances compared to other GT samples (Thorpe et al., 2022). All samples also contained small 
amounts of hematite, in contrast to samples from the nearby VRR that were relatively enriched in hematite, and 
a range of Ca sulfate abundances with the Jura sample KM being most enriched in Ca sulfate minerals (∼11 wt. 
%) and Knockfarril Hill sample GR being the least enriched (∼4.3 wt. %) (Thorpe et al., 2022). The Jura KM 
sample, and the KHm MA, GR and GE samples display XRD evidence of the Fe carbonate siderite, the first 
high likelihood detection of carbonate by CheMin, in abundances ranging from ∼0.8 to ∼3.2 wt. % (Thorpe 
et al., 2022).

High clay mineral abundances were detected in all GT samples including the highest detected by CheMin to 
date (∼34 wt. %, in the GE sample) (Bristow et  al., 2021; Thorpe et  al., 2022). The detected clay minerals 
consist mainly of Fe-rich dioctahedral smectite (Thorpe et  al.,  2022). In the Jura member KM sample, and 
Knockfarril Hill member GR and MA samples, CheMin also made the first detection of a phase giving a sharp 
XRD pattern peak at 9.2 Å consistent with minnesotaite interstratified with minor greenalite (G-M) (Thorpe 
et al., 2022) or Fe talc interstratified with minor serpentine (S-T) (Bristow et al., 2021). The area in the KHm 
where the GR and MA samples were collected exhibited dark-toned Mn-rich nodules and Mn-rich bedrock, 
and ChemCam instrument observations of a large fraction of the nodules also showed elevated phosphorous 
(Gasda et al., 2022). Despite these increased concentrations of Mn and P, CheMin data were not interpreted to 
indicate a crystalline Mn, P bearing phase (Bristow et al., 2021; Thorpe et al., 2022). Finally, X-ray amorphous 
materials were observed in all GT samples with abundances ranging from ∼25 to 47 wt. % (Thorpe et al., 2022). 
Determining the nature of the amorphous material is challenging; it can consist of glasses, a variety of alteration 
products including nanophase Fe-oxides and sulfate salts, or a combination of these (e.g., Bish et al., 2013; 
Thorpe et al., 2022).

3. SAM Background
The Sample Analysis at Mars (SAM) instrument suite (Mahaffy et  al.,  2012) has informed the nature of 
volatile-bearing phases in materials sampled by Curiosity. SAM evolved gas analysis (EGA) mass spectrometry 
measurements, during which samples are heated and any volatiles evolved are detected by a mass spectrometer, 
have found H2O, CO2, O2, H2, SO2, H2S, HCl, NO, CO, and other volatiles, including organic fragments (e.g., 
Leshin et al., 2013; McAdam et al., 2020; Ming et al., 2014; Sutter et al., 2017). The temperature of evolution 
and identity of evolved gases can support mineral detection by CheMin XRD analyses, indicate the presence of 
trace volatile-bearing phases present at abundances below CheMin detection limits, and constrain the nature of 
materials difficult to identify with XRD (e.g., X-ray amorphous materials). For example, temperatures of H2O 
evolution during Sample Analysis at Mars evolved gas analysis (SAM EGA) analyses have informed the likely 
octahedral chemistry and occupancy of phyllosilicates observed by CheMin (Bristow et  al.,  2018; McAdam 
et al., 2017; Sutter et al., 2017). In addition, SAM EGA analyses have indicated the presence of several different 
types of either X-ray amorphous or trace Mg sulfates, Fe sulfates/sulfides, oxychlorine salts, and/or nitrate/nitrite 
salts in many samples analyzed by MSL (e.g., Glavin et al., 2013; Stern et al., 2015; Sutter et al., 2017). SAM 
analyses of GT samples have also enabled constraints on sample phyllosilicate and salt mineralogy, which are 
reported in this work.
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In addition to constraints on mineralogy, SAM has also enabled studies of the organic chemistry of analyzed 
samples, and possible associations between organic compounds and minerals, two primary goals of the SAM 
instrument suite. For example, SAM analyses have revealed chlorohydrocarbons (Freissinet et  al.,  2015) and 
sulfur-bearing organic compounds (Eigenbrode et al., 2018) in some Gale crater samples. Similarity, in some 
samples, in the temperatures of evolution of sulfur-bearing organics and SO2 evolutions from sulfate thermal 
decomposition suggests that there may be a relationship between the organics and sulfur minerals (Eigenbrode 
et al., 2018; Francois et al., 2016; Lewis et al., 2019). Several GT samples have also shown evidence of organic 
compounds in SAM analyses. During Curiosity’s GT campaign, SAM analyzed several samples with its pyrolysis 
gas chromatography mass spectrometry (GCMS) and wet chemistry experiments (derivatization with MTBSTFA 
[N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide] in it’s solvent dimethylformamide, 4:1 by volume, and 
thermochemolysis with TMAH (25 wt. % tetramethylammonium hydroxide in methanol). These analyses indi-
cated a diversity of organic compounds (Millan et al., 2022; Williams et al., 2021). While some of the organic 
molecules detected are related to SAM’s wet chemistry experiment reagents and related background, it is also 
likely that some sulfur-containing organics evolved from samples at high pyrolysis temperatures are indigenous to 
the sample. Though the origin (meteoritic infall, geological sources, biological sources) is difficult to determine 
with the available data, the SAM data have helped address Curiosity’s goal to determine if organics are preserved 
in the GT clay-bearing unit (Millan et al., 2022).

Here we present an overview of the SAM EGA results from GT samples, the constraints on sample mineralogy 
and geochemistry enabled by these results and, in the context of other rover analyses, the implications of these 
results for the depositional and alteration conditions experienced by GT materials.

4. Methods
4.1. SAM Instrument Suite Analyses

The SAM instrument suite is composed of a quadrupole mass spectrometer (QMS), a six-column gas chromato-
graph (GC) and a tunable laser spectrometer (TLS) coupled by solid and gas sample processing systems including 
two pyrolysis ovens (Mahaffy et al., 2012). These instruments were used to measure the abundances and isotopic 
composition of volatiles released during heating of samples, as well as martian atmosphere, but here we focus 
on volatiles evolved during pyrolysis. In SAM’s EGA mode, samples were heated and any volatiles evolved were 
measured directly by the QMS. SAM’s GCMS mode was used to analyze organic and inorganic gases evolved 
during sample heating. SAM’s TLS mode was used to measure the amounts and isotopic composition of H2O, 
CO2, and CH4 gases evolved during pyrolysis. For TLS or GC analyses during a given run, the volatiles released 
from the sample over a chosen temperature range (termed a “cut”) were sent to those instruments to be meas-
ured. A TLS cut or a GC cut can be obtained during a given SAM sample heating run, and in either type of run, 
direct monitoring of the evolved volatiles to give EGA data was also carried out. Both the pyrolysis-TLS and 
pyrolysis-GCMS modes were used during SAM analyses of GT samples, as well as two types of wet chemistry 
experiments (Millan et al., 2022; Williams et al., 2021).

Here we focus on major volatile data from SAM’s EGA mode. EGA analysis results in signal versus temperature 
curves referred to as EGA traces. During EGA analysis, a subsample of a given drill sample was delivered to a 
sample cup in SAM’s Sample Manipulation System (SMS). For several GT drill samples, SAM carried out both 
pyrolysis-TLS and pyrolysis-GCMS analyses (and in some cases also wet chemistry analyses). This is facilitated 
by drill samples large enough to provide several subsamples to SAM (and also CheMin). However, beyond a 
certain number of needed subsamples a second drill hole must be acquired and this approach was used twice in 
GT. Since EGA data is obtained during every pyrolysis-TLS run and every pyrolysis-GCMS run of a subsample, 
EGA data was acquired from several subsamples of a given drill sample in some cases. In these cases, the EGA 
runs were numbered and some GT samples had as many as three EGA runs on three different subsamples. Before 
receiving a sample, sample cups were preconditioned by heating the cup in one of SAM’s ovens to ∼900°C for 
5 min in order to mitigate signals from SAM’s background during sample analysis. The preconditioned cups were 
removed from the oven to receive sample and then placed back into the oven and heated from ∼40 C to ∼900°C 
at an average temperature ramp rate of 35°C/min. Gas manifold lines within SAM are maintained at 135°C during 
runs to facilitate flow of evolved gases through the manifold. Volatiles released from samples were carried by an 
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He carrier gas (∼0.8 standard cubic centimeters per minute, ∼25 mb) to the QMS where they were detected by 
the mass-to-charge ratio (m/z) of the molecule, one of its isotopologues, or one of its MS fragments.

4.2. EGA Data Processing

Most EGA analyses of GT samples were carried out in SAM’s Oven #1, but some were carried out using SAM’s 
Oven #2. The ovens are similar except that Oven #1 has a temperature sense wire and Oven #2 instead has a 
second heater wire; this difference results in Oven #2 having the capability to reach slightly higher temperatures 
(Mahaffy et  al.,  2012). The approach for determination of sample temperature for Oven #1 has not changed 
throughout the course of the mission, but the preferred approach for modeling Oven #2 sample temperature was 
updated by the science team several years ago. The sample temperature model used for the Oven #2 EGA plots 
and interpretations discussed here was the “oven-2_model-1” model (Franz et al., 2020).

For some EGA runs, the QMS signal for the main m/z of a molecule was saturated. In these cases, the unsaturated 
signal or the isotopologue or ionization fragment (formed by fragmentation in the detector) was plotted to repre-
sent the molecule (these signals will track with temperature the same as the main molecule m/z so they can be 
used to depict trends in the main molecule when the main m/z signal is saturated) (e.g., Archer et al., 2014). For 
example, the signal at the main m/z of H2O (m/z 18) was saturated in EGA analyses so m/z 17 (OH fragment of 
H2O) or m/z 20 (m/z dominated by the H2 18O isotopologue of H2O) was plotted to depict the H2O signal versus 
temperature.

The interpretation of EGA data can also be impacted by interferences from other molecules or their fragments at 
key m/z values. For example, carry-over from the wet chemistry experiments (MTBSTFA, TMAH and/or their 
solvents and reaction products) can contribute signal to m/z 28 (the main m/z of CO) and m/z 30 (the main m/z of 
NO) as described below. In addition to carry-over from the wet chemistry analyses, there has been a MTBSTFA 
background resulting from a leak in at least one of the wet chemistry cups present since landing. Importantly, 
this background has been investigated and described in several works (Freissinet et al., 2015; Glavin et al., 2013; 
Stern et al., 2015; Sutter et al., 2017).

The EGA signal at m/z 28 can be ascribed to the evolution of CO, but m/z 28 can also have contributions from CO 
produced as an MS fragment of CO2 as well as signal from ethane, formaldehyde and methyl propene products of 
MTBSTFA (expected based on laboratory work studying MTBSTFA products, Stern et al., 2015) and methanol 
(byproduct from TMAH wet chemistry experiments). These additional contributions must be subtracted from 
the m/z 28 signal to derive the signal indicative of evolved CO. Corrections for methanol (m/z 31) were carried 
out only for data from the Groken sample (italics below) because methanol in SAM’s background occurred 
after the TMAH wet chemistry analysis of the Mary Anning three (MA3) sample (Millan et al., 2022; Williams 
et al., 2021) and Groken was analyzed after that experiment.

The m/z 28 signal from the CO MS fragment of CO2 was determined by assuming that this CO fragment from 
CO2 can be represented by the m/z 28//m/z 45 ratio observed in evolved CO2 detected during EGA analyses of 
a calcite standard in SAM before launch as detailed in Archer et al. (2014) and Sutter et al. (2017). For ethane, 
methyl propene, and methanol (for Groken), the NIST ratios of m/z 28//m/z 25, m/z 28//m/z 39, and m/z 28//m/z 
31, respectively, were used to correct for m/z 28 contributions from those phases (NIST Mass Spectrometry Data 
Center & Wallace, 2019).

To determine m/z 28 from formaldehyde, first the below equation was used to obtain m/z 29 attributable to 
formaldehyde:

m∕z 29Formaldehyde = m29 − m39 ∗ 0.243 − m25 ∗ 6.149 − (m31 ∗ 0.446)Groken only 

This m/z 29 was then multiplied by the m/z 28//m/z 29 ratio from NIST (NIST Mass Spectrometry Data Center 
& Wallace, 2019) for formaldehyde. The values for m/z 28 obtained for ethane, methyl propene, methanol (for 
Groken), and formaldehyde by this method, and the m/z 28 obtained for the CO fragment of CO2, were then 
subtracted from the original m/z 28 signal to obtain a signal representing evolved CO. This correction is described 
in the below equation:
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CO = m∕z 28 − m45 ∗ 3.2 − m25 ∗ 28.6 − m39 ∗ 0.49 − m29Formaldehyde ∗ 0.24 − (m31 ∗ 0.046)Groken only 

To obtain an m/z 30 signal representing NO evolved, we used a method discussed in Navarro-González et al. (2019) 
to correct for several MTBSTFA products that introduce mass interferences at m/z 30. The m/z 29 signal attrib-
utable to formaldehyde (m/z 29Formaldehyde derived above) was used to determine expected interferences from 
formaldehyde and m/z 43 signals were used to determine interferences from alkylaldehydes, ketones, or other 
hydrocarbons. These interference values are subtracted from the original m/z 30 signal, as described by this 
equation:

NO = m∕z 30 − 0.8 ∗
(

m∕z 29Formaldehyde − m∕z 43
)

 

Likewise, in order to plot a signal for H2S (main m/z 34) evolved during SAM EGA, contributions to m/z 34 from 
the  34S isotopologue of the SO2 S fragment must be subtracted. The m/z 34 signal attributed to the SO2 fragment 
is obtained by multiplying the m/z 64 signal from the sample by the m/z 34//m/z 64 ratio in SO2 evolved  from 
a melanterite (FeSO4*7H2O) calibration standard analyzed by SAM EGA before launch. This contribution is 
then subtracted from the total m/z 34 signal to plot evolved H2S. This correction is further detailed in Archer 
et al. (2014) and Sutter et al. (2017). The equation used to derive H2S signal is:

H2S = m∕z 34 − (m∕z 64 ∗ (m∕z 34∕∕m∕z 64)melanterite std) 

In Section 5, evolved gas abundances are presented in terms of moles, moles/mg, and weight percent. Determi-
nation of the abundances of SO2 and H2O was based on release of these gases during heating of a known mass of 
the hydrated Fe sulfate mineral melanterite in the SAM flight model prior to launch. Reported CO2 abundances 
were based on CO2 release during heating of a known mass of a calcite standard in SAM before launch. For other 
volatiles no prelaunch SAM data from standards exists, so literature values of the ionization cross sections for 
these molecules were used. These calculations are detailed in Archer et al. (2014). One difference in the abun-
dance determinations discussed in Archer et al. (2014) and other SAM EGA focused manuscripts (e.g., Sutter 
et al., 2017) and the abundance approach used here is that changes in the drilling and sample delivery approach 
have occurred that have impacted estimates of delivered sample mass and error on that delivered sample mass. 
This newer drilling and sample delivery method is described further below in Section 4.3.

4.3. Sample Collection and Delivery

In this work we discuss SAM analyses of samples drilled from 5 locations in GT (Figures 1–3). Samples from 
these locations were also analyzed with the CheMin instrument. The Kilmarie (KM) sample was drilled from the 
Jura member. Two holes were drilled into KHm rocks at the Glen Etive (GE) site, largely driven by the need  to 
obtain additional GE sample for SAM’s MTBSTFA wet chemistry experiment. The GE1 and GE2 samples 
discussed here were from the first GE drill hole, and the GE3 sample was from the second GE drill hole. The MA 
samples, obtained from two drill holes at the MA site, are also from the KHm. The series of MA samples were 
obtained partly because of a mission desire to perform further SAM wet chemistry analyses in GT rocks before 
leaving GT, and GE-like materials present at the MA site were deemed most promising for these after analysis 
of data from GE. Two drill holes at MA were needed to acquire enough material for several SAM analyses 
including pyrolysis GCMS, MTBSTFA, and TMAH wet chemistry experiments, as well as CheMin analyses; 
the MA1 and MA2 samples discussed here were from the first drill hole. The Groken (GR) sample was acquired 
from an outcrop in the KHm nearby the MA site (∼1 m away) which was targeted because of unusual diagenetic 
features including Mn- and P-rich dark nodules (Gasda et al., 2022). The Glasgow sample was drilled from the 
stratigraphically higher rocks of the Gm. An additional sample, Hutton (HU), was drilled from GT rocks near the 
contact between GT and the overlying Greenheugh pediment, and analyzed by SAM; the results of EGA analysis 
of this sample will be presented in a follow-on publication.
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The drilling approach used to obtain and deliver samples to SAM (and CheMin) was the same as that used during 
Curiosity’s VRR campaign, and is termed feed-extended sample transfer (FEST). With FEST, drilled sample 
fines were stored in the drill stem, and this was vibrated and rotated to deliver subsamples of drilled fines to SAM 
cups through inlets in the rover deck (Fraeman et al., 2020). Sample fines from KM were delivered to cups in 
SAM’s Oven #1 ring. Fines for analyses of two GE subsamples, runs that are here termed GE1 and GE2, were 
delivered to SAM’s Oven #2 ring. A third SAM EGA run of a GE subsample, termed GE3, was run in Oven #1. 
MA (MA1 and MA2), GR and GG (GG1 and GG2) subsamples were also run in Oven #1.

4.4. Subsample Mass Estimation

A combination of CheMin-derived sample mineralogy and processing of SAM EGA data was utilized to estimate 
the sample mass that SAM received from FEST delivery for a given run. This approach was detailed in McAdam 
et al., 2020 but, in summary, delivered sample mass estimates were based on abundances of minerals detected 
by CheMin that also were expected to release gases during SAM pyrolysis (i.e., phyllosilicates or hydrated Ca 
sulfates such as bassanite or gypsum which release H2O during pyrolysis). This was carried out by deconvolving 
SAM EGA traces, in this case H2O traces, into several peaks. Peaks at temperatures consistent with thermal 
decomposition of phyllosilicates or hydrated Ca sulfates were ascribed to those phases. The amount of H2O in 
peaks attributed to a given mineral was assumed to derive from the wt. % of that mineral obtained from CheMin 
data. Determination of the moles of H2O evolved in a given minerals’ EGA peak and the moles of H2O expected 
from a given wt. % of phyllosilicate or hydrated Ca sulfate based on CheMin data were used together to estimate 
the mass of sample analyzed by SAM.

4.5. Alpha Particle X-Ray Spectrometer Analyses

MSL’s Alpha Particle X-ray Spectrometer (APXS) instrument enabled determination of the bulk chemistry of 
drilled rock powders delivered to SAM, by analyzing drill fines dropped from the drill bit or drill tailings (e.g., 
O’Connell-Cooper et  al.,  2022). In APXS analyses, a combination of alpha particles and X-rays are used to 
excite emission of characteristic X-rays from the elements in a sample. Total S and Cl measured by APXS 
(O’Connell-Cooper et al., 2022) were compared to SAM EGA S and Cl abundances to assess what fraction of 
total S and Cl was attributed to SAM EGA detected phases. Additional information about the APXS instrument 
and its analyses are discussed elsewhere (Campbell et al., 2012, 2014; Gellert et al., 2006, 2015).

Figure 3. Mars Hand Lens Imager (MAHLI) images of the Glen Torridon drill holes from which the samples 
discussed here were obtained. Each hole is approximately 1.6 cm in diameter. Kilmarie (MAHLI image: 
2404MH0007740010900288C00) was drilled from the Jura member. Glen Etive (2524MH0007740010903140C00), 
Glen Etive 2 (2550MH0007740010903254C00), Mary Anning (2851MH0001970011003289C00), and 
Groken (2920MH0004240011003512C00) were drilled from the Knockfarril Hill member. Glasgow 
(2773MH0004240011002826C00) was drilled from the Glasgow member. NASA/JPL-Caltech/MSSS.
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5. Results and Interpretation
SAM analyses of GT samples resulted in evolved H2O, SO2, CO2, CO, NO, HCl, H2, and H2S. We focus on results 
from H2O, SO2, CO2, CO, NO, and HCl in the main text to discuss constraints on GT paleoenvironments, but H2 
and H2S EGA data and associated interpretation is included in the Supporting Information.

5.1. H2O

Water was evolved from all samples, and in several the amounts evolved were in higher abundances than previ-
ous Murray formation samples. The H2O abundances evolved ranged from ∼0.8 to 3 wt. % (Table 1). Although 
several other phases including the enigmatic amorphous component of all samples contribute to evolved water, 
these overall higher abundances are likely related to evolutions from the clay minerals present in GT samples 
at the highest abundances observed in the mission so far (up to ∼34 wt. % (Thorpe et al., 2022)). All samples 
released water as a broad release between ∼100°C and ∼550°C, but the H2O traces showed differences in peaks 
superimposed on the broad release (Figure 4), and several H2O traces also exhibited small peaks at tempera-
tures  above ∼550°C (Figure 5).

Some water observed in all samples at temperatures below ∼200°C can result from adsorbed water (e.g., Wang 
et al., 2011) and/or hydrated Ca sulfate (e.g., bassanite) present in several samples. KM1 (but not clearly observed 
in KM2), GE subsample runs, and GR have relatively sharp peaks between 100°C and 200°C (Figure 4), which 
likely results from dehydration of the hydrated Ca sulfate (bassanite) detected by CheMin in subsamples of 
the KM, GE, and GR targets (Thorpe et al., 2022). While their traces do not have a discrete peak, some of the 
H2O evolved at similar temperatures from MA and GG samples could result from the bassanite detected by 
CheMin in samples of MA and GG (Thorpe et al., 2022). All GT samples were inferred to contain amorphous 
or trace Fe sulfates, and some also amorphous or trace Mg sulfates, based on SO2 evolutions during SAM anal-
yses (discussed below in Section 5.2) and these salts can also release water at low temperatures. Other X-ray 
amorphous materials, such as opaline silica, poorly crystalline secondary silicate/aluminosilicate materials (e.g., 
allophane), nanophase iron oxyhydroxide minerals, altered glasses (e.g., palagonites), and volcanic glasses can 
dehydrate and/or dehydroxylate to evolve water over a span of temperatures including low temperatures. CheMin 
detected X-ray amorphous material in all GT samples (Thorpe et al., 2022) which likely consists of a mixture 
of  different components including some of those listed above.

In all samples, small H2O peaks superimposed on the broader evolution between 200 and 300°C are notable 
(Figure 4). These are not straightforward to attribute to a specific well-crystalline phase detected by CheMin but 
could potentially result from a trace (present at abundances below CheMin detection limits) or poorly ordered 
(part of the X-ray amorphous component) goethite-like material in the samples.

The EGA H2O traces support the identification of Fe-rich dioctahedral 2:1 phyllosilicates, likely smectites (e.g., 
nontronite), from analysis of CheMin XRD data from all samples. H2O evolved between ∼350°C and ∼550°C in 
EGA traces (Figure 4) indicated that the samples contain a very Fe-rich dioctahedral phyllosilicate, such as the 
smectite nontronite, based on comparison to data from SAM-like lab EGA analyses of a range of phyllosilicates 
(e.g., McAdam et al., 2017) as well as expected trends in smectite dehydroxylation with differences in structures 
and octahedral chemistry (e.g., summarized in McAdam et al., 2020).

KM1, GE subsamples, GG subsamples, and GR show additional low intensity peaks in their EGA traces between 
∼600°C and 750°C (Figure  5). These EGA peaks may result from a mixed-layer serpentine/Fe-talc phase 
(S-T) dominated by Fe-talc or a mixed layer greenalite/minnesotaite phase (G-M) dominated by minnesotaite 
(MacKenzie et  al.,  1986), two mixed layer phases proposed for those samples (Bristow et  al.,  2021; Thorpe 
et al., 2022). While the dehydroxylation of other phyllosilicates can also be consistent with those release temper-
atures (e.g., montmorillonites, some illite-smectites), the observed low intensity H2O EGA peak was consistent 
with the CheMin detection of small amounts of S-T or G-M.

The H2O EGA traces from the MA subsamples both exhibited a very low intensity high temperature peak at 
∼820°C. If this peak derives from phyllosilicate dehydroxylation, it was consistent with very small amounts of an 
Mg-rich trioctahedral smectite such as saponite or endmember Mg-talc based on comparisons to data from EGA 
runs of several phyllosilicate reference materials under SAM-like conditions in the lab (McAdam et al., 2017).
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Sample Kilmarie (KM1) Kilmarie (KM2) Glen Etive (GE1) Glen Etive (GE2)

Drill sol 2,384 2,384 2,486 2,486

Analysis sol 2,393 2,398 2,497 2,499

Molar Abundances

 Volatile Units μ or nmol nmol/mg μ or nmol nmol/mg μ or nmol nmol/mg μ or nmol nmol/mg

 CO2 μmol 11.2 ± 2.7 294 ± 85 3.5 ± 0.5 253 ± 75 13.0 ± 3.4 97 ± 46 6.8 ± 1.2 123 ± 64

 SO2 μmol 3.48 ± 1.20 91.7 ± 28.8 0.7 ± 0.03 46.5 ± 13.3 11.59 ± 0.43 86.6 ± 39.6 2.5 ± 0.21 45.8 ± 23.7

 H2O μmol 59.3 ± 25.7 1,561 ± 532 19.9 ± 10.0 1,423 ± 541 121.3 ± 72.2 906 ± 494 41.6 ± 34.4 750 ± 495

 O2 μmol n.d. a n.d. n.d. n.d. n.d. n.d. n.d. n.d.

 H2 μmol 12.4 ± 1.3 326 ± 88 12.8 ± 1.4 918 ± 267 15.7 ± 1.7 117 ± 54 9.6 ± 2.4 173 ± 92

 HCl nmol 273 ± 45 7.2 ± 2.0 72 ± 32 5.1 ± 1.9 3,509 ± 1,556 26.2 ± 13.3 1,132 ± 433 20.4 ± 11.2

 H2S nmol 92.6 ± 10.7 2.4 ± 0.7 25.0 ± 4.1 1.8 ± 0.5 225.9 ± 29.4 1.7 ± 0.8 114.0 ± 12.6 2.1 ± 1.1

 CO nmol 789 ± 44 20.8 ± 5.6 509 ± 28 36.4 ± 10.6 1,601 ± 86 12.0 ± 5.5 1,666 ± 90 29.7 ± 15.5

 NO nmol n.d. n.d n.d. n.d 6.7 ± 0.7 0.1 ± 0.02 1.3 ± 0.1 0.02 ± 0.01

Weight %

 CO2 1.29 ± 0.37 1.11 ± 0.36 0.43 ± 0.20 0.54 ± 0.30

 SO3 0.73 ± 0.23 0.37 ± 0.11 0.69 ± 0.32 0.37 ± 0.19

 H2O 2.81 ± 1.0 2.56 ± 0.97 1.63 ± 0.9 1.35 ± 0.89

 Cl2O7 n.d. n.d. n.d. n.d.

 Cl 0.026 ± 0.007 0.018 ± 0.007 0.09 ± 0.05 0.07 ± 0.04

Sample mass (mg)

38 ± 10 14 ± 4 134 ± 61 56 ± 29

APXS wt. % (drill fines) b

 SO3 12.92 ± 0.15 4.13 ± 0.05

 Cl 0.32 ± 0.01 0.49 ± 0.02

Sample Glen Etive (GE3) Mary Anning (MA1) Mary Anning (MA2) Groken (GR)

Drill sol 2,527 2,838 2,838 2,910

Analysis sol 2,531 2,844 2,850 2,918

Molar Abundances

 Volatile Units μ or nmol nmol/mg μ or nmol nmol/mg μ or nmol nmol/mg μ or nmol nmol/mg

 CO2 μmol 3.3 ± 1.4 20 ± 15 15.4 ± 3.1 136 ± 54 14.1 ± 3.4 134 ± 54 27.7 ± 7.5 309 ± 49

 SO2 μmol 5.7 ± 0.8 34.7 ± 25.5 11.05 ± 0.42 97.6 ± 37.4 11.0 ± 0.45 105.3 ± 40.6 9.87 ± 1.55 109.8 ± 12.8

 H2O μmol 71.6 ± 21.6 433 ± 343 157.4 ± 98.6 1,390 ± 688 143.3 ± 82.3 1,369 ± 658 153.0 ± 94.4 1,703 ± 545

 O2 μmol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

 H2 μmol 3.7 ± 0.7 22 ± 16 14.8 ± 2.8 131 ± 52 14.8 ± 2.8 141 ± 56 22.0 ± 4.2 245 ± 31

 HCl nmol 1,997 ± 779 12.1 ± 9.1 6,469 ± 2,685 57.2 ± 24.9 4,672 ± 7,118 44.6 ± 38.1 916 ± 334 10.2 ± 2.1

 H2S nmol 119.8 ± 13.6 0.7 ± 0.5 253.0 ± 39.3 2.2 ± 0.87 282.5 ± 33.1 2.7 ± 1.1 239.9 ± 65.0 2.7 ± 0.43

 CO nmol 678 ± 38 4.1 ± 3.0 1,024 ± 57 9.1 ± 3.5 1,243 ± 69 11.8 ± 4.6 2,957 ± 165 32.9 ± 3.5

 NO nmol n.d. n.d. n.d. n.d n.d. n.d. n.d. n.d

Weight %

 CO2 0.1 ± 0.1 0.60 ± 0.24 0.59 ± 0.27 1.36 ± 0.22

Table 1 
Abundances of Volatiles Evolved During SAM EGA and Total SO3 and Cl Detected by APXS
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5.2. SO2

All samples released SO2 between ∼400°C and 700°C, consistent with S derived from Fe sulfates and/or Fe 
sulfides (Figure 6). The abundance of evolved SO2 varied from ∼0.3 wt. % (GE3) to ∼1.4 wt. % (GG2) (Table 1). 
Detections of OCS, CS2 and other key evolved volatiles as well as the isotopic composition of evolved SO2 
suggest that one of the samples, KM, may contain some reduced sulfur (Wong et al., 2022).

Table 1 
Continued

Sample Glen Etive (GE3) Mary Anning (MA1) Mary Anning (MA2) Groken (GR)

 SO3 0.3 ± 0.21 0.78 ± 0.30 0.84 ± 0.33 0.88 ± 0.10

 H2O 0.8 ± 0.6 2.50 ± 1.2 2.46 ± 1.18 3.07 ± 1.0

 Cl2O7 n.d. n.d. n.d. n.d.

 Cl 0.04 ± 0.03 0.20 ± 0.09 0.16 ± 0.14 0.04 ± 0.01

Sample mass (mg)

165 ± 121 113 ± 43 105 ± 40 90 ± 8

APXS wt. % (drill fines) b

 SO3 13.17 ± 0.15 9.60 ± 0.10 11.33 ± 0.123

 Cl 0.71 ± 0.02 0.91 ± 0.02 0.50 ± 0.02

Sample Glasgow (GG1) Glasgow (GG2)

Drill sol 2,752 2,752

Analysis sol 2,765 2,771

Molar Abundances

 Volatile Units μ or nmol nmol/mg μ or nmol nmol/mg

 CO2 μmol 4.5 ± 4.0 34 ± 22 4.5 ± 2.5 45 ± 25

 SO2 μmol 16.9 ± 1.7 126.2 ± 59.8 18.1 ± 1.8 178.1 ± 86.6

 H2O μmol 123.9 ± 99.7 926 ± 574 76.7 ± 66.1 757 ± 490

 O2 μmol n.d. n.d. n.d. n.d.

 H2 μmol 6.6 ± 1.2 49 ± 24 5.1 ± 1.0 50 ± 25

 HCl nmol 4,896 ± 2,127 36.6 ± 19.0 5,330 ± 2,343 52.6 ± 27.9

 H2S nmol 248.1 ± 39.5 1.9 ± 0.9 249.3 ± 29.3 2.5 ± 1.2

 CO nmol 2,062 ± 115 15.4 ± 7.3 3,367 ± 187 33.3 ± 16.3

 NO nmol 6.5 ± 0.7 0.0 ± 0.02 n.d. n.d.

Weight %

 CO2 0.15 ± 0.10 0.20 ± 0.15

 SO3 1.01 ± 0.48 1.43 ± 0.70

 H2O 1.67 ± 1.0 1.36 ± 0.88

 Cl2O7 n.d. n.d.

 Cl 0.13 ± 0.07 0.19 ± 0.10

Sample Mass (mg)

134 ± 63 101 ± 49

APXS wt. % (drill fines) b

 SO3 7.48 ± 0.15

 Cl 1.12 ± 0.04

Note. Errors on molar abundances are 2-sigma errors, and errors on nmol/mg abundances are 1-sigma errors.
 an.d.: not detected.  bFrom O’Connell-Cooper et al., 2022.
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Figure 5. Signal from H2O evolved at temperatures above 400°C during SAM EGA of GT samples. This view of H2O 
EGA traces enables low intensity peaks evolved between ∼600°C and 750°C in Kilmarie, Glen Etive, Glasgow and Groken 
samples to be more clearly seen.

Figure 4. H2O signal versus temperature from SAM EGA of GT samples. Brackets denote the temperature ranges of H2O 
evolution expected from clay minerals in the samples.
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The KM subsamples and the GE1 and GE2 subsamples evolved signifi-
cant SO2 at temperatures >∼700°C, while GE3, GR and GG had smaller 
SO2 releases and MA evolved very little above ∼700°C (Figure  6). The 
>∼700°C evolutions are consistent with Mg sulfate decomposition in the 
presence of other phases. Individually, when heated under SAM-like condi-
tions, Mg sulfates will begin to release SO2 near the end of the SAM oven 
temperature range. However, when together with other materials, for exam-
ple, chloride phases, Mg sulfate can evolve SO2 at lower temperatures and 
this process is considered to be an important contributor to SO2 evolved at 
temperatures above 700°C (McAdam et al., 2016; Mu & Perlmutter, 1981; 
Sutter et al., 2017 and references therein). The differences in the intensity of 
the SO2 signal at temperatures above 700°C for the GT samples were attrib-
uted to a difference in the abundances of Mg sulfates in the samples, indicat-
ing that the KM and GE targets contained the most Mg sulfate (though GE 
exhibited variation between the GE drill sample subsamples, and between 
samples from the two different drill holes), and MA, GR, and GG contained 
less Mg sulfate.

No crystalline Fe sulfates/sulfides or Mg sulfates were detected by CheMin 
XRD analysis (Thorpe et al., 2022) indicating that Fe sulfate/sulfides and Mg 
sulfates inferred from SAM data are present at abundances below CheMin’s 
detection limit and/or are X-ray amorphous. Mg sulfates (and Fe sulfates) can 
be expected to be amorphous under many martian conditions (e.g., Sklute 
et al., 2015; Vaniman et al., 2014). Sulfur can also be present in X-ray amor-
phous sulfides, S-bearing inclusions in glass or other amorphous materials, 
or sulfate anions adsorbed onto materials (McAdam et  al.,  2014; Rampe 
et  al.,  2016). S-bearing organic compounds are another potential host for 
trace amounts of sulfur in the samples, and in fact SAM GCMS analyses 
indicate a large diversity of S-bearing organics in several GT samples (Millan 
et al., 2022).

The Fe and Mg sulfates indicated by SAM SO2 EGA data make up a small 
fraction of the total S present in the GT samples as detected by APXS 
(Table 1). Most samples analyzed by SAM have also shown this trend (e.g., 

Knudson et al., 2018; Sutter et al., 2017) indicating that Ca sulfate phases dominate the S mineralogy in Gale 
crater, as detected by CheMin (e.g., Rampe et al., 2017, 2020; Thorpe et al., 2022). Sulfur in Ca sulfates was 
generally not detected during SAM EGA analyses because Ca sulfates thermally decompose at higher tempera-
tures than those achieved during SAM pyrolysis.

5.3. CO2

The abundances of CO2 evolved from GT samples varied from ∼0.1 wt. % (GE3) to ∼1.4 wt. % (GR) (Table 1). 
Most CO2 evolved between ∼200°C and ∼550°C, with small amounts evolved below ∼200°C and above ∼550°C 
(Figure 7). The CO2 evolved from these samples can have contributions from adsorbed CO2, carbonate, oxidized 
organic compounds and oxidation of reduced organics (in the SAM instrument background or indigenous to the 
sample) during heating.

Evolved CO2 traces from all GE samples and the GG1 sample were broader than those from the MA, GR, and 
KM samples which evolved CO2 as a sharper peak (Figure 7). CO2 evolved above ∼400°C in EGA data can be 
attributed to siderite decomposition (Sutter et al., 2017). It is also possible for siderite to start decomposing at 
temperatures as low as ∼300°C if it is finely crystalline (Archer et al., 2013, 2020). It may be that a significant 
amount (but not all, see below) of the 300°C–500°C CO2 evolved from GT samples was from siderite. Siderite 
was detected by CheMin in the KM, GE, MA, and GR samples. For most samples, except for the GG samples 
and the GE3 sample in which no siderite was detected by CheMin, the CO2 expected from the CheMin-detected 
amount of siderite was a significant fraction of the total SAM evolved CO2 (Figure 8).

Figure 6. SO2 signal versus temperature from SAM EGA of GT samples. 
Brackets denote expected SO2 evolution temperatures for relevant sulfur 
minerals.
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Thermal decomposition of oxidized organic compounds (e.g., oxalates 
Applin et  al.,  2015; Franz et  al.,  2020; Lewis et  al.,  2021), and oxidation 
of reduced organics (SAM background or indigenous to the sample) during 
heating, also possibly contributed CO2 at a range of temperatures including 
in the 200°C–550°C range. For most samples where CheMin detected sider-
ite, there was still excess SAM CO2 (even considering the error bars), so 
that siderite cannot account for all the CO2. Importantly, this is also consist-
ent with the details of the CO2 EGA traces, in which some CO2 evolves 
below 300°C which is too low for siderite decomposition. The overlaps of 
part or most of the CO2 evolution temperatures with CO evolution temper-
atures (Section  5.4) for some samples also supports the possible presence 
of some oxidized organics such as oxalate salts (e.g., Applin et  al.,  2015; 
Franz et al., 2020; Lewis et al., 2021) (these oxidized organics evolve CO2 
and CO at similar temperatures during pyrolysis but carbonates generally do 
not). Oxidized carbon phases such as oxalates are anticipated components of 
martian surface materials, expected from oxidation or irradiation of reduced 
organic compounds derived from meteoritic infall or endogenous to Mars 
(e.g., Benner et al., 2000). Finally, it is also possible that slightly more or 
less evolved CO2 than expected from CheMin-derived siderite abundances 
shown in Figure 8 can be attributed to error on CheMin abundances for trace 
minerals or, likely more importantly, the fact that CheMin does not analyze 
exactly the same sample as SAM. CheMin and SAM receive subsamples of 
a given drill sample and while the mineralogy is expected to be very similar 
between subsamples there may be some heterogeneity in the detailed miner-
alogy including the siderite abundances.

The only samples that evolved significant CO2 above 550°C were the GG 
samples. These broad releases may have contributions from very minor Mg 

Figure 7. CO2 signal versus temperature from SAM EGA of GT samples. 
Evolutions are consistent with siderite and oxidized carbon compounds such 
as oxalates.

Figure 8. Abundances of CO2 evolved from all GT samples during SAM EGA compared to the amount expected from 
thermal decomposition of CheMin-detected abundances of siderite (Thorpe et al., 2022) in those samples. For most samples, 
except for the GG samples and the GE3 sample where no siderite was detected by CheMin, the CO2 expected from the 
CheMin-detected amount of siderite is a significant fraction of the total SAM evolved CO2.
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or Ca carbonates, and/or oxidized organic compounds. CO2 released below ∼200°C was thought to result from 
adsorbed CO2 (e.g., Janchen et al., 2009) and/or the oxidation of organic compounds in the SAM instrument 
background (e.g., wet chemistry byproducts, see Section 4.2). The broad <∼200°C peak in GR is an example 
where contributions from the SAM background are especially likely, as the GR sample run followed the two wet 
chemistry runs on MA samples (which contributed wet chemistry reagents to the background) and plots of the 
m/z signal consistent with several wet chemistry by-products show peaks at similar temperatures. As mentioned 
above, it is also possible that oxidation of organics in the SAM background contributed some CO2 at tempera-
tures above 200°C. This is discussed in more detail in Section 5.4 as a possible contributor to some of the CO 
evolutions observed in the ∼200°C–550°C range in GT sample runs, but it could also be a factor in some of the 
observed CO2.

5.4. CO

The abundances of evolved CO ranged from ∼4  nmol/mg (∼115 ppm) to ∼36  nmol/mg (∼1,019 ppm) 
(Table 1). CO evolutions (Figure 9) largely overlapped with the temperatures of CO2 evolutions in the case 
of KM, GE, GG (Figure 7) but were offset to lower temperatures for MA and GR. The majority of CO was 
evolved from ∼200°C to 500°C, but some CO was evolved at temperatures higher than 550°C as well; MA 
exhibited small peaks between ∼650°C and 700°C and GE1, GE2, and GG2 exhibited small peaks above 
800°C (Figure 9).

The thermal decomposition, decarboxylation, and decarbonylation of oxidized carbon phases such as organic 
salts (e.g., oxalates) in the samples were possible contributors to evolved CO (and CO2) (e.g., Lewis et al., 2021). 
Many oxalates evolve CO and CO2 at the same temperatures, so samples where those evolutions largely over-

lapped were the most likely to have contained them. Also, the amount of 
evolved CO compared to the amount of evolved CO2 during pyrolysis can 
broadly inform as to the likelihood of geologically-relevant oxalate species 
contributing to evolved CO and CO2 (e.g., Lewis et al., 2021). In all samples 
except for GG, the amount of CO evolved was much lower than the amount 
of CO2 evolved. If the CO did predominantly derive from oxidized organic 
compounds such as oxalates, this could indicate more of these compounds 
being present in GG.

Another possible contributor to observed CO (and CO2) was partial oxidation 
of reduced organics by evolved oxygen or other compounds during heating 
in the SAM ovens. As discussed in Section 5.5 below, no evolved oxygen 
was detected from the GT samples but a small amount of O2 could have been 
evolved from the samples and subsequently scrubbed, before detection by the 
MS, by reaction with reduced organics in the oven to form CO (and possibly 
also lesser CO2).

Small CO peaks seen above 550°C (Figure 9) could derive from relatively 
refractory organic compounds (e.g., macromolecular carbon material) that 
undergo decarbonylation or decarboxylation at high temperature (e.g., 
Eigenbrode et al., 2018). These peaks in GE1, GE2, and GG2 also overlap 
with evolutions of high temperature SO2 (Figure 6) from those samples. This 
may indicate that the CO was related to the oxidation of reduced C that was 
trapped within or otherwise associated with a sulfate and released/oxidized 
when the sulfate decomposed (Francois et al., 2016). OCS and CS2 evolved 
coincident with the high temperature CO and SO2 in the GE1 run also support 
this idea of reduced C present and available to react with S species. These 
sorts of associations between organics and sulfates have been discussed as 
possibilities for past samples analyzed by SAM (e.g., Eigenbrode et al., 2018; 
Freissinet et al., 2019) and sulfur-bearing organics detected in SAM GCMS 
runs of GT samples, including GG and GE, may also indicate associations or 
interactions between sample reduced organic compounds and sulfates or SO2 
evolved during their decomposition (Millan et al., 2022).

Figure 9. Evolved CO signal versus temperature. Possible sources include 
thermal decomposition of oxidized organic compounds (e.g., oxalates) and 
oxidation of reduced organics—either in the SAM background or indigenous 
to the sample. Contributions from oxidation of the SAM background are less 
likely at higher temperatures.
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EGA signals attributed to SAM background materials can be observed from most samples at temperatures below 
550°C but are generally not prevalent at higher temperatures. This may suggest that CO evolved below ∼550°C 
requires careful consideration of contributions from oxidation of SAM background organics but that this source 
is more unlikely at higher temperatures.

5.5. O2

No O2 was evolved from any of the GT samples. O2 evolved during other SAM EGA runs, for example, of the RH 
sample of the Jura on VRR (McAdam et al., 2020), was ascribed to thermal decomposition of oxychlorine phases 
such as perchlorate and chlorate salts (e.g., Glavin et al., 2013; Hogancamp et al., 2018; Sutter et al., 2017). A lack 
of O2 evolution is inferred to suggest a lack of oxychlorine salts, and other minerals that produce O2 on heating, 
in the analyzed sample, though it is possible that detectable levels of oxygen were released but then consumed 
during SAM pyrolysis by reactions with organics (to produce CO/CO2 as discussed above) and/or minerals (e.g., 
reaction of O2 with magnetite to produce hematite) before detection.

The lack of evolved O2 can also offer a potential constraint on GR sample mineralogy. The GR drill area is known 
to be generally enriched in Mn (the MnO abundance detected in the GR drill sample by APXS was 1.07 ± 0.03 
wt. %, O’Connell-Cooper et al., 2022). One possible host would be trace or amorphous Mn oxides (Mn oxides 
were not detected by CheMin), and Mn can occur in several oxidation states in oxides. SAM-like lab analyses of 
a variety of Mn oxides demonstrated that thermal decomposition of Mn 3+ and Mn 4+ oxides evolve O2 while Mn 2+ 

oxides do not (Clark et al., 2021). This suggests that any Mn oxides present 
in GR occurred as Mn 2+ oxides.

5.6. NO

Similar to measurements of evolved O2, there was also very little or no NO 
evolved from all the GT samples. Very small releases of NO were observed 
during the GE1, GE2, and GG1 runs (Table  1), over a generally similar 
temperature range, with all three runs showing weak NO evolutions between 
∼200°C and ∼450°C, but GE1 also exhibited a weak 700°C peak not 
observed in GE2 and GG1 runs (Figure 10). NO evolved during other SAM 
EGA runs, for example, the RH VRR sample, was attributed to the likely 
thermal decomposition of trace nitrate or nitrite salts in the samples, though 
other sources of N could also contribute to NO production (Andrejkovičová 
et al., 2018). The ∼200°C to ∼450°C NO evolutions from GE1, GE2, and 
GG1, if from very small amounts of nitrate/nitrite salts, would be consist-
ent with Fe nitrate or Fe nitrite based on runs of these salts in the lab using 
SAM-like parameters (Navarro-González et al., 2019; Stern et al., 2015).

5.7. HCl

The amount of HCl evolved by the GT samples varied significantly, with KM 
and GR samples evolving the least total HCl (∼5–10 nmol/mg, or ∼180–360 
ppm) and MA1 evolving the most (∼57 nmol/mg, or ∼2,050 ppm) (Table 1). 
The overall shapes of the HCl EGA traces were similar for the GE, MA, and 
GG samples, with a rise at ∼300°C followed by a wide evolution though in 
detail the intensity of this evolution varied (Figure 11). The small amount of 
HCl evolved from the KM samples produced a low intensity trace with few 
distinct features, while the somewhat larger but still fairly small amount of 
total HCl evolved from GR generated an HCl trace with a distinct peak at 
very high temperatures near 780°C.

In all of the discussed samples, HCl observed could derive its Cl from trace 
chlorides in the samples. Chlorides can undergo reactions with water or other 
evolved gases during the SAM pyrolysis to give HCl as a product (Clark, 

Figure 10. NO EGA signal versus temperature. The lack of significant NO 
releases suggests no, or very little, nitrate or nitrite salts are present in GT 
samples.
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Sutter, McAdam, Rampe, et  al.,  2020; Sutter et  al.,  2017 and references therein). No Cl minerals, including 
chlorides, were detected during CheMin analyses of the GT samples (Bristow et al., 2021; Thorpe et al., 2022) 
suggesting that if chlorides are present their abundances are below CheMin detection limits. The very broad 
HCl evolutions spanning to high temperatures, most prominent in GE, MA, and GG samples (Figure 11), are 
consistent with the shape of HCl traces obtained during lab SAM-like EGA of chlorides in mixtures with some 
water-evolving phases (e.g., mixtures of NaCl and nontronite) (Clark, Sutter, McAdam, Rampe, et al., 2020).

NaCl can result in HCl release at high temperatures (Clark, Sutter, McAdam, Rampe, et al., 2020). This can likely 
be traced to its melting temperature, and other sample minerals (e.g., sulfates) and evolved gases can affect HCl 
evolution behavior (Clark, Sutter, McAdam, Archer, et al., 2020, Clark, Sutter, McAdam, Rampe, et al., 2020). 
The distinct peak at ∼780°C in the GR HCl trace, and the peak at similar temperatures in the MA2 HCl trace 
superimposed on the broader release, could result from molten or partially molten NaCl, given that its melting 
temperature is similar (Westphal et al., 1997), or possibly from an Mn-chloride which is also expected to produce 
HCl at similar temperatures. The GR sample site was known to be enriched in Mn which drives our suggestion 
of this possibility for GR, but Mn chloride or any chloride present is present in trace abundances not detectable 
by CheMin.

HCl could also be produced by trace amounts of other Cl-bearing minerals present below CheMin detec-
tion limits, such as akaganeite detected in past samples analyses (e.g., akaganeite in the RH sample, Rampe 
et al., 2020 and the Cumberland (CB) sample, Vaniman et al., 2014), but if so, distinct HCl peaks in the expected 
temperature range (∼400–700°C, Peretyazhko et al., 2019) must be obscured by other HCl release. Oxychlorine 
phases, inferred present in several past samples analyzed by SAM (e.g., RH, McAdam et al., 2020 and CB, Ming 
et al., 2014) are unlikely to be present and contributing HCl since no evolved O2 was observed during analyses 
of the GT samples (Section 5.5).

For all of the GT samples, APXS detected more wt. % Cl than was observed 
in SAM evolved HCl (Table 1). Trace chlorides are the likely source for this 
Cl since the HCl released from chlorides during heating can be incomplete 
leaving unreacted Cl (because the amount of HCl released is strongly affected 
by reactions during heating). If the excess Cl detected by APXS but not SAM 
is equated with abundances of the lightest likely chloride (NaCl) or the heav-
iest potential chloride discussed (MnCl2), some samples (MA, GG) have Cl 
equivalent to slightly more than 1 wt.  %  chlorides which would likely be 
above CheMin detection limits (although chlorides were not observed by 
CheMin). This indicates that the Cl is in multiple Cl-bearing phases or that 
chlorides or other Cl-bearing phases are X-ray amorphous, or both.

6. Discussion
Several inputs and constraints on the geochemistry and mineralogy of the 
Jm, KHm and Gm in GT have been enabled by SAM analyses. SAM EGA 
data: (1) support the Fe-rich and dioctahedral nature of smectite clay miner-
als identified by CheMin in all GT samples, (2) bolster the inference of trace 
mixed layer S-T or G-M in several GT samples, (3) support the presence 
of trace siderite in several GT samples (KM, GE, MA, GR), (4) enable the 
inference of trace or amorphous Fe sulfates in all GT samples (and possi-
ble  Fe sulfides in KM) and trace/amorphous Mg sulfates in some GT samples 
(mainly KM and GE samples), (5) indicate the likely absence of oxychlorine 
salts and Mn 3+ and Mn 4+ oxides, (6) indicate very little or no nitrate/nitrite 
salts, (7) reveal the presence of oxidized organics, and (8) imply the presence 
of trace chloride salts in GT samples. This information can be used, together 
with chemical, mineralogical, stratigraphic and textural data obtained by 
MSL, to inform the conditions of sediment deposition and alteration that have 
influenced GT rocks.Figure 11. HCl EGA signal versus temperature. The HCl likely derives from 

reactions with trace chlorides present in all samples.
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6.1. Redox Potential of Alteration Fluids

The detection of siderite (Fe 2+ carbonate), Fe 2+-phyllosilicates, and sulfides indicated that reducing alteration 
conditions had occurred in GT sediments. Siderite inferred from SAM EGA data and observed with CheMin in 
Jm and KHm rocks indicated a fluid environment with low redox potential. SAM EGA data also suggest some 
carbonate may be present in the VRR Jura at RH (McAdam et al., 2020), but if so it is very trace (below CheMin 
detection limits) (Rampe et al., 2020). If the 9.2 Å phase detected by CheMin and supported by SAM data from 
Jm and several KHm rocks was an Fe 2+-bearing mixed layer clay mineral (e.g., G-M or S-T), these minerals 
further suggest interaction with reduced alteration fluids during deposition or post-depositional alteration if they 
are authigenic or in sediment source regions if they are detrital. Reduced sulfur, probably in trace authigenic 
sulfides, inferred from SAM data to be to present in the KM sample of the GT Jura (Wong et al., 2022) and 
the Jura exposed on VRR (Wong et al., 2020), also points to reducing conditions. An authigenic origin may be 
more likely than input of detrital igneous sulfides during deposition of the original basaltic detritus in the GT 
sediment’s fluvial/lacustrine environment because SAM evidence of sulfides has been relatively uncommon but 
was present in the VRR and parts of GT closest to VRR. In addition, in the case of the GT Jura, the δ 34S of SO2 
EGA peaks in the data from KM was more consistent with S from trace authigenic sulfides than S from igneous 
sulfides (Wong et al., 2022). The lack of O2 evolution in SAM EGA analyses indicated that if Mn oxides are hosts 
for some of the Mn observed in GT, such as at the Mn-rich site Groken in the KHm, the Mn in oxides remained 
as Mn 2+ because most Mn 3+ and Mn 4+ oxides should have released O2 in SAM EGA analyses (Clark et al., 2021) 
and this was not observed. Finally, SAM GCMS and wet chemistry experiments on several GT samples revealed 
reduced carbon indigenous to the samples, in particular sulfur-bearing organics evolved at high pyrolysis temper-
atures (Millan et al., 2022).

Conversely, there were also minerals detected or inferred in GT materials that point to episodes of oxidizing alter-
ation conditions. In some samples of the Murray formation analyzed by SAM earlier in the mission there were 
indications of both dioctahedral and Mg-bearing trioctahedral smectites (e.g., the Marimba sample (e.g., Achilles 
et al., 2020)). The dominance of Fe 3+-rich dioctahedral smectites in all GT samples, with little indication of trioc-
tahedral smectites, indicates comparatively more oxidizing alteration conditions, either during syndepositional 
or post-deposition alteration of the GT sediments in place (if the smectites are authigenic) or during alteration in 
the sediment source or sediment transport processes (if smectites are detrital) (Bristow et al., 2018). Sulfate salts 
detected by SAM in all GT samples also point to oxidizing environments. Finally, oxidized organic compounds 
evidenced by SAM evolved CO2 and CO EGA data from all samples indicate oxidizing conditions.

6.2. Alteration Fluid Chemistry

Neutral or alkaline fluid interactions are indicated by the presence of substantial abundances of smectite clay 
minerals in all GT samples, as well as siderite in many of the samples. Siderite also implies sufficient carbonic 
acid, as well as low sulfur contents, in the fluids from which it formed (Garrels & Christ, 1965). At least some 
localized acidic fluid interactions (possibly associated with the oxidation of sulfides) were indicated by SAM SO2 
EGA peaks pointing to the presence of trace/amorphous Fe sulfates in all GT samples and most VRR samples 
(McAdam et al., 2020). Amorphous/trace Mg sulfates were indicated by SAM EGA data from all VRR samples 
(McAdam et al., 2020) and in the KM and some GE samples but are either comparatively less abundant, or are not 
observed, in stratigraphically higher GT samples (KHm and Gm samples). This difference in Mg sulfate content 
with stratigraphy may result from heterogeneity in fluid chemistry over time. This may also imply that Mg sulfate 
was originally precipitated throughout GT but it was later partially leached from some KHm and Gm rocks (as 
represented by MA, GR, GG) where less Mg sulfate was detected.

6.3. Water-To-Rock Ratios (W/R)

The observation that GT phyllosilicates are dominated by dioctahedral smectites (with only minor G-M or S-T in 
some samples) points to relatively high W/R, more open system conditions compared to rocks analyzed earlier 
in the mission that contained trioctahedral or trioctahedral and dioctahedral smectites. This inference applies 
to in place syndepositional or diagenetic alteration of the GT sediments (for authigenic smectites) or alteration 
in source regions or during transport (for detrital smectites). The lack of highly soluble oxychlorine salts, and 
very trace or absent nitrate/nitrite salts, is also consistent with open system/leached conditions, provided they 
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were present at one time in the history of GT rocks. Chemical Index of Alteration (CIA) values from ChemCam 
instrument analyses of bedrock in GT also suggest a rock record of open system alteration (Dehouck et al., 2022).

On the other hand, there are also indications of some low W/R conditions in the history of GT sediments. SAM 
HCl data suggests soluble chloride salts remain in all GT samples. In addition, siderite is generally unstable under 
high W/R conditions.

6.4. Plausible Series of Events

The constraints enabled by our current data do not facilitate determination of a unique set of processes recorded in 
GT, but we summarize in Figure 12 and discuss below a plausible series of episodes that accounts for the obser-
vations of GT and considers the context of GT rocks within the larger Murray including the nearby diagenetically 
altered VRR which contains Jura formation rocks that are also exposed in GT.

1.  First, basaltic primary minerals, pyroxenes and feldspars, detected in the Jm, KHm and Gm in GT (Thorpe 
et al., 2022), as well as in the Jura member exposed on nearby VRR (Rampe et al., 2020), were detrital inputs 
to the depositional environment of GT and VRR sediments. The minor well-crystalline 9.2 Å phase detected 
by CheMin in some GT samples may have also been a detrital input (Bristow et al., 2021). Significant abun-
dances of Fe 3+- rich dioctahedral smectites, trace oxidized carbon compounds (e.g., oxalates), chlorides, trace/
amorphous Fe sulfates, and notably variable amounts of trace/amorphous Mg sulfates detected in all VRR and 
GT samples were formed syn-depositionally or through alteration processes after lithification.

2.  Next, siderite detected in Jm and KHm was deposited from a fluid environment with low W/R, relatively 
low sulfur, low redox potential, and near neutral pH but with sufficient carbonic acid likely resulting from 
interaction with Mars’ CO2 atmosphere. This could have occurred in a stage of the lake environment, perhaps 
during an evaporative event, a partial freezing event, or during later diagenesis. It is possible this siderite may 
have been originally more abundant than now observed in GT rocks, since it tends to be replaced by ferric iron 
oxyhydroxides and oxides, and/or Fe 3+-bearing clay minerals if interacted with higher pH and more oxidizing 

Figure 12. A plausible sequence of events that have influenced the alteration history of Glen Torridon (GT) and its context 
within adjacent materials such as the Vera Rubin ridge (VRR).
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fluids (Gasda et al., 2022). This process could have also contributed to the heterogeneity in siderite abun-
dances now observed in Jm and KHm rocks. If the 9.2 Å phase is an authigenic clay mineral such as mixed 
layer G-M hypothesized by Thorpe et al. (2022) the siderite may have been deposited from the same fluids as 
formed the G-M, since these minerals are known to occur together in terrestrial settings.

3.  Then, reduced sulfur, probably in trace sulfides, in the GT Jura (Wong et al., 2022), and the Jura exposed on 
VRR (Wong et al., 2020), may have been formed during a fluid event associated with the alteration of the 
VRR Jura that also affected the adjacent GT Jura. The sulfides could be formed, for example, by dispropor-
tionation of sulfite in sulfite-bearing fluids, as hypothesized by Wong et al. (2020) for the VRR sulfides. This 
event may have also resulted in the relatively low abundances of HCl-evolving phases indicated by SAM EGA 
analyses of the GT Jura and VRR Jura samples (McAdam et al., 2020) compared to other GT samples.

4.  An alteration event or events affected the Jura member exposed on VRR but not the Jura member exposed 
in GT. The stratigraphic equivalence of these units that also displayed significant differences in observed 
mineralogy and chemistry enabled a unique opportunity for insights into the complex history recorded in 
these and adjacent Murray units. This event(s) leads to a reduction in the original phyllosilicate content, and 
results in the precipitation of significant additional hematite and amorphous silica and aluminosilicate mate-
rials. SAM H2O EGA data was consistent in that it indicates less H2O from phyllosilicate dehydroxylation 
in VRR Jura samples versus GT Jura samples. There were also indications of differences in the structure 
of phyllosilicates in the VRR Jura compared to GT Jura (Rampe et  al.,  2020). One idea (e.g., McAdam 
et al., 2020; Rampe et al., 2020) was that the phyllosilicate in VRR Jura was a ferripyrophyllite resulting from 
interaction with warm, saline and slightly acidic fluids. Thorpe et al. (2022) hypothesized that the VRR Jura 
phyllosilicates were minnesotaite or nontronite close in composition to minnesotaite. SAM H2O EGA data 
from the VRR Jura samples Rockhall (RH) and Highfield (HF) are consistent with both ferripyrophyllite and 
nontronite which are both Fe-rich dioctahedral 2:1 phyllosilicates with similar dehydroxylation temperature 
<550°C–600°C (McAdam et al., 2020).

5.  Very late-stage fluids delivered trace oxychlorine and nitrate/nitrite salts to the VRR Jura site RH and the 
Stimson rocks of the Greenheugh pediment, as evidenced by O2 and NO evolved from RH and Greenheugh 
pediment samples. These interactions were patchy and did not affect GT samples. The other possibility is 
that interaction with oxychlorine and nitrate/nitrite bearing fluids was more pervasive but that very soluble 
oxychlorine and nitrate/nitrite salts precipitated in GT samples were then leached out by a later fluid. If this 
was the case, however, these fluids either left soluble chloride salts which are inferred from SAM data to still 
be present in all GT samples or chloride salts were precipitated during a later fluid event.

7. Summary and Implications
SAM EGA analyses have enabled several constraints and inputs on the mineralogy and chemistry of GT rocks 
drilled by Curiosity. The temperatures of H2O evolutions in SAM EGA data supported the idea that the major 
phyllosilicate present in all of the GT samples was an Fe-rich dioctahedral smectite, and were also consist-
ent with the presence of lesser amounts of a phyllosilicate such as mixed layer talc-serpentine or mixed layer 
greenalite-minnesotaite. The dominance of Fe 3+-rich dioctahedral smectites in the GT rocks, compared to some 
earlier Murray formation rocks which contained indications of both dioctahedral and Mg-bearing trioctahedral 
smectites (e.g., Achilles et al., 2020), indicated a continuing trend toward progressively more open system and 
oxidizing alteration environments up section in the Murray (Bristow et  al.,  2018). This alteration could have 
occurred at or near the time of sediment deposition or during post-depositional alteration, producing the dioc-
tahedral smectites authigenically, but it is also possible they are detrital and reflect alteration conditions in their 
source region or during transport. SAM CO2 EGA data supported the detection of trace siderite in several GT 
drill samples (KM, GE, MA, GR) by CheMin (Bristow et al., 2021; Thorpe et al., 2022). Trace and/or amor-
phous Fe sulfur phases were inferred to be present in all samples, with these likely being sulfate in all GT 
samples except KM which may contain some Fe sulfides (Wong et al., 2022). In contrast, significant indications 
of trace/amorphous Mg sulfates were only observed in two GT samples (KM and GE samples). The lack of O2 
evolution in SAM EGA analyses indicated the probable absence of minerals such as Mn 3+ and Mn 4+ oxides 
and oxychlorine salts. The lack of, or very minor amount of, NO evolved pointed to absent or very trace nitrate/
nitrite salts. The nature of SAM HCl EGA curves overall suggested the presence of trace chloride salts in GT 
samples. Trace abundances of oxidized carbon compounds such as oxalate salts may be indicated by CO and 
some CO2 evolution during EGA of several GT samples. SAM pyrolysis GCMS and wet chemistry experiments 

 21699100, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007179 by C
ochrane France, W

iley O
nline L

ibrary on [21/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

MCADAM ET AL.

10.1029/2022JE007179

21 of 24

also detected reduced organic compounds in several GT samples, and the reader is referred to Millan et al. (2022) 
for a detailed discussion of those results.

The constraints above can be used to inform the redox potential, chemistries, and fluid-to-rock ratio conditions 
of a complex and variable set of past GT fluid events. The presence of siderite, Fe 2+-bearing mixed layer clay 
minerals, sulfides, Mn 2+ oxides, and potential reduced carbon (Millan et al., 2022) in the samples indicated a 
reducing fluid episode or episodes. The presence of smectites dominated by dioctahedral Fe 3+-bearing smectites 
and oxidized organic compounds pointed to oxidizing fluid event(s). Substantial abundances of smectite clay 
minerals in all GT samples, and siderite, imply neutral/alkaline fluid conditions, while at least some small-scale 
acidic fluid interactions are suggested by trace/amorphous Fe sulfate. Siderite also indicated sufficient carbonic 
acid and low amounts of sulfur in the fluids from which it precipitated. Differences in the amounts of amorphous/
trace Mg sulfates throughout GT indicate heterogeneity in alteration fluid sulfate chemistry. Alteration episodes 
under relatively open system, high W/R conditions are inferred from abundant smectites in GT samples, as well 
as a lack or near lack of highly soluble oxychlorine and nitrate/nitrite salts. However, the presence of soluble 
chloride salts in all GT samples, and siderite in several samples, suggested some low W/R fluid events.

We presented a possible series of events which may have influenced the rocks of GT and the adjacent VRR. First, 
basaltic detritus (and possibly also trace G-M or S-T) was deposited. Then, Fe 3+-rich dioctahedral smectites, 
trace oxidized carbon compounds (e.g., oxalates), chlorides, trace/amorphous Fe sulfates, and variable amounts 
of trace/amorphous Mg sulfates were formed close to the time of sediment deposition or in post-depositional 
environments. Next, siderite was deposited in fluid environments with low W/R, relatively low S, reducing condi-
tions, and near neutral pH but with sufficient carbonic acid. Trace G-M may have formed during the same fluid 
event that precipitated the siderite if it was authigenic. Then, reduced S, probably in trace sulfides, in GT Jura 
(Wong et al., 2022) and VRR Jura (Wong et al., 2020) formed during fluid interactions that affected both VRR 
Jura and the proximal GT Jura. Next, an alteration event or events affected the VRR Jura member but not the GT 
Jura. The event resulted in a reduction of the VRR Jura’s phyllosilicate content, the precipitation of significant 
additional hematite and amorphous silica/aluminosilicate materials and changes to the structure of phyllosilicates 
compared to the GT Jura materials. Finally, a very late fluid event supplied trace oxychlorine and nitrate/nitrite 
salts to part of the VRR Jura, as represented by the RH site (McAdam et al., 2020), and the Stimson rocks of 
the Greenheugh pediment which overlies GT (Sutter et al., 2020) but these salts were not delivered to GT rocks.

Overall, SAM EGA data, in the context of additional mineralogy, chemistry, and textural data obtained by Curi-
osity, indicated that the integrated environmental history of GT and the adjacent VRR involved alteration with 
fluids of variable redox potential, chemistry and pH under a variety of fluid-to-rock ratios. This included alter-
ation conditions enabling siderite precipitation, an environmental record not yet observed in rocks analyzed by 
Curiosity, alteration processes that produced the largest abundances of smectite clay minerals observed to date, 
and fluid interactions which did not favor formation/preservation of Mg sulfates in several sampled GT areas. 
Several of the indicated fluid episodes could have provided habitable environmental conditions. Carbon (detected 
by SAM in CO2, CO and reduced organic compounds) would have been available to any past microbes in Gale 
crater, but a lack of significant N in the near surface could have introduced a limiting factor. Curiosity is currently 
exploring the sulfate unit which overlies GT, and ongoing rover investigations will further elucidate the complex 
environmental history recorded in Gale crater’s sedimentary rocks.

Data Availability Statement
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