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Abstract Results from the Sample Analysis at Mars-evolved gas analyzer on board the Mars Science 
Laboratory Curiosity rover constrained the alteration history and habitability potential of rocks sampled 
across the Siccar Point unconformity in Gale crater. The Glasgow member (Gm) mudstone just below the 
unconformity had evidence of acid sulfate or Si-poor brine alteration of Fe-smectite to Fe amorphous phases, 
leaching loss of Fe-Mg-sulfate and exchange of unfractionated sulfur  34S (δ 34S = 2‰ ± 7‰) with enriched  34S 
(20‰ ± 5‰, Vienna Cañon Diablo Troilite). Carbon abundances did not significantly change (322–661 μgC/g) 
consistent with carbon stabilization by amorphous Al- and Fe-hydroxide phases. The Gm mudstone had no 
detectable oxychlorine and extremely low nitrate. Nitrate (0.06 wt.% NO3), oxychlorine (0.13 wt.% ClO4), high 
C (1,472 μg C/g), and low Fe/Mg-sulfate concentration (0.24 wt.% SO3) depleted in  34S (δ 34S = −27‰ ± 7), 
were detected in the Stimson formation (Sf) eolian sandstone above the unconformity. Redox disequilibrium 
through the detections of iron sulfide and sulfate supported limited aqueous processes in the Sf sandstone. 
Si-poor brines or acidic fluids altered the Gm mudstone just below the unconformity but did not alter 
underlying Gm mudstones further from the contact. Chemical differences between the Sf and Gm rocks 
suggested that fluid interaction was minimal between the Sf and Gm rocks. These results suggested that the 
Gm rocks were altered by subsurface fluids after the Sf placement. Aqueous processes along the unconformity 
could have provided habitable conditions and in some cases, C and N levels could have supported heterotrophic 
microbial populations.

Plain Language Summary The Curiosity Rover investigated the chemistry and mineralogy of 
rocks in the Glen Torridon region of Gale crater, Mars. Rocks sampled across an unconformity (representative 
of a time gap between when two sedimentary rocks were deposited) gave insight into how they were altered 
over time. The Glasgow mudstones, below the unconformity, were formed in a lake environment while the 
younger Stimson sandstones above the unconformity were formed from ancient sand dunes. Using the Sample 
Analysis at Mars Evolved Gas Analysis (SAM-EGA) experiment, solid powdered samples from these rocks 
were heated and released gases (e.g., water, carbon dioxide, and sulfur dioxide) were tracked. These gases 
revealed a complex history of alteration through the rocks. The Glasgow mudstones were characterized by 
acidic or Si-poor brine alteration, variable sulfur, low amounts of carbon, and no nitrate or oxychlorine. 
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•  Stimson formation sandstone above 
the unconformity was exposed to 
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•  Aqueous alteration processes along 
the unconformity could have provided 
habitable conditions and in some 
cases, sufficient microbial C and N
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1. Introduction
A driving factor for sending the Mars Science Laboratory, Curiosity rover to Gale crater was the orbital detection 
of clay minerals in the Glen Torridon (GT) trough suggesting a past aqueous environment that was potentially 
habitable and thus may contain organic evidence of past microbiology (e.g., Anderson & Bell, 2010; Bennett 
et al., 2022; Milliken et al., 2010) (Figure 1). Many of the rocks studied by Curiosity were deposited in lacus-
trine and fluvial environments that may have been habitable, and an abundance of diagenetic features suggests a 
long post-depositional history of groundwater in Gale crater (e.g., Achilles et al., 2020; Frydenvang et al., 2017; 
Grotzinger et al., 2014, 2015; Nachon et al., 2017; Rampe et al., 2020; Yen et al., 2021). The goal of the Sample 
Analysis at Mars (SAM) instrument suite onboard Curiosity is to evaluate the habitability potential of the Martian 
surface by assessing the carbon inventory and the chemical and isotopic states of volatile-bearing phases in Gale 
crater rock, sediment, and soil (Mahaffy et al., 2012). Evaluation of SAM data have indicated a habitable envi-
ronment with variable redox chemistry may have existed in the GT trough region (House et al., 2022; McAdam 
et al., 2022; Millan et al., 2022; Williams et al., 2021; Wong et al., 2022). The focus of this work was to evaluate 
and compare samples collected just above and below the Siccar Point group (SPg) unconformity contact between 
the GT trough and Greenheugh pediment (Gp) capping unit.

Orbital imaging of the GT trough revealed that Glasgow member (Gm) mudstone immediately below Gp capping 
unit contact was brighter than stratigraphically lower Gm material, suggesting enhanced aqueous alteration below 
and close to the contact (Figure 1b). Enhanced aqueous processing along this contact could have implications 
for preservation of biogenic organic C and was one of the reasons for diverting the MSL rover from the initially 
planned Mount Sharp Ascent Route to investigate these materials.

Several hypotheses regarding the origin of the bright toned Gm mudstone below the Gp capping unit are possi-
ble and include: (a) diagenetic alteration caused by fluids either from upwelling groundwaters or fluids from 
some other source moving along the contact similar to proposed contact alteration in the Emerson and Naukluft 
plateau regions and Vera Rubin ridge (VRR; Achilles et al., 2020; Dehouck et al., 2022; Fraeman et al., 2020; 
Frydenvang et al., 2017; Horgan et al., 2020; Rampe et al., 2017, 2020; Thompson et al., 2022; Yen et al., 2021), 
(b) downward fluid percolation through the pediment capping unit and into the Gm mudstone just below the 
contact (Rudolph et al., 2022), (c) subaerial alteration of the mudstone before pediment capping unit deposition 
(Rudolph et al., 2022), or (d) deposition of the mudstone layer with mineralogy and chemistry that differed from 
mudstones lower in the same stratigraphic member.

The goal of this work was to utilize the SAM-evolved gas analyzer (EGA) data to constrain the origin of the 
bright-toned Gm mudstone below the Gp capping unit. SAM data are critical to constraining geologic history and 
habitability because SAM can detect volatile phases in abundances below the Chemistry Mineralogy (CheMin) 
X-ray diffractometer detection limit of ∼1 wt.%. The SAM instrument is also the only instrument that can detect 
organic C and, thus, the building blocks of life, and can characterize the composition of the pervasive X-ray 
amorphous materials in Gale crater. The objectives of this work were to (a) utilize the SAM-EGA results to eval-
uate the geochemistry and mineralogy of samples just above and below the SPg unconformity, (b) incorporate 
SAM-EGA data with other results from Curiosity to determine the most likely scenario for the formation of the 
bright toned Gm mudstone below the Gp capping unit, and (c) discuss the implications for microbial habitability 
in Gale crater relative to the mineralogy/geochemistry detected by the SAM-EGA.

2. Geological Context
2.1. Siccar Point Group Unconformity

The SPg unconformity examined in the GT region occurs between the Gm finely laminated lacustrine mudstone 
of the Carolyn Shoemaker formation (CSf) and the overlying Gp capping unit of the Stimson formation (Sf) 

SAM-EGA results from the Stimson sandstone showed rocks that were less altered, had higher levels of carbon, 
different sulfur compounds and sources, and some nitrate/oxychlorine. Together, these results suggested that 
the Glasgow rocks were altered by subsurface fluids after Stimson sandstone placement. Aqueous processes 
along the unconformity could have provided habitable conditions and in some cases, C and N levels could have 
supported heterotrophic microbial populations.

Writing – original draft: B. Sutter
Writing – review & editing: B. Sutter, 
A. C. McAdam
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eolian sandstone (Figures 2 and 3, Table S1 in Supporting Information S2). The CSf comprises primarily of 
fluvial and lake margin deposits of the Knockfarril Hill member, lacustrine deposits of the Gm, fluvial deposits 
of the Mercou member (Mm), and sedimentary rocks with a strong diagenetic overprint such that depositional 
environment is indeterminate of the Pontours member (Figure 2) (Fedo et al., 2022). After the erosion of the Gm 
and stratigraphically higher sediments, eolian sand was deposited over the Gm mudstones and was later buried 
and cemented resulting in formation of the Sf sandstone (Figure 2) (Banham et al., 2022; Bedford et al., 2022). 
The Sf sandstone subsequently underwent erosion resulting in the formation of the Gp capping unit. Scarp retreat 
of the Gp capping unit led to the exposure and then erosion of the broader GT trough including the Gm mudstone 
(Fedo et al., 2022).

2.2. Carolyn Shoemaker Formation, Glasgow Member Mudstone, and Mercou Member Sandstone

The Gm drilled samples examined by SAM and the CheMin instruments in stratigraphic order (bottom to top) were 
the Glasgow (GG), Hutton (HU), and Nontron (NT) samples (Figure 2, Figure S1 in Supporting Information S1). 

Figure 1. (a) The Glen Torridon (GT) trough between the Greenheugh pediment (Gp) capping unit (south of blue dashed 
line) and Vera Rubin ridge (VRR) (north of red dotted line). Squares (b and c) refer to panels (b and c), respectively. Yellow 
lines represent the rover route. The dashed arrow indicates approximate location where the rover encountered the Glasgow 
member (Gm) material at similar elevation as the Hutton (HU) sample. The stratigraphically lower GT sample locations 
discussed by McAdam et al. (2022) are indicated: Kilmarie, (KM), Glen Etive (GE), Mary Anning (MA), and Groken (GR). 
(b) The Glasgow (GG), HU, and Edinburgh (EB) drill sites examined in this work. 1 m contour lines are black and 10 m 
contour lines are red. Elevation order is GG < HU < EB. Blue dashed line marks the Siccar Point unconformity position 
between the Gp and the underlying Gm mudstone. White arrows indicate bright-toned areas suspected of enhanced aqueous 
alteration. (c) The Nontron (NT) drill site that occurs under the conformably overlying Mercou member (Mm) sandstone. See 
Table S1 in Supporting Information S2 for additional sample information and acronym identification. Image Credit: HiRise, 
NASA/JPL/University of Arizona.
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The HU sample occurred in the proposed alteration zone ∼1.7 m stratigraph-
ically below the Gp capping unit (Figure  3 and Figure S1c in Supporting 
Information S1) while the less altered GG and NT samples were 100 m north 
and ∼1.9 km east of HU, respectively (Figures 1 and 3). The GG material 
was ∼14 m stratigraphically below the capping unit. The NT sample resided 
22.5 m stratigraphically above HU and just below the conformable contact 
between the Gm and Mm sandstone (Figures  1 and  2 and Figure S1b in 
Supporting Information S1). The Mm sandstone had evidence of a fluvial 
origin and was therefore assigned to the CSf and not to the Sf eolian sand-
stone that comprises the Gp capping unit (Figure 2).

The Gm mudstone consists of geochemically diverse fractured bedrock 
(Figure 3, Figures S1 and S2 in Supporting Information S1). The HU sample 
locality just below the Gp capping unit had distinct geochemical differences 
relative to the Gm materials (e.g., GG and NT) that occur stratigraphically 
lower and further from the Gp capping unit. The rover's Alpha Particle X-ray 
Spectrometer (APXS; Table S2 in Supporting Information S2) and Chemistry 
and Camera (ChemCam) laser-induced breakdown spectrometer instruments 
also analyzed the drilled material examined by SAM as well as other bedrock 
targets close to and related to the drilled samples. Relative to the GG/NT-type 
samples, gains in Mg, Na, Fe, Ca, and Mn, and lower S and Ni concentra-
tions were detected by the APXS instrument in the HU sampling area and in 
Gm material just below the nearby (∼150 m) capping unit on Western Butte 
(Figure 1b) (O’Connell-Cooper et  al.,  2022; Thompson et  al.,  2022). This 
indicated the HU-type chemistry was laterally extensive (O’Connell-Cooper 
et al., 2022; Thompson et al., 2022). ChemCam bedrock analyses detected 
higher Ca and Na and lower Si abundances in HU-type samples relative to 
the GG/NT-type samples (Dehouck et  al.,  2022). Sodium and potassium 
were found to be correlated in the GG/NT-type samples but not the HU-type 
samples. Furthermore, chemical index of alteration (CIA) values calculated 
from ChemCam measurements were ∼44 for the HU-type samples compared 
to ∼55 in GG/NT-type samples. The CIA reduction in the HU-type mate-
rials was attributed to cation additions (e.g., Ca 2+, Na +, and Mg 2+) from 
post-depositional fluids (Dehouck et  al.,  2022) rather than a lower degree 
of alteration because secondary mineralogy in HU was distinct from less 
altered materials in Gale crater (e.g., soil) with similar CIA values as HU. 
Thus “lower” Si abundances were attributed to dilution through cation addi-
tion as opposed to loss through alteration (Dehouck et al., 2022; Thompson 
et al., 2022). ChemCam detected elevated F levels in the HU-type bedrock 
that were correlated with Ca and sometimes P (Forni et  al.,  2020,  2021) 
consistent with fluorapatite (Thorpe et al., 2022).

Post-depositional alteration of the HU-type materials rather than sediment 
source differences were likely responsible for the geochemical differences 

between HU-type and GG/NT-type materials (Dehouck et al., 2022; Thompson et al., 2022). HU-type chemistry 
was detected only at locations close to the unconformity in the HU sampling area and the highest Gm point the 
rover accessed just below the Gp capping unit on Western Butte (Figure 1b). Similar chemistry to HU was not 
reported by APXS and ChemCam at stratigraphically equivalent elevations (∼−4,095.7 m) further along the 
traverse (Figure 1a, dashed arrow) (Dehouck et al., 2022; O’Connell-Cooper et al., 2022; Thompson et al., 2022). 
The APXS and ChemCam derived geochemistry of these stratigraphically equivalent HU sediment layers are 
similar to GG/NT-type samples, which suggested these materials existed at deeper depths and were out of reach 
of alteration processes that occurred along the contact.

The Gm mudstones were characterized by nodules and calcium sulfate veins (Figure  4). The nodules could 
be related to post-depositional diagenetic processes or formed soon after deposition but before lithification 
as the nodules did not appear to disrupt the bedrock fabric (Gasda et  al.,  2022; Rudolph et  al.,  2022). The 

Figure 2. Stratigraphic column providing context for samples examined 
in this study that occur in the Glasgow member (Gm) of the Carolyn 
Shoemaker formation (CSf) and one sample in the Stimson formation (Sf). 
Samples examined in this study are the Glasgow (GG), Hutton (HU), and 
Nontron (NT), and the Edinburgh (EB) samples. See Table S1 in Supporting 
Information S2 for additional sample information and acronym identification. 
The stratigraphic column was adapted from Fedo et al. (2022).
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nodule chemistry was Fe, Mg, or Mn rich and in many cases did not differ from the nodule-free bedrock (Gasda 
et al., 2022; Thompson et al., 2022). Cross-cutting Ca-sulfate veins were present throughout all Gm mudstones 
indicating a post-depositional process that added Ca-sulfate after sediment lithification (Figure 4 and Figure S1a 
in Supporting Information S1).

The HU-type material (including samples below Gp capping unit on Western Butte) was crosscut by dark-toned 
Fe and Mn enriched veins and associated light-toned, resistant features rich in Mg, K, and F (Gasda et al., 2022; 
Thompson et al., 2022) (Figure S2 in Supporting Information S1). These veins and linear features were only 
detected in HU-type material. The cross-cutting nature of the veins suggested that fluids responsible for vein 
forming occurred after lithification.

The mineralogy of HU was distinctly different from the GG and NT samples. The HU mineralogy had rela-
tively higher cristobalite, magnetite, apatite, and pyroxene and lacked anhydrite and had lower hematite and clay 
content than the GG and NT samples (Table S3 in Supporting Information S2) (Thorpe et al., 2022). Mastcam 
visible near infrared (VNIR) analyses, furthermore, revealed spectral differences between the GG and HU materi-
als (Rudolph et al., 2022). The GG material had red slope up to <640 with weak absorption at 867 nm consistent 
with fine-grained red hematite while the mostly flat VNIR HU spectra were consistent with coarse grained hema-
tite. This coarse-grained hematite in HU was proposed to have formed as result of late-diagenetic process that 
transformed the earlier formed fine-grained hematite to coarse-grained hematite (Horgan et al., 2020; Rudolph 
et al., 2022). However, the high magnetite (6.2 wt.%) in HU, which was not detected in GG, suggested that the 
HU magnetite instead of hematite (which is low 2.4 wt.%) (Table S3 in Supporting Information S2) could be the 
source of the mostly flat VNIR HU spectra (Rudolph et al., 2022).

Figure 3. (a) Context image for samples along the Siccar Point unconformity (blue dashed line). Glasgow member (Gm) 
mudstone samples: Glasgow (GG), and Hutton (HU). Greenheugh pediment (Gp) sample: Edinburgh (EB). Elevation 
difference between GG and EB is ∼20 m. Note sand filled fracturing examples in Gm sediments indicated by dotted black 
arrows (Mastcam MR_mcam13827, 13796). (b) Closer view (yellow rectangle panel (a)) of the Siccar Point unconformity 
contact (blue dashed line) between the Gp and the underlying Gm mudstones. Both images look south toward Gediz Vallis 
Ridge. (Mastcam MR_mcam13796, 13827). Image credit NASA/JPL-Caltech/Malin Space Science Systems.
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2.3. Siccar Point Group, Stimson Formation, and Greenheugh Pediment

The Edinburgh (EB) sample examined by SAM was drilled within the Gp capping unit (Figures 1a and 1b), which 
was a continuation of Sf sandstone that occurred at lower elevations (e.g., Emerson and Naukluft plateaus, and 
Murray buttes) (Banham et al., 2018, 2021, 2022; Bedford et al., 2020, 2022). The Gp capping unit consisted of 
three stratigraphic intervals; the Gleann Beag interval (1–3.6 m thick), Ladder interval (∼1.3 m), and EB interval 
(∼1.5 m). The intervals reflect differences in depositional wind directions which were, north-northeast, south, 
and west for the Gleann Beag, Ladder, and EB intervals, respectively (Banham et al., 2022). The Gleann Beag 
depositional direction and geochemistry was similar to lower Sf materials (Murray buttes and Emerson plateau) 
suggesting Gleann Beag shared a similar provenance as the lower Sf sandstones (Banham et al., 2022; Bedford 
et al., 2022; Thompson et al., 2022). In contrast, the Ladder and EB intervals were characterized by more than 

Figure 4. Drill hole MAHLI images for (a) Glasgow (GG), (b) Nontron (NT), (c) Hutton (HU), and (d) Edinburgh 
(EB). Solid arrows refer to concretions/nodules while dashed lines point to Ca-sulfate veins in the GG, NT, and HU 
samples. Drill hole diameter 1.6 cm. GG (2773MH0004240011002826C00), NT (3068MH0006190011101166C00), HU 
(2684MH0001970011001666C00), and EB (2724MH0001970011002432C00). Image credit NASA/JPL-Caltech/MSSS.

 21699100, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007387 by C
ochrane France, W

iley O
nline L

ibrary on [30/11/2022]. 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

SUTTER ET AL.

10.1029/2022JE007387

7 of 30

twice the K concentration of the Gleann Beag and lower Sf sandstones, as well as trending to higher Na, Fe, and 
Cr, and lower Ti, P, and Ni concentrations (Thompson et al., 2022).

The EB drill site in the EB interval consisted of fractured bedrock that was infilled with eolian fines (Figure S3 
in Supporting Information S1). Unlike the Emerson and Naukluft plateau materials that had Si and S enriched 
alteration halos (Yen et al., 2017), no alteration halos were observed around EB nor throughout the Gp capping 
unite or in any of the intervals below EB. Concretions while present in the lower Gleann Beag interval, were rare 
in the EB interval materials and were not present at the EB drill site (Figure 4d) (Banham et al., 2022; Bedford 
et al., 2022).

The EB sandstone mineralogy was mostly similar to previously investigated Big Sky (BS) Sf sandstone but 
there were notable differences. Olivine and a phyllosilicate were detected in EB but not BS and EB had twice as 
much K-feldspar than BS (Thorpe et al., 2022; Yen et al., 2017). The presence of olivine in EB was consistent 
with less post-depositional alteration in EB than BS or that the EB sandstone was derived from a source with 
more olivine than the BS sandstone (Bedford et al., 2022). The high-energy environment conducive to eolian 
sand dune deposition suggested that finer grained material containing the EB smectite was not detrital (e.g., 
McKinley et al., 2003). Furthermore, the absence of phyllosilicates in modern Martian eolian sediments (Rampe 
et al., 2018) suggested that detrital phyllosilicate deposition was unlikely in the EB sandstone. While detrital 
phyllosilicate cannot be ruled out completely, the EB phyllosilicate was likely derived from sandstone alteration 
after deposition (Bedford et al., 2022). The low concentration of the phyllosilicate (Table S3 in Supporting Infor-
mation S2) prevented identification of the type of phyllosilicate by CheMin; however, evolved water detections 
from SAM analyses were consistent with the presence of nontronite and montmorillonite (discussed below).

3. Materials and Methods
3.1. Drilled Samples

The samples analyzed in this work include the GG (−4,107.8 m), NT (−4,072.9), and HU (−4,095.4 m) samples 
from the Gm mudstone in addition to the EB (−4,088.7 m) Gp capping unit sandstone sample (Figure 4). The 
GG and NT geochemical and mineralogical differences discussed above relative to the HU sample suggested the 
GG and NT materials were less altered than HU and were not exposed to the proposed alteration processes that 
affected HU. The more altered HU material will be compared to the related but less altered GG and NT materials 
to determine the nature of the alterations scenario(s) that affected HU. Examination of the EB sample is antici-
pated to determine if Gp capping unit fluids that may have contributed to altering HU.

3.2. SAM Instrument

The SAM instrument suit is composed of three instruments that analyze evolved gases from Gale crater sedi-
ments: the quadrupole mass spectrometer (QMS), the gas chromatography columns (gas chromatography mass 
spectrometry [GCMS]), and the tunable laser spectrometer (TLS) (Mahaffy et al., 2012). Before sample acqui-
sition, the selected SAM quartz sample cup was preconditioned at 900°C (5 min) while gas transfer lines and 
manifolds were preconditioned to 135°C to minimize background contributions during SAM analysis. A drilled 
sample was subsequently delivered to the SAM quartz cup and then sealed into one of the two SAM ovens. The 
difference between the two ovens was that Oven 1 heated samples to ∼860°C (GG, NT, and EB samples) while 
Oven 2 (HU sample) had an auxiliary heater that permitted heating samples to 890°C (Mahaffy et al., 2012). 
Oven choice was usually the result of ensuring that both ovens were evenly used to avoid extra wear on one oven 
over the other. The SAM oven was heated (∼35°C min −1) while He carrier gas (∼0.8 sccm; 25 mbar) swept 
evolved gases to the QMS for identification. This analysis was termed SAM-EGA mode where evolved gases 
(e.g., H2O, SO2, CO2, CO, O2, NO, and HCl) released at characteristic temperatures from volatile bearing phases 
were used to identify mineral and/or organic phases. Evolved gases were delivered directly to the QMS while 
portions of the gases were delivered to either the TLS or GCMS. The first SAM-EGA analyses always delivered 
evolved gas to both the QMS and TLS. Sometimes a second sample analysis was requested based on the desire 
to improve organic C detection, such that evolved gases were sent directly to the QMS for EGA and a portion of 
the gases were sent to the GCMS for analysis. Most of the samples analyzed in this work resulted in requests for a 
second analysis by the GCMS and thus a replicate SAM-EGA results for GG, NT, and HU samples were acquired 
and were termed GG1, GG2, NT1, NT2, HU1, and HU2, respectively. To conserve sample cups, all replicate 
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analyses were conducted by adding sample over the previous sample in the same cup. No evidence for organics 
in the EB sample was present; thus, only one SAM-EGA with TLS analysis was conducted. All GCMS analyses 
and associated hydrocarbon detections were discussed by Millan et al. (2022). Some TLS results regarding CH4 
isotopes were evaluated by House et al. (2022). Evolved gases analyzed and discussed in this work include H2O 
(m/z 17), SO2 (m/z 64), CO2 (m/z 44), CO (m/z 28), O2 (m/z 32), NO (m/z 30), HCl (m/z 36), H2 (m/z 2), and H2S 
(m/z 34). Water identification by m/z 17 was used because m/z 18 was always saturated. Procedures for deriving 
reported δ 34S values from evolved SO2 detections can be found in Franz et al. (2017) and Wong et al. (2022).

3.3. Evolved Gas Corrections

Evolved gas detections in some cases, require corrections to account for contributing fragments of the same mass 
from other evolved gases. Preflight analyses of calcite and melanterite provided isotopologue corrections for CO 
and H2S, respectively. Other corrections were derived from SAM-EGA analyses. Isotopologue correction factors 
for CO (m/z 28) and NO (m/z 30) were also obtained from NIST mass spectrum analyses of gas species that 
resides in the NIST Standard Reference Database (NIST-SRD, 2021).

O2 required corrections attributed to contributions from H2O and sulfate decomposition. Except for the EB 
sample, O2 fragments from H2O fragmentation and sulfate decomposition were the main contributors to the 
m/z 32 signal in all samples discussed in this work. This was because the low intensity m/z 32 signal followed 
the m/z 17 and m/z 64 signals extremely well at temperatures that were not typical of O2 producing phases like 
perchlorate or chlorate (here after referred to as oxychlorine when presence of both phases is possible). The m/z 
32//m/z 17 and m/z 32//m/z 64 ratios used for removing O2 contributions from H2O and SO2 were acquired at 
temperatures where thermal decomposition of oxychlorine phases did not occur.

O2 = m∕z 32 − 0.043 × m∕z 64 – 0.074 × m∕z 17 

The derivatization agents, N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) and dimethyl-
formamide (DMF), used for wet chemistry SAM-GCMS analysis leaked from at least one of the sealed wet 
chemistry cups (Freissinet et al., 2015; Glavin et al., 2013). The MTBSTFA/DMF decomposition byproducts 
had isotopologue contributions that required correcting from masses of interest. The m/z 30 attributed to NO 
from nitrate decomposition typically had contributions from the MTBSTFA/DMF byproducts formaldehyde and 
ethane. However, formaldehyde also had contributions from methyl propene (m/z 39) and ethane (m/z 25) that 
required correcting first. Methanol (m/z 31) corrections were applied to the NT samples only (italics below) † 
because methanol contributions to the SAM background occurred after the tetramethylammonium hydroxide 
(TMAH) derivatization analysis of the Mary Anning 3 (MA3) sample (Williams et al., 2021). The TMAH anal-
ysis of MA3 occurred after the GG, HU, and EB analyses but before the NT analyses.

Formaldehyde = m∕z29 − 0.24 × m∕z 39 − 6.15 × m∕z 25 – [0.46 × �∕� 31]† 

Nitrate − NO = m∕z30 − 0.8 × Formaldehyde − 7.18 × m∕z 25 – [0.0649 × �∕� 31]† 

CO (m/z 28) had the most corrections due to contributions from MTBSTFA by-products such as methyl propene 
(m/z 39), formaldehyde (m/z 29), and ethane (m/z 25), and CO2 (m/z 45). The same formaldehyde correction was 
used for m/z 29 as in the correction for evolved NO (m/z 30).

CO = m∕z 28 − 3.2 × m∕z 45 − 0.49 × m∕z 39 − 0.24 × Formaldehyde − 28.6 × m∕z 25 – [0.05 × �∕� 31]† 

Total evolved gas releases (e.g., μmol or nmol) were quantified using the procedures described elsewhere (Archer 
et al., 2014). Evolved gas totals were combined with estimated sample mass delivery to the SAM quartz cup to 
calculate evolved gas contents (e.g., wt.% or μg/g). Evolved gas content errors were based on propagation of 
errors derived from sample mass delivery and evolved gas totals.

3.4. SAM Sample Delivery Determination

Estimated sample mass delivery of a single drilled portion to SAM (45 ± 18 mg) was originally based on work 
with MSL testbed hardware and was applied to all drilled samples before and including the Quela sample. 
However, the drill feed mechanism began to fail on sol 1536, which resulted in the development of the Feed 
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Extended Drilling technique that used the rover arm to extend and retract the drill into the target rock. The 
feed-extended sample transfer (FEST) procedure then deposited the drilled sample into SAM by placing the drill 
over the SAM inlet reversing the drill to permit the fines to fall into the SAM sample cup (Fraeman et al., 2020; 
McAdam et al., 2020). The FEST procedure bypassed the portioning and sieving (<150 μm) capability of Collec-
tion and Handling for Interior Martian Rock Analysis tool which prevented knowing how much sample was 
being delivered to SAM. Sample mass delivery to SAM was estimated by utilizing water bearing phase (e.g., 
gypsum, bassanite, and smectite) weight percentages determined by CheMin in conjunction with total evolved 
water associated with those phases to calculate how much sample was delivered to SAM (McAdam et al., 2020). 
This method did not affect the error associated with total evolved gas detected by SAM (e.g., μmol). The greater 
error associated with estimating sample mass delivery with this technique did result in increased abundance (e.g., 
wt.%, μg/g) errors relative to previous abundance calculations (e.g., Sutter et al., 2017).

4. Results
4.1. H2O

The GG, NT, HU, and EB samples evolved H2O (1.3–2.8 wt.% H2O) with peaks at similar temperatures; however, 
the relative peak intensities varied between samples (Figure 5, Table S4 in Supporting Information S2). The two 
peaks below 300°C in all samples were attributed to adsorbed water, hydrated salts (HSs), and/or dehydroxylation 
of poorly crystalline Fe-(oxy)hydroxides (FH). The first main water peak (∼160°C) observed in all samples was 
consistent with the presence of bassanite (CaSO4*0.5H2O), which was detected by the CheMin instrument in the 
GG and NT samples (Thorpe et al., 2022). Bassanite was not detected in HU or EB suggesting that the ∼160°C 
water peak either belonged to an amorphous hydrated CaSO4 or other HS. The NT and GG water peaks below 
300°C had similar intensities that differed from HU, which had relatively more intense and broader ∼220°C peak 

Figure 5. (a) Evolved water (m/z 17) versus temperature. (b) Water concentration for the Glasgow (GG), Nontron (NT), 
Hutton (HU), and Edinburgh (EB) samples. Temperature ranges for evolved H2O sources indicated in brackets. Adorbed 
water (a), hydrated salts (HS), poorly crystalline Fe-(oxy)hydroxides (FHs) and, phyllosilicate hydroxyls (P1 and P2).
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that was consistent with hydrated amorphous Fe-hydroxide phase that is known to evolve water during thermal 
decomposition near these temperatures (Hogancamp et al., 2018) (Figure 5).

The GG, NT, and EB samples had significant evolved water between 400°C and 500°C while HU had no obvi-
ous peak in that temperature range. The evolved water peak indicated by P1 in Figure 5 was consistent with an 
Fe-smectite (e.g., nontronite) and was consistent with CheMin detections of Fe-smectite in these samples (Thorpe 
et al., 2022) (Figure 5). Above 600°C, GG, NT, and EB also had an additional evolved water peak (Peak P2 in 
Figure 5) that was not detected in HU. This evolved water release was consistent with Al-bearing smectite (e.g., 
montmorillonite).

4.2. SO2

The evolved SO2 release patterns below 675°C in the GG, NT, and HU, samples were consistent with Fe-sulfate 
bearing phases (Figure 6a) (McAdam et al., 2014). The presence of multiple peaks with varying intensities within 
each SO2 evolution suggested the possibility that multiple Fe-sulfate phases were present within each sample. The 
temperature of the main Fe sulfate peaks for HU2, GG2, and NT2, trended slightly lower than the HU1, GG1, 
and NT1 samples and this could be attributed to heating and He flow rates differences because of the second 
sample being placed over the first sample. This phenomenon of replicate peak temperatures being lower than first 
analysis peak temperatures was also observed with mid-temperature water peaks along with main CO2 and CO 
peaks as well (Figures 5a, 7a and 8a).

Evolved SO2 peaks above 750°C in GG2 and NT2 were consistent with the presence of Mg-sulfate (Figure 6a). 
GG2 had a pronounced peak at ∼821°C while NT2 had broad release that peaked near 780°C. The intensity 
of evolved SO2 at these temperatures was much lower in GG1 and NT1 demonstrating the heterogeneity of 

Figure 6. (a) Evolved SO2 (m/z 64) versus temperature. (b) Sulfur abundance detected by Sample Analysis at Mars (SAM) 
and the Alpha Particle X-ray Spectrometer (APXS) instrument. Temperature ranges for evolved SO2 sources indicated in 
brackets. Iron sulfate (Fe-SO4), magnesium sulfate (Mg-SO4), and iron sulfide (Fe-S).
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Mg-sulfate occurrence in these samples. No high temperature SO2 releases consistent with Mg-sulfate were 
detected in the HU sample.

The SAM and APXS total S abundances were lower in the HU sample versus the GG and NT samples (Figure 6b). 
The SAM S abundances were also much lower (0.19–1.43 wt.% SO3) than the total S detected by the APXS 
(2.99–7.48 wt.%) and ranged from 9% to 16% of total S (Figure 6b; Table S5 in Supporting Information S2). The 
lower SAM-S detections relative to APXS total S were attributed to the samples having more calcium sulfate than 
Fe and Mg-sulfate phases as the SAM oven temperature range is too low to thermally decompose calcium sulfate.

The evolved SO2 release pattern from EB differed from the Gm samples as EB had multiple releases spread over 
a wider temperature range than the Gm samples. A low intensity SO2 peak in the EB sample was present at 300°C 
followed by a main peak at 560°C and lesser peaks at 660°C and 700°C (Figure 6a). The lowest temperature EB 
SO2 peak coincided with evolved O2 derived from oxychlorine decomposition which was consistent with the 
oxidation of reduced Fe-sulfide by evolved O2 (Figure S4 in Supporting Information S1) (Wong et al., 2022). 
The higher temperature peaks at 560°C and 660°C were consistent with Fe-sulfate phases and possibly an 
Fe-Mg-sulfate phase at 700°C (Franz et al., 2017). The SAM sulfur abundance in EB was only 5.2% of the total 
S detected by APXS, which also indicated that a small fraction of the total S in the EB sample was derived from 
Fe- and Mg S-phases (Table S5 in Supporting Information S2).

Isotopic analyses revealed three distinct δ 34S values across the SPg unconformity. The δ 34S values were relatively 
unfractionated (−5 to 5 δ 34S‰, Vienna Cañon Diablo Troilite), for less altered GG and NT sediments. The more 
altered HU samples had highly enriched δ 34S values (18–21 δ 34S‰) while the EB sandstone was characterized 
by depleted δ 34S values (−27 δ 34S‰) (Table S5 in Supporting Information S2) (Wong et al., 2022).

Figure 7. (a) Evolved CO2 (m/z 44) versus temperature. (b) Total CO2 concentration reported as total C. Temperature ranges 
for evolved CO2 sources indicated in brackets. Atmospherically adsorbed-CO2 (A-CO2).
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4.3. CO2/CO

Evolved CO2 from GG1, GG2, NT2, HU1, and HU2 mostly consisted of a major CO2 release that peaked at a 
similar temperature (330°C–345°C) (Figure 7a). The NT2 sample had an additional CO2 peak at 550°C. The 
evolved CO2 from NT1 differed from the other Gm samples in having two peaks at ∼295°C and 420°C. The Gm 
C abundances were similar within error and ranged from 302 to 702 μgC/g (Figure 7b, Table S6 in Supporting 
Information S2). The EB sample had the highest abundance of evolved CO2 relative to the Gm samples (Table S6 
in Supporting Information S2). The CO2 in EB was characterized by a release pattern with three distinct peaks 
(270°C, 365°C, and 425°C) that differed from the Gm samples (Figure 7).

Evolved CO was detected in all samples where the most intense CO release for each sample occurred at a similar 
temperature as the most intense CO2 release except in EB (Figures 7a and 8a). The EB CO release coincided with 
the lowest temperature and second most intense CO2 release. The main CO release for GG, NT and HU samples 
occurred between 200°C and 450°C while the main EB CO release occurred at lower temperatures between 
150°C and 350°C. The abundances of evolved CO were variable and ranged between 163 and 562 μg C/g (Table 
S7 in Supporting Information S2).

All evolved CO2 and CO were consistent with the presence of oxidized organic carbon throughout the entire 
temperature range, though carbonates could also have contributed to evolved CO2 above 400°C (Figure S5 in 
Supporting Information S1). Combustion of organic C was possible in EB as evolved O2 occurred at similar 
temperature as evolved CO2 and CO (Figure S6 in Supporting Information S1).

4.3.1. Low Temperature CO2/CO (<450°C)

The most intense peaks of evolved CO2 and CO occurred below 450°C (Figures  7a and  8a); however, poor 
matches to laboratory analog analyses of candidate oxidized organic C phases created challenges in identifying 
the C source of this low temperature CO2 and CO. Ionizing radiation that oxidizes organic carbon from mete-
oritic (e.g., Flynn, 1996) or Martian magmatic sources (Steele et al., 2016, 2018) to yield metastable acetate, 
oxalate, and benzoate has been proposed to affect the Martian surface down to 1 m depth (Applin et al., 2015; 
Benner et al., 2000; Eigenbrode et al., 2014; Fox et al., 2019; Freissinet et al., 2020; Lewis et al., 2021; Pavlov 

Figure 8. (a) Evolved CO (m/z 28) versus temperature as detected by the Sample Analysis at Mars-evolved gas analyzer. (b) 
Total C derived from evolved CO detections. Arrows indicate locations of high temperature CO releases of relatively lower 
intensity described in main text.
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et al., 2012). Evolved CO2 temperatures from the GG, NT, HU, and EB samples occurred at similar temper-
atures observed in laboratory analog Fe- and Al-acetate analyses (Clara et al., 2003; Dollimore, 1987; Lewis 
et al., 2021). However, evolved acetone (m/z 58) or acetic acid (m/z 43) typical of acetate thermal decomposition 
(Jewur & Kuriacose, 1977; Judd et al., 1974; Lewis et al., 2021) were not detected consistent with the absence of 
acetate. Evidence of benzoate was also lacking as benzophenone and/or benzoic acid typical of benzoate thermal 
decomposition were not detected (Abras et al., 1984; Freissinet et al., 2020; Vlase et al., 2005).

Laboratory analog thermal analyses of a series of oxalates demonstrated that Fe(II)-oxalate coevolved CO and 
CO2 at temperatures closest to those observed in the Gm and EB samples (Lewis et al., 2021). Unfortunately, 
laboratory Fe(II)-oxalates co-evolved CO2 and CO 75°C–100°C and 150°C, respectively, higher than what was 
observed in the Gm and EB samples. These laboratory analog analyses of Fe(II)-oxalates mixed with silica may 
not have accurately captured the mineralogical and chemical environment in Gale crater sediments, thus prevent-
ing exact CO2 and CO matches to the Gm and EB data. Future laboratory studies analyzing oxalate/Mars basaltic 
analog mixtures could capture the complex oxalate/basaltic chemical interactions during heating that could yield 
evolved CO2/CO results consistent with Gm and EB detections.

Decarbonylation and decarboxylation of more complex organic C from meteoritic (e.g., Okumura & 
Mimura, 2011; Remusat et al., 2005) or magmatic macromolecular C (Steele et al., 2016, 2018) that was partially 
oxidized by ionizing radiation could have contributed to evolved CO and CO2 detected below 450°C. The detec-
tion (150–300 ppb) of chlorobenzene and lesser amounts of C2 to C4 dichloroalkanes in the Gale crater Cumber-
land sample (Freissinet et al., 2015), suggested that more complex oxidized organics could persist despite the 
destructive effects of ionizing radiation and thus, contribute to evolved CO2 and CO detections. Evidence of 
un-oxidized phases in Gale crater samples was demonstrated by combustion GCMS analysis of the Cumber-
land mudstone sample that yielded significantly more evolved CO2 than the non-combusted Cumberland sample 
(Stern et al., 2022). Results from the combustion analysis demonstrated that complex hydrocarbons containing 
carbonyl and carboxyl groups may persist in Gale sediments.

Evolved CO2 and CO in the EB sample below 400°C were consistent with contributions from combustion by 
evolved O2 from oxychlorine thermal decomposition (Figure S6 in Supporting Information  S1). Evolved O2 
overlapped with evolved CO2 and CO suggesting that evolved O2 from oxychlorine decomposition could have 
contributed to evolved CO2 and CO. The evolved O2 peak did not necessarily correspond with all evolved CO2 
and CO peaks suggesting organic C combustion likely did not dominate the evolved CO2 and CO detections in 
EB. Nevertheless, combusted organic C at these temperatures would demonstrate the presence of phases that had 
not been completely oxidized by ionizing radiation similar to what was detected in the Cumberland combustion 
analyses (Stern et al., 2022). The non-detection of evolved O2 in the GG, NT, and HU samples suggested that 
CO2 and CO combustion products were unlikely in those samples. Limited CO2 and CO combustion products; 
however, cannot be excluded from the GG, NT, and HU samples as very low oxychlorine abundances could have 
evolved O2 that was completely consumed by combustion.

4.3.2. High Temperature CO2/CO (>450°C)

Much less intense CO2 and CO detections above 450°C (Figures 7a, 8a and 9) were consistent with contributions 
from Na, K, Mg, or Ca oxalates (Dollimore & Griffiths, 1970; Lewis et al., 2021; Mohamed et al., 2002). Above 
600°C evolved low intensity CO2 and CO releases could also have contributions from CO2 and CO present in 
glass vesicles (e.g., Macpherson et al., 1999; Pineau & Javoy, 1994) The high concentration of amorphous mate-
rial in the Gm and EB samples (Table S3 in Supporting Information S2) suggests vesicles if occurring in primary 
glass phases could contribute evolved CO2 and CO at these temperatures.

Meteoritic, magmatic macromolecular, or geologically reworked microbial organic C could also have contributed 
evolved CO2 and CO above 600°C similar to what has been proposed for other Gale crater sediments (Eigenbrode 
et al., 2018). Larger macromolecular organic compounds could be more refractory and resist thermal decomposi-
tion at lower temperatures and evolve CO2 and CO through decarboxylation/decarbonylation reactions at higher 
temperatures.

Evolved CO2 above 400°C in the GG, NT, HU, and EB samples could have contributions from carbonates (Figure 
S5 in Supporting Information S1). Evolved CO2 temperatures demonstrated that NT1 and EB samples had peaks 
consistent with siderite, while a NT2 peak (∼550°C) was consistent with magnesite (Figure S5 in Supporting 
Information S1). Instead of siderite or magnesite, CheMin detected ankerite [(Ca, Fe)CO3] (0.9 wt.%) in NT. 
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This discrepancy between carbonates possibly detected by SAM (siderite vs. magnesite) and between SAM and 
CheMin (siderite/magnesite vs. ankerite) demonstrated the heterogeneity that can exist between three samples 
derived from the same drill hole.

Carbonate reactions with evolved HCl were likely not significant contributors to evolved CO2 detections (Figure 
S7 in Supporting Information S1). Evolved HCl reactions with carbonate can lower the thermal decomposition 
temperature of carbonates (Cannon et al., 2012). However, the most intense CO2 peaks in most samples evolved 
at temperatures lower than the most intense HCl peaks suggesting that such reactions were not significant contrib-
utors to evolved CO2. The NT2 and EB samples had low intensity evolved HCl peaks at 300°C and 330°C, 
respectively, that may have contributed to some evolved CO2 from carbonate. HCl was mostly evolved at higher 
temperatures where carbonates typically undergo thermal decomposition suggesting that HCl/carbonate reactions 
did not have a major role in evolving the detected CO2.

High temperature (∼800°C) CO2 with coevolving CO observed in the GG2 and NT2 sample data strengthened the 
argument that oxidized organics sourced CO2 at those temperatures (Figures 9a and 9b). While not necessary, the 
presence of co-evolving CO can strengthen the case for organic C because CO is not released from the thermal 
decomposition of carbonate (e.g., Sharp et al., 1991).

4.3.3. High Temperature CO2, CO, and SO2

The co-evolution of CO2, CO, and SO2 at high temperature may indicate the presence of a sulfate-oxidized C 
phase in all samples (Figure 9), though the nature of this association is unclear based on EGA data. Sulfates 
precipitated in the presence of organic C may subsequently aid in organic C preservation by physically limiting 

Figure 9. Evolved CO2, CO, and SO2 from (a) Glasgow, (b) Nontron, (c) Hutton, and (d) Edinburgh. Vertical dashed lines 
indicate temperatures of co-evolution of CO2, CO, and SO2 in the GG2, NT2, HU, and EB samples.
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exposure to oxidative processes in the subsurface. Such association could manifest as concurrent CO2, CO, and 
SO2 evolution upon thermal decomposition of the sulfate (Aubrey et al., 2006; Eigenbrode et al., 2018; Francois 
et al., 2016; Lewis et al., 2015). Evolved CO2 and CO observed between 500°C and 600°C in all GG and NT 
samples fell within the temperature range of the main Fe-sulfate SO2 peak suggesting that while CO2 and CO did 
not perfectly align with the main SO2 peak at these temperatures, Fe-sulfates could have contributed to preserving 
organic C. Co-evolved CO2, CO, and SO2 peaks (∼690°C) in EB were consistent with organic C preservation in 
either Fe-sulfate or Mg-sulfate. Co-evolving CO2, CO, and SO2 at 800°C in GG2 and NT2 were consistent with 
Mg-sulfate preservation of organic C while the HU co-evolution temperatures were consistent with Fe-sulfate 
preservation of organic C with no evidence of preservation by Mg-sulfate. Organic C preservation in Ca-sulfate 
detected by CheMin was possible but the SAM oven was not designed to achieve temperatures needed to decom-
pose Ca-sulfate (>1100°C).

Several possible scenarios could explain the C-S associations detected by the SAM. Sulfates in GT are largely 
diagenetic precipitates (e.g., O’Connell-Cooper et al., 2022; Thompson et al., 2022; Thorpe et al., 2022); thus, 
dissolved organics during sulfate precipitation would be necessary to establish organic encapsulation or surface 
adsorption that may be responsible for the high temperature C-S release. Such conditions would have been possi-
ble if groundwater bearing the sulfate ions also carried diagenetic products of weathered macromolecular carbon 
or microbial products from a groundwater ecology. The C-S association observed could also be related to a 
trace phase in the samples that have little to do with the depositional conditions, and more to do with formation 
within meteorites or lithic grains maintaining a record of mafic processes (e.g., Steele et al., 2012, 2016). A third 
possibility is that the observed concurrent CO2, CO, and SO2 high temperature releases are related to poorly 
understood C-S thermochemical conditions in the SAM oven and not directly representative of sample features.

4.3.4. MTBSTFA/DMF Background

Evolved CO could have contributions from the carbonyl containing derivatization agents MTBSTFA/DMF 
brought for SAM-GCMS wet chemistry analyses. Masses attributed to products of MTBSTFA/DMF thermal 
decomposition (e.g., formaldehyde m/z 29; HCN m/z 27) (Glavin et al., 2013; Stern et al., 2015) all have signif-
icant evolutions that coincided with the most intense evolved CO peak in all samples (Figure S8 in Supporting 
Information S1). The sum of evolved formaldehyde and HCN created a peak that was similar in shape to the 
evolved CO (Figure S8 in Supporting Information S1). However, evolved CO at higher temperatures above the 
main CO release were not associated with any MTBSTFA decomposition byproducts (Figure S8 in Supporting 
Information S1).

The lack of HCN and formaldehyde byproducts at high temperatures suggests that evolved CO releases at high 
temperatures (>450°C) do not have contributions from MTBSTFA and DMF byproducts. This high temperature 
CO was instead attributed to evolved C indigenous to the sample.

Unlike CO, CO2 did not correspond exactly to evolution of MTBSTFA and DMF decomposition byproducts; 
however, the possibility exists that MTBSTFA and DMF decomposition could evolve CO2 (Freissinet et al., 2015; 
Glavin et al., 2013; Stern et al., 2022). Total C contributions from MTBSTFA and DMF were estimated to be 
∼2 μmol C per run (Freissinet et al., 2015). However, this estimate was based on experiments in the presence of 
evolving O2 from oxychlorine that act to combust MTBSTFA. Oxychlorine was not detected in the Gm samples 
suggesting that background contributions to evolved CO2 could be much lower than 2 μmol C per run. However, 
the EB sample did evolve oxychlorine O2 and could have as much as 2 μmol contribution to the 15.5 μmol of CO2 
detected in EB (Table S6 in Supporting Information S2).

Despite the presence of background carbon, Martian carbon can still be present at low temperatures. Isotopic 
evidence from the combustion experiments demonstrated that indigenous Martian C was evolved from the 
Cumberland sample at low temperatures (Stern et  al.,  2022). MTBSTFA/DMF could have contributed to 
evolved CO2 below 550°C but Martian sources of evolved CO2 were still present. The isotopic composition 
(δ 13C = 1.5‰ ± 3.8‰) of carbon evolved (950 μg C/g) at low temperatures strongly suggested the presence of 
a  13C enriched indigenous C source mixed with depleted instrument background carbon (δ 13C −35‰) (Stern 
et al., 2022).
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4.4. NO

Nitrate was detected in EB sandstone but was mostly absent in the Gm mudstones. The Gm mudstones were char-
acterized by undetectable (<0.001 wt.% NO3) to very low levels of NO in two samples (GG1, HU2) (Figure 10, 
Table S8 in Supporting Information S2). Undetectable levels of evolved NO were common throughout the GT 
trough and VRR (except Rockhall) (McAdam et al., 2020, 2022). Contrary to the Gm samples, the EB sandstone, 
when compared to previous samples, had the second highest nitrate detection (0.06 wt.% in EB vs. 0.07 wt.% 
in Cumberland) (Sutter et al., 2017). The evolved NO from EB was characterized by a multipeak release that 
occurred between 150°C and 450°C which was consistent with multiple nitrate phases being present. Evolved 
NO releases were consistent with contributions from Fe-nitrate (Stern et al., 2015) though other nitrate phases 
cannot be excluded because nitrate-metal oxide mixtures (e.g., Fe-oxides) can reduce nitrate thermal decompo-
sition temperatures (Hoshino et al., 1981). The origins of Martian nitrate are believed to be derived from atmos-
pheric N2 fixation caused by volcanic lightning, ultraviolet light, and bolide impacts on early Mars (Manning 
et al., 2009; Segura & Navarro-González, 2005; Summers & Khare, 2007).

4.5. O2

Evolved O2 was undetectable in the GG, NT, and HU samples but was detected in the EB sample (Figure 11, 
Table S9 in Supporting Information S2). The undetectable levels of O2 were consistent with oxychlorine (chlo-
rate or perchlorate) occurring below SAM detection limits (<0.001 wt.% ClO4) in the GG, NT, and HU samples. 
Oxychlorine abundance is reported as perchlorate (ClO4) for simplicity and ease of comparison to previous results 
(e.g., Sutter et al., 2017; McAdam et al., 2020, 2022) though presence of chlorate (ClO3) is a strong possibility 
(see below). Evolved O2 was detected in the EB sample (0.13 wt.% ClO4) and was represented by a lower intensity 
peak (∼160°C) followed by a higher intensity peak (∼315°C). Unlike nitrate, the amount of oxychlorine detected 
was similar to most oxychlorine abundances from previous sedimentary rock samples (Sutter et al., 2017).

Evolved O2 release temperatures in EB were consistent with the presence of sodium or magnesium chlorate 
(NaClO3, MgClO3). Comparison of evolved O2 release temperatures in EB with laboratory studies suggest that 

Figure 10. (a) Evolved NO (m/z 30) versus temperature. (b) Total nitrate abundance derived from total evolved NO. Below 
detection limits (bd).
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sodium or magnesium chlorate mixed with ferrihydrite both evolved O2 consistent with the EB O2 release temper-
atures (Hogancamp et al., 2018) (Figure S9 in Supporting Information S1). Laboratory thermal decomposition 
studies have demonstrated that Fe-oxide phases serve to lower the thermal decomposition temperature of pure 
chlorates and perchlorates (Furuichi et al., 1974; Hogancamp et al., 2018; Rudloff & Freeman, 1970). Poorly 
crystalline phases similar to ferrihydrite were likely present as demonstrated by the presence relatively broad 
∼240°C H2O peak consistent with amorphous Fe in EB (Figure  5). The EB evolved O2 detections could be 
the result of the reactions between these poorly crystalline Fe phases and chlorate (Hogancamp et al., 2018). 
Mg-perchlorate mixed with ferrihydrite evolved O2 at higher temperatures than chlorate suggesting that evolved 
O2 from Mg-perchlorate was a less favorable candidate than Mg-chlorate or Na-chlorate (Figure S9 in Supporting 
Information S1). Laboratory evaluation of Na-perchlorate mixtures with iron oxides has not been conducted so 
the presence of Na-perchlorate cannot be excluded, especially considering the confirmed Raman spectroscopic 
detection of Na-perchlorate in Jezero Crater (Farley et al., 2022).

4.6. HCl

Evolved HCl for the GG, NT HU, and EB samples had a broad two peak release from 300°C to 870°C (Figure 12) 
that was attributed to NaCl. The two most intense HCl releases in GG and EB were similar with peaks at ∼520°C 
and ∼730°C. The double peak evolution profile was similar to the HU and NT samples, though the HU and NT 
samples had lower and higher first peak temperatures, respectively. The HU HCl first peak occurred at lower 
temperature (460°C) while the second peak temperature was similar to the GG and EB samples. The NT HCl 
release pattern was mostly characterized by single broad peak (600°C) with subtle higher temperature peak 
(800°C).

The double peak nature of evolved HCl releases were consistent with thermal decomposition of NaCl in the pres-
ence of evolved water from thermally dehydroxylating phyllosilicate in these samples. Laboratory SAM-EGA 
analog analyses of NaCl and nontronite mixtures yield similar evolved HCl release patterns to those detected in 
the Gale cater samples (Figure S10 in Supporting Information S1) (J. V. Clark et al., 2020). The HCl production 

Figure 11. (a) Evolved O2 (m/z 32) versus temperature. (b) Total perchlorate (ClO4) abundances as derived from total O2 
abundances. Below detection limits (bd).
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is the result of water vapor reaction with melted NaCl. Mixing effects of NaCl with salts and nontronite act to 
lower the melting temperature of NaCl to permit reaction (1) to occur at temperatures below the standard NaCl 
melting temperature. Not all NaCl will react at lower temperatures and unreacted NaCl will melt near its typical 
melting temperature (∼800°C) resulting in the observed double HCl peak (Figure 12, Figure S10 in Supporting 
Information S1).

2NaCl + H2O → 2HCl + 2Na2O (1)

The EB sample had an additional lower temperature HCl release (330°C) that could be derived from Mg-chlorate 
(discussed above). Mg-chlorate thermal decomposition results in the co-evolution of O2 and HCl suggesting that 
co-evolving O2 and HCl from EB could be consistent with Mg-chlorate (Hogancamp et al., 2018).

Evolved HCl abundances were mostly similar in the GG, NT, and HU samples while the EB trended lower 
than the other samples (Figure 12b, Table S10 in Supporting Information S2). Total APXS Cl abundances were 
similar between the GG, NT, HU, and EB samples and were always greater than HCl abundances. This was 
expected because the reaction efficiency between NaCl (<1 wt.%) and water vapor was expected to be less than 
100%  because of competing water absorption onto other phases; thus restricting water vapor contact with NaCl 
during SAM-EGA analysis.

5. Discussion
5.1. H2O

The lower Fe-smectite abundance in HU compared to GG and NT was attributed to post-depositional alteration 
processes in HU that lowered the initially higher smectite abundances in HU. This observation was consistent 
with acidic alteration of Fe-smectite to amorphous Fe and cristobalite in HU. Evidence of higher abundances of 

Figure 12. (a) Evolved HCl (m/z 36) versus temperature as detected by Sample Analysis at Mars-evolved gas analyzer 
(SAM-EGA). (b) Total chlorine content from evolved HCl detected by the SAM-EGA (ClHCl), total chlorine calculated from 
evolved O2 as perchlorate (ClClO4), and total Cl as detected by Alpha Particle X-ray Spectrometer (ClTotal).
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amorphous Fe-phases in HU was indicated by the intense ∼220°C peak (consistent with poorly-crystalline FH 
decomposition) that dominated the low temperature evolved water in HU. Laboratory batch and flow-through 
acidic (pH 0–4) alteration studies of nontronite demonstrated the degradation of nontronite resulted in the forma-
tion of amorphous silica and solution chemistry consistent with precipitation of Fe-oxyhydroxides (e.g., Altheide 
et al., 2010; Gainey et al., 2014; Gates et al., 2002). The lack of kaolinite formation and silica loss typically 
associated with terrestrial open-alteration scenarios (e.g., Baker & Neill, 2017; Fisher & Ryan, 2006; Ryan & 
Huertas, 2009; Sherman et al., 1962; Vingiani et al., 2004) suggested that acidic conditions inhibited kaolinite 
formation and restricted flow inhibited silica loss. This caused silica to become oversaturated and allowed for 
cristobalite and opal-CT formation. The detection of apatite and magnetite in HU suggested that acidic activ-
ity was short lived unless apatite and magnetite were secondary and formed after the acidic alteration events. 
Short-lived acidic activity was proposed for apatite detections in jarosite containing sediments in the Pahrump 
Hills encountered by the rover earlier in the mission (Rampe et al., 2017).

Alternatively, Si-poor sulfate brines not requiring low pH could have destabilized Fe-smectite in HU and 
promoted the formation of amorphous Si and Fe phases (Bristow et al., 2021). The low smectite clay contents in 
the VRR samples Duluth, Storer, Highfield, and Rockhall were proposed to be a result of late-stage diagenesis 
involving Si-poor sulfate brines derived from overlying sulfate strata that infiltrated into VRR sediments prior to 
lithification (Bristow et al., 2021). The low Si-activity of the brines promoted Fe-smectite dissolution resulting 
in the formation of amorphous Si and Fe phases. Further diagenetic processes transformed the amorphous Si to 
cristobalite and opal-CT.

The detrital deposition of smectite, while possible, was not favored for the EB sandstone. Terrestrial detrital clay 
(smectite) sources include percolating clay rich waters or eolian deposition of clay rich dust onto a wetted surface 
sand to form clay coatings (Worden & Morad, 2003). These clay sources were difficult to reconcile for the Gp 
capping unit because, clay rich waters percolating into sandstones are usually associated with fluvial settings 
which was unlikely for the dry eolian environment that deposited the Gp capping unit (Banham et al., 2022; 
Bedford et al., 2022). Eolian deposition of clay rich coatings on sand grains also was not favored because Martian 
dust does not contain smectite (e.g., Bish et al., 2013; Blake et al., 2013).

The EB smectite was likely derived by post-depositional alteration of the Gp capping unit. Aqueous alteration of 
terrestrial eolian sand to form clays is known (e.g., Worden & Morad, 2003). Smectite detected in the Windjana 
and Oudam sandstones, lower down Mt. Sharp, were proposed as being derived from post-depositional aqueous 
alteration scenarios (Achilles et al., 2020; Treiman et al., 2016). Reactive phases (olivine and pyroxene) in EB 
likely served as parent minerals for smectite formation. The detection of low smectite concentration and the 
persistence of olivine in EB was consistent with short-lived aqueous alteration. Alteration of basaltic material 
under limited flow and permeability commonly leads to smectite forming first in terrestrial settings (Baker & 
Neill, 2017; Benson & Teague, 1982; Fisher & Ryan, 2006; Ryan & Huertas, 2009; Vingiani et al., 2004). Smec-
tite formation may have contributed to cementation of the EB sandstone and the overall resistant nature of the Gp 
capping unit similar to processes proposed for the cementation of the smectite containing Windjana sandstone 
(Bedford et al., 2022; Treiman et al., 2016). Furthermore, smectite was not detected in the Sf at the Emerson and 
Naukluft plateaus, which may relate to differences in fluid pH, supporting that the fluids that cemented the Gp 
capping unit were derived from a different source (Bedford et al., 2022).

5.2. SO2

Fe and Mg-S phases amounted to 5%–19% of the total S indicating that CaSO4 dominated the S phases in 
the Gm and EB materials. The dominance of Ca-sulfate suggested sulfur geochemistry was mostly controlled 
by Ca-sulfate bearing fluids with some contributions from Fe and Mg-sulfate. The low abundances of Fe and 
Mg-sulfate compared to CaSO4 in these materials was like most samples in other parts of Gale crater (e.g., 
McAdam et al., 2020, 2022; Sutter et al., 2017) demonstrating the ubiquitous nature of Ca-sulfate in many Gale 
crater units.

The lower SAM-S and APXS-S abundances in HU (Figure 6b, Table S5 in Supporting Information S2) were 
consistent with leaching loss of sulfate by S poor fluids in HU. Higher SAM-S and APXS-S abundances in the 
GG and NT sediments indicated these materials were not exposed to the same alterations processes that removed 
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S from HU. The lack of soluble Mg-sulfate in HU that was detected in the GG and NT samples would also be 
consistent with leaching loss of highly soluble Mg-sulfate from HU.

The relatively unfractionated δ 34S values for GG and NT contrasted against the highly enriched HU δ 34S values 
and were consistent with HU exposure to sulfur bearing fluids enriched in  34S after deposition (Table S5 in 
Supporting Information S2). Several reaction mechanisms were possible that enriched the sulfur sources with  34S 
(e.g., Franz et al., 2017) and determining which mechanism was responsible for creating enriched  34S sources was 
beyond the scope of this work. The initially deposited HU sulfur could have had an unfractionated δ 34S signa-
ture similar to GG and NT. Subsequent alteration of HU by enriched  34S solutions diluted the initially deposited 
unfractionated δ 34S values with enriched δ 34S values. Alternatively, earlier leaching losses of S with unfrac-
tionated δ 34S values could have been replaced by later deposition of S with enriched δ 34S values. A similar  34S 
enriching process lower down Aeolis Mons occurred in the Murray formation (Mf) mudstone Buckskin (BK) 
sample (20 cm below SPg unconformity) (Yen et al., 2021). The BK δ 34S was enriched (25‰–28‰) relative to 
the lower Telegraph Peak (6 m below SPg unconformity) sample that was less enriched (δ 34S = 6‰–8‰) (Franz 
et al., 2017; Yen et al., 2021). Similar to HU, post-depositional alteration processes resulted in the  34S enrichment 
of the BK sample.

Sulfur fluid exchange between HU and EB was not evident which contrasted with evidence of S fluid exchange 
at the SPg unconformity between Mf and Sf sediments lower down Aeolis Mons (Yen et al., 2017) (Figure S12 in 
Supporting Information S1). The high temperature evolved SO2 peak (∼875°C) observed in Greenhorn (GH), BS, 
and BK suggested that similar MgSO4 bearing fluids had moved between the 6–7 m of Sf sandstone (BS and GH) 
above and at least 0.2 m of Mf (BK) material below the unconformity (Figure S12 in Supporting Information S1). 
EB and HU are 5 m above and 1.7 m below the unconformity, respectively. The evolved SO2 release pattern for 
the EB and HU samples did not demonstrate any similarities like those observed for BS, GH, and BK suggesting 
sulfur fluid movement did not move to the same extent between Sf and Gm mudstones in the GT trough region 
(Figure 6).

The contrasting δ 34S values between the HU and the EB samples (Table S5 in Supporting Information S2) was 
also consistent with limited S exchange between the two localities. The heavily depleted δ 34S value from EB 
(−27‰) was distinctly different from the enriched HU and unfractionated δ 34S values for GG and NT (Table S5 
in Supporting Information S2). These contrasting δ 34S values were consistent with the EB sulfur being derived 
from a different S source than the Gm samples and that S exchange did not extend the full 6–7 m between EB 
and HU. This was counter to the similarly enriched δ 34S values for both the BK (Mf mudstone) and BS/GH (Sf) 
samples that supported extensive S fluid movement of 6–7 m between Sf sandstone and Mf mudstone lower down 
Aeolis Mons (Yen et al., 2017).

Evidence of reduced sulfur (likely iron sulfide) in EB suggested that EB may exist in state of redox disequi-
librium. Direct detection of reduced sulfur (i.e., co-evolving O2 and SO2) suggestive of oxidation of reduced 
sulfur was detected in EB but not the Gm samples. Quadratic discriminant analysis also suggested evidenced of 
reactions between Fe-sulfide with evolved CO2 in EB (Wong et al., 2022). The low intensity of the evolved SO2 
at 300°C indicated that reduced sulfur consists of a minor fraction of the total EB sulfur. Nevertheless, reduced 
sulfur in the presence of detected sulfate, demonstrated that EB exists in a state of redox disequilibrium. Redox 
disequilibrium in EB may be the result of limited and short-lived aqueous alteration that inhibited EB from 
achieving complete sulfur oxidation.

5.3. Carbon (CO2 and CO)

5.3.1. Gm CO2/CO

5.3.1.1. Gm Low Temperature (<450°C) CO2/CO

The C abundances were similar within error in the Gm materials suggesting that alteration processes that affected 
the HU materials did not significantly affect organic C concentration attributed to macromolecular carbon and 
Fe-oxalates. Evaluation of the most intense CO2 and CO peak release temperatures and abundances did not show 
any major differences between GG, NT, and HU samples. The most intense CO2 peak release pattern in NT1 
differed from NT2 but the similarity of NT2 with the GG and HU samples suggested that the NT2 was more 
representative of the overall C in NT. The similarity of the evolved CO2 and CO in GG, NT, and HU suggested 
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that alteration processes being proposed for the HU sample did not have a significant effect on decreasing or 
increasing the types or abundance of C in the HU sample.

Organic C preservation by abundant amorphous materials in the Gm samples (37–47 wt.%; X-ray amorphous 
materials; Table S3 in Supporting Information  S2) may have acted to stabilize organic C in materials (e.g., 
Egli et al., 2008; Filimonova et al., 2016) preventing losses through alteration processes. Carboxylated organic 
carbon is known to bond to Al- and Fe(III)-hydroxyl groups through ligand exchange (e.g., Boily et al., 2007; 
Sposito, 1989). Instead of organic salts (e.g., acetates, oxalates) that are less stable under acidic alteration condi-
tions proposed for HU, stabilized organic C complexes may have formed with amorphous Al- and Fe-hydroxides 
preventing loss of C from HU. Furthermore, acidic solutions proposed in the alteration of HU could have favored 
hydrated metal sites (Lewis acid sites) that were more favorable for organic carbon ligand exchange reactions on 
Al- and Fe-hydroxide surfaces (Sposito, 1989).

Macromolecular C that dominates (70%–80%) carbonaceous chondrite meteorites (e.g., Robert & Epstein, 1982) 
could be another contributing source of C to the Gm sediments. Macromolecular C is defined as “insoluble” 
to acid dissolution (Robert & Epstein, 1982) and if initially deposited in Gale crater, would resist leaching and 
could explain the minimal differences in organic C concentrations between the more altered HU and less altered 
GG and NT materials. As indicated earlier, combustion analysis of the Cumberland sample demonstrated that 
reduced hydrocarbons persisted in Cumberland and the presence of diverse hydrocarbon structures released at 
high temperatures from Mf mudstones suggested that ionizing radiation has not completely oxidized all organic C 
phases in Gale materials (Eigenbrode et al., 2018; Stern et al., 2022). Initially deposited macromolecular organic 
C could, through billions of years of ionizing radiation, have been partially oxidized (e.g., Benner et al., 2000) 
and, therefore, could have contributed to evolved CO2 and CO detected in the Gm sediments.

5.3.1.2. Gm High Temperature (>450°C) CO2/CO

Alteration processes expected for HU did not appear to have affected high temperature C abundances. High 
temperature (>450°C) evolved C consisted of possible contributions from Na-, K-, Ca-, Mg-oxalates, carbonates, 
trapped CO2 gas in glass, an ill-defined C-sulfate phase, and larger more refractory macromolecular C. Alteration 
processes proposed for HU include acidic solutions that are expected to result in the loss of carbon from oxalate 
and carbonate, as well as potentially the alteration of glass containing CO2. However, the variable peak intensity 
between the Gm materials that could be attributed oxalate, carbonates, a C-sulfate phase, and trapped CO2 make it 
difficult to see any trends that may suggest HU alteration processes affected the presence of such phases. Detect-
ing any trends was further complicated by such low abundance of C at these temperatures as indicated by lower 
peak intensities relative to higher intensities below 450°C.

5.3.2. Sf, Edinburgh CO2/CO

The three evolved CO2 peaks from EB suggested that the type and distribution of low temperature C phases in 
EB differed from the Gm materials. All peaks could be attributed to macromolecular C that may have different 
composition that resulted in the EB sample's triple peak nature rather than the broad CO2 peak in the Gm mate-
rials. Despite lower amorphous content in EB, poorly crystalline Fe(III)- and Al-hydroxides could have role 
in preserving organic C in EB. Possible sources of differing carbon composition could be related to differing 
sediment sources associated with EB versus the Gm materials. All Gm materials have undergone more alteration 
than EB which could affect the organic C chemistry and thus the evolved CO2 temperatures. The higher carbon 
concentration detected in EB was also consistent with limited alteration in EB that would serve to preserve carbon 
in EB over the more altered Gm materials.

Similar to the detection of reduced S, possible siderite detection adds more support to redox disequilibrium in 
EB. The 425°C CO2 peak could have contributions from Fe(II)-carbonate (e.g., siderite) (Figure S5 in Supporting 
Information S1). The high magnetite and low hematite abundances (Table S3 in Supporting Information S2) 
coupled with the low temperature (∼330°C) evolved SO2 consistent with Fe-sulfide (Figure 6) suggested that 
fluid conditions were suboxic, which may have favored siderite stability in EB. If the evolved 425°C peak was 
attributed to siderite it would have been below CheMin detection limits. The possible presence of siderite and 
iron sulfide coupled with the detection of sulfate, oxychlorine, nitrate, and chloride were consistent with a state 
of redox disequilibrium resulting from short-term limited aqueous alteration in EB.
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Low intensity CO2/CO peaks at temperatures above 500°C were consistent 
with the relatively minor presence Ca/Mg carbonate, Ca/Mg oxalate, CO2 
trapped in glass, and larger more refractory carboxyl/carbonyl containing 
macromolecular C. Co-evolving SO2 with CO2 at ∼700°C suggests the possi-
bility of preserved organic C in an Fe/Mg sulfate (Figure 9d).

5.4. Nitrate/Oxychlorine/Chloride

The non-detection of oxychlorine and limited nitrate in the GG, NT, and 
HU samples was consistent with limited deposition of these phases or that 
post-depositional processes leached these soluble salts from the sediments. 
Post-depositional diagenetic processes that operated in the GG, NT and HU 
sediments could have leached initially deposited soluble nitrates and oxychlo-
rine before erosion of the Gm sediments. However, in all cases, Cl (likely 
chloride) was detected by SAM and APXS instruments (Figure 12, Table S10 
in Supporting Information S2) suggesting leaching solutions if responsible 
for nitrate and oxychlorine loss, contained soluble chloride but lacked nitrate 
and oxychlorine. All soluble salts could also have been leached and later 
solutions containing only chloride salts returned chloride to the sediments. 
Nitrate and oxychlorine may have, alternatively, never been deposited in GG, 
NT, and HU. Similar to the Gm, samples limited to undetectable nitrate and 
oxychlorine has also affected over ∼325 m of stratigraphically lower samples 
that span the GT trough, the VRR, down to the Oudam sample below the 
VRR (J. Clark et al., 2021; J. V. Clark et al., 2020; McAdam et al., 2020). 
This suggests that processes that have affected nitrate and oxychlorine abun-
dance in Gm has been widespread as it has affected other sediments as well.

Nitrate and oxychlorine have consistently been detected in Sf material. The 
EB sample in the Gp capping unit unlike the GG, NT, and HU samples, had 
the second highest level of nitrate (0.06 wt.% NO3) encountered by the rover 
in Gale crater (as of sol 3333) and had detectable O2 that was consistent 
with oxychlorine species. Nitrate and oxychlorine were also detected in the 
BS and altered GH Sf samples (Sutter et al., 2017) indicating that oxychlo-
rine and nitrate deposition was common to the Sf samples. Stimson cemen-

tation fluids contained nitrate and oxychlorine and post-depositional alteration was likely limited in nature which 
resulted in limited nitrate and oxychlorine leaching losses.

The extent of nitrate and oxychlorine fluid exchange between EB and the Gm sediments was likely limited. The 
non-detection of oxychlorine and limited detection of nitrate in Gm sediments coupled with oxychlorine and 
nitrate detections in EB suggested that these soluble salts did not infiltrate down to the HU sample 1.7 m below 
the Gp capping unit. This was counter to what was observed at the SPg unconformity between the Sf (BS and 
GH) and Mf (BK) samples. In addition to sulfate (discussed above), nitrate, and oxychlorine exchange between 
the Sf and Mf material was apparent (Yen et al., 2021; Figure S12 in Supporting Information S1) suggesting 
that fluid exchange transited the 6–7 m between the Sf and Mf materials during or after the deposition of the Sf 
sandstone. Observed cross-cutting fractures acted as fluid conduits between Sf sediments and the BK sample but 
were not observed between the Gp capping unit and the Gm mudstone in the HU region. The lack of cross cutting 
fractures in the HU region could have contributed to preventing salt exchange between the HU and Gp capping 
unit materials.

Processes that affected the distribution of nitrate and oxychlorine in EB appeared to have differed for EB 
compared to other Sf samples. The EB sample had a much higher nitrate/oxychlorine ratio compared to previous 
Sf samples lower down Aeolis Mons as well as other Gale crater samples (Figure 13, Table S11 in Supporting 
Information S2). Without EB, nitrate and oxychlorine were weakly correlated (improving the R 2 from 0.23 to 
0.51) in the remaining the Gale crater samples. The correlation and significantly lower ratios suggested that 
processes responsible for nitrate/oxychlorine production and loss achieved a steady state over the time of sedi-
ment deposition in most Gale samples except in EB. Another possibility was that initially variable nitrate and 

Figure 13. Total nitrate versus total perchlorate abundances in Gale crater 
as derived from total NO and O2 by Sample Analysis at Mars-evolved 
gas analyzer. Legend abbreviations indicated are Yellowknife Bay (YKB) 
(includes Cumberland, John Klein), Windjana (WJ), Pahrump (PH) (includes 
Confidence Hills, Mojave, and Telegraph Peak samples), Buckskin (BK), 
Rockhall (RH), and Stimson sandstone samples (Sf) (includes Big Sky, 
Greenhorn, and Edinburgh [EB]). The EB sample is indicated with arrow. See 
Table S11 in Supporting Information S2 for data.
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oxychlorine deposition and loss rates were averaged. Post depositional fluvial, eolain, aqueous or other processes 
could have redistributed and averaged the nitrate/oxychlorine ratios to the observed lower values except in EB 
(Stern et al., 2017). This would be consistent with limited post-depositional processes in EB that could have 
lowered the EB nitrate/oxychlorine ratio.

The higher nitrate/oxychlorine ratio in EB (relative to BS/GH) could also be the result of chemical differences 
between surface waters that may have cemented EB and the groundwaters that cemented the lower BS and GH 
Sf sediments. The fan-shaped morphology of the Gp at the base of the Gediz Vallis ridge has been attributed to 
surface waters eroding the slope of Aeolis Mons (Bedford et al., 2022). The lower Sf samples BS and GH were 
likely cemented by groundwater (Banham et al., 2018). Groundwater interactions dominating in the BS and GH 
could be attributed to lower elevation and/or older age when groundwater processes may have been more active 
than when EB was deposited (Bedford et al., 2022). Alteration fluid chemical differences between BS and EB 
were indicated by lower S in EB than in BS and presence and absence of smectite in EB and BS, respectively. 
The differing alteration mineralogies coupled with the differing nitrate/oxychlorine ratios would be consistent 
with fluid chemical differences between surface waters that cemented EB and groundwaters that cemented BS 
and GH.

5.5. Siccar Point Unconformity Alteration Scenarios

Subsurface diagenetic alteration of the HU material after SPg emplacement over Gm is a plausible scenario to 
explain observed SAM-EGA results (Figure 14). Following the scenario described in Figure 14.

1.  Sediment members of the CSf were deposited in stratigraphic order of Gm, Mm, and then Pm.
2.  Drying of the Gm mudstone resulted in observed fractures (e.g., Figure 3a). The Gm, Mm, and Pm materials 

were eroded. Erosion of the Gm surface resulted in the HU layers being close to the eroded surface while the 
GG and NT layers remained further from the eroded surface and beyond the reach of alteration processes 
that affected HU. The low nitrate and non-detection of oxychlorine phases in GG, NT, and HU as well as all 
other GT trough samples (McAdam et al., 2022) suggests that if these phases were ever deposited, diagenetic 
processes leached these soluble phases from all GT sediments before the formation of the SPg unconformity. 
Alternatively, these phases were never deposited in sufficient quantity to be widely detected by SAM except 
in few cases regarding limited nitrate detections.

3.  Eolian sand was deposited over the eroded Gm, Mm, and Pm surfaces. The sand was cemented forming the 
SPg, but cementation fluids did not penetrate significantly into the HU materials. The resulting SPg material 
consisted of a relatively high C content. Sulfur was derived from sources heavily depleted in  34S. The SPg 
material was cemented from surface waters that permitted limited smectite formation in EB. However, altera-
tion was not enough to significantly leach initially deposited C, nitrate, and oxychlorine. Evidence of possible 
siderite, reduced sulfide, along with magnetite and oxidized sulfate, nitrate, and oxychlorine phases suggested 
that EB alteration may have been short-lived to permit the persistence of redox disequilibrium in EB. The 
presence of nitrate/oxychlorine in EB but not HU was consistent with SPg unit alteration/cementation fluids 
that did not penetrate the Gm materials. Depleted and enriched d 34S values in EB and HU, respectively, were 
also consistent with limited exchange of S fluids between SPg and Gm sediments. However, the presence of 
highly depleted CH4-d 13C values detected in SAM analyses of HU and EB suggested that fluid exchange of 
this carbon may have occurred between HU and EB (House et al., 2022).

4.  Upwelling acidic groundwaters moving through Gm fractures to the SPg contact and subsequently migrated 
along the contact altering the HU smectite to amorphous Si and Fe-rich material. The acid-buffering nature 
of basaltic material was largely bypassed as fluids moved through fractures that limited fluid contact with the 
basaltic sediments. Amorphous Si eventually crystallizes to cristobalite and opal-CT (Table S3 in Supporting 
Information S2). Sulfuric acid fluids were derived from a groundwater source enriched in  34S that acted to 
replace previously unfractionated sulfur with sulfur enriched in  34S. Upwelling acidic diagenetic fluids that 
concentrated along the SPg contact have also been invoked for observed alteration chemistry and mineralogy 
at the BK (∼20 cm below SPg contact) as well as VRR samples proposed to have resided below the SPg 
unconformity (Rampe et al., 2020; Yen et al., 2021). The upwelling acidic fluids flowed through fractures 
that minimized contact with acidic neutralizing nature of the basaltic sediments. If acidic groundwaters are 
invoked, then magnetite detected in HU would likely have formed during some event after acidic alteration. 
Furthermore, Fe and Mn veins that have been proposed to have formed before erosion of the Gm (Gasda 
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et al., 2022) would under this acidic alteration scenario, be unstable and thus likely have formed after SPg 
deposition and subsequent acid alteration proposed here.

5.  Instead of acidic alteration fluids, Si-poor sulfate brines migrating along the SPg contact derived groundwater 
sources from stratigraphically higher sulfate deposits could plausibly have destabilized Fe-smectite resulting 
in amorphous Fe and opal-CT and cristobalite formation. This process was invoked for lower Fe-smectite 
concentrations of VRR samples relative to the GT trough samples (e.g., Kilmarie, Aberlady, and Glen Etive) 
(Bristow et al., 2021). The influx of sulfate brines in this scenario could have sourced the sulfate enriched 
in  34S that was detected in HU. Furthermore, these brines may have been responsible for the addition of Mg, 
Na, and Ca to HU that were detected by ChemCam and APXS. The Si-sulfate brine mechanism also enables 
the idea for the placement of magnetite and Fe and Mn veins in HU to occur before SPg placement Gm (Gasda 
et al., 2022).

6.  Subsequent to replacement of unfractionated S with enriched  34S in HU, an additional alteration event 
occurred that consisted of low S fluids that permitted removal of S resulting in the relatively low S concen-
tration levels that were detected in HU by the SAM-EGA and the APXS instruments (Tables S2 and S5 in 
Supporting Information S2).

7.  Carbon concentrations were not significantly different between the Gm samples, which was consistent with 
carbon stabilization through adsorption onto amorphous Al- and Fe-hydroxide phases. Minor carbon encap-
sulated in Mg-sulfate may have been lost when Mg-sulfate was leached during HU alteration.

Figure 14. Proposed alteration scenario(s) for Sample Analysis at Mars-evolved gas analyzer detected chemistry and 
mineralogy detected in Hutton (HU) and Siccar Point group (SPg) materials. Glasgow (GG), Nontron (NT), Edinburgh (EB), 
and Greenheugh pediment (Gp) capping unit.
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8.  All sediments underwent further erosion resulting in the formation of the Gp capping unit and exposing sedi-
ments for sampling by Curiosity rover.

5.6. Implications for Habitability

The detection of hydrated phases (e.g., phyllosilicates) as evidence by evolved water detections and evidence 
of aqueous alteration in the Gm and Gp materials has demonstrated that environmental conditions likely 
supplied sufficient liquid water that would have enabled microbiologically habitable conditions (e.g., Grotzinger 
et  al.,  2014; Losa-Adams et  al.,  2021). Evidence of greater levels of aqueous alteration in the HU materials 
was consistent with aqueous alteration processes that could have operated for longer periods. This would have 
extended habitable conditions along the SPg unconformity over longer periods relative to less altered sediments 
above and below the contact.

While water and carbon (Table S6 in Supporting Information S2) may have been sufficient in the Gm sediments, 
the undetectable to very low N levels could have limited heterotrophic microbiology in Gm sediments (Table S8 
in Supporting Information S2). The possibility exists that suitable levels of microbially available nitrogen were 
available through abiotic or possibly biologically mediated N-cycle; however, later diagenetic processes could 
have leached any evidence of sufficient nitrogen from the Gm mudstones. The non-detection of N cannot be 
ignored suggesting that Gm mudstones may not, despite evidence of aqueous processes, have provided sufficient 
N to support even limited microbial populations.

Carbon and N levels in EB (Tables S6 and S8 in Supporting Information  S2) may have been sufficient to 
support heterotrophic microbiology in Sf sediments. Microbially active soils in the Antarctic Dry Valleys have 
C (320–1,600 μgC/g) and N (5–114 μgN/g) contents that are similar to what has been detected in the EB sample 
(Hopkins et al., 2006). Though microbial activity is maintained by influx of detrital organics that serve to replenish 
C and N lost through heterotrophic processes in these Antarctic soils (Elberling et al., 2006; Hopkins et al., 2006). 
Provided that C and N levels were replenished by abiotic or biotic inputs and all necessary environmental and 
other essential geochemical conditions (e.g., pH, redox, and abundance of other essential nutrients) were favora-
ble for life, heterotrophic microbial processes could have been supported by C and N levels in the EB sediments.

Despite the possibility that N levels could have been limiting in regard to the Gm materials, depleted sulfate-δ 34S 
in the EB sample and depleted CH4-δ 13C values in both the HU and EB samples are consistent with biological 
isotope fractionation processes, though abiotic fractionation can also explain such depletions (Franz et al., 2017; 
House et al., 2022; Wong et al., 2022). This suggests that we cannot necessarily exclude microbiological processes 
along the SPg unconformity or at least in the source regions where these sediments or dissolved fractionated 
solutes were derived.

6. Conclusions
Results of SAM-EGA analyses sediments above and below the SPg unconformity have experienced a complex 
history of aqueous alteration. The HU below the SPg unconformity through either acid or Si-poor brine alteration 
experienced loss of smectite that transformed to cristobalite/Opal CT and amorphous Fe. Sulfate with an unfrac-
tionated δ 34S signature in HU was replaced with sulfate with an enriched δ 34S signature. The lack of significant 
differences in carbon abundances between the more altered HU sample and less altered GG and NT samples 
suggests that HU alteration processes did not significantly affect C abundance in HU. The HU carbon could exist 
as adsorbed or insoluble refractory phases and that would have resisted loss from HU alteration. While many 
abiotic sources of C are possible, SAM-EGA results cannot exclude the possible detection of biotically derived 
C. Limited nitrate and no oxychlorine in HU as well as throughout all of the GT trough materials (McAdam 
et al., 2022) demonstrated that either nitrate and oxychlorine were never deposited in sufficient quantities or that 
some diagenetic process leached these soluble phases before the SPg unconformity formation.

Contrary to evidence of extensive sulfate, nitrate, oxychlorine fluid exchange between the Mf mudstone and Sf 
sandstone lower down Aeolis Mons (Yen et al., 2017), there was no evidence of fluid exchange between the Gm 
mudstone and Sf sandstone in the GT region. The minor Fe- and Al-smectite along with evidence of redox dise-
quilibrium as indicated by iron sulfide, sulfate, oxychlorine, and nitrate detections were consistent with limited 
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aqueous alteration in the Sf sandstone that served to limit fluid interactions between the Gm and Sf materials in 
the GT region.

The necessary C and N ingredients for life are present in Gale crater. Sufficient C and N levels for microbial 
processes were detected in the EB sample and may have been present in Gm sediments. However, maintaining 
C and N at detected levels through abiotic or biotic inputs would have been required to replenish C and N lost 
through heterotrophic processes.

Enhanced aqueous processes along the SPg unconformity are evident suggests that habitable conditions may 
have been extended along the unconformity long after lacustrine conditions were no longer present. Isotopic 
evidence suggests that microbial isotopic fractionation processes may have been active in Gale crater (Franz 
et al., 2017; House et al., 2022; Wong et al., 2022). While abiotic isotopic fractionation processes can explain 
depleted sulfate-δ 34S and CH4-δ 13C values of material along the SPg unconformity, biological isotopic fraction-
ation processes cannot be ruled out (Franz et al., 2017; House et al., 2022; Wong et al., 2022). SAM results from 
sediments associated with the SPg unconformity in the GT region have demonstrated that existence of past life 
on Mars remains an open question and that rigorous laboratory analyses of returned Mars samples will likely be 
required to determine if life ever arose on Mars.

Data Availability Statement
The data presented in this manuscript is archived and publicly available at the NASA's Planetary Data System 
Geoscience Node (Mahaffy, 2013) (https://pds-geosciences.wustl.edu/msl/msl-m-sam-4-rdr-l1b-v1/). Data sets 
used for figure plots can also be found on Harvard Dataverse (Sutter, 2022).
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