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Abstract

Acidic iron- and sulfur-rich streams are appropriate analogues for the late Noachian and early Hesperian periods
of martian history, when Mars exhibited extensive habitable environments. Any past life on Mars may have left
behind diagnostic evidence of life that could be detected at the present day. For effective preservation, these
remains must have avoided the harsh radiation flux at the martian surface, survived geological storage for
billions of years, and remained detectable within their geochemical environment by analytical instrument suites
used on Mars today, such as thermal extraction techniques.

We investigated the detectability of organic matter within sulfur stream sediments that had been subjected to
artificial maturation by hydrous pyrolysis. After maturation, the samples were analyzed by pyrolysis–gas
chromatography–mass spectrometry (py-GC-MS) to determine whether organic matter could be detected with
this commonly used technique. We find that macromolecular organic matter can survive the artificial maturation
process in the presence of iron- and sulfur-rich minerals but cannot be unambiguously distinguished from
abiotic organic matter. However, if jarosite and goethite are present in the sulfur stream environment, they
interfere with the py-GC-MS detection of organic compounds in these samples. Clay reduces the obfuscating
effect of the oxidizing minerals by providing nondeleterious adsorption sites. We also find that after a simple
alkali and acid leaching process that removes oxidizing minerals such as iron sulfates, oxides, and oxyhydr-
oxides, the sulfur stream samples exhibit much greater organic responses during py-GC-MS in terms of both
abundance and diversity of organic compounds, such as the detection of hopanes in all leached samples.

Our results suggest that insoluble organic matter can be preserved over billions of years of geological storage
while still retaining diagnostic organic information, but sample selection strategies must either avoid jarosite-
and goethite-rich outcrops or conduct preparative chemistry steps to remove these oxidants prior to analysis by
thermal extraction techniques. Key Words: Mars—Biosignature—Hydrous pyrolysis—py-GC-MS—Artificial
maturation—Alkali/Acid leaching. Astrobiology 21, 199–218.

1. Introduction

The search for extinct and extant life on Mars has been
an ongoing goal of the astrobiological community (e.g.,

Des Marais et al., 2008; Mustard et al., 2013; Beegle et al.,
2015; Horneck et al., 2016). The reliability of attempts to
detect and identify biosignatures in the martian rock record is
dependent on appropriate sample selection strategies. The
investigation of terrestrial analogues is useful to fully un-
derstand how biosignatures are produced, preserved, de-
graded, and potentially detected in martian sediments.

Martian geological history is characterized by sweeping
transitional changes in the surface conditions of the planet,
which in turn had strong influences over minerals deposited
during these time periods (Bibring et al., 2006; Ehlmann
et al., 2011; Gaillard et al., 2013). The late Noachian and
early Hesperian periods of martian history represent a tem-
poral window during which conditions were most habitable,
and when any possible martian life may have had the op-
portunity to develop (Cockell, 2014; Westall et al., 2015).
Increased volcanic activity during this period led to the in-
jection of large volumes of SO2 into the martian atmosphere
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(Gaillard et al., 2013). This encouraged the deposition of
sedimentary sulfate minerals such as gypsum (CaSO4$2H2O),
jarosite (KFe3+

3(OH)6(SO4)2), and kieserite (MgSO4$H2O),
as well as iron oxides and oxyhydroxides such as hematite
(Fe2O3) and goethite (FeOOH) (Klingelhöfer et al., 2004;
Squyres et al., 2004; Gendrin et al., 2005; Bibring et al., 2006;
Milliken et al., 2010; Gaillard et al., 2013).

Sulfur stream environments are found to be appropriate
terrestrial analogues for Hesperian Mars (Burns, 1987;
Fernández-Remolar et al., 2005; Amils et al., 2007; Kaplan
et al., 2016). These environments arise as a result of the
oxidation of sulfide-containing minerals, due to their expo-
sure to air, water, or specific microbial communities. Aqu-
eous sulfates produced by this process are transported via
groundwater, emerge in acidic sulfur streams, and are pre-
cipitated as sulfate salts such as jarosite (Bigham and
Nordstrom, 2000; Papike et al., 2006). Understanding how
mineral assemblages found in these terrestrial environments
affect the preservation and/or detection of fossilized bio-
signatures can aid current and future habitability and life-
detection missions to Mars. If these environments also hosted
life on Mars, then evidence may remain preserved in the
rock record, either by the entombment of organic remains
within minerals (Ferris et al., 1989; Fernández-Remolar and
Knoll, 2008; François et al., 2016), the encrustation of bio-
logical material (Fernández-Remolar et al., 2005; Parenteau
and Cady, 2010; Preston et al., 2011), or the association of
organic biomolecules with iron phases (Lalonde et al., 2012;
Williams et al., 2016; Tan et al., 2018). On Earth, analogous
environments are capable of supporting communities of ex-
tremophilic organisms (Fernández-Remolar et al., 2005;
Benison and Bowen, 2006; Williams et al., 2015).

Biological lipids are core components of cellular mem-
branes that make for excellent biosignatures due to being
diagnostic of biological and metabolic processes (Vestal and
White, 1989; White, 1993; Volkman et al., 1998) and re-
sistant to degradation (Brocks et al., 1999; Brocks and
Summons, 2004; Killops and Killops, 2005; Peters et al.,
2005). Previous studies have shown that lipid biosignatures
can be concentrated in iron-rich phases in sulfur stream
environments (Tan et al., 2018) and that they may be de-
tected by analytical techniques conducted by instrument
suites on current missions to Mars (Colı́n-Garcı́a et al.,
2011; Preston et al., 2011; Williams et al., 2019). Further-
more, biogenic patterns within lipid profiles, specifically
even-over-odd predominance patterns in carbon-chain
lengths of monocarboxylic acids, are also preserved past the
initial stages of diagenesis (Tan et al., 2018).

Sample selection strategies must consider the effects of
long-term, postburial diagenesis. For fossilized bio-
signatures from the late Noachian and early Hesperian to be
detected at the present day, they must have survived for at
least 3.6–3.8 Ga. During this time, the degradative effects of
high-energy and cosmic radiation would have rendered any
organic matter present in the near surface indistinguishable
from abiotic carbon (Brocks and Summons, 2004; Dartnell,
2011; Pavlov et al., 2012; Hassler et al., 2014). However,
even relatively shallow burial has been shown to result in a
significant increase in the preservation of organic material
(Kminek and Bada, 2006; Pavlov et al., 2012).

Burial on Mars is a rare event relative to environments on
Earth owing to the lack of plate tectonics on the Red Planet,

but can occur during continuous sedimentation and com-
paction. An example of this burial regime can be found in
Gale Crater, where sediments at Yellowknife Bay were
observed to have been buried and subsequently exhumed
between 3.3 and 3.2 Ga (Edgett et al., 2016; Caswell and
Milliken, 2017). Hydraulic analysis of these sediments re-
vealed a minimum burial depth of 1.2 km and exposure to
temperatures between 80�C and 225�C, depending on fac-
tors such as geothermal gradient and thermal conductivity,
among others (Hoffman, 2001; Borlina et al., 2015). Con-
sequently, sample selection strategies must consider the
effects of long-term, postburial diagenesis, including rela-
tively elevated temperatures and pressures, and any reac-
tions involving the interaction of fluids, organic matter, and
the mineral matrix.

In sedimentary rocks on Earth, burial and subsequent
diagenesis of biologically derived organic matter result in
condensation and polymerization to form insoluble macro-
molecular compounds termed kerogen. Kerogen formation
has been extensively studied, and there are several models
that have been suggested to describe this complex process,
including the neogenesis model (Tissot and Welte, 1984)
and the selective preservation model (Tegelaar et al., 1989).
Other mechanisms include natural vulcanization (Sinninghe
Damste et al., 1989; Sinninghe Damste and De Leeuw,
1990) and oxidative polymerization (Versteegh et al., 2004).
Mars has a significantly different geological context than
that of Earth, and the extent to which terrestrial kerogen-
forming mechanisms can be applied to martian sedimentary
environments is uncertain. Recent identification of sulfur-
containing compounds on Mars (Eigenbrode et al., 2018)
suggests that at least some of these processes (e.g., natural
vulcanization) may be occurring on Mars.

Hydrous pyrolysis is an artificial maturation technique by
which the early to late stages of diagenesis can be simulated
by subjecting samples to high temperatures (e.g., between
200�C and 280�C) in the presence of deoxygenated water
and an inert atmosphere in a closed system (e.g., Lewan,
1985). Hydrous pyrolysis has traditionally been used to
determine the effects of thermal maturation on biomarkers
contained within organic-rich rocks (Lewan, 1985; Eglinton
and Douglas, 1988; Peters et al., 1990; Koopmans et al.,
1996; Jaeschke et al., 2008; Mißbach et al., 2016). This
technique has increasingly been applied to terrestrially
sourced Mars-analogue samples to investigate the effects of
diagenesis on potential martian biosignatures (Royle et al.,
2018b; Tan and Sephton, 2019).

Recent work has already shown that it is unlikely for
solvent-extractable organic matter to be preserved past the
late stages of postburial diagenesis under iron-rich condi-
tions (Tan and Sephton, 2019); other accessing approaches
for information preserved in fossilized organic material
must be investigated. Thermal extraction experiments have
historically been the analytical technique used in missions to
Mars, having been used with gas chromatograph–mass
spectrometers (GC-MS) on the Viking landers (Anderson
et al., 1972; Biemann et al., 1977), the Thermal and Evolved
Gas Analyzer (TEGA) on the Phoenix mission (Guinn et al.,
2008; Hecht et al., 2009; Kounaves et al., 2009; Ming et al.,
2009), and the Sample Analysis at Mars (SAM) instrument
on the Mars Science Laboratory (MSL) Curiosity rover
(Grotzinger et al., 2012; Mahaffy et al., 2012). Future
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missions such as the Mars Organic Molecule Analyzer
(MOMA) instrument on the ExoMars mission will also use
thermal extraction techniques (Brinckerhoff et al., 2013;
Goetz et al., 2016; Goesmann et al., 2017).

The presence of oxidizing minerals on the surface of
Mars, however, complicates the use of thermal extraction
techniques. Perchlorates (Hecht et al., 2009) and sulfates
(Lewis et al., 2015) are known to thermally decompose to
release significant amounts of oxygen that reacts with or-
ganic matter and prevents its detection, but iron oxide and
oxyhydroxides from sulfur stream environments have been
found to be slightly more amenable to thermal extraction
techniques (Lewis et al., 2018). While oxidizing minerals
reduce the response for organic matter during thermal ex-
traction, different minerals degrade them to different ex-
tents; the detectability of organic matter in a specific sample
would depend on organic matter–mineral ratios (Royle
et al., 2018a). The problem of oxidizing minerals has re-
sulted in several studies aimed at mitigating the thermal
extraction problem, either in the form of exploring alterna-
tive organic matter extraction techniques (Mahaffy et al.,
2012; Brinckerhoff et al., 2013; Beegle et al., 2015), in situ
derivatization (Mißbach et al., 2019), or in the form of
sample handling and processing, such as utilizing stepped
heating and recording the temperature of release of oxidized
carbon (Sephton et al., 2014), and the aqueous leaching of
samples to remove soluble oxidizing salts (e.g., perchlorate)
(Montgomery et al., 2019).

In this study, we report on the pyrolysis–gas chromatography–
mass spectrometry (py-GC-MS) analysis of two mineralogically
distinct acidic sulfur stream samples that were artificially ma-
tured prior to analysis. The goal of this investigation was to
determine whether biosignatures could survive long-term post-
burial diagenesis and whether any remaining biological signals
could be detected with techniques analogous to thermal extrac-
tion methods used in current and future missions to Mars. In
addition, we investigated the use of alkali and acid leaching as a
means to mitigate the obfuscating properties of jarosite, hema-
tite, and goethite present in these samples.

2. Materials and Methods

2.1. Sample description

Samples were collected from two acidic, iron- and sulfur-
rich streams located in Dorset, United Kingdom, in prepa-
ration for the experimental workflow used in this study
(Fig. 1). These samples were first collected and mineralog-
ically assessed by using X-ray diffraction (XRD) in October
2012, and a second round of sample collection was con-
ducted in October 2017. A more in-depth description of the
geology and mineralogy of the sulfur stream samples can be
found in the literature (Lewis et al., 2018; Tan et al., 2018).
In brief, these sulfur stream samples were primarily com-
prised of quartz, jarosite, and goethite (Lewis et al., 2018;
Tan et al., 2018). The distribution of mineral abundances in
the study area varied with water availability; jarosite was
observed in dry areas, while goethite was observed in areas
that were more persistently waterlogged (Lewis et al., 2018;
Tan et al., 2018).

The first set of sulfur stream samples was collected
from St. Oswald’s Bay, Dorset. The acidic stream (pH 3)
was observed to host an extremophilic sulfur-centric mi-

crobial ecosystem composed of acidophilic algae, and
microbial mats of phototrophic purple sulfur bacteria
(Tan et al., 2018). Additional organic inputs into the
system included charcoal wood fragments eroded from
the nearby stratigraphy, as well as terrestrial plant matter
(Tan et al., 2018).

The second set of sulfur stream samples was collected from
Stair Hole, Dorset. This slightly less acidic stream (pH 5)
possessed a slightly weaker flow rate and a thinner microbial
mat than observed at St. Oswald’s Bay. Prior XRD analysis of
the Stair Hole samples revealed a slightly more clay-rich
component (up to 36% of bulk rock) than found at St. Oswald’s
Bay, composed of kaolinite and illite (Lewis et al., 2018).

Extracted cores were packaged in aluminum foil and re-
turned to the laboratory where they were immediately
freeze-dried in a Labconco freeze dryer. Individual layers
within each core were separated with a saw (cleaned with
methanol and dichloromethane [DCM]). Subsamples were
subsequently ground and homogenized with a ceramic
pestle and mortar.

Of the samples collected, FlowMG1a and DryMJ1a (from
the naming convention used in Tan et al., 2018) were chosen
for this study. FlowMG1a was gathered from St. Oswald’s
Bay and is hereafter referred to as the clay-poor stream
sample, while DryMJ1a was gathered from Stair Hole and is
hereafter referred to as the clay-rich stream sample. The two
samples were selected as being potentially representative of
the acidic iron- and sulfur-rich deposits found during Hes-
perian Mars, containing soils with high goethite and minor
jarosite content, microbial mat material, and in the case of
the clay-rich stream sample, clay minerals including illite
and kaolinite.

2.2. Hydrous pyrolysis and solvent extraction

The artificial maturation of the samples followed the
hydrous pyrolysis setup described in Tan and Sephton
(2019). The amount of water added to each reaction bomblet
varied depending on the water-to-rock ratios to be tested,
with 0.1 mL deionized (DI) water added to ‘‘low’’ water-to-
rock ratio samples and 0.5 mL DI water added to ‘‘high’’
water-to-rock ratio samples. Hydrous pyrolysis was per-
formed on samples at 200�C, 240�C, and 280�C for 72 h
(Table 1).

Solvents were extracted following the procedure detailed
in Tan and Sephton (2019). The solid residue was then ul-
trasonically extracted by methanol (3 · ), DCM:methanol
(1/1, v/v) (3 · ), and DCM (3 · ). Solvent extraction was
conducted to ensure that all organic material detected during
py-GC-MS was derived from insoluble macromolecular
material. Following the removal of solvent-extractable or-
ganic matter, the residues were air-dried and stored until
analysis.

2.3. Alkali and acid treatment

As a means to remove iron sulfate and iron (oxy)hy-
droxide minerals that have been shown to interfere with
organic matter detection during py-GC-MS analysis (Lewis
et al., 2018), half of the remaining hydrous pyrolysis residue
was treated with a strong alkali, followed by a strong acid.

Samples were placed into centrifuge tubes for alkali/
acid treatment. In each case, the samples were agitated
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sonically for 5 min after the addition of alkali/acid. The
samples were first treated with an excess of 1 M NaOH
solution to remove jarosite from the samples. The samples
were left for 24 h before washing. Subsequently, the
samples were treated with an excess of 4 M HCl for 24 h to
remove any iron oxides from the sample (Sidhu et al.,
1981). The acid treatment was repeated for 4 days to en-
sure that as much iron oxide was removed from the sam-
ples as possible.

Once treated, the samples were washed by adding DI
water, centrifuging and decanting the supernatant until it
was no longer acidic (pH 7). In addition, a total dissolved
solids (TDS) probe was used to ensure that no salts pro-
duced by the alkali/acid treatment remained in the sample
(conductivity <20 mS/cm). The samples were then air-dried
in preparation for py-GC-MS analysis.

2.4. Pyrolysis–gas chromatography–mass
spectrometry

The py-GC-MS analysis followed the setup described in
the work of Royle et al. (2018a). Five to ten milligrams of
each sample (Table 1) was loaded into quartz pyrolysis tubes
and secured at both ends with clean quartz wool (furnaced
overnight at 450�C). Each pyrolysis tube was inserted into the
platinum coil of a Chemical Data Systems Analytical 2000

Pyroprobe in a helium atmosphere and heated with a ramp
rate of 20�C ms-1 to 650�C and held for 15 s.

Separation and identification of the pyrolysis products
was conducted by GC-MS by using an Agilent Technologies
6890 gas chromatograph (GC) coupled to an Agilent
Technologies 5973 mass spectrometer (MS). The interface
was held at 270�C with a split ratio of 10:1. Separation
was performed by an SGE BPX5 column (25 m · 220 mm ·
0.25 mm), with helium as a carrier gas at a constant column
flow of 11 mL min-1. The GC oven was held at 40�C for
2 min, then heated at a rate of 5�C min-1 to 310�C and held
for 10 min. Mass spectra were acquired in the scan range of
45–550 amu. Peak identification was based on retention
order and mass spectra comparisons with authenticated
standards and by reference to the NIST-08 mass spectral
database.

Data from the laboratory pyrolysis-GC-MS is assumed to be
comparable to that from the SAM and MOMA experimental
setups. Differences between laboratory- and rover-based in-
struments could affect the distribution of pyrolysis products
(Moldoveanu, 2010a), particularly heating rate at 20�C ms-1

for laboratory pyrolysis compared to 35�C or 200�C min-1 for
SAM and MOMA, respectively (Mahaffy et al., 2012;
Goesmann et al., 2017). A full comparison between laboratory
and rover-based pyrolysis parameters can be found in the work
of Lewis et al. (2018). In addition, flash pyrolysis can be

FIG. 1. Diagrammatic description of the experimental workflow used in this study. The types of fractions are referred to
as the following: Untreated clay-poor pyrolysate = CP, no suffix; untreated clay-rich pyrolysate = CR, no suffix; treated clay-
poor pyrolysate = CP, ‘‘A’’ suffix; treated clay-rich pyrolysate = CR, ‘‘A’’ suffix.
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advantageous in a laboratory analogue experiment as it may
provide a ‘‘worst-case scenario’’ ensuring the coincident re-
actions of both the inorganic and organic phases, which can be
minimized during ramped pyrolysis (Lewis et al., 2018; Royle
et al., 2018a). The setup for the GC ovens on both SAM and
MOMA is comparable to our laboratory experiment, and de-
tected compounds were similarly identified by reference to a
NIST spectral library (Glavin et al., 2013).

3. Results

In this section, we present the py-GC-MS products of
hydrously pyrolyzed acid stream samples. The data is pre-
sented diagrammatically as annotations on chromatograms,
and a summary of the compounds that were identified in
each sample is described in Table 2. We used the prefix CP
to refer to samples from the clay-poor stream and the prefix
CR to refer to samples from the clay-rich stream.

Control samples were produced by using quartz sand
that was hydrously pyrolyzed at 240�C for 72 h then flash
pyrolyzed using the parameters described in Section 2.4
(Supplementary Fig. S1). When the experimental residues
were analyzed, no py-GC-MS products were detected
(except siloxanes, which are attributed to column bleed).
Following the analysis of all samples, it was found that
varying water-to-rock ratios during hydrous pyrolysis had
little to no effect on the final py-GC-MS products (Sup-
plementary Figs. S2 and S3). As such, only the chro-
matograms of the samples using low water-to-rock ratios
are presented in this manuscript.

3.1. Clay-poor sulfur stream sample—no
alkali/acid treatment

There were significant differences between the chromato-
grams of the unmatured core samples (CP-Unmatured) and the
samples that had been subjected to hydrous pyrolysis (CP-200,

CP-240, CP-280), primarily in the diversity and abundance of
organic compounds (Fig. 2). In all samples, a single dominant
low mass peak was present. In samples that were subjected to
hydrous pyrolysis, this low mass peak dominated the chro-
matogram and necessitated scaling the chromatogram such that
the few identifiable peaks—composed of benzene and thio-
phene responses—could be observed. Previous py-GC-MS
studies at low amu scan ranges have shown that low mass peaks
produced during the pyrolysis of natural jarosite-rich sediments
contain SO2, CO2, andH2O, withminor CO (Lewis et al., 2015).

In the unmatured sample, significant amounts of py-
rolysis products indicative of biological materials were
observed. Compounds detected were primarily aro-
matic, including benzenes, pyridine, styrene, indenes,
indoles, benzonitriles, (benzo)furans, (benzo)thiophenes,
and thiophene-carbonitriles.

While the py-GC-MS signal was dominated by a large low
mass peak, the hydrously pyrolyzed samples (CP-200, CP-
240, and CP-280) produced aromatic organic compounds
such as methyl-, dimethyl- and trimethyl-benzenes, styrene,
and benzonitriles, in addition to simple heterocyclic aromatics
such as (benzo)thiophenes and (benzo)furans. The largest
organic compound observed was naphthalene, and only at
abundances very close to the limits of detection. The low
organic response in these samples is consistent with the loss
of organic material during simulated diagenesis, with de-
creasing organic responses correlated with increasing hydrous
pyrolysis temperatures (Tan and Sephton, 2019). This is best
expressed in the decrease in abundance of benzonitrile, as
well as the loss of benzofuran in sample CP-280.

3.2. Clay-rich sulfur stream sample—no
alkali/acid treatment

Like the chromatograms of the clay-poor samples, CR-
Unmatured produced a much greater organic response than any

Table 1. Samples, Sample Codes, and Conditions Chosen for Hydrous Pyrolysis Experiments

Sample code Locality
Water

added (mL)
Hydrous pyrolysis

temp. (�C)
Alkali and

acid treated XRD data

Clay-poor stream
CP-Unmatured St. Oswald’s Bay N/A N/A No Q:64, G:26, J:10, I:0, K:0, M:0
CP-Unmatured-A St. Oswald’s Bay N/A N/A Yes Same as CP-Unmatured
CP-200 St. Oswald’s Bay 0.1 200 No Same as CP-Unmatured
CP-240 St. Oswald’s Bay 0.1 240 No Same as CP-Unmatured
CP-280 St. Oswald’s Bay 0.1 280 No Same as CP-Unmatured
CP-200-A St. Oswald’s Bay 0.1 200 Yes Same as CP-Unmatured
CP-240-A St. Oswald’s Bay 0.1 240 Yes Same as CP-Unmatured
CP-280-A St. Oswald’s Bay 0.1 280 Yes Same as CP-Unmatured
Clay-rich stream
CR-Unmatured Stair Hole N/A N/A No Q:40, G:18, J:6, I:25, K:11, M:0
CR-Unmatured-A Stair Hole N/A N/A Yes Same as CR-Unmatured
CR-200 Stair Hole 0.1 200 No Same as CR-Unmatured
CR-240 Stair Hole 0.1 240 No Same as CR-Unmatured
CR-280 Stair Hole 0.1 280 No Same as CR-Unmatured
CR-200-A Stair Hole 0.1 200 Yes Same as CR-Unmatured
CR-240-A Stair Hole 0.1 240 Yes Same as CR-Unmatured
CR-280-A Stair Hole 0.1 280 Yes Same as CR-Unmatured

All samples were hydrously pyrolyzed for 72 h. XRD data collection and analysis taken from Lewis et al. (2018). Q = quartz;
G = goethite; J = jarosite; I = illite; K = kaolinite; M = montmorillonite.
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of the samples that were subjected to hydrous pyrolysis (Fig. 3).
Compounds detected in CR-Unmatured are similar to those
observed in the clay-poor samples but also include additional
compound classes such as phenols. Unlike the clay-poor sam-
ples, the clay-rich samples also produce much higher molecu-
lar weight compounds, including high molecular weight
polyaromatic hydrocarbons (PAHs) like phenanthrene and
fluoranthene, heterocyclic aromatic compounds such as fluor-
enone and dibenzothiophene, and long-chain aliphatics such
C16 and C18 fatty acids, hexadecanenitrile, and 3-(4,8,12-
trimethyltridecyl)thiophene. These organic compounds are
consistent with the py-GC-MS products of sulfur stream sam-
ples that contained relatively low jarosite contents and hence
less interference from evolved O2 (Lewis et al., 2018). Like CP-
Unmatured, valine was also observed in exclusively the CR-
Unmatured sample. Several species of hopanes were also de-
tected in the py-GC-MS products of CR-Unmatured but were
absent in any of the samples that had been subjected to hydrous
pyrolysis. While hopanes were not observed in previous flash
pyrolysis studies conducted in this area (Lewis et al., 2018),
their presence in the sample was not unexpected due to their
ubiquity in bacterial cell membranes (e.g., Peters et al., 2005).

The organic responses of the clay-rich samples that were
subjected to hydrous pyrolysis (CR-200, CR-240, CR-280)
were found to be consistent with the loss of organic matter
during simulated diagenesis. As hydrous pyrolysis temper-
atures increased, the organic response of the samples de-

creased, in terms of the abundance of organic compounds
but also in the maximum molecular weight observed in the
sample. While high molecular weight compounds such as
phenanthrene were observed in CR-200, the largest organic
compound observed in CR-280 was naphthalene.

Several key differences were observed between the clay-
poor sulfur stream samples (Section 3.1) and these clay-rich
sulfur stream samples. In general, organic responses were
observed to be higher in the clay-rich samples compared to
the clay-poor samples, especially in samples subjected to
lower temperatures of hydrous pyrolysis (between 200�C
and 240�C). However, at the highest hydrous pyrolysis
temperatures, representing the latest stages of postburial
diagenesis, organic py-GC-MS responses from both sulfur
streams were observed to be similar, both in terms of relative
abundance and diversity. Another key difference between
the samples was the much weaker intensity of the low mass
peaks in the clay-rich samples, being almost undetectable in
CR-Unmatured. This was consistent with the observation of
lower relative jarosite abundances in the clay-rich samples
compared to the clay-poor samples (Table 1).

3.3. Clay-poor sulfur stream
sample—alkali/acid treated

Pyrolysis–GC–MS of the alkali/acid treated sulfur stream
samples produced a much more prominent organic response

Table 2. Organic Compounds Observed in Each of the Pyrolyzed Sulfur Stream Samples

Organic compound

Sample name

No alkali/acid treatment Alkali/Acid treated

Clay-poor sulfur
stream

Clay-rich sulfur
stream

Clay-poor sulfur
stream

Clay-rich sulfur
stream
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Benzenes X X X X X X X X X X X X X X X X

Alkyl-benzenes X X X X X X X X X X X X X X X X

Naphthalenes X X X X X X X X X X X X X X X

Indenes X X X X X X X X X

Polyaromatic hydrocarbons X X X X X X X X X X X

Pyridines X X X X X X X X X X X X X

Indoles X X X X X X X X

(Benzo)nitriles X X X X X X X X X X

Alkylnitriles X X X X X

(Benzo)furans X X X X X X X X X X X X X X X

Furfural X X X X

Ketones X X X X X X X X X X X X X X

Indenone X X X X X X X X X

Phenols X X X X X X X X X X X

Thiophenes X X X X X X X X X X X

Benzothiophene X X X X X X X

Alkene/Alkane pairs X X X X X X X

Fatty acids X X X X X X X

Hopanes X X X X X X X X
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compared to samples that had not been subjected to treat-
ment (Fig. 4). This was unsurprising, as the removal of
mineral oxidants from the sulfur stream samples removes a
potential source of evolved O2 that would interfere with the
organic pyrolysis products generated during thermal de-
composition.

Most of the py-GC-MS products that were observed in
untreated samples (CP-Unmatured) were also observed in
the treated samples (CP-Unmatured-A). Additional com-
pounds generated by the py-GC-MS of CP-Unmatured-A
included indenes, indoles, (benzo)furans, indanone, phenols,
n-alkene and n-alkane pairs, C16 and C18 fatty acids, ho-
panes, maltol, and a significant amount of glucopyranose
sugars. Fatty acids, maltol, and glucopyranose sugars have
previously been observed as pyrolysis products of microbial
mat material (Lewis et al., 2018), while phenols are known
to be derived from the pyrolysis of lignin in higher plant
material (Saiz-Jimenez and de Leeuw, 1984). Notably,

(benzo)thiophenes were not observed in the alkali/acid
treated samples despite being present in samples that had not
been treated with alkali/acid.

Following the alkali/acid treatment, a much higher or-
ganic response was observed from the clay-poor samples
subjected to hydrous pyrolysis (CP-200/240/280-A). This
was expressed in a greater abundance and diversity of organic
compounds. Additional classes of compounds that appeared
after alkali/acid treatment included indenes, PAHs such as
fluorene, phenanthrene, and fluoranthene, pyridines, indoles,
alkylnitriles, indanone, phenols, n-alkene and n-alkane pairs,
C16 and C18 fatty acids, and hopanes. The additional com-
pounds represent a significant amount of diagnostic infor-
mation that is lost when mineral oxidants are not removed
from the sample prior to analysis.

It was also observed that many of these organic com-
pounds were not lost despite transitioning from the early to
late stages of simulated diagenesis. Some of the compounds

FIG. 2. Total ion current (TIC) chromatograms of the untreated clay-poor sulfur stream sample. Note that the samples that
had been subjected to hydrous pyrolysis then subjected to py-GC-MS exhibited a low mass peak with a response much
greater than the rest of the compounds, and thus had to be scaled to the largest peak after 4 min retention time. Color images
are available online.
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FIG. 3. TIC of the untreated clay-rich sulfur stream samples. Color images are available online.
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FIG. 4. TIC of the alkali/acid treated clay-poor sulfur stream samples. Color images are available online.
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that were lost during the process of artificial maturation
included indoles (not observed in CP-280-A) and n-alkanoic
fatty acids (not observed in CP-240-A or CP-280-A). Si-
milar to the unmatured samples, no thiophenes or ben-
zothiophenes were observed in the matured alkali/acid
treated samples, with the exception of a small dibenzothio-
phene peak detected in CP-280-A. Additionally, no benzo-
nitriles were observed in the matured alkali/acid treated
samples, although, as mentioned above, other nitrile species
such as alkylnitriles were present.

3.4. Clay-rich sulfur stream
sample—alkali/acid treated

Similar to the alkali/acid treated clay-poor samples, clay-
rich samples treated with alkali/acid generated a greater or-
ganic response during py-GC-MS compared to samples that
had not been treated (Fig. 5). The increased py-GC-MS or-
ganic response can be more clearly seen in the samples that
have undergone artificial maturation by hydrous pyrolysis.

Additional organic compounds rendered detectable by py-
GC-MS due to the removal of mineral oxidants include indene
and glucopyranose sugars. Once again, no sulfur-containing
organic compounds were observed in the alkali/acid treated
sample, even though they were present in the untreated
samples. In addition, no hopanes were detected in the un-
matured sample; one possible explanation for the lack of
py-GC-MS detectable hopanes in this sample is that the de-
canting of supernatants during the alkali/acid washes, may
have removed the hopanoid fraction of the sample because it
would have been water-soluble (Killops and Killops, 2005;
Peters et al., 2005).

The effects of the alkali/acid treatment on the clay-poor
samples were very similar to those seen in the clay-rich
samples. Organic compounds rendered detectable by py-
GC-MS following the removal of mineral oxidants included
indoles, alkylnitriles, indenone, n-alkene and n-alkane pairs,
C16 and C18 fatty acids, and hopanes. Furthermore, the
abundance and diversity of these organic compounds did not
change despite increasing levels of artificial maturation.
While there was a loss in some individual species of organic
compounds in CR-280-A, such as hexadecenoic acid and
octadecanenitrile, in general many of the organic com-
pounds observed in these samples were still detectable by
py-GC-MS even at the latest stages of diagenesis.

4. Discussion

4.1. Organic responses

A multitude of organic compounds was produced by the
sulfur stream during analysis by py-GC-MS (Table 3). This
set of compounds is consistent with pyrolysis products
generated from the pyrolysis of microbial mat material in
similar geochemical environments (Lewis et al., 2018). The
relatively large organic response in this sample is due to
the significant amount of biological material hosted within
the microbial mat, which can overcome the oxidative and
catalytic effects of mineral oxidants (e.g., Royle et al.,
2018a). As the samples were previously solvent extracted
before py-GC-MS, the organic matter detected in these
samples is either insoluble macromolecular material, or-
ganic matter that was bound to the surface of the mineral

substrate, or organic material trapped within the crystal
lattice of iron and sulfate minerals (Aubrey et al., 2006;
François et al., 2016).

While several of the compounds detected in the pyroly-
sates are likely to be secondary pyrolysis products or oth-
erwise cannot be unambiguously linked to a precursor
molecule in the original sample, some of the compounds
detected, especially the hopanes and presence of elevated
levels of C16 and C18 alkanoic acids, are diagnostic of bi-
ology and could potentially be used as biosignatures.

Phenols are primarily derived from the pyrolysis of lignin
in higher-order plant material (Saiz-Jimenez and de Leeuw,
1984); in this study, such responses may be the result of
terrestrial contamination during the collection of the sam-
ples, or may be due to fossilized lignin that is common in the
Cretaceous Wealden beds (Kemp et al., 2012). Phenols can
also be derived from the pyrolysis of carbohydrates and
proteins (Reeves and Francis, 1998). Furans and benzofu-
rans are the pyrolysis products of carbohydrates (van Der
Kaaden et al., 1983; Moldoveanu, 2010b), furfural is a de-
hydration product of sugars, and levoglucosenone and glu-
copyranose are the pyrolysis products of glycans and
polysaccharide sugars (van Der Kaaden et al., 1983).
N-containing compounds including pyrroles, pyridines, and
indoles are the pyrolysis products of proteins (Reeves and
Francis, 1998). Alkylnitriles are possibly produced as an
intermediate during the breakdown of N-containing com-
pounds (such as fatty amides and fatty nitriles) to n-alkanes
(Ishiwatari et al., 1992).

Thiophenes are generally not biological derivatives but
are instead primarily formed by the abiogenic incorporation
of sulfur into unsaturated moieties in a variety of organic
compounds during early diagenesis. Thiophenes are then
subsequently further incorporated into macromolecular
networks (Kohnen et al., 1989; Sinninghe Damste et al.,
1989). Homologous alkylbenzenes are produced during the
decarboxylation, aromatization, and thermal cyclization of
fatty acids, primarily as a function of pyrolysis rather than
diagenetic effects (Traitler and Kratzl, 1980; Hartgers et al.,
1995; Saiz-Jimenez, 1995, 1994). The incorporation of
sulfur during this process may also result in the formation of
alkylthiophenes (Saiz-Jimenez, 1995), which are observed
in some samples, such as CR-Unmatured and CR-200. Si-
milarly, n-alkenes and n-alkanes are also formed during
flash pyrolysis, resulting from the decarboxylation of fatty
acids or the thermal dissociation of aliphatic biopolymers
(Hartgers et al., 1995; Versteegh et al., 2004).

C16 and C18 fatty acids are markers of bacterial cell
membranes, while 1,2-dioctylcycloprop-1-ene, a cyclopro-
panoic alkene present in several samples, is likely to be
derived from the decarboxylation of cyclopropyl fatty acids,
which are markers of anaerobic bacteria (Vestal and White,
1989; Volkman et al., 1998). PAHs of varying molecular
weights, such as indene, pyrene or fluoranthene, could be
produced during the incomplete combustion of biopolymers
(Severson et al., 1972), with the likely source being Creta-
ceous wood in the Wealden beds (Kemp et al., 2012). The
origins of some specific PAHs could also be inferred; for
example, phenanthrene is likely the product of the side chain
removal and aromatization of abietic acid (Severson et al.,
1972). However, many of the PAHs observed in the pyrol-
ysis products of our samples may also have been produced
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FIG. 5. TIC of the alkali/acid treated clay-rich sulfur stream samples. Color images are available online.
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by the iron-oxide-catalyzed pyrolysis of simple organic
compounds such as oleic acid (Watson and Sephton, 2015).
PAHs can also be formed as secondary pyrolysis products
via free radical substitutions from even simple aromatic
compounds like benzene (Moldoveanu, 2010b). The PAH
formation process is exacerbated by the presence of iron
oxides, as Fe3+ will act as an electron acceptor, oxidizing the
hydrocarbon molecule by scavenging H+ ions. Free radicals
are formed, which leads to cyclization and aromatization of
aliphatic molecules as well as the formation of aryl free
radicals which then react with other molecules to form dimers
and further, higher-molecular-weight polymers, through oxi-
dative coupling reactions (Grzybowski et al., 2013; Watson
and Sephton, 2015). It is difficult to determine the origin of
the PAHs formed in this sample, and to do so is outside the
scope of this study.

Hopanes are diagnostic of bacteria, derived from bacter-
iohopanetetrol, and are key components of bacterial cell
membranes (Rohmer et al., 1979, 1984). Depending on the
hopanes, they may also be diagnostic of specific metabo-
lisms, such as C31–C35 homohopanes being diagnostic of
aerobic or microaerobic bacteria (Rohmer et al., 1984;
Ourisson and Albrecht, 1992).

4.2. Influence of mineralogy on organic matter
detectability via py-GC-MS

It is well known that oxidizing minerals such as jarosite
can result in complications during the detection of organic

matter because of the evolution of O2 during thermal de-
composition (Hecht et al., 2009; Lewis et al., 2015), as well
as mineral surface catalyzed transformative reactions
(Watson and Sephton, 2015). Our results are consistent with
the literature; the much greater diversity and magnitude of
organic responses observed post-alkali/acid treatment re-
veals the extent to which oxidizing minerals interfere with
and obfuscate the detection of organic compounds during
py-GC-MS. It is possible to further study the interactions
between organic and inorganic phases during py-GC-MS by
analyzing the chromatograms of the samples in which
mineral oxidants were not removed (i.e., the untreated
samples).

Another explanation for the increased organic re-
sponses post-alkali/acid treatment is the presence of non-
macromolecular organic matter trapped within iron minerals.
Such occluded minerals would be liberated during alkali/acid
treatment. Trapped organics have already been observed in
martian rocks and are released at higher pyrolysis tempera-
tures (>600�C) during evolved gas analyses conducted by the
SAM instrument (François et al., 2016; Sutter et al., 2017).
There is some evidence for the presence of trapped organic
matter; carboxylic acids are observed in the treated samples.
Such free nonpolar molecules should have been extracted
during the initial pretreatment solvent extraction. Their
presence in the macromolecular flash pyrolysis products
suggests that they were initially occluded.

However, the occlusion of organic matter in minerals is
unlikely to be the primary reason for increased organic

Table 3. Potential Sources of Organic Compounds and Their Pyrolysis Products

Source Product Reference

Fatty acids n-alkenes e.g., Asomaning et al., 2014; Fréty et al., 2014;
Zafar and Watson, 2017n-alkanes

Short-chain fatty acids
Alkylbenzenes e.g., Hartgers et al., 1995; Saiz-Jimenez, 1994
Alkylnitriles (if biopolymer

contains N)
Ishiwatari et al., 1992

Polysaccharoidal sugars Furans Moldoveanu, 2010a; 2010b; van Der Kaaden et al., 1983
Benzofurans
Furfural e.g., van Der Kaaden et al., 1983
Levoglucosenone
Glucopyranose
Phenols e.g., Reeves and Francis, 1998

Proteins Pyrroles e.g., Reeves and Francis, 1998
Pyridines
Indoles
Phenols

Lignin Phenols e.g., Saiz-Jimenez and de Leeuw, 1984
Aliphatic biopolymers n-alkenes e.g., Hartgers et al., 1995; Versteegh et al., 2004

n-alkanes
Alkylnitriles (if biopolymer

contains N)
Ishiwatari et al., 1992

Aromatic biopolymers Indene e.g., Severson et al., 1972
Pyrene
Fluoranthene
Phenanthrene

Abiological incorporation
of sulfur

Thiophenes Kohnen et al., 1989; Sinninghe Damste et al., 1989
Alkylthiophenes

Bacteria C16–C18 fatty acids e.g., Killops and Killops, 2005
Domain-specific alkenes
Hopanes e.g., Rohmer et al., 1984
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responses in the treated samples. The intensity of the low
mass peaks in the pretreated samples suggests a substantial
amount of volatile production generated from the oxidation
of organic matter resulting in CO2. In addition, there is
evidence that a significant proportion of trapped organic
material would have been ejected during hydrous pyrolysis
as iron minerals are transformed and recrystallized to more
stable iron species (Tan, unpublished data). Hence, there is
evidence for both mechanisms at play, but oxidation by
interaction with iron minerals is quantitatively the dominant
process that results in a lowered organic response in the
pretreated samples.

The clay-poor samples are shown to obfuscate organic
detection by py-GC-MS much more than the clay-rich
samples, despite both samples having similar organic matter
inventories as shown by the abundance and diversity of
organic responses once the oxidizing minerals were re-
moved by alkali/acid treatment. One possibility for this
behavior is the greater abundance of jarosite (10 vs. 6 wt %)
and goethite (26 vs. 18 wt %) in the clay-poor samples
compared to the clay-rich samples. Thiophenes are a known
product of secondary reactions during flash pyrolysis, re-
sulting from the sulfurization and aromatization of dienes
via Diels-Alder reactions (Eigenbrode et al., 2015, 2018).
This mechanism is a likely source for the abnormally large
thiophene response observed in the untreated clay-poor
samples (CP-Unmatured/200/240/280). In comparison, the
clay-rich samples exhibit only minor responses of thio-
phene, and thiophene peaks are not observed in the final py-
GC-MS products of the alkali/acid treated clay-poor sam-
ples. This suggests that secondary reactions are the primary
source of thiophene formation in CP-Unmatured/200/240/
280, rather than being formed in situ via the incorporation of
sulfur during diagenetic processes.

The slight variation in oxidizing mineral abundances is
unlikely to fully account for the large differences in organic
responses between the samples. Instead, another possible
explanation would be the oxidation of organic matter by
surface reactions. Previous work has shown that organic
matter can be found bound to the surface of iron phases in
sedimentary environments (Keil et al., 1994; Kaiser and
Guggenberger, 2000; Lalonde et al., 2012); this is especially
relevant in the case of fatty acids, where the negatively
charged carboxylate ion is attracted to and binds with the
positively charged iron oxide/oxyhydroxide surface (Kataby
et al., 1999; Chernyshova et al., 2011; Wood et al., 2016).
Saponification of the sulfur stream samples has shown that a
significant amount of organic matter is bound to the goethite
contained within these samples (Supplementary Fig. S4).

During py-GC-MS, free radicals (H� and OH�) produced
during the reduction of iron oxides in the presence of or-
ganic matter and the products of iron oxide catalyzed water
gas shift reactions would have promoted bond cleavage
(Bouarab et al., 2014), leading to the highly deleterious
oxidation of organic matter analogous to Fenton-style re-
actions (Foustoukos and Stern, 2012; Shuai et al., 2019).
The presence of phenyl- and diphenyl-thiophene in the un-
treated clay-poor samples may indicate that Fe3+ oxidative
coupling addition reactions are modifying the products of
pyrolysis. Hydrogen abstraction (with corresponding Fe3+

reduction) creates free radicals, promoting dimerization and
subsequent polymerization (Grzybowski et al., 2013; Wat-

son and Sephton, 2015). The effects of these surface reac-
tions, coupled with the secondary reactions involving O2

generated from the thermal decomposition of jarosite and/or
goethite, would likely have produced features in the chro-
matograms obtained for the untreated clay-poor samples.

In contrast, the clay-rich samples contain a significant
amount of clay content (36 wt %) in the form of kaolinite and
illite. Clays are similarly well known as sites for organic
matter adsorption (Meyers and Quinn, 1971; Mayer, 1994;
Bayrak, 2006; Zafar and Watson, 2017). Clays are known to
have catalytic effects on adsorbed organic matter; unlike iron
phases, however, the catalytic effects of clay do not result in
the same degree of transformation of organic matter. Pre-
vious studies have shown that clay catalysis results in the
breakdown of adsorbed material into simpler organic com-
pounds, such as the generation of hydrocarbons by decar-
boxylation of fatty acids when pyrolyzed with bentonite
( Jurg and Eisma, 1964; Shimoyama and Johns, 1971) or the
breakdown of fatty acids into n-alk-1-enes, n-alkanes, and
short-chain carboxylic acids when adsorbed onto kaolinite
during py-GC-MS (Fréty et al., 2014; Zafar and Watson,
2017). During py-GC-MS, any organic material adsorbed
onto clay surfaces is protected from iron oxide–facilitated
surface reactions. Depending on the ratio of clay mineral
surface area to iron mineral surface area, a significant amount
of organic material may avoid deleterious surface reactions
associated with iron-catalyzed free radical oxidation, and
may account for the difference in the chromatograms of the
untreated clay-rich and clay-poor samples (Figs. 2, 3).

It should be noted that while the untreated clay-rich
samples returned a greater py-GC-MS organic response than
their clay-poor counterparts during the early stages of dia-
genesis, this effect was muted at the later stages of dia-
genesis. This can be most clearly seen in CR-280, where a
limited organic response and diversity were observed, while
also being dwarfed by a large low mass peak. These ob-
servations suggest that while mineralogy has an observable
effect on the detectability of organic material in sulfur
streams py-GC-MS, this effect is reduced toward the later
stages of diagenesis. One possible explanation for this be-
havior is that toward the later stages of simulated diagenesis,
more organic matter is desorbed from the surface of the
mineral substrates due to the increasing temperature and
pressures. As a result, the influence of surface reactions
during py-GC-MS lessens, and the final py-GC-MS products
are more strongly dependent on the secondary reactions that
occur as a result of the thermal decomposition of oxidizing
minerals in the samples.

The implications of these results suggest that mineralogy
is the primary control on the detection of organic matter via
py-GC-MS. Specifically, the O2 and SO2 released by jarosite
during thermal decomposition obfuscates organic matter
detection (Lewis et al., 2015), while surface reactions on
iron oxide substrates result in free radical oxidation of or-
ganic matter during pyrolysis. Clay minerals, however,
provide an adsorption site for organic matter that is less
deleterious compared to oxidizing minerals, and allows for
the preservation and detection of organic matter via thermal
extraction techniques.

It is important to note that this study only reports on the
py-GC-MS products of organic matter on iron- and sulfur-
rich substrates. The specific mechanisms by which iron
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sulfates, oxides, and oxyhydroxides catalyze the transfor-
mation of organic compounds during py-GC-MS cannot be
determined from these experiments, and to do so would be
outside the scope of this work. Understanding the mecha-
nisms behind the iron oxide–facilitated transformation of
organic compounds requires more focused py-GC-MS ex-
periments and should be the subject of further investigation.

4.3. Influence of diagenesis on organic matter
detectability via py-GC-MS

Data from the untreated sulfur stream samples show that
the elevated temperatures, pressures, and organic matter–
mineral interactions associated with diagenesis do have a
significant effect on the detectability of organic matter. Py-
GC-MS organic responses decreased significantly with in-
creased hydrous pyrolysis temperature, in both clay-rich and
clay-poor samples. As mentioned in Section 4.2, we infer
this to be due to the increased temperatures and pressures
causing the cleavage of adsorptive bonds between the or-
ganic matter and the mineral substrates, rendering them
susceptible to degradation. This effect has previously been
seen in the solvent extracts of hydrously pyrolyzed samples
(Tan and Sephton, 2019).

If iron- and sulfur-containing minerals are removed from
the samples, however, the effect of diagenesis on the de-
tectability of organic responses during py-GC-MS is more
limited, but still observable. Between the early and late
stages of simulated diagenesis, there is only a slight de-
crease in the organic response and diversity of both clay-
rich and clay-poor samples. Diagenesis can also result in
the production of new compounds; thiophenes are observed
in the treated clay-rich samples (CR-200/240/280-A),
while they are absent in the unmatured clay-rich sample
(CR-Unmatured). Unlike the thiophenes observed in CP-
Unmatured and CP-200/240/280, the thiophenes produced
in CR-200/240/280-A are unlikely to be the product of
secondary reactions due to the removal of jarosite by the
alkali/acid treatment. Instead, they are likely produced
during abiotic incorporation of sulfur during diagenesis
(Kohnen et al., 1989; Sinninghe Damste et al., 1989).

It was observed that levoglucosenone and glucopyr-
anose sugars are not preserved during the diagenetic pro-
cess. Polysaccharidal material is thought to be prevented
from entering the geosphere due to their rapid consump-
tion by microbes. However, our data suggests that these
sugars are also abiotically destroyed during diagenesis, as
they are not detected in any of the samples that were
subjected to artificial maturation, either in solvent extracts
or pyrolysis chromatograms. This suggests that mineral-
ogy can be an equally strong control on the preservation
and degradation of these polysaccharides as compared to
microbial metabolism.

In general, the lack of degradation associated with dia-
genesis is consistent with the refractory nature of macro-
molecular organic matter in terrestrial environments. Our
data suggests that insoluble organic matter can be preserved
over martian geological time, even in relatively oxidizing
environments such as sulfur streams. Solvent extraction
techniques may be inadequate for finding evidence of life on
Mars, as they target the labile, soluble organic fraction on
Mars which is susceptible to the effects of diagenesis (Tan

and Sephton, 2019); macromolecular organic matter would
be a more attractive target. However, the detection of or-
ganic matter, whether soluble or macromolecular, is ob-
fuscated by effect of oxidizing minerals during thermal
extraction techniques.

While our data is derived from the artificial maturation of
primary biopolymers in relatively recent natural sediment
samples from a Mars-analogue site on Earth, the formative
and degradative mechanisms described here may provide
insights into the processes involved in the formation of any
insoluble organic macromolecules, that is, kerogens, on
Mars, and their preservation over martian geological time.

4.4. Influence of alkali/acid treatment
on detectability via py-GC-MS

Although organic matter can be detected without the re-
moval of iron- and sulfur-containing minerals, even after
being subjected to artificial maturation (organic responses,
though small, were still observed in the clay-poor, untreated
sulfur stream samples), it is important to consider the limi-
tations of the lack of sample processing. None of the organic
compounds observed in the untreated samples are unam-
biguously of biogenic origin. In addition, the samples ana-
lyzed in this study were taken from the center of the
microbial mat, which likely held the highest concentration
of organic matter in the environment. It has been shown that,
if there is an abundance of organic matter above a critical
threshold, it can be detected despite the presence of oxi-
dizing minerals (Royle et al., 2018a); however, we cannot
reasonably rely on sample selection strategies to find sam-
ples that contain organic matter in such high concentrations.

When iron- and sulfur-containing minerals were removed
from the samples, however, the py-GC-MS organic response
of the samples increased significantly. In addition, the re-
moval of oxidizing minerals also reveals the presence of
some organic information that would otherwise be inac-
cessible. In the case of this study, alkali/acid treatment re-
vealed the presence of hopanes in the samples. The hopanes
in these samples represent organic information that is un-
ambiguously diagnostic of biogenic processes associated
with the regulation of bacterial cell membranes (Rohmer
et al., 1984, 1979); this information would be lost during
pyrolysis if the oxidizing minerals were not removed during
sample processing. The data highlights the amount of or-
ganic information that may be hidden by the interactions of
organic and inorganic phases during py-GC-MS analysis.

As a contemporary example, evidence of refractory
organic matter was detected at the base of the Murray
Formation by the SAM suite on board the Curiosity rover
(Eigenbrode et al., 2018). This included thiophenes, ben-
zothiophenes, alkylbenzenes, chlorobenzenes, and naphtha-
lene (Eigenbrode et al., 2018). However, the origin of the
organic compounds detected could not be clearly defined
(Eigenbrode et al., 2018). These mudstones contained jar-
osite, hematite, and magnetite, as well as an amorphous
phase that may have contained ferrihydrite (Rampe et al.,
2017). If these oxidizing minerals could have been removed
from the sample prior to analysis, a significantly greater
repository of organic information would have been un-
locked, potentially providing greater insight as to the source
of the refractory organics.
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As this study focuses primarily on iron- and sulfur-rich
sediments, the alkali/acid treatments described here may not
be directly relevant to all Mars missions. However, the re-
sults of this study will hopefully encourage further experi-
ments and exploration into the efficacy of alternative sample
handling protocols depending on geological context of the
samples being tested, such as the washing of samples to
remove perchlorates (Montgomery et al., 2019).

It should be noted that sample processing by itself does
not guarantee that diagnostic information about the source
of an organic sample will be revealed. Rather, sample
processing gives scientists the best possible chance of de-
tecting organic information that might potentially be able
to distinguish biogenic organic matter from abiotic carbon,
such as that from meteorites. Several studies have been
conducted that show that abiogenic organic compounds
such as those found in meteorites tend to display greater
enantiomeric and structural diversity compared to their
biogenic counterparts (e.g., Sephton and Botta, 2005).
Well-preserved biogenic organic macromolecules can also
be distinguished either by their structural specificity in-
herited from relatively resistant precursor molecules such
as fatty acids and certain biopolymers (Matthewman et al.,
2013). If the macromolecules have been subjected to sig-
nificant reworking, biogenic and abiogenic organic matter
can look very similar, but the vestiges of biological signals
can still be recognized with close inspection (Matthewman
et al., 2013).

5. Conclusions

Sulfur streams are appropriate analogues for the late
Noachian and early Hesperian period of martian history,
which may have exhibited surface conditions that were
amenable to the emergence of martian life. For evidence
of any martian life to be preserved and detected in the
present day, organic matter must be stored for billions of
years and avoid the effects of diagenesis, such as elevated
temperatures and pressures, and the organic matter-
mineral interactions associated with burial in the subsur-
face. Furthermore, these organic fossils must be detectable
by the instrument suites in use on current and future
missions to Mars despite the interactions between organic
and inorganic phases that may interfere with analysis and
obfuscate results.

Hydrous pyrolysis allows researchers to simulate the
effects of postburial diagenesis and gain insights into the
behavior and nature of organic matter after geological
storage over billions of years. Previous work has shown
that soluble organic matter is poorly preserved in sulfur
stream environments. This study shows that in sulfur
stream environments, insoluble macromolecular organic
matter can be preserved in the martian subsurface over
billions of years, even accounting for the effects of post-
burial diagenesis.

The oxidizing minerals, such as jarosite and goethite,
present in these environments pose a significant barrier to
detection by thermal extraction strategies, such as py-GC-
MS. These minerals severely reduce organic responses due
to the catalytic transformation of adsorbed organic matter
through surface reactions during thermal decomposition.
Clays are suggested to reduce the deleterious effect of jar-

osite and goethite during flash pyrolysis experiments by
providing a competing, nondeleterious adsorption site for
organic matter. Should any oxidizing minerals be removed
from the sample via simple preparative steps such as alkali
and acid leaching, a significant amount of potentially diag-
nostic biogenic organic matter can be detected.

Therefore, when selecting samples for organic matter,
sediments that contain jarosite and iron oxides and oxy-
hydroxides should be avoided. However, if the samples can
be alkali and/or acid leached prior to analysis, a significant
organic inventory that contains diagnostic, biogenic organic
information may be revealed.
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Amils, R., González-Toril, E., Fernández-Remolar, D., Gómez,
F., Aguilera, Á., Rodrı́guez, N., Malki, M., Garcı́a-Moyano,
A., Fairén, A.G., de la Fuente, V., and Luis Sanz, J. (2007)
Extreme environments as Mars terrestrial analogs: The Rı́o
Tinto case. Planet Space Sci 55:370–381.

Anderson, D.M., Biemann, K., Orgel, L.E., Oro, J., Owen, T.,
Shulman, G.P., Toulmin, P., and Urey, H.C. (1972) Mass
spectrometric analysis of organic compounds, water and
volatile constituents in the atmosphere and surface of Mars:
the Viking Mars lander. Icarus 16:111–138.

Asomaning, J., Mussone, P., and Bressler, D.C. (2014) Pyr-
olysis of polyunsaturated fatty acids. Fuel Process Technol
120:89–95.

Aubrey, A., Cleaves, H.J., Chalmers, J.H., Skelley, A.M.,
Mathies, R.A., Grunthaner, F.J., Ehrenfreund, P., and Bada,
J.L. (2006) Sulfate minerals and organic compounds on Mars.
Geology 34:357–360.

Bayrak, Y. (2006) Application of Langmuir isotherm to satu-
rated fatty acid adsorption. Microporous Mesoporous Mater
87:203–206.

Beegle, L., Bhartia, R., White, M., Deflores, L., Abbey, W.,
Wu, Y.H., Cameron, B., Moore, J., Fries, M., Burton, A.,
Edgett, K.S., Ravine, M.A., Hug, W., Reid, R., Nelson, T.,
Clegg, S., Wiens, R., Asher, S., and Sobron, P. (2015)
SHERLOC: Scanning Habitable Environments with Raman
& Luminescence for Organics & Chemicals. In 2015 Aero-
space Conference, IEEE, Piscataway, NJ, doi:10.1109/
AERO.2015.7119105.

Benison, K.C., and Bowen, B.B. (2006) Acid saline lake sys-
tems give clues about past environments and the search for
life on Mars. Icarus 183, 225–229.

Bibring, J.-P., Langevin, Y., Mustard, J.F., Poulet, F., Arvidson,
R., Gendrin, A., Gondet, B., Mangold, N., Pinet, P, Forget, F,

ARTIFICIAL MATURATION OF MARS ANALOGUES 213

https://www.liebertpub.com/action/showLinks?crossref=10.1016%2Fj.pss.2006.02.006&citationId=p_42
https://www.liebertpub.com/action/showLinks?crossref=10.1016%2Fj.fuproc.2013.12.007&citationId=p_44
https://www.liebertpub.com/action/showLinks?crossref=10.1016%2Fj.micromeso.2005.08.009&citationId=p_46
https://www.liebertpub.com/action/showLinks?crossref=10.1016%2Fj.icarus.2006.02.018&citationId=p_48
https://www.liebertpub.com/action/showLinks?crossref=10.1016%2F0019-1035%2872%2990140-6&citationId=p_43
https://www.liebertpub.com/action/showLinks?crossref=10.1130%2FG22316.1&citationId=p_45
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espin, C.A., Navarro-González, R., Stern, J.C., Bell, J.F., Calef,
F.J., Gellert, R., Glavin, D.P., Thompson, L.M., and Yen, A.S.
(2017) Evolved gas analyses of sedimentary rocks and eolian
sediment in Gale Crater, Mars: results of the Curiosity rover’s
Sample Analysis at Mars instrument from Yellowknife Bay to
the Namib Dune. J Geophys Res Planets 122:2574–2609.

Tan, J., Lewis, J.M.T., and Sephton, M.A. (2018) The fate of
lipid biosignatures in a Mars-analogue sulfur stream. Sci Rep
8, doi:10.1038/s41598-018-25752-7.

Tan, J., Sephton, M.A. (2019) Organic records of Early Life on
Mars: The Role of Iron, Burial and Kinetics on Preservation.
Astrobiology 20:52–72. doi:10.1089/ast.2019.2046.

Tegelaar, E.W., de Leeuw, J.W., Derenne, S., and Largeau, C.
(1989) A reappraisal of kerogen formation. Geochim Cos-
mochim Acta 53:3103–3106.

Tissot, B.P., and Welte, D.H. (1984) From kerogen to petro-
leum. In Petroleum Formation and Occurrence, Springer,
Berlin, pp 160–198.

Traitler, H., and Kratzl, K. (1980) On the formation of degra-
dation products from the pyrolysis of tall oil fatty acids with
kraft lignin. J Am Oil Chem Soc 57:153–156.

van Der Kaaden, A., Haverkamp, J., Boon, J.J., and De Leeuw,
J.W. (1983) Analytical pyrolysis of carbohydrates. J Anal
Appl Pyrolysis 5:199–220.

Versteegh, G.J.M., Blokker, P., Wood, G.D., Collinson, M.E.,
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Abbreviations Used

CP¼ samples from the clay-poor stream
CR¼ samples from the clay-rich stream

DCM¼ dichloromethane
DI¼ deionized

GC¼ gas chromatograph
MOMA¼Mars Organic Molecule Analyzer

MS¼mass spectrometer
PAHs¼ polyaromatic hydrocarbons

py-GC-MS¼ pyrolysis–gas chromatography–mass
spectrometry

SAM¼ Sample Analysis at Mars
TIC¼ total ion current

XRD¼X-ray diffraction
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