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Abstract All missions to Mars which have attempted to detect organic molecules have detected simple
chlorohydrocarbons, the source of which has yet to be firmly established. This study assessed the
likelihood of these chlorinated molecules being indigenous to the sedimentary units in which they were
detected or if they were chlorinated during analysis. The survivability of 1-chloronapthalene was examined
via hydrous pyrolysis experiments and its dechlorination kinetics were determined. The results of these
experiments were used to model the survivability of this simple chlorohydrocarbon under Mars-relevant
diagenetic conditions using the Sheepbed mudstone unit as a case study. It was found that 1-
chloronapthalene was rapidly dechlorinated under Noachian conditions, and thus, the detected Martian
chlorohydrocarbons are unlikely to be ancient and probably formed within the rover’s sample handling chain
during analysis.

Plain Language Summary The search for past or present life on Mars is centered on the detection
of organic molecules. Most attempts to detect organic molecules onMars have only found simple chlorinated
compounds. The source of these chlorinated compounds has not been firmly established. It has been
hypothesized that chlorinated organic compounds could form on the Martian surface via reactions between
chlorine-bearing salts and organic compounds delivered by meteorites. This study examined the ability of
simple chlorinated organic molecules to survive the high pressures and temperatures associated with burial
over geological time scales. Our aim was to calculate whether chlorinated molecules detected on Mars could
be ancient and preserved in the rock units, or if they formed during the analysis process, as other studies
have assumed. It was found that, on a warmer ancient Mars when the sediments the chlorinated molecules
were detected in were deposited, the increased surface temperatures would have promoted the loss of
chlorine relatively rapidly, and the intact chlorinated organic molecules would not have survived the burial
and exhumation processes to the present day. The chlorinated organics detected on Mars are therefore likely
to have been formed recently, most probably through reactions with chlorine-bearing salts when heated
during analysis.

1. Background

All three landedmissions toMars which have attempted to detect organic compounds have found chlorinated
organicmolecules. Viking Lander 1 detected chloromethane at levels of 15 ppbwhile Viking Lander 2 detected
dichloromethane at 2–40 ppb (Biemann et al., 1976, 1977), reanalysis also suggests that Viking Lander 1
detected chlorobenzene at 0.08–1.00 ppb (Guzman et al., 2018). The Sample Analysis at Mars (SAM) instrument
suite on board the Curiosity rover has detected chloromethane, dichloromethane, trichloromethane, chloro-
methylpropene, chlorobenzene (150–300 ppb), 1,2-dichloropropane (~70 ppb), 1,2-dichloroethane, and 1,1-
and 1–2-dichlorobutane (below quantification limit; Freissinet et al., 2015; Glavin et al., 2013), Figure 1.

Attempts to explain the sources of these compounds have resulted in numerous interpretations. Originally,
the Viking data were thought to show terrestrial contamination from residual cleaning products, as chlori-
nated solvents had been used in the cleaning of the spaceflight hardware (Biemann et al., 1976, 1977).
This conclusion did not sufficiently explain the absence of these compounds in the blanks, nor why the
two landers detected different compounds. After the discovery of perchlorate (ClO4

�) in the Martian soil
by the Phoenix lander (Hecht et al., 2009; Kounaves et al., 2010), the Viking results were reinterpreted as indi-
genous organic materials reacting with perchlorates during thermal volatilization (Guzman et al., 2018;
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Navarro-González et al., 2010). Chloromethane and chloromethylpropene detected by SAM have been attrib-
uted to Martian chlorine from perchlorate decomposition reacting with terrestrial organic carbon from
MTBSTFA, a chemical known to have leaked from a derivatization cup inside the SAM instrument suite
(Glavin et al., 2013). Terrestrial benzene or toluene derived from Tenax® on the gas chromatograph (GC)
hydrocarbon trap may explain part of the detected chlorobenzene (Glavin et al., 2013; Miller et al., 2015).
However, chlorobenzene was detected above instrument background levels during Evolved Gas Analysis,
where samples do not pass through the Tenax® hydrocarbon trap. This indicates that there must also be a
Martian carbon source (Freissinet et al., 2015; Miller et al., 2015). A temperature dependence of the chloro-
benzene detection recently identified in the Viking Lander 2 data is also indicative of a Martian carbon source
(Guzman et al., 2018). Furthermore, a source of Martian organic carbon has recently been confirmed with the
detection of complex macromolecular organic matter by MSL (Eigenbrode et al., 2018).

Therefore, there are two clear competing hypotheses in the literature for the sources of the organic carbon
contribution to the chlorinated hydrocarbons:

(1). It is a terrestrial contaminant chlorinated during analysis (Miller et al., 2015);
(2). It has a Martian source and has been chlorinated during analysis (Freissinet et al., 2015).
There is also a third possibility: (3) indigenous organic compounds are chlorinated prior to analysis due to in
situ reactions with oxychlorine species produced during both the formation and breakdown of perchlorate
on the Martian surface (Kounaves, Carrier, et al., 2014). Although perchlorate (ClO4

�) salts and other stable
Cl�minerals present in the Martian soil (Hecht et al., 2009; Kounaves, Chaniotakis, et al., 2014) may have little
direct effect on organic molecules under ambient Mars conditions, the effects of UV sunlight, X-rays, galactic
cosmic rays (GCR), and solar energetic particles will both form and destroy perchlorate. These processes will
produce a variety of highly reactive species such as chlorite radicals (ClO2

�), hypochlorite (ClO�), chlorite, and
chlorine dioxide (ClO2; Góbi et al., 2016; Quinn et al., 2013) along with other, as yet undetected oxychlorine
species (Carrier, 2017). Thus, a variety of reactive intermediary oxychlorines may always be present in the
Martian surface (and shallow subsurface) regolith (Carrier & Kounaves, 2015; Kim et al., 2013; Schuttlefield
et al., 2011) and available to react with organic compounds (Kounaves, Carrier, et al., 2014). These processes
could produce indigenous chlorinated organic compounds (e.g., Hawkins et al., 2003; Hayatsu et al., 1971) in
the uppermost Martian regolith.

To test whether this third hypothesis was feasible, it was necessary to investigate the stability of simple chlori-
nated organic molecules under Mars-relevant conditions. If these chlorinated molecules were found to be
stable under relevant Martian diagenetic conditions, there would be a strong possibility that chlorinated
compounds found in the Martian regolith were ancient, rather than formed recently via the SAM sample
handling chain on board Curiosity.

Assuming any fossil organic indigenous chlorohydrocarbons were codeposited with the sediments that host
them, they would have had to survive the geological history of the rock unit from which they were extracted.
For this study, the Sheepbed mudstone member of the Yellowknife Bay formation in Gale crater was taken as
a case study, as this is where the greatest variety of chlorohydrocarbons have been detected (Freissinet et al.,
2015), and much research has been carried out into the burial history of this unit (e.g., Borlina et al., 2015;
Caswell & Milliken, 2017; Nachon et al., 2014).

Indigenous fossil chlorohydrocarbons in the Sheepbed mudstone would therefore be 3.8–3.6 Ga old (dating
from the Noachian-Hesperian boundary; Thomson et al., 2011); have been rapidly and deeply buried down to
1–3 km and then exhumed again (Caswell & Milliken, 2017); have been subjected to numerous phases, both
early and late stages, of persistent (nonacidic) aqueous activity; and would have experienced temperatures
around 50 °C (Léveillé et al., 2014; Nachon et al., 2014).

Nonindigenous chlorohydrocarbons, including contaminants and those formed from indigenous organic
molecules during analysis by thermal decomposition with perchlorate, in comparison, would have been on
the Martian surface for no longer than the life span of the mission—a few years at most and would have
experienced no diagenetic history.

This study attempted to investigate the survivability of simple chlorohydrocarbons under Martian diagenetic
conditions with the aim to determine a means of distinguishing between organic material which has been
chlorinated prior to, or during, analysis.
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Hydrous pyrolysis was utilized to simulate diagenesis. It has been shown
that high-temperature, short-duration experiments are capable of replicat-
ing the low-temperature, long-duration diagenetic process as the underly-
ing chemical reactions may be suitably described by a pseudo-first-order
Arrhenius equation (Lewan et al., 1979). Previous hydrous pyrolysis experi-
ments, both on whole source rocks (e.g., Koopmans et al., 1995; Lewan
et al., 1985; Spigolon et al., 2015) or specific biomass (e.g., Watson et al.,
2012) and isolated organic compounds (e.g., Li et al., 2017), have found
similarities between the pyrolysates and the organic compounds pro-
duced by natural oil generation. Thus, the present work utilized hydrous
pyrolysis to artificially mature chlorohydrocarbons to examine the effects
of diagenesis.

2. Methods
2.1. Hydrous Pyrolysis

1-Chloronapthalene (technical grade, ≥90% 1-chloronapthalene, ~10% 2-chloronapthalene; Figure 2) was
obtained from Sigma-Aldrich as a representative of the types of chlorohydrocarbons that could be expected
to form on the Martian surface. Chlorobenzene itself was not deemed suitable as a starting molecule for the
experiment as it is unlikely to be present in the Martian regolith due to its high vapor pressure and volatility
(Guzman et al., 2018). Thus, in the hypothesized case that chlorohydrocarbons are present in the regolith
prior to analysis, the detection of chlorobenzene, along with the other volatile chlorohydrocarbons, is likely
to be due to the pyrolytic breakdown of a larger chlorinated parent molecule during thermal decomposition.
Simple aromatic compounds such as naphthalene have been detected in numerous meteorites and are
believed to be indigenous to the samples (Sephton, 2002; Sephton et al., 2002), and these are suggested
to be the main sources of organic matter on the Martian surface (Flynn et al., 2004); naphthalene is also
one of the molecules that have been detected by MSL and was suggested to be indicative of complex macro-
molecular organic material present in the Martian sediments (Eigenbrode et al., 2018).

Hydrous pyrolysis was carried out following the method of Sephton et al. (1998). Briefly, 2 μL samples of
1-chloronapthalene along with 0.4 mL degassed, deionized water were pyrolyzed in duplicate in 1.8-mL
(internal volume) bomblets, assembled from T316 stainless steel and sealed with Swagelock SS-600-C end
caps, under varying experimental conditions. Samples were pyrolyzed under an inert atmosphere by loading
and sealing the bomblets in a gas bag under nitrogen.

Experimental conditions were varied to test how combinations of variables altered the survivability of
1-chloronapthalene and any products generated. Samples were subjected to temperatures of 240, 270,
300, or 330 °C for durations of 24 or 72 hr. A procedural blank of deionized water was run at 240 °C for
24 hr to assess the introduction of analytical artifacts.

After the duration of the experiment, the pyrolysis equipment was allowed to cool and the contents of the
bomblet were extracted and prepared for analysis via liquid-liquid extraction. The pyrolysate was pipetted
from the bomblet to a clean test tube, any remaining pyrolysate was removed from the bomblet by extract-
ing once with 1 mL methanol and 3 times with 1 mL hexane, and these fractions were added to the test tube.
2 mL deionized water and 1 mL excess hexane were added to the test tube containing the extracted pyroly-
sate; it was shaken to mix and was allowed to separate. The hexane fraction was pipetted off to another clean
test tube. This process was completed twice more, and then an aliquot of this hexane solution was trans-

ferred to a clean sample vial.

2.2. Gas Chromatography-Mass Spectrometry Analysis

Analyses of the extracted samples were carried out on an Agilent 7890A
gas chromatograph interfaced to an Agilent 5975C inert mass selective
detector. Separation was performed on a 27 m × 250 μm × 0.25-μm J&W
Scientific 122–5532 column. The oven temperature program comprised a
start temperature of 40 °C, held for 2 min, followed by a ramp of
5 °C/min to 310 °C where the temperature was held for 14 min. Helium

Figure 1. Chlorinated organic molecules detected on Mars.

Figure 2. Chlorinated hydrocarbons used: 1-chlorohexadecane and 1-
chloronapthalene.
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column flow was 1.1 mL/min, and injection was splitless, with the inlet
held at 250 °C. The mass selective detector was operated at 70 eV, collect-
ing data over a scan range of m/z 50–550.

2.3. Kinetics

Hydrous pyrolysis is a useful technique to study the effects of diagenesis
on organic compounds as studies have shown that the hydrous pyrolysis
of organic-rich source rocks generates products similar to crude oils
(Lewan et al., 1979), and it is reasonable to extrapolate the kinetic para-
meters applied into the conditions experienced in natural systems (Hunt,
1991). Replicating diagenesis of organic compounds in the laboratory via
hydrous pyrolysis means that the long reaction periods and slow reaction
rates of geological processes must be replaced by short-duration experi-
ments increasing reaction rates by using higher temperatures—a method
used by several authors to study the evolution of organic compounds with
increasing thermal maturity (e.g., Eglinton & Douglas, 1988; Jaeschke et al.,
2008; Koopmans et al., 1996; Peters et al., 1990; Rush et al., 2014). Previous
work has shown that the diagenetic and catagenetic breakdown of
organic compounds in natural oil generation can be described by simple

pseudo-first-order reaction kinetics controlled by initiating free radicals (Lewan, 1997; Lewan et al., 1985).
The chemical kinetic parameters derived from the hydrous pyrolysis can be extrapolated to low-temperature
geological systems using the Arrhenius equation (Ruble et al., 2001).

κ ¼ Ae�E=RT

This equation expresses the relationship between k, the reaction rate constant (units/s), and T, the absolute
temperature (in K); R is the gas constant (J·mol�1·K�1), E is the activation energy (J/mol), and A is the fre-
quency factor (s).

Similar to the precursor organic matter involved in oil generation, chlorohydrocarbons should also thermally
dissociate according to specific kinetic parameters which control the degradation reaction, and should result
in the increased relative abundance of the degradation products compared to the original chlorohydrocar-
bon (relative abundances shown in Table 1). For reactions in which a single product (e.g., naphthalene) is
derived by the dechlorination of a single starting material (e.g., 1-chloronapthalene), it is possible to estimate
the progress of the equilibrated dechlorination reaction (Düppenbecker & Horsfield, 1990; Landais et al.,
1994), and thus derive the reaction rate constant at a specific temperature (Hunt, 1991; Lewan et al., 1985).
The kinetic parameters of the aforementioned reaction could thus be derived by rearranging the Arrhenius

equation to its linear form to return the Arrhenius constant or frequency
factor, A, as well as the activation energy of the reaction, Ea.

3. Results
3.1. Breakdown Products

Total ion chromatograms of 1-chloronapthalene starting material and pro-
ducts from all hydrous pyrolysis experiments are shown in Figures 3 and 4,
respectively. Analysis of the 1-chloronapthalene starting material con-
firmed its composition as 99.7% 1-chloronapthalene. Other products
found include naphthalene and 1,4-dichloronapthalene, but were consid-
ered to have a negligible contribution to the breakdown products. The
only compounds detected in the deionized water blank (pyrolyzed at
240 °C for 24 hr) were siloxanes (from column-bleed) and C8 to C11 alkanes.
The alkanes were observed as low responses in all analyses, suggesting
that they are products of minor background contamination.

Hydrous pyrolysis of 1-chloronapthalene in all cases caused some dechlor-
ination with the major product detected being naphthalene (Figure 5).

Table 1
Data Used to Calculate the Kinetics of the Dechlorination of 1-
Chloronapthalene

Sample
Name C0/CT k Lnk

T
(°C) T/K 1/T

1 1.099225651 0.001314 �6.6347 240 513 0.001949
2 1.091816158 0.00122 �6.70888 240 513 0.001949
7 1.290090702 0.003538 �5.64428 270 543 0.001841
8 1.177750243 0.002272 �6.08696 270 543 0.001841
3 2.886992141 0.032594 �3.42364 300 573 0.001745
4 2.525397568 0.005079 �5.28259 300 573 0.001745
5 55.82620032 0.055864 �2.88483 330 603 0.001658
6 53.32437999 0.055228 �2.89629 330 603 0.001658

Note. C0/CT is the ratio of the initial and final concentration of 1-chloro-
napthalene; k is the reaction rate constant calculated from C0/CT, assum-
ing a pseudo-first-order reaction; lnk is the natural logarithm of k; and T
is the temperature. It is assumed that all 1-chloronapthalene dechlorinates
to naphthalene, and that there is a negligible amount of naphthalene pre-
sent in the initial 1-chloronapthalene spike.

Figure 3. Total ion chromatogram of 1-chloronapthalene starting material,
minor naphthalene, and 1,4-dichloronapthalene were present in the
unreacted sample: 1-ClNap = 1-chloronapthalene, nap = naphthalene, and
1,4-chloronapthalene.
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3.2. Dechlorination Kinetics of 1-Chloronapthalene

It was seen that there were differences in the products detected following different hydrous pyrolysis experi-
ments with varying temperatures and pressures. The reduced 1-chloronapthalene abundance in the 72-hr
experiments compared to the 24-hr experiments indicated that the organic compounds do not reach equili-
brium at T = 24 hr (full data in Table S1 in the supporting information). In contrast, previous work has shown
that the 72-hr experiments had either reached equilibrium, or were at least approximating steady state
conditions (Düppenbecker & Horsfield, 1990; Landais et al., 1994). Several studies involving the use of
hydrous pyrolysis to study the effects of diagenesis on organic compounds have found that 72-hr experi-
ments adequately mimic the processes that occur during natural maturation (e.g., Eglinton & Douglas,

Figure 4. Representative total ion chromatograms from the hydrous pyrolysis of 1-chloronapthalene under all conditions:
1-ClNap = 1-chloronapthalene and nap = naphthalene.
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1988; Jaeschke et al., 2008; Koopmans et al., 1996; Peters et al., 1990; Rush
et al., 2014). Because of these observations, only the results from the 72-hr
experiments were used for the calculation of the reaction kinetics of the
dechlorination of 1-chloronapthalene.

Figure 6 shows that the hydrous pyrolysis results suggest a first-order reac-
tion rate, with an R2 value of 0.971. The kinetic parameters can then be
derived from the fitted function, giving values of A = 1.34 × 108 h
and Ea = 109.4 kJ/mol.

4. Discussion

The Sheepbed mudstone is the apparent source of the widest range of “indigenous” chlorinated organic
compounds so far detected on Mars (Freissinet et al., 2015). This unit was deposited as part of the
Yellowknife Bay Formation, part of the Bradbury Group, in the Late Noachian/Hesperian, 3.8–3.6 Ga
(Grotzinger et al., 2015; Thomson et al., 2011). Thus, assuming they were detected in situ and have not
migrated from a younger overlying unit, any indigenous organic compounds detected in the Sheepbedmud-
stone must be at least of this age.

4.1. Sources of Organic Compounds

Organic molecules are expected to be present on Mars from exogenous sources via continual infall of
meteorites, comets, or interplanetary dust particles (Flynn, 1996; Gibson, 1992; Sephton, 2012) or formed
from indigenous igneous, hydrothermal, or atmospheric processes (Chyba & Sagan, 1992; Konn et al., 2015;
Steele et al., 2012; ten Kate, 2010). Additionally there may be products of extant or extinct life, with aqueously
deposited Noachian sediments such as the Sheepbed mudstone being an obvious target in the search for
the latter.

Based on the delivery of micrometeorite carbon, organic carbon in the Martian regolith has been estimated
to be around 60 ppm (Steininger et al., 2012). However, the 60-ppm value was calculated using a large num-
ber of uncertainties, including the assumption that no degradation of organic material over time (caused by
radiation or atmospheric oxidants) has occurred and so the suggested value is likely an overestimation due to
deleterious effects of radiation and oxidants (Benner et al., 2000; Pavlov et al., 2012).

4.2. Noachian Perchlorate Production

Studies on Martian meteorites, with ages up to 4 Ga, suggest that perchlorate formation has been ongoing
for most of Martian history on a global scale (Bellucci et al., 2017). Conditions on Mars have been relatively

Figure 5. Dechlorination of 1-chloronapthalene to naphthalene and a chlor-
ine ion.

Figure 6. Calculation of kinetic parameters for the dechlorination of 1-chloronapthalene using the average values from
Table 1. A linear relationship between lnk and 1/T suggests that the assumption that reaction kinetics can be approxi-
mated by a first-order reaction is valid (R2 = 0.9714), where lnA = 18.715 and Ea/R = �13155.68.
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constant for the Amazonian period and so oxychlorine, and subsequent chlorohydrocarbon, production
levels should have been similar to today for at least the last 3 Ga.

Prior to the onset of modern conditions in the late Noachian, despite the luminosity of the young Sun being
lower than present-day levels, its short-wavelength fluxes (UV, extreme UV, X-ray, and gamma-ray) were
greatly enhanced owing to a much higher level of magnetic activity as a consequence of its faster rotation
(Güdel & Kasting, 2011).

The decreased luminosity of the young Sun means that an efficient greenhouse effect is required to explain
the relatively mild climate on Noachian Mars and so a thicker atmosphere is hypothesized for this period
before the increased extreme UV and X-ray flux stripped it away (Güdel & Kasting, 2011).

On Earth the major atmospheric screen against UV transmission to the surface is ozone (Lacis et al., 1974). On
present-day Mars, ozone is only detectable in the atmosphere at mid to high latitudes and is higher during
the autumn and winter (Barth & Dick, 1974), although it is still 2 orders of magnitude lower in concentration
than on present-day Earth (Barth et al., 1973; Hansen et al., 1997; Perrier et al., 2006). Ozone is not suggested
to have ever been a major constituent of the Martian atmosphere with the majority of UV shielding being
provided by SO2 and dust, and this would have been highly spatially and temporally variable owing to its vol-
canic origin (Córdoba-Jabonero et al., 2003).

This increased solar radiation flux is thus suggested to have offset the thicker Noachian atmosphere and
allowed the formation of at least atmospheric, if not surface, oxychlorines during the Noachian.

4.3. Survivability of Noachian Chlorohydrocarbons to the Present Day

With a continual meteoritic infall (along with other potential indigenous processes) providing a constant
source of new organic molecules, and the continual meteoritic impact gardening, cryoturbation, and past
aqueous processes, would have ensured that any produced Noachian chlorohydrocarbons would have likely
been preserved in the subsurface.

If chlorohydrocarbons were produced on the surface/shallow subsurface of Mars during this period as
hypothesized, then it is possible to model the likelihood of the survival of these chlorinated molecules in
the Sheepbed mudstone throughout its diagenetic history using the calculated properties of the reaction
and some environmental constraints on the burial conditions. This can be achieved by modeling the percent
loss of chlorinated molecules as a result of the dechlorination process by using the integrated form of the
first-order rate equation in conjunction with the Arrhenius equation in the following manner:

C½ �t
C½ �0

¼ exp �t�A�e�Ea
RT

� �

where [C]t is the amount of reactant at time t, [C]0 is the amount of reactant at time = 0, A is the frequency
factor, Ea is the activation energy as derived from the hydrous pyrolysis results, R is the gas constant, and T
is the temperature in kelvin.

The model calculates the percent loss of chlorinated molecules at any time t by iterating over a given time
step over a specified length of time to determine the amount of reactant lost in that step, given parameters
that dictate the temperature during that time step. It is well understood that the temperature at which the
reaction takes place is dependent on the burial and exhumation history of the sediment within which it is
hosted. Factors that would affect the temperature of the reaction include the burial and exhumation rates,
the geothermal gradient, the surface temperature of the environment, and the time at which the sediment
is uplifted. By inferring or estimating the values of the above parameters, it is possible to model the evolution
of 1-chloronapthalene degradation over the course of Martian history, and thus determine the conditions
under which chlorinated organic compounds from any specified period of Martian history would have sur-
vived to the present day.

There are several notable constraints of the model—the first is that it assumes constant geothermal gradi-
ents, surface temperatures, and burial and exhumation rates for the duration of the modeled period. It also
assumes that the reaction kinetics derived from the hydrous pyrolysis experiment are fully applicable to
the Martian sedimentary environment—most notably, the experiment was conducted with pure 1-
chloronapthalene and in the absence of a solid substrate; different mixtures of chlorinated organic
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compounds will almost certainly be controlled by different kinetic parameters, as will the effect of organic-
mineral interactions. In addition, the model assumes a closed system, where no chlorohydrocarbons are
lost by aqueous transport or similar processes.

Based on hydraulic fracture properties, the minimum inferred burial depth of the Sheepbed mudstone is
1 km but most likely around 3 km (Caswell & Milliken, 2017). Assuming equal periods of net deposition
and net erosion, burial and exhumation rates in Gale crater have been estimated as 5 to 35 m and 5 to
29 m per million years, respectively (Borlina et al., 2015). Mars’ Late Noachian/Hesperian geothermal gradient
has been estimated at around 15–20 °C/km (Hahn et al., 2011), with a Late Noachian/Hesperian surface tem-
perature of around 0 °C (Borlina et al., 2015) giving a burial temperature of 45 to 60 °C; mineralogical observa-
tions suggest a maximum temperature of no more than 75 °C (Bristow et al., 2015; Vaniman et al., 2014).
Based on the assumption of an average sediment density of 2.5 × 103 kg/m3 (Grotzinger et al., 2015) and
using a value of 3.711 ms2 for Mars’ gravitational acceleration the lithostatic pressure subjected to would
be 27.8 MPa (at 3-km depth).

As these early Mars conditions are poorly constrained it is also reasonable to use modern Martian conditions
with a�50 °C surface temperature (average annual equatorial temperature) and an 8 °C/km geothermal gra-
dient (Hoffman, 2001) for minimum burial temperature constraints.

Figure 7 shows the results of modeling the survivability of 1-chloronapthalene in the Sheepbed mudstone
under a range of these burial history scenarios.

All panels in Figure 8 have a total burial period of 400 Ma and assume that periods of net deposition/burial
and erosion/exhumation were equal in both duration and rate. The top 3 panels have a Noachian geothermal
gradient of 20 °C/km while the bottom 3 panels have an Amazonian (modern) geothermal gradient of
8 °C/km. Left to right burial rate (and therefore maximum burial depth and subsequent exhumation rate)
are increased between the panels. Each panel plots the effects of various surface temperatures (from the
maximum 0 °C of the Noachian to the �50 °C of average modern-day Mars). We have attempted to model
the change in temperature across Martian geological time by linearly reducing surface temperatures for all
modeled parameters to Amazonian levels (�50 °C) within 1,500 Ma of deposition. This corresponds to

Figure 7. Survivability of 1-chloronapthalene in the Sheepbed mudstone from deposition to the present day under a range of possible surface temperature (ST),
burial and uplift rate (BR), and geothermal gradient (GG) conditions. This simulation assumes that the chloronapthalene compounds were buried for a total of
400 Ma, including exhumation time, and were modeled over 3.8 Ga with a time step of 1 Ma. Note that the periods of net deposition and net erosion (i.e., burial and
uplift) in Gale crater have been modeled as equal in length and rate.
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temperatures reaching present-day levels 2.5 Ga ago, an assumption we believe is valid given the uncertainty
of Martian temperature variations.

Model data (Figure 7) suggest that the survivability of 1-chloronapthalene is strongly dependent on the
conditions it is subjected to, especially with regards to surface temperature. For example, all
1-chloronapthalene is lost when modeled with a (Noachian) surface temperature of 0 °C in all scenarios
except for one with an extremely low burial rate and geothermal gradient. While there are scenarios that
result in the survival of chloronapthalene through to the present day (Figure 7), many of these are highly

Figure 8. Survival of 1-chloronapthalene under Noachian or Amazonian environmental conditions. 1-Chloronapthalene is
shown to be far more survivable under Amazonian conditions compared to Noachian conditions, with approximately 80%
of chlorinated compounds retained after 400 Ma even in the harshest conditions.
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unlikely given our knowledge of Martian environmental conditions. For example, good survivability (>50% 1-
chloronapthalene survival) occurs with Noachian surface temperatures less than�30 °C (243 K) at all but the
highest burial rates and even with the high Noachian geothermal gradient. However, Noachian surface
temperatures below 0 °C (273 K) would be unrealistic under the oft proposed warm and wet climate of
Noachian Mars (Davis et al., 2016; Squyres & Kasting, 1994).

Figure 8 compares realistic condition sets for both the Noachian and Amazonian while varying the
burial/exhumation rates. It is clear that under Noachian conditions (0 °C surface temperature and 20 °C/km
geothermal gradient), 1-chloronapthalene is rapidly destroyed during the initial stages of burial and diagen-
esis and would not survive to the present day for detection. In contrast, under Amazonian conditions (�25 °C
surface temperature and 8 °C/km geothermal gradient), 1-chloronapthalene survivability is good, even at the
highest burial rates/depths proposed for the Sheepbed mudstone.

Our data suggest that any chlorohydrocarbons detected in the Sheepbed mudstone, or any other Noachian
units with a similar burial history, cannot be indigenous to the unit in its current molecular architecture. The 0-
m/Ma burial rate is unrealistic as the Sheepbed mudstone has a minimum burial depth of 1 km. The low sta-
bility of chlorinated hydrocarbons under Noachian conditions thus supports the hypothesis that these mole-
cules are a product of sample analysis on Mars.

A more in-depth model of burial under Noachian conditions supports this hypothesis of modern chlorohy-
drocarbon formation during analysis. Figure 9 shows that under Noachian environmental conditions and a
burial history relevant to Gale crater (10-m/Ma burial rate), all codeposited 1-chloronapthalene buried
greater than 2 km would have been lost within 2 Ga. As the likely burial depth of Gale crater sediments
is 3 km, this would suggest that MSL cannot expect to detect indigenous chlorinated molecules within
the current sediment sequence in Gale crater, especially at 150–300-ppb levels at which chlorobenzene
has been detected (Freissinet et al., 2015). However, the models also suggest that chloronapthalene buried
less than 1 km can survive to the present day—although 99.41% of 1-chloronapthalenes buried at 1 km
are lost by the Amazonian, this number decreases to 94.86% when buried to a maximum depth of
500 m. Assuming a chloronapthalene detection limit of 10 ppb, only 1.7 ppm of indigenous Noachian
1-chloronapthalene is required to be detectable if buried to a depth of 1 km. Thus, as Curiosity continues
its transect upward through the sedimentary sequence in Gale crater, mudstones in the Murray formation
and elsewhere in lower Mount Sharp that are younger and may have been less deeply buried than those
of the Sheepbed mudstone (Caswell & Milliken, 2017) may contain detectable indigenous chlorinated
organic compounds.

Figure 9. Model of 1-chloronapthalene dechlorination over 3.8 Ga under Noachian environmental conditions. The simula-
tions suggest that any chlorohydrocarbons deposited during the Noachian or early Hesperian are unlikely to survive to the
present day regardless of burial history.
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Units from the current Amazonian period are also likely to contain less diagenetically altered organic mole-
cules, and organic compounds found in these units could potentially have surviving chlorine bonds; this is
due to present-day environmental and diagenetic conditions that are more favorable to their survival.

Despite the preservation of chlorinated organic molecules being theoretically possible in Amazonian sedi-
ments, other factors make the survival of such compounds more unlikely than the models suggest.
Organic molecules need to be buried rapidly and deeply enough to be protected from radiation. While a
fewmillimeters of coverage is enough to protect from UV and X-ray radiation (Cockell & Raven, 2004), galactic
and cosmic rays (GCRs and SCRs) can penetrate down to 1–2 m below the surface to destroy organic com-
pounds down to this depth (Pavlov et al., 2012). Irradiation will drastically decrease the abundance of organic
molecules in the shallow subsurface both preburial and postexposure. For the aforementioned potential sur-
vival and detection of chlorinated hydrocarbons at ≤1-km burial depth, at least 3% of the 60 ppm organic car-
bon estimated to be in the Martian regolith (Steininger et al., 2012) would have to be chlorinated and survive
irradiation and oxidation both prior and subsequent to chlorination.

It has now been shown that nonchlorinated organic molecules were able to survive the diagenetic (and radia-
tive) history of Gale crater through the detection of macromolecular organic matter indigenous to the lower
Murray mudstone (Eigenbrode et al., 2018). Lower levels of perchlorate in these sediments, around 10X less
than those of the Sheepbed Mudstone (Sutter et al., 2017), have likely aided both the nonoxidation and non-
chlorination (only minor chlorobenzene was detected) of these organic molecules during thermal decompo-
sition analysis methods (Royle et al., 2018).

5. Conclusions

Any attempts to understand organic compounds detected in the Sheepbedmudstone through geologic time
must take into account their burial by several kilometers and the associated increased temperature and pres-
sure to which they have been subjected to because of this.

Due to the likelihood of increased surface temperatures and geothermal gradient on ancient Mars, the
chances of indigenous Late Noachian/Hesperian chlorinated organic compounds surviving to the present
day, given the deep burial history of the Sheepbed mudstone, are very low.

Chlorinated organic molecules detected in the Sheepbedmudstone almost certainly must have derived from
chlorination during pyrolysis as previously hypothesized. However, we do not propose a source for the
organic carbon, and our data neither support nor disprove the idea of an indigenous Martian source of the
organic carbon.

References
Barth, C. A., & Dick, M. L. (1974). Ozone and the polar hood of Mars. Icarus, 22(2), 205–211. https://doi.org/10.1016/0019-1035(74)90119-5
Barth, C. A., Hord, C. W., Stewart, A. I., Lane, A. L., Dick, M. L., & Anderson, G. P. (1973). Mariner 9 ultraviolet spectrometer experiment: Seasonal

variation of ozone on Mars. Science, 179(4075), 795–796. https://doi.org/10.1126/science.179.4075.795
Bellucci, J. J., Whitehouse, M. J., John, T., Nemchin, A. A., Snape, J. F., Bland, P. A., & et al. (2017). Halogen and Cl isotopic systematics in Martian

phosphates: Implications for the Cl cycle and surface halogen reservoirs on Mars. Earth and Planetary Science Letters, 458, 192–202. https://
doi.org/10.1016/J.EPSL.2016.10.028

Benner, S. A., Devine, K. G., Matveeva, L. N., & Powell, D. H. (2000). Themissing organic molecules onMars. PNAS, 97(6), 2425–2430. https://doi.
org/10.1073/pnas.040539497

Biemann, K., Oro, J., Toulmin, P. III, Orgel, L. E., Nier, A. O., Anderson, D. M., et al. (1977). The search for organic substances and inorganic
volatile compounds in the surface of Mars. Journal of Geophysical Research, 82(28), 4641–4658. https://doi.org/10.1029/
JS082i028p04641

Biemann, K., Oro, J., Toulmin, P. III, Orgel, L. E., Nier, A. O., Anderson, D. M., et al. (1976). Search for organic and volatile inorganic compounds
in two surface samples from the chryse planitia region of Mars. Science, 194(4260), 72–76. https://doi.org/10.1126/science.194.4260.72

Borlina, C. S., Ehlmann, B. L., & Kite, E. S. (2015). Modeling the thermal and physical evolution of mount Sharp’s sedimentary rocks, Gale crater,
Mars: Implications for diagenesis on the MSL Curiosity rover traverse. Journal of Geophysical Research: Planets, 120, 1396–1414. https://doi.
org/10.1002/2015JE004799

Bristow, T. F., Bish, D. L., Vaniman, D. T., Morris, R. V., Blake, D. F., Grotzinger, J. P., et al. (2015). The origin and implications of clay minerals from
Yellowknife Bay, Gale crater, Mars. American Mineralogist, 100(4), 824–836. https://doi.org/10.2138/am-2015-5077CCBYNCND

Carrier, B. L. (2017). Next steps forward in understanding Martian surface and subsurface chemistry. Journal of Geophysical Research: Planets,
122, 1951–1953. https://doi.org/10.1002/2017JE005409

Carrier, B. L., & Kounaves, S. P. (2015). The origins of perchlorate in the Martian soil. Geophysical Research Letters, 42, 3739–3745. https://doi.
org/10.1002/2015GL064290

Caswell, T. E., & Milliken, R. E. (2017). Evidence for hydraulic fracturing at Gale crater, Mars: Implications for burial depth of the Yellowknife Bay
formation. Earth and Planetary Science Letters, 468, 72–84. https://doi.org/10.1016/j.epsl.2017.03.033

10.1029/2018JE005711Journal of Geophysical Research: Planets

ROYLE ET AL. 2800

Acknowledgments
This work was supported by UK Space
Agency grant ST/N000560/1. Data used
for calculations are available in the
supporting information. Modeling code
is openly accessible at https://github.
com/ImperialCollegeLondon/
ArrheniusModel/blob/master/
ChloronapthaleneModellingWork.py.

https://doi.org/10.1016/0019-1035(74)90119-5
https://doi.org/10.1126/science.179.4075.795
https://doi.org/10.1016/J.EPSL.2016.10.028
https://doi.org/10.1016/J.EPSL.2016.10.028
https://doi.org/10.1073/pnas.040539497
https://doi.org/10.1073/pnas.040539497
https://doi.org/10.1029/JS082i028p04641
https://doi.org/10.1029/JS082i028p04641
https://doi.org/10.1126/science.194.4260.72
https://doi.org/10.1002/2015JE004799
https://doi.org/10.1002/2015JE004799
https://doi.org/10.2138/am-2015-5077CCBYNCND
https://doi.org/10.1002/2017JE005409
https://doi.org/10.1002/2015GL064290
https://doi.org/10.1002/2015GL064290
https://doi.org/10.1016/j.epsl.2017.03.033
https://github.com/ImperialCollegeLondon/ArrheniusModel/blob/master/ChloronapthaleneModellingWork.py
https://github.com/ImperialCollegeLondon/ArrheniusModel/blob/master/ChloronapthaleneModellingWork.py
https://github.com/ImperialCollegeLondon/ArrheniusModel/blob/master/ChloronapthaleneModellingWork.py
https://github.com/ImperialCollegeLondon/ArrheniusModel/blob/master/ChloronapthaleneModellingWork.py


Chyba, C., & Sagan, C. (1992). Endogenous production, exogenous delivery and impact-shock synthesis of organic molecules: An inventory
for the origins of life. Nature, 355(6356), 125–132. https://doi.org/10.1038/355125a0

Cockell, C. S., & Raven, J. A. (2004). Zones of photosynthetic potential on Mars and the early Earth. Icarus, 169(2), 300–310. https://doi.org/
10.1016/J.ICARUS.2003.12.024

Córdoba-Jabonero, C., Lara, L., Mancho, A., Márquez, A., & Rodrigo, R. (2003). Solar ultraviolet transfer in the Martian atmosphere: Biological
and geological implications. Planetary and Space Science, 51(6), 399–410. https://doi.org/10.1016/S0032-0633(03)00023-0

Davis, J. M., Balme, M., Grindrod, P. M., Williams, R. M. E., & Gupta, S. (2016). Extensive Noachian fluvial systems in Arabia Terra: Implications for
early Martian climate. Geology, 44(10), 847–850. https://doi.org/10.1130/G38247.1

Düppenbecker, S., & Horsfield, B. (1990). Compositional information for kinetic modelling and petroleum type prediction. Organic
Geochemistry, 16(1–3), 259–266. https://doi.org/10.1016/0146-6380(90)90046-3

Eglinton, I., and Douglas, A. G. (1988). Quantitative study of biomarker hydrocarbons released from kerogens during hydrous pyrolysis.
Eigenbrode, J. L., Summons, R. E., Steele, A., Freissinet, C., Millan, M., Navarro-González, R., et al. (2018). Organic matter preserved in 3-billion-

year-old mudstones at Gale crater, Mars. Science, 360(6393), 1096–1101. https://doi.org/10.1126/science.aas9185
Flynn, G., Keller, L., Jacobsen, C., & Wirick, S. (2004). An assessment of the amount and types of organic matter contributed to the Earth by

interplanetary dust. Advance Space Research, 33(1), 57–66. https://doi.org/10.1016/j.asr.2003.09.036
Flynn, G. J. (1996). The delivery of organic matter from asteroids and comets to the early surface of Mars. Earth, Moon, and Planets, 72(1–3),

469–474. https://doi.org/10.1007/BF00117551
Freissinet, C., Glavin, D. P., Mahaffy, P. R., Miller, K. E., Eigenbrode, J. L., Summons, R. E., et al. (2015). Organic molecules in the Sheepbed

mudstone, Gale crater, Mars. Journal of Geophysical Research: Planets, 120, 495–514. https://doi.org/10.1002/2014JE004737
Gibson, E. K. (1992). Volatiles in interplanetary dust particles: A review. Journal of Geophysical Research, 97(E3), 3865–3875. https://doi.org/

10.1029/92JE00033
Glavin, D. P., Freissinet, C., Miller, K. E., Eigenbrode, J. L., Brunner, A. E., Buch, A., et al. (2013). Evidence for perchlorates and the origin of

chlorinated hydrocarbons detected by SAM at the Rocknest aeolian deposit in Gale crater. Journal of Geophysical Research: Planets, 118,
1955–1973. https://doi.org/10.1002/jgre.20144

Góbi, S., Bergantini, A., & Kaiser, R. I. (2016). In situ detection of chlorine dioxide (ClO2) in the radiolysis of perchlorates and implications for
the stability of organics on Mars. The Astrophysical Journal, 832(2), 164. https://doi.org/10.3847/0004-637X/832/2/164

Grotzinger, J. P., Gupta, S., Malin, M. C., Rubin, D. M., Schieber, J., Siebach, K., et al. (2015). Deposition, exhumation, and paleoclimate of an
ancient lake deposit, Gale crater, Mars. Science, 350(6257), aac7575. https://doi.org/10.1126/science.aac7575

Güdel, M., & Kasting, J. (2011). The young Sun and its influence on planetary atmospheres. In M. Gargaud, & P. López-Garcìa (Eds.),Origins and
Evolution of Life: An Astrobiological Perspective (pp. 167–182). Cambridge, UK: Cambridge University Press.

Guzman, M., McKay, C. P., Quinn, R. C., Szopa, C., Davila, A. F., Navarro-González, R., & et al. (2018). Identification of chlorobenzene in the
Viking gas chromatograph-mass spectrometer data sets: Reanalysis of Viking Mission data consistent with aromatic organic compounds
on Mars. Journal of Geophysical Research: Planets, 123, 1674–1683. https://doi.org/10.1029/2018JE005544, https://doi.org/10.1029/
2018JE005544

Hahn, B. C., McLennan, S. M., & Klein, E. C. (2011). Martian surface heat production and crustal heat flow from Mars Odyssey gamma-ray
spectrometry. Geophysical Research Letters, 38, L14203. https://doi.org/10.1029/2011GL047435

Hansen, J., Sato, M., & Ruedy, R. (1997). Radiative forcing and climate response. Journal of Geophysical Research, 102(D6), 6831–6864. https://
doi.org/10.1029/96JD03436

Hawkins, C. L., Pattison, D. I., & Davies, M. J. (2003). Hypochlorite-induced oxidation of amino acids, peptides and proteins. Amino Acids,
25(3-4), 259–274. https://doi.org/10.1007/s00726-003-0016-x

Hayatsu, H., Pan, S., & Ukita, T. (1971). Reaction of sodium hypochlorite with nucleic acids and their constituents. Chemical & Pharmaceutical
Bulletin (Tokyo), 19(10), 2189–2192. https://doi.org/10.1248/cpb.19.2189

Hecht, M. H., Kounaves, S. P., Quinn, R. C., West, S. J., Young, S. M. M., Ming, D. W., et al. (2009). Detection of perchlorate and the soluble
chemistry of Martian soil at the Phoenix lander site. Science, 325(5936), 64–67. https://doi.org/10.1126/science.1172466

Hoffman, N. (2001). Modern geothermal gradients on mars and implications for subsurface liquids, in Conference on the Geophysical
Detection of Subsurface Water on Mars, Houston, Texas.

Hunt, J. M. (1991). Modelling oil generation with time-temperature index graphs based on the Arrhenius equation. American Association of
Petroleum Geologists Bulletin, 75(4), 795–807.

Jaeschke, A., Lewan, M. D., Hopmans, E. C., Schouten, S., & Sinninghe Damsté, J. S. (2008). Thermal stability of ladderane lipids as determined
by hydrous pyrolysis. Organic Geochemistry, 39(12), 1735–1741. https://doi.org/10.1016/J.ORGGEOCHEM.2008.08.006

Kim, Y. S., Wo, K. P., Maity, S., Atreya, S. K., & Kaiser, R. I. (2013). Radiation-induced formation of chlorine oxides and their potential role in the
origin of Martian perchlorates. Journal of the American Chemical Society, 135(13), 4910–4913. https://doi.org/10.1021/ja3122922

Konn, C., Charlou, J. L., Holm, N. G., & Mousis, O. (2015). The production of methane, hydrogen, and organic compounds in ultramafic-hosted
hydrothermal vents of the Mid-Atlantic Ridge. Astrobiology, 15(5), 381–399. https://doi.org/10.1089/ast.2014.1198

Koopmans, M. P., De Leeuw, J. W., Lewan, M. D., & Sinninghe Damste, J. S. (1996). Impact of dia- and catagenesis on sulphur and oxygen
sequestration of biomarkers as revealed by artificial maturation of an immature sedimentary rock. Organic Geochemistry, 25(5–7), 391–426.
https://doi.org/10.1016/S0146-6380(96)00144-1

Koopmans, M. P., Sinninghe Damsté, J. S., Lewan, M. D., & De Leeuw, J. W. (1995). Thermal stability of thiophene biomarkers as studied by
hydrous pyrolysis. Organic Geochemistry, 23(6), 583–596. https://doi.org/10.1016/0146-6380(95)00039-H

Kounaves, S. P., Carrier, B. L., O’Neil, G. D., Stroble, S. T., & Claire, M. W. (2014). Evidence of Martian perchlorate, chlorate, and nitrate in Mars
meteorite EETA79001: Implications for oxidants and organics. Icarus, 229, 206–213. https://doi.org/10.1016/J.ICARUS.2013.11.012

Kounaves, S. P., Chaniotakis, N. A., Chevrier, V. F., Carrier, B. L., Folds, K. E., Hansen, V. M., et al. (2014). Identification of the perchlorate parent
salts at the Phoenix Mars landing site and possible implications. Icarus, 232, 226–231. https://doi.org/10.1016/j.icarus.2014.01.016

Kounaves, S. P., Hecht, M. H., Kapit, J., Gospodinova, K., Deflores, L., Quinn, R. C., et al. (2010). Wet chemistry experiments on the 2007 Phoenix
Mars Scout Lander mission: Data analysis and results. Journal of Geophysical Research, 115, E00E10. https://doi.org/10.1029/2009JE003424

Lacis, A. A., Hansen, J., Lacis, A. A., & Hansen, J. (1974). A parameterization for the absorption of solar radiation in the Earth’s atmosphere.
Journal of the Atmospheric Sciences, 31(1), 118–133. https://doi.org/10.1175/1520-0469

Landais, P., Michels, R., & Elie, M. (1994). Are time and temperature the only constraints to the simulation of organic matter maturation?
Organic Geochemistry, 22(3–5), 617–630. https://doi.org/10.1016/0146-6380(94)90128-7

Léveillé, R. J., Bridges, J., Wiens, R. C., Mangold, N., Cousin, A., Lanza, N., et al. (2014). Chemistry of fracture-filling raised ridges in Yellowknife
Bay, Gale crater: Window into past aqueous activity and habitability on Mars. Journal of Geophysical Research: Planets, 119, 2398–2415.
https://doi.org/10.1002/2014JE004620

10.1029/2018JE005711Journal of Geophysical Research: Planets

ROYLE ET AL. 2801

https://doi.org/10.1038/355125a0
https://doi.org/10.1016/J.ICARUS.2003.12.024
https://doi.org/10.1016/J.ICARUS.2003.12.024
https://doi.org/10.1016/S0032-0633(03)00023-0
https://doi.org/10.1130/G38247.1
https://doi.org/10.1016/0146-6380(90)90046-3
https://doi.org/10.1126/science.aas9185
https://doi.org/10.1016/j.asr.2003.09.036
https://doi.org/10.1007/BF00117551
https://doi.org/10.1002/2014JE004737
https://doi.org/10.1029/92JE00033
https://doi.org/10.1029/92JE00033
https://doi.org/10.1002/jgre.20144
https://doi.org/10.3847/0004-637X/832/2/164
https://doi.org/10.1126/science.aac7575
https://doi.org/10.1029/2018JE005544
https://doi.org/10.1029/2018JE005544
https://doi.org/10.1029/2018JE005544
https://doi.org/10.1029/2011GL047435
https://doi.org/10.1029/96JD03436
https://doi.org/10.1029/96JD03436
https://doi.org/10.1007/s00726-003-0016-x
https://doi.org/10.1248/cpb.19.2189
https://doi.org/10.1126/science.1172466
https://doi.org/10.1016/J.ORGGEOCHEM.2008.08.006
https://doi.org/10.1021/ja3122922
https://doi.org/10.1089/ast.2014.1198
https://doi.org/10.1016/S0146-6380(96)00144-1
https://doi.org/10.1016/0146-6380(95)00039-H
https://doi.org/10.1016/J.ICARUS.2013.11.012
https://doi.org/10.1016/j.icarus.2014.01.016
https://doi.org/10.1029/2009JE003424
https://doi.org/10.1175/1520-0469
https://doi.org/10.1016/0146-6380(94)90128-7
https://doi.org/10.1002/2014JE004620


Lewan, M. D. (1997). Experiments on the role of water in petroleum formation. Geochimica et Cosmochimica Acta, 61(17), 3691–3723. https://
doi.org/10.1016/S0016-7037(97)00176-2

Lewan, M. D., Spiro, B., Illich, H., Raiswell, R., Mackenzie, A. S., Durand, B., et al. (1985). Evaluation of petroleum generation by hydrous pyrolysis
experimentation [and discussion]. Philosophical Transactions of the Royal Society A - Mathematical Physical and Engineering Sciences,
315(1531), 123–134. https://doi.org/10.1098/rsta.1985.0033

Lewan, M. D., Winters, J. C., & McDonald, J. H. (1979). Generation of oil-like pyrolyzates from organic-rich shales. Science, 203(4383), 897–899.
https://doi.org/10.1126/science.203.4383.897

Li, Y., Zhou, S., Li, J., Ma, Y., Chen, K., Wu, Y., & et al. (2017). Experimental study of the decomposition of acetic acid under conditions relevant
to deep reservoirs. Applied Geochemistry, 84, 306–313. https://doi.org/10.1016/J.APGEOCHEM.2017.07.013

Miller, K. E., Kotrc, B., Summons, R. E., Belmahdi, I., Buch, A., Eigenbrode, J. L., et al. (2015). Evaluation of the Tenax trap in the sample analysis
at Mars instrument suite on the curiosity rover as a potential hydrocarbon source for chlorinated organics detected in Gale crater. Journal
of Geophysical Research: Planets, 120, 1446–1459. https://doi.org/10.1002/2015JE004825

Nachon, M., Clegg, S. M., Mangold, N., Schröder, S., Kah, L. C., Dromart, G., et al. (2014). Calcium sulfate veins characterized by
ChemCam/curiosity at Gale crater, Mars. Journal of Geophysical Research: Planets, 119, 1991–2016. https://doi.org/10.1002/2013JE004588

Navarro-González, R., Vargas, E., de la Rosa, J., Raga, A. C., & McKay, C. P. (2010). Reanalysis of the Viking results suggests perchlorate and
organics at midlatitudes on Mars. Journal of Geophysical Research, 115, E12010. https://doi.org/10.1029/2010JE003599

Pavlov, A. A., Vasilyev, G., Ostryakov, V. M., Pavlov, A. K., & Mahaffy, P. (2012). Degradation of the organic molecules in the shallow subsurface
of Mars due to irradiation by cosmic rays. Geophysical Research Letters, 39, L13202. https://doi.org/10.1029/2012GL052166

Perrier, S., Bertaux, J. L., Lefèvre, F., Lebonnois, S., Korablev, O., Fedorova, A., & et al. (2006). Global distribution of total ozone on Mars from
SPICAM/MEX UV measurements. Journal of Geophysical Research, 111, E09S06. https://doi.org/10.1029/2006JE002681

Peters, K. E., Moldowan, J. M., & Sundararaman, P. (1990). Effects of hydrous pyrolysis on biomarker thermal maturity parameters: Monterey
phosphatic and siliceous members. Organic Geochemistry, 15(3), 249–265. https://doi.org/10.1016/0146-6380(90)90003-I

Quinn, R. C., Martucci, H. F. H., Miller, S. R., Bryson, C. E., Grunthaner, F. J., & Grunthaner, P. J. (2013). Perchlorate radiolysis on Mars and the
origin of Martian soil reactivity. Astrobiology, 13(6), 515–520. https://doi.org/10.1089/ast.2013.0999

Royle, S. H., Oberlin, E., Watson, J. S., Montgomery, W., Kounaves, S. P., & Sephton, M. A. (2018). Perchlorate driven combustion of organic
matter during Py-GC-MS: Implications for organic matter detection on Earth and Mars. Journal of Geophysical Research: Planets, 123,
1901–1909. https://doi.org/10.1029/2018JE005615

Ruble, T. E., Lewan, M. D., Philp, R. P., & Ruble ϳ, T. E. (2001). New insights on the Green River petroleum system in the Uinta basin from
hydrous pyrolysis experiments. American Association of Petroleum Geologists Bulletin, 85(8), 1333–1371.

Rush, D., Jaeschke, A., Geenevasen, J. A. J., Tegelaar, E., Pureveen, J., Lewan, M. D., et al. (2014). Generation of unusual branched long chain
alkanes from hydrous pyrolysis of anammox bacterial biomass. Organic Geochemistry, 76, 136–145. https://doi.org/10.1016/J.
ORGGEOCHEM.2014.08.002

Schuttlefield, J. D., Sambur, J. B., Gelwicks, M., Eggleston, C. M., & Parkinson, B. A. (2011). Photooxidation of chloride by oxide minerals:
Implications for perchlorate on Mars. Journal of the American Chemical Society, 133(44), 17521–17523. https://doi.org/10.1021/ja2064878

Sephton, M., Pillinger, C., & Gilmour, I. (1998). Small-scale hydrous pyrolysis of macromolecular material in meteorites. Planetary and Space
Science, 47(1–2), 181–187. https://doi.org/10.1016/S0032-0633(98)00086-5

Sephton, M. A. (2002). Organic compounds in carbonaceous meteorites. Natural Product Reports, 19(3), 292–311. https://doi.org/10.1039/
b103775g

Sephton, M. A. (2012). Pyrolysis and mass spectrometry studies of meteoritic organic matter. Mass Spectrometry Reviews, 31(5), 560–569.
https://doi.org/10.1002/mas.20354

Sephton, M. A., Wright, I. P., Gilmour, I., de Leeuw, J. W., Grady, M. M., & Pillinger, C. T. (2002). High molecular weight organic matter in Martian
meteorites. Planetary and Space Science, 50(7–8), 711–716. https://doi.org/10.1016/S0032-0633(02)00053-3

Spigolon, A. L. D., Lewan, M. D., de Barros Penteado, H. L., Coutinho, L. F. C., & Mendonça Filho, J. G. (2015). Evaluation of the petroleum
composition and quality with increasing thermal maturity as simulated by hydrous pyrolysis: A case study using a Brazilian source rock
with type I kerogen. Organic Geochemistry, 83-84, 27–53. https://doi.org/10.1016/j.orggeochem.2015.03.001

Squyres, S. W., & Kasting, J. F. (1994). Early Mars: How warm and how wet? Science, 265(5173), 744–749. https://doi.org/10.1126/
SCIENCE.265.5173.744

Steele, A., McCubbin, F. M., Fries, M., Kater, L., Boctor, N. Z., Fogel, M. L., et al. (2012). A reduced organic carbon component in Martian basalts.
Science, 337(6091), 212–215. https://doi.org/10.1126/science.1220715

Steininger, H., Goesmann, F., & Goetz, W. (2012). Influence of magnesium perchlorate on the pyrolysis of organic compounds in Mars ana-
logue soils. Planetary and Space Science, 71(1), 9–17. https://doi.org/10.1016/j.pss.2012.06.015

Sutter, B., McAdam, A. C., Mahaffy, P. R., Ming, D. W., Edgett, K. S., Rampe, E. B., et al. (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. Journal of Geophysical Research: Planets, 122, 2574–2609. https://doi.org/10.1002/2016JE005225

ten Kate, I. L. (2010). Organics on Mars? Astrobiology, 10(6), 589–603. https://doi.org/10.1089/ast.2010.0498
Thomson, B. J., Bridges, N. T., Milliken, R., Baldridge, A., Hook, S. J., Crowley, J. K., et al. (2011). Constraints on the origin and evolution of the

layered mound in Gale crater, Mars using Mars Reconnaissance Orbiter data. Icarus, 214(2), 413–432. https://doi.org/10.1016/j.
icarus.2011.05.002

Vaniman, D. T., Bish, D. L., Ming, D. W., Bristow, T. F., Morris, R. V., Blake, D. F., et al. (2014). Mineralogy of a mudstone at Yellowknife Bay, Gale
crater, Mars. Science, 343(6169), 1243480. https://doi.org/10.1126/science.1243480

Watson, J. S., Fraser, W. T., & Sephton, M. A. (2012). Formation of a polyalkyl macromolecule from the hydrolysable component within
sporopollenin during heating/pyrolysis experiments with Lycopodium spores. Journal of Analytical and Applied Pyrolysis, 95, 138–144.
https://doi.org/10.1016/J.JAAP.2012.01.019

10.1029/2018JE005711Journal of Geophysical Research: Planets

ROYLE ET AL. 2802

https://doi.org/10.1016/S0016-7037(97)00176-2
https://doi.org/10.1016/S0016-7037(97)00176-2
https://doi.org/10.1098/rsta.1985.0033
https://doi.org/10.1126/science.203.4383.897
https://doi.org/10.1016/J.APGEOCHEM.2017.07.013
https://doi.org/10.1002/2015JE004825
https://doi.org/10.1002/2013JE004588
https://doi.org/10.1029/2010JE003599
https://doi.org/10.1029/2012GL052166
https://doi.org/10.1029/2006JE002681
https://doi.org/10.1016/0146-6380(90)90003-I
https://doi.org/10.1089/ast.2013.0999
https://doi.org/10.1029/2018JE005615
https://doi.org/10.1016/J.ORGGEOCHEM.2014.08.002
https://doi.org/10.1016/J.ORGGEOCHEM.2014.08.002
https://doi.org/10.1021/ja2064878
https://doi.org/10.1016/S0032-0633(98)00086-5
https://doi.org/10.1039/b103775g
https://doi.org/10.1039/b103775g
https://doi.org/10.1002/mas.20354
https://doi.org/10.1016/S0032-0633(02)00053-3
https://doi.org/10.1016/j.orggeochem.2015.03.001
https://doi.org/10.1126/SCIENCE.265.5173.744
https://doi.org/10.1126/SCIENCE.265.5173.744
https://doi.org/10.1126/science.1220715
https://doi.org/10.1016/j.pss.2012.06.015
https://doi.org/10.1002/2016JE005225
https://doi.org/10.1089/ast.2010.0498
https://doi.org/10.1016/j.icarus.2011.05.002
https://doi.org/10.1016/j.icarus.2011.05.002
https://doi.org/10.1126/science.1243480
https://doi.org/10.1016/J.JAAP.2012.01.019

