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Abstract

Chromatographic analysis of the Cumberland mudstone in Gale crater by the Sample Analysis at Mars
(SAM) instrument revealed the detection of two to three isomers of dichlorobenzene. Their individual
concentrations were estimated to be in the 0.5–17 ppbw range relative to the sample mass. We also report
the first detection of trichloromethylpropane and the confirmation of the detection of chlorobenzene pre-
viously reported. Supporting laboratory experiments excluded the SAM internal background as the source
of those compounds, thus confirming the organic carbon and chlorine of the newly detected chlorohy-
drocarbons are indigenous to the mudstone sample. Laboratory experiments also demonstrated that the
chlorohydrocarbons were mainly produced from chemical reactions occurring in the SAM ovens between
organic molecules and oxychlorines contained in the sample. The results we obtained show that meteoritic
organics and tested chemical species (a polycyclic aromatic hydrocarbon, an amino acid, and a carboxylic
acid) were plausible organic precursors of the chlorinated aromatic molecules detected with SAM, thus
suggesting that they could be among the organic molecules present in the mudstone. Results from this study
coupled with previously reported detections of chlorinated aromatics (<300 ppbw) indigenous to the same
mudstone highlight that organics can be preserved from the harsh surface conditions even at shallow depth.
The detection of new chlorohydrocarbons with SAM confirms that organic molecules should have been
available in an environment favorable to life forms, strengthening the habitability aspect of Gale crater.
Key Words: Mars—Chlorinated organic molecules—In situ measurements—Sample Analysis at Mars—
Mudstone—Gale crater. Astrobiology 20, 292–306.
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1. Introduction

The search for habitable environments in the solar
system and beyond is a key research area in astrobiology.

Among the bodies of interest for habitability in the solar
system, Mars has become one of the high priority targets, as
demonstrated by the number of current and future planned
Mars missions. From the intense exploration of the red planet,
initiated in the late 1990s with the NASA Mars Pathfinder
mission, it has been demonstrated that despite the hostile
conditions for life on the martian surface existing today, its
environmental conditions were much milder and conducive
to the emergence and development of life in the past.

This was made clear through in situ surface exploration
(Squyres et al., 2006; Grotzinger et al., 2014) and orbital
observations (Poulet et al., 2005), which suggest Mars once
had relatively long-lived bodies of liquid water (rivers,
deltas, and lakes). For this reason, the martian surface may
have experienced higher temperatures, implying the planet
had a much denser atmosphere (Ramirez et al., 2014) during
the same period life probably arose on Earth (Mojzsis et al.,
1996; Bell et al., 2015). Moreover, recent in situ measure-
ments showed that all the major elements required by all
known life (Cockell et al., 2016) are also present (Stern
et al., 2015; Franz et al., 2017; Sutter et al., 2017).

Organic carbon can be a product of the living or a ma-
terial necessary to build the components of a living organ-
ism. For these reasons, organic material at the martian
surface has been sought since the NASA Viking mission of
the 1970s. More particularly, the two Viking probes, which
landed on Mars in 1976, provided the first information
collected in situ about the martian surface, including images
and environmental parameters (Snyder, 1979). Among the
data collected, the contents in volatile or vaporizable or-
ganic molecules from regolith samples were analyzed with
the gas chromatograph mass spectrometer (GCMS) experi-
ment (Rushneck et al., 1978). Organic molecules were de-
finitively detected with the instruments at the two landing
sites. However, at that time, all the organic molecules de-
tected were attributed to contaminants of the instrument
(Biemann et al., 1977).

Since then, the improvement of our knowledge of the
martian surface environment allowed for reinterpretation of
these results. For instance, some of the chlorinated hydro-
carbons (HCs) (Guzman et al., 2018) detected were likely
produced from thermal reactions, occurring in the experi-
ment sample preparation system between oxychlorines, such
as those that were detected during the Phoenix (Hecht et al.,
2009) and Mars Science Laboratory missions (Glavin
et al., 2013) and organic materials potentially present in the
martian soil samples (Navarro-González et al., 2010).

The Sample Analysis at Mars (SAM) instrument suite
onboard Curiosity unambiguously demonstrated for the first
time that organic matter was present in ancient mudstone of
Mars (Freissinet et al., 2015). Indeed, large excesses of
chlorobenzene (CBZ) and dichloroalkanes were detected
when analyzing the Cumberland (CB) sample collected in the
Yellowknife Bay area. These chlorinated HCs were likely
produced in the SAM pyrolytic oven through reactions be-
tween organic matter and oxychlorines both indigenous to the
sample (Freissinet et al., 2015) present in the mudstone of
Gale crater (Glavin et al., 2013; Archer et al., 2014).

This finding makes the CB sample very interesting from
the habitability point of view. This interest is enhanced by
mineralogical and geological characterization of the Yel-
lowknife Bay area that show this was once a habitable
fluvio-lacustrine environment (Grotzinger et al., 2014) that
left a large amount of mudstone from which the CB sample
has been collected.

For these reasons, the SAM team proceeded to further
process the CB data. Interpretations were supported by lab-
oratory experiments that aimed to identify additional organic
molecules. We report the main results of this study that re-
vealed the presence of newly identified organic molecules in
the SAM measurements, namely, dichlorobenzene (DCBZ)
isomers and trichloromethylpropane (TCMP).

2. Materials and Methods

2.1. CB sample

The Yellowknife Bay formation where CB was acquired
consists of sandstone and mudstone that accumulated in
either alluvial fan-playa lake or fluvial-lacustrine deposi-
tional environments (Grotzinger et al., 2014; Palucis et al.,
2014; Edgar et al., 2018).

The elemental composition of the Sheepbed mudstone is
similar to average basaltic martian crust (Grotzinger et al.,
2014; McLennan et al., 2014; Vaniman et al., 2014). The
relatively low concentrations of chlorine and bromine sug-
gest a low salinity depositional environment, the presence of
20 wt % smectite clays (Fig. 1) implies circum-neutral pH,
and the gray color of the rocks and the presence of mag-
netite suggest a reducing depositional environment (Grot-
zinger et al., 2014; McLennan et al., 2014; Vaniman et al.,
2014; Bristow et al., 2015).

The composition of the smectite clays is consistent with the
in situ alteration of olivine to clay during early diagenesis

FIG. 1. Composition of the CB mudstone deduced from
the CheMin instrument (from Rampe et al., 2017). The
surface of the shares is representative of the contribution of
the different phases identified expressed in weight ratio.
CB = Cumberland.
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(Vaniman et al., 2014; Bristow et al., 2015). Postdepositional
oxidizing water–rock interactions produced diagenetic fea-
tures in the mudstone, including nodules, raised ridges that
were preferentially cemented, and calcium sulfate-filled veins
(Grotzinger et al., 2014; Léveillé et al., 2014; Nachon et al.,
2014; Stack et al., 2014). Even though diverse diagenetic fea-
tures are present, the elemental composition of the Sheepbed
mudstone suggests that alteration was a closed system with
little elemental leaching (McLennan et al., 2014).

The depositional setting and composition of the Sheepbed
mudstone suggest conditions suitable for the long-term pres-
ervation of organics (see e.g., Summons et al., 2011). Clay
minerals on Earth are associated with the preservation of
organics for long periods of time, especially if deposited
rapidly in anoxic environments such as lakes (Farmer and
DesMarais, 1999; Michalski et al., 2010). With their high
surface area, negatively charged interlayers, and cations that
retard water flow, clays are ideal candidates for accumulating
and preserving organics over geological times at the surface
of Mars.

The exposure history of CB is also consistent with good
preservation potential of organics. A portion of CB was
analyzed for cosmic ray-produced gases that accumulate in

rock within a few meters of the martian surface (Farley
et al., 2014). Results indicate that CB was exposed to cos-
mic radiation for 78 – 30 Myrs, with most of that exposure
being since the formation of Yellowknife Bay topography
(Farley et al., 2014). This result is consistent with the local
geomorphology, with the Gillespie sandstone forming a
ledge over the Sheepbed mudstone near the CB sampling
site. The relatively low exposure to cosmic rays relative to
much of the martian surface favors enhanced organic pres-
ervation at this site.

2.2. Analyses of the CB mudstone
with the SAM GCMS

Several sieved (<150mm) individual portions of the drilled
CB sample, collected on Sol 279 of the mission, were deliv-
ered to different sample cups inside the SAM instrument
for pyrolysis, evolved gas analysis (EGA), and GCMS ana-
lyses. Depending on the analysis, either a single (45 – 18 mg)
or triple (135 – 31 mg) sample portion were analyzed (Table 1).
In addition to the investigations conducted in the sols
immediately after the drilling (Sol 277–422), some portions of
the sample were delivered and stored in clean cups inside the

Table 1. Description of Each Cumberland Subsample Analyzed with Sample Analysis

at Mars Gas Chromatograph Mass Spectrometer. Cup Numbers, Sample Portions, Sols of Analysis,

Pyrolytic Conditions, and Temperature Cuts Are Specified (Adapted from Freissinet et al., 2015)

Sample
(cup no./portionsa)

Analysis
on Marsb

mission sol
Cup and sample

preheat
Pyrolysis sample
temperature (�C)

Gas chromatograph
hydrocarbon trap

cut (�C)

CB-Blank-1 (33/empty) 25,083 None *40–855 *380–495
277

CB-1 (33/single) 25,087 None *40–855 *380–495
282/283

CB-2 (35/single) 25,091 None *40–855 *524–794
286

CB-3 (39/single) 25,094 None *40–855 *157–275
290

CB-5 (51/single) 25,123 Cup preheat *200�C *40–855 *157–275
368

CB-6 (45/triple) 25,130 Cup preheat *250�C *250–870 *272–320
382 Sample boil-off *250�C

CB-6 residue
(45/no additional)

25,133 Cup preheat *250�C *250–870 *272–320
394 Sample boil-off *250�C

CB-7 (47/triple) 25,142 Cup preheat *250�C *250–870 *420–784
408 Sample boil-off *250�C

CB-Blank-2 (31/empty) 25,145 Cup preheat *250�C *250–870 *420–784
421 Sample boil-off *250�C

CB-9-ODa (51/triple) 25,230 None *22–221 *45–150
820

CB-9-ODb (51/triple) 25,231 None *22–840 *45–850
823

CB-9 ODa-blank
(45/no additional)

25,235 None *22–221 *45–150
837

CB-9 ODb-blank
(45/no additional)

25,236 None *22–840 *45–850
837

CB-10 ODb (39/triple) 25,387 None *35–850 *40–115 + 320–550 + 587
–680 + 739–8501546

CB-10-ODb-blank
(39/no additional)

25,393 None *35–850 *40–115 + 320–550 + 587
–680 + 739–8501593

aSingle sample portion is 45 – 18 mg, and triple portion is 135 – 31 mg. bExperiment ID number.
CB = Cumberland; OD = opportunistic derivatization, see Section 2.2.
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SAM sample manipulation system (SMS), also known as
‘‘doggie bag’’ samples, for later analyses. SAM proceeded to
conduct a total of 15 GCMS analyses related to CB (including a
blank and subsequent sample runs) across a wide range of time
(from Sol 277 to Sol 1593) to maximize the scope of the data.
All the CB portions analyzed with SAM, and the analytical
conditions, are summarized in Table 1.

Each subsample was heated to *840–875�C, at a 35�C/
min rate, except for CB-9-ODa and CB-9-ODa-blank ana-
lyses (sample heated to 221�C only), which were the first
stages of experiments using two separate GCMS runs. The
difference in the maximum temperature reached was due to
the variations of the initial temperature of the sample largely
dependent on the sample preheating and/or changes in the
martian surface conditions (temperature and pressure),
which vary throughout the martian sol and across seasons.
From CB-blank-1 to CB-5 runs, the empty cup or the sample
was heated from the ambient to the maximum temperature
of the pyrolysis oven.

The derivatization agent N-methyl-N-tert-butyldimethylsilyl
trifluoroacetamide (MTBSTFA), brought in SAM for GCMS
analysis, leaked from at least one of the storage cups (Glavin
et al., 2013; Freissinet et al., 2015). Thus, pyrolysis procedures
were modified to account for this problem. Strategies were
subsequently developed to minimize MTBSTFA adsorption
onto the sample cups that could otherwise make the analysis of
the species released in the upper sample temperature range
complex (Freissinet et al., 2015).

After the CB-1, CB-2, and CB-3 analyses, performed by
direct pyrolysis of the sample, the MTBSTFA reduction
process was applied to the CB-5, CB-6, CB-6-residue, CB-7,
and CB-Blank-2 experiments, consisting of (1) pumping out
the SMS for *3 h with venting to the atmosphere via the
wide-range pump, before receiving the sample while the
SAM gas manifolds and transfer lines were heated to 135�C,
(2) flushing the pyrolysis oven and SMS with helium to
minimize adsorption of MTBSTFA products inside the oven,
(3) preheating the selected cup for *20 min to *200�C (CB-
5) or *250�C (CB-6, CB-6-residue, CB-7, and CB-Blank-2)
before moving the cup under the inlet tube to receive the solid
sample portion, and (4) preheating the sample (boil-off) to
250�C (CB-6, CB-6-residue, CB-7, and CB-Blank-2) to re-
move the MTBSTFA by-products from the sample.

All of these approaches helped to limit the adsorption of
volatile MTBSTFA vapor products present in the SMS onto
the cup walls during sample delivery and thus helped with
the indigenous organics investigation.

Throughout the *30 min required to heat the sample to
the maximum temperature, a small fraction of the helium
gas flow and sample volatiles were continuously sampled by
the MS (1:800 split ratio) in EGA mode.

During the same sample heating, only a fraction of the gases
were sent to the SAM HC trap for subsequent GCMS analysis.
The fraction was defined by selecting a range of sample
temperatures during the pyrolysis ramp at which the gases
were diverted to the HC trap. The trap was designed to collect
and concentrate volatile species released by the sample, as
immediately injecting the gases as they were released during
the slow heating of the sample would result in a compromised
GC separation. Subsequently, the HC trap was heated to
300�C under helium flow, and the adsorbed molecules were
transferred to the GC injection trap (IT) to focalize them.

Finally, they were injected very quickly (*10 s) in the
GC by thermal desorption allowing optimized GC separa-
tion as previously described in more detail (Mahaffy et al.,
2012; Glavin et al., 2013).

Although most of the CB subsamples were analyzed within
a short time after collection, CB-9 and CB-10 were analyzed
long (>500 and >1200 sols, respectively) after. For this rea-
son, they remained exposed to the ambient atmosphere within
the SAM SMS for considerably longer time. The adsorption
of the MTBSTFA to the sample and cup is thought to be more
important as the time of exposure is longer.

By heating these specific samples after a long exposure
time to the MTBSTFA vapor in the SMS, it was thus ex-
pected to produce significant derivatization of the organics
present in the CB subsample. The ‘‘opportunistic derivati-
zation (OD)’’ experiment will be the subject of a subsequent
detailed article. However, the relevant aspect here is that
molecules not bearing any chemical function reactive with
MTBSTFA (involving mainly O-H and N-H bonds) are not
affected by the derivatization reagent. This is the case for all
molecules discussed in this study, namely CBZ and isomers
of DCBZ.

Background instrumental signatures were measured either
from analysis of an empty cup before the CB sample anal-
ysis (‘‘blank’’) or through reheating a previously heated
sample (e.g., ‘‘residue’’). In the OD experiments, blank runs
were performed after the sample analysis, with 12 pyrolysis
cups already containing a thermally processed sample, with
the aim to obtain a reference measurement with the same
amount of MTBSTFA as adsorbed on the CB samples.

Except for the CB-10 OD run, all the GCMS analyses of
the CB samples were performed with the SAM GC-5 ana-
lytical channel. The channel is equipped with an IT filled
with Tenax GR adsorbent, an MXT-CLP chromatographic
column (Restek Corporation, Bellefonte, PA), 30 m long,
0.25 mm internal diameter, and 0.25mm film thickness, and
a thermal conductivity detector (TCD).

Once the sample was injected into the GC from the IT, the
column was operated using approximately constant inlet
(*0.9 bar) and outlet (*0 bar) pressures to flow the helium
carrier gas into the column. For optimizing the chromato-
graphic separation, a temperature program was applied to
the column, starting from 35�C for 5 min then heating at a
10�C/min rate up to 185�C (see Millan et al., 2016 for more
details). At the channel outlet, a part of the flow was sent to
the MS for spectral analysis of the eluate. The combination
of GC with MS allows unambiguous identification of most
of the compounds analyzed (Millan et al., 2016).

For the CB-10 OD analysis, the compounds released from
the SAM HC trap were analyzed in another GCMS analytical
mode using both SAM GC-1 and SAM GC-4 channels. The
SAM GC-4 channel is identical to the SAM GC-5 except that
a Chirasil-Dex CB column (Agilent) was used, whereas for
SAM GC-1, a MXT 20 column (Restek Corporation) was
used without an IT or TCD (Mahaffy et al., 2012).

SAM GC-1 was designed to analyze higher molecular
weight compounds (up to *300 Da instead of *200 Da)
using a higher upper temperature and for longer times than for
the other channels. The temperature program used was
starting at 35�C for 5 min, then heating at 10�C/min up to
250�C and maintained for 1 min. However, it required that the
sample was directly injected in the column from the HC trap.
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Such an injection mode is of high interest, as heavy
compounds can be too efficiently trapped in the ITs that
equip other analytical channels and experience only partial
or no desorption under SAM operational conditions, thus
preventing their detection. In contrast, the time taken for the
gases to be released from the SAM HC trap is quite long
to achieve an efficient GC analysis. Moreover, different
compounds can be released from the HC trap at different
times, resulting in different times of injection into the col-
umns. It raises issues for the identification of the compounds
as the determination of the retention time is less precise, and
the overlapping of compounds injected at different times in
the column can result in chromatograms more difficult to
interpret.

In this dual column analytical mode, the SAM GC-4
channel was used the same way as SAM GC-5. However,
during the step of sampling the SAM GC-4 IT, approximately
half of the gases released from the HC trap were sent to the
SAM GC-1 column and simultaneously analyzed. Once the
first chromatographic analysis was done, the compounds
trapped in the SAM GC-4 IT were desorbed for analysis with
this channel. The whole sequence resulted in the acquisition
of two chromatograms of the same sample that provided
complementary information to characterize the chemical
composition of the sample.

2.3. CBZ and DCBZ quantification

The abundances of CBZ and DCBZ were determined
from the SAM GCMS data as follows. Individual m/z values
in counts per second comprising the primary masses of each
peak (m/z 112 for CBZ and m/z 146 for the DCBZ) were
fitted by Gaussian curves using IGOR Pro 6 (WaveMetrics),
and the area of the m/z 112 and m/z 146 peaks from the fitted
curves were determined. The areas of other individual m/z

values contributing to the CBZ and DCBZ peaks were then
calculated from the m/z 112 and m/z 146 areas using the
expected ratios from the National Institute of Standards and
Technology (NIST) MS reference library.

The total abundance of CBZ and DCBZ isomers was then
estimated by taking the sum of all the m/z values contrib-
uting to each chromatographic peak. The total areas of each
peak were compared with the peak areas from five separate
hexane GCMS measurements that were conducted on the
SAM instrument during preflight calibration (Mahaffy et al.,
2012). Hexane was used as a standard for the chlorinated
benzene abundance calculations since this HC was not
identified in the SAM instrument backgrounds and CBZ
standards were not run on the SAM flight instrument during
preflight calibration.

Differences in the relative molar response of hexane
compared with the individual chlorinated benzenes were
accounted for in the abundance calculations by using the
experimentally determined average electron ionization cross
section at 75 eV of 19.7 · 10-20 m2 for hexane (Lampe et al.,
1957; Harrison et al., 1966; Alberti et al., 1974; Bart, 2003)
and estimated electron ionization cross sections of CBZ and
DCBZ of 19.4 · 10-20 m2 and 22.8 · 10-20 m2, respectively,
using the bond contribution method described in the study of
Bart (2003). Since laboratory breadboard GCMS experiments
have shown that 1,3- and 1,4-DCBZ have the same retention
time under the SAM operating conditions, we were unable to
determine the individual abundances of these compounds.
Therefore, only the total combined abundance of 1,3- and 1,4-
DCBZs was calculated for the corresponding peak (Table 2).

2.4. Reference retention times measurement

SAM GC data were used to confirm the identification of
TCMP and to discriminate the isomers of DCBZ. With this

Table 2. Quantification of Chlorobenzene, Dichlorobenzene (Second Peak Eluting

at 14.8 Min), and Trichloromethylpropane in the Analyses of the Cumberland Sample

TID (sample)
CBZ (pmol)

RT = 10.8 min

1,3- and
1,4-DCBZ (pmol)

RT = 14.2 min
1,2-DCBZ (pmol)

RT = 14.7 min
CBZ/DCBZ
(total) ratio

TCMP
(pmol)

25,033 (RN Blank)—empty cup <1 <0.2 <0.2 nd —
25,038 (RN1)—single 8 – 1 <0.2 <0.2 nd —
25,059 ( JK Blank)—empty cup 2 – 1 <0.2 < 0.2 nd —
25,074 ( JK3)—triple 7 – 1 <0.2 <0.2 nd —
25,083 (CB Blank-1)—empty cup 4 – 1 <0.2 <0.2 nd <0.2
25,087 (CB1)—single 3 – 1 <0.2 <0.2 nd <0.2
25,091 (CB2)—single 6 – 1 <0.2 <0.2 nd <0.2
25,094 (CB3)—single 36 – 7 <0.2 <0.2 nd 2.7
25,123 (CB5)—single 71 – 13 1.1 – 0.2 0.8 – 0.2 37 25–56 2.4
25,130 (CB6)—triple 74 – 14 0.3 – 0.1 1.0 – 0.3 56 35–98 1.3
25,133 (CB6 residue)—triple 47 – 9 <0.2 <0.2 nd <0.2
25,142 (CB7)—triple 39 – 7 <0.2 0.4 – 0.1 nd 0.2
25,145 (CB Blank-2)—empty cup 47 – 9 <0.3 <0.3 nd <0.2
25,223 (CH Blank)—empty cup 3 – 1 <0.5 <0.5 nd <0.2
25,226 (CH1)—single 9 – 2 <0.5 <0.5 nd <0.2
25,230 (CB9 ODa)—triple 32 – 6 <0.2 <0.2 nd <0.2
25,231 (CB9 ODb)—triple 129 – 24 4.5 – 1.0 5.2 – 1.0 13 9–19 <0.2
25,235 (ODa blank)—CB6 res. 11 – 2 <0.2 <0.2 nd <0.2
25,236 (ODb blank)—CB6 res. 24 – 4 <0.2 0.7 – 0.1 nd <0.2

CBZ = chlorobenzene; CH = Confidence Hill; DCBZ = dichlorobenzene; JK = John Klein; nd = not determined; RN = Rocknest; RT =
Retention Time; TCMP = trichloromethylpropane; TID = technical identification.
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aim, the retention times of the molecules identified in the
SAM chromatograms from MS were compared with the
retention times of chemical standards analyzed in the lab-
oratory with a SAM GC breadboard. The breadboard in-
cluded spare columns of SAM GC, identical to the flight
ones, and a flow restriction device. This flow restrictor al-
lowed to reproduce the carrier gas flow rate of the flight
instrument on a commercial GC in the laboratory, under
operating conditions similar to the flight model ones. More
details about the experimental setup and method can be
found in the study of Millan et al. (2016).

2.5. Laboratory experiments about reactivity
of organic materials with oxychlorines

To identify the organic molecules parent of the chlorohy-
drocarbons detected from the analyses of the CB sample, two
distinct laboratory experiments were performed. Assuming
the sources of organic carbon could come from meteorites
impacting the martian surface, a sample of carbonaceous
chondrite was used as a test sample to be analyzed under
operating conditions similar to the SAM experiment ones.

With this aim, a sample of the Murchison meteorite was
mixed with olivine, which roughly reproduces the mineralogy
of a martian sample, and calcium perchlorate, which represents
oxychlorine present in materials composing the martian soil.
The relative mass ratio (in percentage of the total mass) was
5:94:1 for the Murchison meteorite sample, olivine, and
calcium perchlorate, respectively. The calcium perchlorate to
olivine (1:94) ratio has been reasonably estimated from in situ
measurements. The amount of meteorite was probably higher
in the sample compared with the martian surface materials,
even if it is difficult to make an accurate estimation of this
amount today, by lack of information. But the probable excess
of meteoritic material in the sample could enhance the reaction
process and allow for an easier detection of the products of
pyrolysis.

The analog sample was pyrolyzed at 720�C/min up to
600�C (starting from the ambient laboratory temperature)
with a CDS Analytical 5250 Pyroprobe pyrolyzer. For this
specific sample limited in amount, it was unfortunately not
possible to perform experiments under SAM-like pyrolysis
conditions. Then, the results obtained should be considered
with caution, even if Millan et al. (2017) showed that the
production of CBZ and DCBZ from organic molecules
mixed with perchlorates could not be dependent on the
heating rate used for the pyrolysis.

The volatile compounds produced by the pyrolysis were
analyzed with a laboratory GCMS Agilent 6890 N GC cou-
pled to a Micromass Autospec Ultima mass spectrometer. The
chromatographic column was a DB-5MS (60 m, 0.25 mm,
0.25mm; Agilent), and the sample was injected through a
split/splitless injector with a 2:1 split ratio. The column
temperature was held at 40�C for 2 min and then increased to
310�C at a 4�C/min rate.

As the Murchison meteorite is known to contain numer-
ous organic molecules, identification of the original mole-
cules producing chlorohydrocarbons is difficult. This is the
reason why we carried out similar experiments using pure
organic molecules in place of the Murchison meteorite
sample. We focused on an amino acid (alanine), a polycy-
clic aromatic hydrocarbon (PAH) (naphthalene), and a car-

boxylic acid (benzoic acid), which can all be present in the
Murchison meteorite, or produced at the martian surface
from other sources, such as oxidized organic molecules
(Benner et al., 2000; Lasne et al., 2016).

Chemical standards (pure analytical grade >99.5%, Sigma-
Aldrich) of each organic compound were mixed with calcium
perchlorate and fused silica beads (both from Sigma-Aldrich).
The relative mass ratio was 0.5:1:98.5 for organic standards,
calcium perchlorate, and silica, respectively. This mixture was
made to simulate reasonable amounts of organic molecules and
oxychlorine regarding the martian surface context, but with a
substrate (fused silica) known to be chemically inert. Thus, it
allowed a study of the organic/oxychlorine reaction only.

Each synthesized analog was pyrolyzed in a EGA-PY
3030D pyrolyzer (Frontier), with a program of temperature
similar to the one applied to the SAM pyrolytic cell, that is,
starting at 40�C and heating up to 900�C at a 35�C/min rate.
The volatile compounds produced during the pyrolysis were
analyzed with a ThermoFisher ISQ (ThermoFisher) labora-
tory GCMS. The chromatographic column was an RXi-5MS
(30 m, 0.25 mm, 0.25mm; Restek Corporation), and the sam-
ple was injected through a split/splitless injector with a 10:1
split ratio. The column temperature was held at 33�C for
3 min, followed by a 6�C/min heating up to 220�C, and then
heated up to 300�C at 10�C/min with a final plateau main-
tained for 1 min. The column flow rate was set constant at
1 mL/min, and the carrier gas was helium.

3. Results

3.1. Detection and identification
of chlorohydrocarbons from SAM GCMS data

The detection and identification of TCMP and DCBZ
isomers with the SAM GCMS started with the mass spectra
attribution. The mass spectrum of each potential peak of
interest in the chromatogram was compared with reference
spectra in the NIST MS libraries. By using this procedure, of
all mass spectra plotted from the SAM GCMS data acquired
for the CB samples, two spectra have been attributed to
TCMP and DCBZ with a high level of confidence (Fig. 2).

TCMP has only two stable isomeric forms, which produce
very distinct mass spectra. Also, the attribution to 1,2,3-
trichloro-2-methylpropane was done without ambiguity.
With respect to DCBZ, there are three isomers, and they
all produce very similar mass spectra under the analytical
conditions of the SAM MS. As the DCBZ mass spectrum
was attributed to two peaks with distinct retention times in
the SAM chromatograms, it is likely that two different
isomers of DCBZ have been detected, but they cannot be
distinguished by MS alone.

Relative and absolute retention times of the TCMP and the
three different isomers of DCBZ measured in the laboratory
(Fig. 3b) are compared with the SAM measurements done on
Mars in Fig. 3a. The previously identified CBZ (Freissinet
et al., 2015) is also plotted on Fig. 3 as a reference. Com-
parison of the chromatograms shows the same retention
pattern between the flight and the laboratory analyses, but
longer retention times were observed in the laboratory. It has
been demonstrated that analytical biases produced by the GC
breadboard (due to small differences in the setup and oper-
ating conditions control) caused a shift to longer retention
times for the molecules analyzed in the laboratory (Millan

NEW ORGANICS FROM MARS MUDSTONE DETECTED WITH SAM 297

D
ow

nl
oa

de
d 

by
 7

7.
14

1.
18

1.
22

8 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

19
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



et al., 2016). Also, each peak plotted in the flight chro-
matogram has an equivalent in the laboratory data allowing
identification.

For DCBZ and TCMP, the comparison allowed con-
firmation of the identification achieved with the mass spectral
analysis. Concerning DCBZ, the three isomers were sepa-
rated in the laboratory measurements, but a significant coe-
lution of 1,3-DCBZ and 1,4-DCBZ (Fig. 3b) was observed.

In the chromatogram recorded on Mars with SAM
(Fig. 3a), 1,2-DCBZ was clearly present and separated
from its isomers. Only one peak was observed at a reten-
tion time compatible with 1,3-DCBZ and 1,4-DCBZ, but
the coelution of these molecules observed in the laboratory
data (Fig. 3d) makes it difficult to ascertain the presence of
only one or both isomers. However, looking more closely
at the corresponding chromatographic peak shape (Fig. 3c),

FIG. 2. Normalized mass spectra of 1,2,3-trichloro-2-methylpropane (left) and 1,2-DCBZ (right) from SAM CB-5 sample
plotted against National Institute of Standards and Technology (NIST) MS library reference spectrum. The similarities in
the respective mass spectra give a high confidence in the identification of the molecules. Isomers of DCBZ produce very
similar mass spectra under SAM MS analytical conditions. Only the 1,2-DCBZ spectrum is presented in this figure as an
example. DCBZ = dichlorobenzene; MS = mass spectrometer; SAM = Sample Analysis at Mars.

FIG. 3. Comparison of the chromatograms obtained for the CB-5 and CB-6-res (blank) analyses (a) with a chromatogram
obtained when analyzing a mixture of chemical standards with a SAM-GC breadboard under operating conditions similar to
the flight instrument ones (b). SAM CB data are a reconstructed chromatogram plotted as such: m/z 112 + m/z 111 · 10 + m/
z 146 · 10. The inset (c) is a zoom of the second DCBZ peak present in the CB chromatogram, showing the broader profile
of this peak compared with the other one attributed to 1,2-DCBZ. The inset (d) represents the chromatogram of 1,3- and 1,4-
DCBZ analyzed separately with the breadboard, compared with the chromatogram of a mixture of the two isomers.
GC = gas chromatograph; m/z = mass-to-charge ratio.
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it is distinctly broader than the neighboring peaks, sug-
gesting a coelution of two species at least.

As a consequence, we can confirm the presence of 1,3-
DCBZ and 1,4-DCBZ among the chemical compounds de-
tected with SAM. Even considering the analytical uncertainty,
various experiments performed in the laboratory showed
that chemical reactions of organic molecules with calcium
perchlorate producing DCBZ tended to generate all three
isomers (see Section 4.2), thus strengthening our working
hypothesis.

Among the analyses of the CB samples, the two peaks of
DCBZ isomers were present in the chromatograms obtained
for CB-5, CB-6, CB-7, and CB-9-ODb. For CB-7, only the
more retained peak was clearly observed. For TCMP, it was
observed in chromatograms obtained for CB-3, CB-5, CB-6,
and CB-7 analyses.

Looking at the GCMS sampling conditions (Table 1), we
notice that the chlorohydrocarbons presented in this study,
as CBZ, were detected when analyzing the gases released
by the CB rock sample in the low temperature heating
range, basically from the ambient temperature to *300�C.
When the gases released by the sample at higher temper-
atures, typically ‡400�C, were sent to the GC, none of
these chlorohydrocarbons were detected. It proves that
CBZ, DCBZ, and TCMP were released or/and produced at
relatively low sample temperatures. These thermal condi-
tions are also known not to be sufficient for producing a
significant pyrolysis of the chemical species present in the
sample.

If mono and DCBZ isomers were detected in CB chromato-
grams, there is no evidence of the presence of trichlorobenzene
(TCBZ). The retention times of TCBZ isomers measured with
the laboratory GC breadboard (<20 min) show that these
species elute from the column within the SAM duration of
analysis. If present in the analytes, they could be found in the
GCMS data. However, neither chromatographic peak nor
mass spectra were found to be compatible with TCBZ for all
the CB analyses. Therefore, TCBZ was either absent from the
gases released by the sample or the amount of TCBZ injected
in the SAM-GC channel was too low to be detected with the
GCMS analyzer.

3.2. EGA analysis contribution to the detection
of DCBZ

The SAM-EGA mode cannot by itself allow the identi-
fication of complex molecules because of the overlap of
different spectral signatures produced from numerous che-
mical species. However, SAM-EGA can be used to confirm
the presence of molecules identified with GCMS and to
estimate their abundances.

The SAM-EGA response for ions characteristic to DCBZ
isomers (m/z 146 and 148) was plotted as a function of sample
temperature for all analyzed CB samples and the relevant
blanks (Fig. 4). For the CB-5 sample that produced the
highest amount of DCBZ as quantified from GCMS data (see
part 2.3), we can observe peaks with similar shapes for both
ions in the 250–450�C temperature range, with a maximum
*300�C. No signal above the background was observed for
these ions in the CB-Blank-2 analysis. Moreover, looking at
the signature of CBZ (m/z 112, Fig. 4), CBZ was released in
the same temperature range as ions with m/z 146 and 148.

Although it is not possible to claim a definitive detection of
DCBZ from the SAM-EGA data alone, there is a high proba-
bility that DCBZ was released from the sample in the same
range of temperature as CBZ. These observations by SAM-
EGA confirm the detection achieved with SAM-GCMS.

Unlike DCBZ and CBZ, SAM-EGA was unable to detect
TCMP. The main ions produced from TCMP detected by SAM-
EGA are m/z 111, m/z 113, and m/z 75, which are also common to
CBZ and DCBZ, and other chemical species. The overlap of the
signatures from DCBZ and CBZ prevents us from confirming
the presence of TCMP by SAM-EGA analyses.

3.3. CBZ and DCBZ concentrations

The concentration of 1,2-DCBZ in the analyses of the CB
sample ranged from *0.4 to 6 ppbw, and the total con-
centration of 1,3- and 1,4-DCBZ ranged from *0.3 to 5
ppbw. The CBZ abundances measured by GCMS in the CB
runs were much higher with CBZ/DCBZ ratios ranging from
13 to 56 (Table 2).

4. Discussion

4.1. SAM internal background disproved as the source
of DCBZ and TCMP

As for CBZ, the strong excess of DCBZ and TCMP in the
CB sample, comparatively with all the other samples that

FIG. 4. Thermograms of CB-5 and CB-Blank-2 from ex-
tracted m/z signals. Data were smoothed for a better repre-
sentation. Ions with m/z 146 and m/z 148 are attributed to
DCBZ, and they both display a peak in the CB-5 sample and a
flat line in CB-Blank-2. The signal from the ion with m/z 112
from CB-5 is represented to show the coincidental release of
CBZ with the attributed DCBZ. The shaded area corresponds
to the temperature portion sent to the hydrocarbon trap for
GCMS analysis of CB-5. CBZ, chlorobenzene.
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were analyzed with SAM, strongly suggests the chlorinated
organic molecules originate from the mudstone itself. How-
ever, it could not be excluded that they could be produced
from organic materials brought in the SAM experiment. To
test this assumption, we investigated the possible production
of CBZ and DCBZ from reaction of oxychlorine with the two
major organic compounds present in SAM, that is, the Tenax
porous polymer adsorbent used both in the SAM HC trap and
ITs, and the MTBSTFA derivatization reactant used for the
analysis of polar organic molecules.

The Tenax adsorbents are unlikely sources of CBZ and
isomers of DCBZ detected in the CB sample. Prior study re-
vealed that the interaction of Tenax TA present in the SAM HC
trap, with oxychlorines present in the sample, could produce
both CBZ and DCBZ (Miller et al., 2015). However, the
chlorinated aromatics were produced in the presence of a
strong excess of perchlorates, which is unlikely to happen for
the analyses performed on Mars with SAM. Furthermore, if the
production yields obtained were sufficient to produce only the
low amount of CBZ and DCBZ observed in Rocknest, John
Klein, and Confidence Hill samples, then they were too low to
explain their large amount detected in the CB sample.

This study was completed by Buch et al. (2019), who
studied similar interactions with the Tenax GR adsorbent
used in the ITs. The results were quite similar to the prior
Miller et al. (2015) study, showing that the production rate
of CBZ and DCBZ is even lower compared with those from
Tenax TA. These complementary studies lead to the con-
clusion that both CBZ and isomers of DCBZ detected in the
CB sample cannot be produced from the Tenax adsorbents
present in the SAM experiment.

Concerning the derivatization agents, we know from the first
measurement done with SAM on Mars that at least one of the
cups that contains MTBSTFA and dimethylformamide (DMF)
had leaked (Glavin et al., 2013). Then, for each solid sample
analysis, some of the reagents are deposited at the surface
of a sample or of the blank cup wall. During a pyrolysis ex-
periment, MTBSTFA and DMF can react with organic and
inorganic compounds, such as oxychlorines, and generate
by-products of reaction, including chlorinated organic mole-

cules. The by-products can be generated either from direct
pyrolysis, oxidation, chlorination, or by a combination of these
physicochemical processes.

This is the reason why such a reactivity was studied in the
laboratory to characterize the nature and the number of by-
products that could be produced from MTBSTFA and DMF,
and more specifically to estimate if they could be the source of
TCMP, CBZ, and DCBZ. The list of compounds detected is
given in Table 3. In this list, products of oxidation and chlo-
rination from MTBSTFA and DMF were also identified in
chromatograms obtained on Mars with the SAM flight model
(Glavin et al., 2013; Leshin et al., 2013; Ming et al., 2013).

But if chlorohydrocarbons were detected, they are linear
ones, chloromethyl propenes excepted. If chloromethyl
propenes could be precursors of TCMP, TCMP is observed
neither in the laboratory experiments nor systematically in
the analyses of CB samples performed with SAM, except
when significant amounts of CBZ and DCBZ are detected.
Dimethyl-t-butyl-silanol produced from MTBSTFA could
also be a precursor of TCMP, but as for chloromethyl pro-
pene, it was not detected in the laboratory experiments.
Previous experiments also demonstrated that MTBSTFA
and DMF heated in the presence of perchlorate salts do not
produce CBZ (Freissinet et al., 2015).

From all these experiments, it can be concluded that
MTBSTFA and DMF are not the sources of TCMP, CBZ,
and DCBZ in the SAM experiment.

In the absence of an identified significant source of TCMP,
CBZ, and DCBZ internal to the SAM experiment that could
explain their strong excess in the CB sample, we can thus
conclude that these molecules were produced from the reac-
tion of organic material and oxychlorine that are both present
in the sample.

4.2. Origin and possible organic precursors
of DCBZ isomers

Given the detection of a series of chloroaromatics pro-
duced from organic material present in the mudstone, it is
now possible to attempt to constrain the structure of the

Table 3. Examples of By-Products Generated from MTBSTFA and DMF Derivatization Reagent

Molecule Raw formula Origin Type of reaction

N-methyl-2,2,2-trifluoroacetamide C3H4ONF3 MTBSTFA Derivatization reaction
Tert-butyldimethylsilanol C6H16OSi MTBSTFA
1,3-bis(1,1-dimethyl)-1,1,3,3-tetramethylsiloxane C12H30OSi2 MTBSTFA
Carbon dioxyde CO2 MTBSTFA/DMF Oxidation
Formaldehydea CH2O MTBSTFA/DMF
C4-alkeneb C4H8 MTBSTFA/DMF
Hydrogen cyanidea,b HCN MTBSTFA/DMF
Cyanogeneb C2N2 MTBSTFA/DMF
Acetaldehydeb C2H4O MTBSTFA/DMF
Acetonitrilea,b CH3CN MTBSTFA/DMF
Methylisocyanateb C2H3NO MTBSTFA/DMF
Chloromethanea,b CH3Cl MTBSTFA/DMF Chlorination
Dichloromethanea,b CH2Cl2 MTBSTFA/DMF
Trichloromethanea,b CHCl3 MTBSTFA/DMF
1-Chloro-2-methylpropenea,b C4H9Cl MTBSTFA
3-Chloro-2-methylpropenea,b C4H9Cl MTBSTFA

aFrom SAM experiment. bFrom laboratory experiment.
DMF = dimethylformamide; MTBSTFA = N-methyl-N-tert-butyldimethylsilyl trifluoroacetamide; SAM = Sample Analysis at Mars.
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parent molecules and their source. With this aim, laboratory
experiments were performed to evaluate the potential for
some samples to produce the chloroaromatics detected with
the SAM experiment.

Micrometeoritic infall can be a source of the organic mol-
ecules on the martian surface (Flynn, 1996; Schmitt-Kopplin
et al., 2010). Therefore, it can be reasonably assumed that
meteoritic organics, if present, could have reacted with martian
perchlorate during pyrolysis to produce the chlorinated aro-
matics detected with SAM from the CB sample analyses.

To test this assumption, our team made a sample by mixing
a sample from the Murchison carbonaceous meteorite with
calcium perchlorate, and olivine as a simulant of silicates
present among the more abundant minerals on Mars. This
sample was pyrolyzed at a temperature similar to those
reached for SAM pyrolysis, but with a higher heating rate than
for the SAM experiment. Among the products released by the
sample during the pyrolysis, it is worth noting that mono- and
multi-CBZs were detected and identified with GCMS (Fig. 5).
As none of the chlorinated aromatic molecules were ever
detected in the Murchison meteorite, we can conclude that
mono- and multi-CBZs were definitely produced from the
chlorination of meteoritic organic compounds, as all the other
chlorinated organic molecules detected in this experiment.

Tetrachlorobenzene isomers, pentachlorobenzene, and
hexachlorobenzene were also detected in this experiment.
However, they cannot be detected with SAM because the
GCMS time of analysis is too short.

Concerning TCBZ, it was detected among the pyrolyzates
from the Murchison meteorite in equivalent amount to DCBZ,
but not from the CB sample. This difference can possibly be
explained by a difference in the amount of organic material
present in both samples, in the mineralogy of the samples, or in
the different temperature rates used to heat the samples.

As a consequence, and assuming the difference in the
pyrolytic modes between the laboratory experiment and the
SAM measurement does not induce a significant difference
in the nature and amount of the products of pyrolysis, this
comparison shows that meteorites could be among the
sources of the organic materials present in the CB sample,
and such organics may have generated chlorinated aromatics
during the sample pyrolysis achieved with SAM. This does
not exclude other possible sources, but it validates the fact
that interplanetary materials can be a source of organic
molecules at the martian surface.

This assumption is of primary interest as it is considered
that meteoritic organic materials could be the source of the
martian atmospheric methane (Atreya et al., 2007), even if
the current models still do not manage to reconcile the
concentration of methane detected (Formisano et al., 2004;
Mumma et al., 2009; Webster et al., 2015) with the flux of
meteorites assumed to reach the martian surface (Moores and
Schuerger, 2012).

In an attempt to identify the molecules at the origin of CBZ
and DCBZ isomers, laboratory experiments were carried out
to characterize the chemical compounds produced when py-
rolyzing mixtures of well-characterized organic molecules
with oxychlorines.

For example, an amino acid, a PAH, and a carboxylic acid
were pyrolyzed in the presence of calcium perchlorate under
SAM-like pyrolysis conditions. The organic species were
selected as possible representatives from meteoritic infall
material, or from products of oxidation of organic material
at the surface of Mars (Benner et al., 2000; Lasne et al.,
2016). Figure 6 shows the chromatograms obtained after the
pyrolysis of alanine, naphthalene, and benzoic acid, all di-
luted at 0.5 wt % in fused silica to represent a reasonable
amount of organic material regarding the martian surface
problematics. Fused silica was chosen for its chemical in-
ertness. In each sample, 1 wt % of calcium perchlorate was
added to represent the oxychlorine chemical species present
in the martian soil.

The pyrolysis of alanine in the presence of calcium per-
chlorate produced a smaller amount of CBZ and two of its
alkylated derivatives. The pyrolysis of naphthalene with
calcium perchlorate produced traces of CBZ, DCBZ, TCBZ,
tetrachlorobenzene, and pentachlorobenzene, as observed
for the earlier study of the Murchison meteorite material.
The pyrolysis of benzoic acid in the presence of calcium
perchlorate produced CBZ and the isomers of DCBZ while
also producing traces of TCBZ, tetrachlorobenzene, and
pentachlorobenzene.

The results of these experiments indicate that PAHs and
carboxylic acids were more reactive with calcium perchlo-
rate than amino acids, such as alanine. This was observed
through the formation of organo-chlorinated compounds likely
produced from the reaction between the chlorinated inor-
ganic volatile molecules released during the pyrolysis by the
calcium perchlorate, such as HCl and Cl2, and the organic
molecules studied.

FIG. 5. Total ion chromatogram obtained for the analysis of the volatile organic compounds produced when pyrolyzing a
mixture of the Murchison meteorite (5 wt %), olivine sand (94 wt %), and calcium perchlorate (1 wt %). Pyrolysis of the
sample was made at 720�C/min up to 600�C with a CDS Analytical 5250 Pyroprobe connected to an Agilent 6890 N GC
coupled to a Micromass Autospec Ultima mass spectrometer. The chromatographic column was a DB-5MS (60 m, 0.25 mm,
0.25 mm), and the sample was injected through a split/splitless injector with split ratio 2:1 onto a column held at 40�C for
2 min after which it was programmed to 310�C at 4�C/min.
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It is likely that the aromaticity of naphthalene and benzoic
acid explains this observation because aromatic molecules are
usually less subject to oxidation compared with aliphatic ones
(as alanine). They can thus resist oxidation for reacting with
HCl and Cl2, whereas alanine should be mainly oxidized. If an
aromatic amino acid would have been used, the production
rate of CBZ should have been higher than with alanine, as the
aromatic structure is less sensible to pyrolysis and oxidation
(see the case of phenylalanine, e.g., Wang et al., 2004).
However, aromatic amino acids are naturally less abundant
than aliphatic ones, as in the Murchison meteorite for in-
stance (Koga and Naraoka, 2017). Therefore, aliphatic amino
acids are more relevant in our case to assess the fate of amino
acids when analyzed with the SAM experiment.

Moreover, the formation of CBZ seems to depend on the
molecular weight and the structure of the precursor organic
molecule. Indeed, when using a SAM-like pyrolysis tempera-
ture ramp, the formation of CBZ seems to be more probable in
the presence of high molecular weight compounds (>C10), such
as naphthalene, or in the presence of molecules having an ar-
omatic structure, such as naphthalene and benzoic acid.

CBZ is probably produced from an intermediary organic
molecule released and/or formed during the pyrolysis, and easy
to chlorinate such as benzene, even if benzene itself cannot
account for the total amount of CBZ formed by this process in
the SAM experiment (Miller et al., 2016). Although the de-
tection of CBZ on Mars does not implicitly allow for the strict
identification of its precursors, the results show that CBZ is
unlikely produced from a reaction between calcium perchlo-
rate and alanine. This could potentially be extended to exclude
amino acids as the major source of CBZ, although this should
be confirmed by testing a variety of amino acids.

The experiments also showed that DCBZ could be pro-
duced from reactions between calcium perchlorate and PAHs
and/or carboxylic acids because all the DCBZ isomers were
formed in the presence of both naphthalene and benzoic acid.

It is noted that the DCBZ was more abundant in the case of the
benzoic acid pyrolysis. This variation in the amount of CBZ
and DCBZ released by each organic compound tested results
in different CBZ/DCBZ ratios (Fig. 3). For instance, the CBZ/
DCBZ ratio obtained for benzoic acid is much higher than
for alanine and naphthalene. It can indicate that the produc-
tion of CBZ and DCBZ is more efficient through chlorination
of substituted benzene compared with chlorination of PAHs,
or chlorination and restructuration of alanine.

Thus, the nature of the molecular parent of CBZ and DCBZ
could be representative of the different ratios observed in the
different experiments performed with SAM. However, we
need to test more organic compounds to reasonably test this
assumption (study under progress). Moreover, the difference
in the conditions of preparation of the sample and of transfer
of the gases released to the GCMS should also be considered
as a plausible explanation of the different ratios observed.

Moreover, the DCBZ usually came with the detection of
TCBZ and tetrachlorobenzene isomers, as well as penta-
chlorobenzene, that were not detected with SAM. It is then
likely that the formation of tetra- and pentachlorobenzene
would require higher concentrations of the parent organic
molecules than present in the samples analyzed by SAM.

It can be noticed that many aliphatic chlorinated organics,
bearing from 1 to 10 carbon atoms, have also been detected
after pyrolyzing the PAH and the amino acid in the presence
of calcium perchlorate. Molecules belonging to these three
chemical families could likely contribute to the C1 to C4

chloroalkanes detected when analyzing martian samples, and
they could potentially be among the organic precursors on
Mars. Some TCMP was also detected only after the pyrolysis
of calcium perchlorate with naphthalene. Therefore, it may be
the source of a fraction of the TCMP detected with SAM.
This result would confirm the presence of calcium perchlorate
on Mars, and it would indicate that naphthalene could be one
of the organic precursors of TCMP.

FIG. 6. Reconstructed ion chromato-
grams obtained after the pyrolysis of al-
anine (black line), naphthalene (red line),
and benzoic acid (blue line) at 0.5 wt % in
fused silica and mixed with 1 wt % of
calcium perchlorate and plotted as: m/z
112 + m/z 111 + m/z 146 + m/z 180. For
the benzoic acid, the m/z 146 and the m/z
180 have been multiplied by 10 and 100,
respectively. The pyrolysis ramp tem-
perature used is similar to the SAM one
with a start at 40�C, up to 900�C at a
35�C/min rate. Compounds highlighted
in gray: 1: CBZ, 2: 1,2,3-trichloro-2-
methylpropane, 3: DCBZ and isomers, 4:
trichlorobenzene and isomers.
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From these experiments, we cannot conclude that a single
compound can be the source of CBZ and DCBZ. However,
organic compounds assumed to be present in the soil of
Mars from well-established theories are shown to be plau-
sible sources. It is obvious that further studies are required
to determine if the possible sources of CBZ and DCBZ can
be restrained to a limited number of parent compounds, or if
any organics present at the surface can produce CBZ and
DCBZ when pyrolyzed in the presence of oxychlorines.

5. Conclusions

The detection of TCMP and the isomers of DCBZ in the
products of pyrolysis of the CB sample collected at the Yel-
lowknife Bay site, in Gale crater, by the Curiosity rover, further
reinforces the detection of organic matter in the martian
mudstone. In addition to CBZ, and C2 to C4 dichloroalkanes
previously identified, we know now two series of chlorinated
HCs that are produced from the reaction of organic molecules
with oxychlorines both indigenous to the samples.

Even if such chlorohydrocarbons could be present in this
state in the sample, it is highly unlikely that they would
contribute to the entire amount of the chlorohydrocarbons
detected with SAM. Also, these series of compounds can be
used to try to identify the potential precursor materials.

Through laboratory studies, we showed that the presence of
CBZ and DCBZ is compatible with the presence of meteoritic
material in the sample, or with organic materials that have been
partially oxidized under the surface conditions of the planet.
Further experiments should now be performed to refine the
identification of the possible sources of the chlorohy-
drocarbons detected with SAM. However, it would also be of
high interest to detect and identify organic molecules that are
not altered through the sample processing achieved with SAM.

Future measurements could reveal the pristine structure of
the organic molecules present in the sedimentary materials
through two main ways.

First, some minerals have thermal properties that induce
their thermal decomposition at temperatures higher than that
of some perchlorates and chlorates, such as kieserite (Fran-
cois et al., 2016). In this case, the organic molecules trapped
in the mineral matrix should be released in the gaseous phase
in the absence of an oxidant or chlorinator, preserving them
from destructive reactions. This mechanism is probably at the
source of the detection of organic molecular fragments ob-
served in most of the samples analyzed with SAM when
heated at high temperatures (Eigenbrode et al., 2018). This
detection could be enhanced if Curiosity can reach the en-
riched sulfate layer located further up Mount Sharp (Grot-
zinger et al., 2012), as sulfates could be among the most
efficient minerals to protect organic molecules.

Second, SAM will soon use chemical reactants present in a
few pyrolytic cells of the instrument (Mahaffy et al., 2012) to
proceed to the derivatization reaction (Stalport et al., 2012).
The large excess of derivatization reactant could consume the
major part of the reactive species released from the oxy-
chlorines, resulting in the protection of the organic molecules
present in the sample from being chemically altered.
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González, R., Pavlov, A.A., Prats, B.D., Squyres, S.W., Steele,
A., Stern, J.C., Sumner, D.Y., Sutter, B., and Zorzano, M.P.
(2015) Organic molecules in the Sheepbed Mudstone, Gale
crater, Mars. J Geophys Res Planets 120:495–514.

Glavin, D.P., Freissinet, C., Miller, K.E., Eigenbrode, J.L.,
Brunner, A.E., Buch, A., Sutter, B., Archer, P.D., Atreya,
S.K., Brinckerhoff, W.B., Cabane, M., Coll, P., Conrad, P.G.,
Coscia, D., Dworkin, J.P., Franz, H.B., Grotzinger, J.P., Le-
shin, L.A., Martin, M.G., McKay, C., Ming, D.W., Navarro-
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Abbreviations Used

CB¼Cumberland
CBZ¼ chlorobenzene

CH¼Confidence Hill
CNES¼Centre National d’Etudes Spatiales
DCBZ¼ dichlorobenzene

DMF¼ dimethylformamide
EGA¼ evolved gas analysis

GCMS¼ gas chromatograph mass spectrometer
HC¼ hydrocarbon
IT¼ injection trap
JK¼ John Klein

MSL¼Mars Science Laboratory
MTBSTFA¼N-methyl-N-tert-butyldimethylsilyl

trifluoroacetamide
m/z¼mass-to-charge ratio

NASA¼National Aeronautics and Space
Administration

nd¼ not determined
NIST¼National Institute of Standards and

Technology
OD¼ opportunistic derivatization

PAH¼ polycyclic aromatic hydrocarbons
RN¼Rocknest
RT¼Retention Time

SAM¼ Sample Analysis at Mars
SMS¼ sample manipulation system

TCBZ¼ trichlorobenzene
TCD¼ thermal conductivity detector

TCMP¼ trichloromethylpropane
TID¼ technical identification
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