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Volatile and Organic Compositions of
Sedimentary Rocks in Yellowknife
Bay, Gale Crater, Mars

D. W. Ming,** P. D. Archer Jr.,2 D. P. Glavin,? J. L. Eigenbrode,® H. B. Franz,>* B. Sutter,?

A. E. Brunner,>” ]. C. Stern,? C. Freissinet,>® A. C. McAdam,® P. R. Mahaffy,> M. Cabane,”
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C. R. Webster, 1. J. Wray,3* R. A. Yingst,?® MSL Science Teamt

H,0, CO,, SO,, 0y, H,, H,S, HCl, chlorinated hydrocarbons, NO, and other trace gases were
evolved during pyrolysis of two mudstone samples acquired by the Curiosity rover at Yellowknife
Bay within Gale crater, Mars. H,0/0OH-bearing phases included 2:1 phyllosilicate(s), bassanite,
akaganeite, and amorphous materials. Thermal decomposition of carbonates and combustion of
organic materials are candidate sources for the CO,. Concurrent evolution of O, and chlorinated
hydrocarbons suggests the presence of oxychlorine phase(s). Sulfides are likely sources for
sulfur-bearing species. Higher abundances of chlorinated hydrocarbons in the mudstone compared
with Rocknest windblown materials previously analyzed by Curiosity suggest that indigenous
martian or meteoritic organic carbon sources may be preserved in the mudstone; however, the
carbon source for the chlorinated hydrocarbons is not definitively of martian origin.

uriosity landed in Gale crater on 6 August

2012 (UTC) with a goal to explore and

quantitatively assess a site on Mars’ sur-
face as a potential habitat for past or present life.
A topographic low informally named Yellowknife
Bay located about 0.5 km northeast of the landing
site was chosen as the first major exploration
target because strata exposed were inferred to be
fluvio-lacustrine deposits (/). Fluvio-lacustrine
depositional systems are thought to preserve
measurable evidence of paleo-habitability (2),
e.g., factors such as mineral associations, ele-
mental inventory, redox state, and character of
light elements and compounds.

Curiosity entered Yellowknife Bay on sol 125
(12 December 2012) and began a drilling cam-
paign to obtain powder samples from a mudstone
located near the base of an exposed stratal succes-
sion (3, 4). Two drill samples informally named
John Klein (drilled on sol 183) and Cumberland
(drilled on sol 279) were extracted for delivery
to the Sample Analysis at Mars (SAM) (5) and
Chemistry and Mineralogy (CheMin) (6) instru-
ments. The samples were obtained from the lower-
most stratigraphic unit in the Yellowknife Bay
formation, informally named the Sheepbed mem-
ber (/). The Sheepbed member and an overlying
medium- to coarse-grained sandstone, named the
Gillespie Lake member, appear to have a com-
plex postdepositional aqueous history. Apparent
low matrix permeability in these units suggests
that they were lithified during an early diagenetic
event followed by at least one additional aqueous
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episode when Ca-sulfate minerals precipitated in a
network of intersecting fractures (7). Millimeter-
sized nodules and hollow nodules in the Sheepbed
member are interpreted, respectively, to be con-
cretions and void spaces possibly formed as trapped
gas bubbles during early diagenesis and lithifica-
tion (/). The geology, stratigraphy, and diagenetic
history of Yellowknife Bay are described in detail
in companion papers (1, 7, §).

The John Klein (JK) and Cumberland (CB)
targets were drilled about 3 m apart in the Sheepbed
mudstone and within =10 cm of the same strat-
igraphic position. The JK drill hole intersected thin
Ca-sulfate-rich veins. The CB sample was col-
lected from an area rich in nodules and poor in
Ca-sulfate-rich veins, to aid in mineralogical and
geochemical characterization of the nodules.
Powders extracted from both holes were gray in
color, suggesting a relatively unoxidized material
(1, 8), in contrast to the red-colored, oxidized ma-
terials observed earlier by Curiosity at the Rocknest
acolian deposit (9, 10) and other surface soils
(11) encountered by previous missions (12). Addi-
tional details on the drill holes are described in (/)
and (8), including maps of light-toned fractures
in the drill hole walls (8).

Here we describe the volatile and organic C
content of the Sheepbed mudstone and evaluate
its potential for preservation of organic C. Volatile-
bearing phases (including possible organic ma-
terial) in Sheepbed are indicators of its past
environmental and geochemical conditions and
can shed light on whether the environment re-

corded in this mudstone once was habitable, i.e.,
met the requirements for microbial life as known
on Earth (/3). The volatile and organic com-
positions of JK and CB materials were charac-
terized by the SAM instrument’s evolved gas
analysis (EGA), gas chromatography—mass spec-
trometry (GCMS), and tunable laser spectroscopy
(TLS) experiments (/4). Four JK subsamples
(JK-1, JK-2, JK-3, and JK-4) and four CB sub-
samples (CB-1, CB-2, CB-3, and CB-5) of the
<150-um-size fraction of drill fines were deliv-
ered to SAM for EGA and GCMS analyses (15).

Evolved H,0

The most abundant gas evolved from JK and CB
materials was H,O. H,O abundances released
from JK [1.8 to 2.4 weight percent (wt %) H,O]
and CB (1.7 to 2.5 wt % H,O; Table 1) were sim-
ilar to those of Rocknest (1.6 to 2.4 wt % H,0)
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Exploring Martian Habitability

(10). Other major evolved gases, in descending
order of abundance, were H,, CO,, SO,, and O,
from JK and H,, O, CO,, and SO, from CB
(Table 1 and Figs. 1 and 2).

An independent estimate of the volatile in-
ventory of JK and CB can be obtained from
measurements made by the Alpha Particle X-ray
Spectrometer (APXS) (16). The measurement
calculates the bulk concentration of the aggregate
of excess light elements (including H,O, CO,, C,
F, B,Oj3 and Li,0O) using the relative intensities of
Compton- and Rayleigh-scattering peaks (/4, 7).
Estimates of the average excess light-element con-
centrations for the JK drill tailings (APXS mea-
surement on sol 230) and the CB drill tailings (sol
287) were 4.3 (£5.5) and 6.9 (+6.2) wt %, respec-
tively. The two methods for determining volatile
abundances in the mudstone are consistent within
uncertainties.

The JK and CB samples showed similar re-
leases of H,O in EGA experiments with a con-
tinuous temperature ramp (Figs. 1A and 2A)
(18, 19). Evolved H,O from JK (JK-4) resulted in
two major H,O releases, with very broad peaks
at about 160° and 725°C (Fig. 1A). Cumberland
samples exhibited similar behavior (Fig. 2A). The
majority (~70%) of H,O was driven off in the
lower-temperature peak.

CheMin results constrain the potential phases
releasing H,O in the lower peak in JK and CB
samples. CheMin detected basaltic silicate min-
erals (feldspar, pyroxene, olivine), magnetite (mag-
hemite), anhydrite, bassanite, akaganeite, sulfides,

Table 1. Evolved gas abundances released during SAM pyrolysis runs of samples (<150 pm
Cumberland drill holes. Rocknest aeolian material evolved gas abundances are provided for comparison

and ~30 wt % x-ray amorphous components in
addition to a 2:1 trioctahedral phyllosilicate in JK
and CB (8). Therefore, candidates for the lower-
temperature water release are H,O adsorbed on
grain surfaces, interlayer H,O associated with
exchangeable cations in 2:1 phyllosilicates (e.g.,
smectite), structural H>O (e.g., bassanite), structural
OH (e.g., Fe-oxyhydroxides such as akaganeite),
and occluded H,O in glass or minerals. Adsorbed
H,O and interlayer H,O in 2:1 phyllosilicates will
generally release water below 300°C. Bassanite
(CaSO,'2H,0) dehydrates at ~150°C. Akaganeite
[FeO(OH,CI)] undergoes dehydroxylation at ~250°C
(fig. S2). H,O incorporated into the amorphous
components (e.g., nanophase Fe-oxides, allophane/
hisingerite) may also evolve below 450°C. Water
as liquid or vapor inclusions in glass or minerals
would be released over a wide range of temper-
atures. Additional sources of evolved H,O at low
temperatures not constrained by CheMin include
structural H,O in oxychlorine compounds (e.g.,
hydrated perchlorates), structural OH in organics,
and H,O formed during organic reactions in the
SAM pyrolysis oven. Organic matter can release
H,0 over a wide range of temperatures from struc-
tural O and H as a consequence of reactions that
take place in the SAM oven.

The high-temperature H,O release between
450° and 835°C is consistent with the dehydrox-
ylation of the octahedral layer of a 2:1 phyllo-
silicate (e.g., smectite), although other phases that
contain OH in octahedral layers may also evolve
H,O in this temperature region. The basal (001)

spacing of the JK phyllosilicate measured by
CheMin was mostly collapsed to ~10 A suggest-
ing a 2:1 phyllosilicate with little interlayer HO
(8). The 2:1 phyllosilicate in the CB sample was
expanded, with a basal (001) spacing of ~13 to
14 A, consistent with several possible interpre-
tations; the CB phyllosilicate could be smectite
with an interlayer partially occupied by metal-
hydroxyl groups or smectite with high—hydration-
energy cations (e.g., Mg®"), facilitating retention
of H,O (8). The high-temperature H,O releases
at 750°C can be ascribed to dehydroxylation of
Mg- and Al-enriched octahedral sheets in 2:1
phyllosilicates (Fig. 3A). The most likely can-
didate for the high-temperature H,O release
(i.e., ~750°C) in Sheepbed material is saponite or
Fe-saponite based on CheMin measurement of
the 02¢ diffraction band (4.58 A) as consistent
with a trioctahedral 2:1 phyllosilicate (8) and the
water-release peak temperature (Fig. 3A). If all
of the H,O released between 450° and 835°C
during SAM pyrolysis runs resulted from dehy-
droxylation of 2:1 phyllosilicates, the proportions
of 2:1 phyllosilicate present in the JK and CB
samples are 17 (+12) wt % and 16 (+11) wt %,
respectively. These values are consistent with the
independent estimates from CheMin x-ray diffrac-
tion semiquantitative data, which give 22 (+11)
and 18 (£9) wt % for 2:1 phyllosilicate in JK and
CB, respectively (8).

High-temperature release of H, occurs over
roughly the same temperature regions as the
high-temperature releases of H,O and H,S (Figs. 1

fraction) obtained from the John Klein and
with the Sheepbed mudstone materials.

John Klein Cumberland Rocknestt
CB-5 Average of
JK-1 JK-2 JK-3* JK- 4 CB-1 CB-2 CB-3 four runs
Molar abundances (umol)
H,0 57.4 £32.7f 54.2+30.8 59.9+33.7 447 £ 25.0 42.7 £28.8 54.0+29.5 62.4+315 45.0 £ 25.4 55.1 + 35.3
CO, 7.0+£1.9 8.1+1.7 6.6 + 1.6 57+13 2.0+0.5 2.5 +£0.7 3.1+0.6 3.1+0.7 9.9 +1.2
SO, 1.6 £ 0.6 14 +0.1 29+0.1 2.0+ 0.0 0.4 £ 0.02 1.3+0.2 1.2+0.2 1.4 +0.2 12.2 £ 0.9
0, 0.6 + 0.1 0.8 +£0.1 21+03 0.9 +0.1 2.6 £0.3 8.4+ 1.0 9.9+£1.2 112+ 14 3.9+0.2
H, 9.3+1.8 5.1+1.0 49 £ 0.9 5.3+1.0 6.9 +£13 11.6 + 2.2 43 +0.8 4.1+0.8 Not measured
directly
High-temperature H,0 (%)%
21+8 21+8 26 £ 9 34 +11 26 + 26 31+8 19+1 31+11
Molar abundances (nmol)
HCl 58.5 +26.1 724 322 536.1+238.7 155.1+69.1 44.1+19.6 179.9 +80.1 267.7 +119.2 584.9 £ 260.5 36.5* 10.4
H,S 79.0+35.2 57.0+£254 95.2+424 36.1 £16.1 18.7 £ 8.3 67.4 £30.0 389+173 34.4 + 15.3 61.0 + 13.9
NO 190 + 38 188 + 38 162 + 32 129 + 26 190 + 38 331 + 66 389 + 78 374 £ 75 175 + 40
Sample weight (%)
H,0 23+ 1.6 22+15 24 +15 1.8 +1.2 1.7 £1.3 22+15 25+1.6 1.8 +1.2 20+ 1.3
CO, 0.7+0.3 0.8+04 0.6 £ 0.2 0.6 +0.3 0.2 £ 0.09 0.2+0.1 0.3+0.1 0.3 £0.1 0.9+0.1
SO; equiv. 03 £0.1 0.2+0.1 0.5 £0.12 0.4+0.1 0.1+0.0 0.2+£0.1 0.2 £ 0.09 0.2 £0.10 2.0 +£0.2
Cl,0;7 equiv. 0.07 £ 0.03 0.09 £ 0.04 0.24 + 0.06 0.10 £ 0.04 03=x0.1 1.0£04 1205 1.3+£05 0.4+0.1

*Three sample portions (~135 + 31 mg) of John Klein drill material were delivered to SAM for the JK-3 experimental run. The numbers in this column have been normalized to one sample

portion (45 mg).

tAverage of four SAM runs of the Rocknest aeolian material (10).

1 Errors reported for molar abundances of CO,, SO, and O, are the 2c standard deviation from the

mean of calculations done with different m/z values for the same species. H,0 error bars are based on the uncertainty in prelaunch water abundance calibration. Errors for other species include
the uncertainty in differences in ionization efficiency between masses with a calibrated mol/counts value and uncalibrated values (10). Weight % values were calculated with an estimated

sample mass of 45 + 18 mg (2c), with errors propagated including the uncertainty in molar abundance (10).

§High-temperature H,0 is the percentage of the H,O released between 450°

and 835°C, which is the temperature region for dehydroxylation of a 2:1 phyllosilicate, compared to the total H,O released. Errors are the 2c standard deviation from the mean.
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and 2). The origin of the high-temperature evolved
H, is unknown but is likely associated with the
dehydroxylation of the most thermally stable OH
groups in the 2:1 phyllosilicates.

Evolved O,

The JK and CB samples have distinctly different
O, releases (Figs. 1A and 2A and Table 1). The
onset of O, evolution from JK (~150°C) was
lower than for CB (~230°C). O, abundances re-
leased from CB (0.3 to 1.3 wt % CL,0;) were
nearly eight times the abundances for JK (0.07
to 0.24 wt % Cl1,05); Rocknest O, abundances
(0.4 wt. % Cl,07) were about four times those
for JK (Table 1). By comparison, the perchlorate
anion (ClO,4 ") was present in soil at the Phoenix
landing site at the 0.4 to 0.6 wt % level (20). The
JK-4 sample had two distinct peaks, suggesting
different or additional O,-evolving phases in the
JK sample or consumption of O, during combus-
tion of organic materials (see below) or thermal
oxidation of ferrous-containing phases (e.g., mag-
netite to maghemite transition). O, evolution in
the Rocknest acolian material occurred at a higher
temperature (onset ~300°C with a peak temper-
ature ~400°C) than in JK and CB (10, 21).
Evolved O, from JK and CB is inferred to re-
sult from decomposition of perchlorate or chlorate
salts, based on analogy with other analyses on
Mars, on bulk compositions of the JK and CB

25x10°"
204

15+

Counts/s

10+

samples, on the timing of chlorinated hydro-
carbon and HCI releases, and on laboratory ex-
periments with perchlorate salts. Perchlorate was
definitively identified in soil at the Mars Phoenix
landing site (20), and O, release from the Rocknest
aeolian material is roughly consistent with de-
composition of Ca-perchlorate (10, 27). The CB
sample contains three times the Cl of the JK sample
as measured by APXS (1.41 wt % versus 0.4 wt %
for CB and JK, respectively) (7), and the abun-
dance of O, released from CB (splits CB-2 and
CB-3) is nearly eight times the abundance from JK
(Table 1), suggesting that the substance responsi-
ble for the release of O, from CB was a perchlorate
or chlorate. Similarly, HCI and chlorinated hydro-
carbons (chloromethane and dichloromethane)
were released in conjunction with O, (Figs. 1 and
2, see below), suggesting that Cl and O were hosted
by the same compound in CB and JK.

The coincident release of HCI with O, in CB
is consistent with several types of perchlorate salt
(Fig. 2). HCl is evolved during thermal decom-
position of Mg- and Fe-perchlorate, caused by
reaction between Cl, gas and water vapor (22—24).
Thermal decomposition of Ca-perchlorate alone
does not yield substantial HCI at temperatures
<450°C (22, 25). However, thermal decomposi-
tion of Ca-perchlorate in the presence of an Fe-
bearing mineral such as pyrrhotite can also yield
simultaneous releases of O, and HCI (Fig. 3B).

— H,0

— CO, (3x)

— 0, (10x)

—— S0, (10x)

B —H,

—— H,S (35x)
—— HCI (35x)
—— CH,CI (100x)
CH,Cl, (100x)

Counts/s

MM

0.0~

ArAndMakon,

T
200

T T
400 600 800

Sample Temperature (°C)

Fig. 1. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 pm) from
the Sheepbed mudstone JK-4 sample. (A) Most-abundant evolved gases [CO, has been scaled up 3 times;
S0, and O, have been scaled up 10 times]. (B) Evolved gas traces for Hy, H,S, HCl, CH5Cl, and CH,Cl, [H,S and
HCl traces have been scaled up 35 times; CH3Cl and CH,Cl, have been scaled up 100 times]. Isotopologs were
used to estimate species that saturated the QMS detector (m/z = 12 for CO, and m/z = 20 for H,0).
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RESEARCH ARTICLE I

The O,-release profiles and temperatures for
JK and CB do not match exactly those of com-
mon perchlorate salts. Although the best matches
are with Fe-perchlorates (Fig. 3C), the presence
of Fe-oxides/oxyhydroxides may lower the de-
composition temperature of perchlorate salts (26).
Chlorate salts may also be stable on the martian
surface (27), and mixtures of K-chlorate and hem-
atite can decompose at temperatures consistent
with O,-release temperatures observed in JK
and CB (26). Other possible sources of the low-
temperature O, release—e.g., peroxides and su-
peroxide radicals—cannot be ruled out (28-30).

Evolved CO,

The CO, releases for the JK and CB samples
peaked at temperatures below 300°C (Figs. 1A
and 2A), distinct from the CO, release between
400° and 512°C from the Rocknest aeolian
materials (/0). The CO, releases in the Rocknest
samples were interpreted to derive largely from
carbonates (/0), and the CO, release shoulder
around 400° to 450°C in the JK samples could
also derive from carbonate minerals, specifically
fine-grained Fe/Mg-carbonate (10, 24, 31). The
400° to 450°C release shoulder is absent from the
CB samples. Another possible CO, source, given
the inferred presence of akaganeite and substan-
tial proportions of perchlorate or chlorate phases
in the samples, is that HCI evolved at lower tem-
peratures and then reacted with carbonate min-
erals (23). The onset of evolved HCI is nearly
simultaneous with CO, releases in JK and CB
(Figs. 1 and 2), suggesting that low-temperature
acid dissolution and subsequent thermal decom-
position of carbonates may be responsible for
some of the evolved CO, (fig. S2). Total CO,
evolved is equivalent to <1 wt % carbonate and,
if present, carbonates are at abundance below
the detection limit by CheMin. Adsorbed CO,
is an unlikely candidate for the CO, peak near
300°C because most adsorbed CO, is expected
to be desorbed from smectite and palagonite-like
material surfaces at temperatures <200°C (32).
The low-temperature shoulder around 100° to
200°C in JK materials could reflect adsorbed
CO,, although it was not seen in CB materials.

Although there are several possible CO,
sources in JK and CB materials, the simultaneous
evolution of CO, and O,, in conjunction with a
possible O, inversion (i.e., O, consumption) in
JK-4 and the similar CO, and O, releases in CB
samples, suggest combustion of C compounds. It
is nearly certain that at least some of the CO,
produced is derived from the combustion of
vapor from N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetamide (MTBSTFA, a derivatization
agent carried in SAM) and its reaction products
that were identified by the EGA and GCMS ex-
periments and adsorbed onto the samples and
sample cups inside SAM during sample transfer
in Curiosity 5 sample acquisition and processing
system (10, 21, 33). The background-derived
C detected in the blank runs was up to ~120
and 30 nmol of C attributed to MTBSTFA and
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dimethylformamide (DMF) (33), respectively. If the
background was similar for the analyzed samples
of the mudstone, another source of C for com-
bustion to CO, during pyrolysis is required to
account for the >2 umol of evolved CO, (Table 2).
The estimated amount of MTBSTFA + DMF C
in the blank runs is only 1 to 3% of total evolved
CO,-C from JK and CB analyses. Also, lower
amounts of MTBSTFA C (~18 nmol C) and DMF
C (~15 nmol C) were detected in the CB-5 anal-
ysis (Table 2), suggesting that substantially less
MTBSTFA and DMF were available for com-
bustion to CO, in this run due to implementation
of the MTBSTFA-reduction protocol (/4). These
results indicate that most of the evolved CO,
from CB is not related to the known terrestrial C
background in SAM, and therefore additional C
sources are required.

The initial amount of MTBSTFA and DMF C
in the JK and CB analyses could have been higher
than the levels measured in the empty-cup blank
because of additional adsorption of these vola-
tiles to the solid-sample surface area after sample
delivery. A triple-sized sample portion (~135 mg
of sample) of JK (JK-3) was delivered to SAM to
explore the effects of adsorption on measured
CO, releases. Estimates of the amount of C from
MTBSTFA and DMF sources that could con-
tribute to evolved CO, for the JK-3 triple-portion
sample show that the levels are similar (within
error) compared to the single-portion JK sample
analyses (column 4 of Table 2), despite the po-
tential for at least three times as much MTBSTFA
and DMF adsorption to the sample due to greater
surface area. Also, the triple-portion sample evolved
2.4 10 3.5 times as much CO, (Table 2). MTBSTFA
and DMF C likely contributed to a small portion
of the evolved CO, (21). The order-of-magnitude
more C observed as CO, in all samples and the
near threefold increase in CO, observed for
the triple portion run further demonstrate that the
dominant C source for CO; in the JK analyses
came from the mudstone itself and not from known
background C sources in SAM or Curiosity’s
sample acquisition and delivery system.

Another possible C source for the evolved CO,
is combusted martian indigenous and/or exoge-
nous (meteoritic) organic matter in the mudstone.
The Sheepbed mudstone has trace-element com-
positions consistent with a meteoritic contribu-
tion that may have delivered 300 to 1200 parts
per million (ppm) organic C (7) and/or from
weathering of igneous material (34). Also, meta-
stable partially oxidized weathering products of
martian organics of indigenous and/or exogenous
origins such as mellitic acid (35) may have un-
dergone decarboxylation during analysis in SAM.
Laboratory analog experiments using SAM-like
instrument conditions where mellitic acid and
perchlorate salts were heated together have shown
that the primary degradation products detected
during pyrolysis are CO, and CO (36, 37). If mel-
litic acid or other benzenecarboxylates were present
in Sheepbed, the organic degradation products
may have decomposed to CO, and other less-
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volatile degradation products, which could have
gone undetected by SAM GCMS under the oven
conditions used for the pyrolysis experiments.
Overall, the potential CO, sources include
combustion of terrestrial organics resident in SAM
(for a small portion of the evolved CO,), low-
temperature acid dissolution of martian carbo-
nates, and combustion and/or decarboxylation of
indigenous and/or exogenous organic materials.

Evolved SO, and H,S

Sulfur dioxide and H,S evolved from the JK and
CB samples during pyrolysis, and both also
evolved from the Rocknest aeolian material (/0).
The release of both reduced and oxidized S vol-
atiles suggests that reduced and oxidized S species
were present in all samples, or that redox reactions
in the SAM oven affected S speciation. The total
abundance of S-bearing gases and the ratio of
SO,/H,S observed at JK were both <30% of the
values measured in Rocknest samples. Abundances
of these gases were even lower in CB than in JK,
consistent with the lower bulk S composition mea-
sured by APXS [1.57 (+0.03) wt % SO; for CB
compared with 5.52 (£0.21) wt % SO3 for JK (7)].

The evolved SO, had a release peak tem-
perature at ~600° to 625°C, with a shoulder at
~675°C (Figs. 1A and 2A). Several mineral sources

of S are possible. CheMin detected anhydrite,
bassanite, and pyrrhotite in both JK and CB and
possible pyrite in JK (8). Pyrrhotite and possi-
bly pyrite are candidate S sources for the SO,
and H,S releases from CB and JK. The lower-
temperature SO, and HCI evolutions occurred
simultaneously with the release of O, in CB
(Fig. 2), and two additional SO, release peaks
were observed in the 500° to 800°C range. Lab-
oratory pyrolysis experiments of mixtures of pyr-
rhotite and Ca-perchlorate exhibited similar release
patterns for SO,, O,, and HCI (Fig. 3B); however,
the onset temperatures for their release is lower
in CB, consistent with a different perchlorate/
chlorate salt (i.e., lower O, release) or complex
chemistry occurring in the SAM ovens that lowers
the decomposition temperature of oxychlorine
compounds (as discussed above). Thermal de-
composition of Ca-sulfate is not likely to have
contributed to the SO, releases from JK and CB
because they typically break down at higher tem-
peratures than the maximum that can be achieved
by the SAM oven used in these experiments
(>835°C).

Although pyrrhotite and pyrite are candidate
S-bearing phases in CB and JK, the evolved SO,
data are not uniquely diagnostic of these or any
specific S-bearing phases. Fe-sulfate minerals
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Fig. 2. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 pm)
from the Sheepbed mudstone CB-2 sample. (A) Most-abundant evolved gases [CO, and SO, counts
have been scaled up 3 and 15 times, respectively]. (B) Evolved gas traces for H,, H,S, HCl, CH3Cl, and
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will evolve SO, at 500° to 800°C under condi-
tions similar to SAM operational conditions. How-
ever, formation of Fe-sulfates requires strongly
acidic conditions (38, 39), and Sheepbed is in-
terpreted to record depositional and diagenetic
environments at near-neutral pH’s (/).

Evolution of H,S occurred nearly simulta-
neously with evolution of H, and high-temperature
H,O resulting from the dehydroxylation of the
2:1 phyllosilicate (Figs. 1 and 2). H,S may be
a by-product of the reaction of H,O with a Fe-
sulfide such as pyrrhotite (Fig. 3B); however, it is
possible that SO, evolved at high temperatures is
reduced in the presence of H, to H,S (40, 41).
HCl also evolves at higher temperatures (Figs. 1B
and 2B), which can react with reduced S phases
to form H,S (42, 43).

Evolved N-Bearing Species

Potential N-bearing compounds evolved from
JK and CB include NO, HCN, CH;CN, CICN,
CF;CN, and C5H4F5NO. Evolved NO [mass/
charge ratio (m/z) = 30] in the JK and CB mate-
rials had abundances of 129 to 190 nmol and 190
to 389 nmol NO, respectively (Table 1). The abun-

Fig. 3. Major evolved
gases from the JK and A
CB samples compared
with EGA of analog
minerals under SAM-
like oven operating
conditions (14). (A)
Evolved H,0 for non-
tronite, montmorillonite,
and saponite compared
with JK and CB evolved _I
H,0. (B) Evolved O,

Relative Counts

dances of NO in JK and CB blank runs were
70 and 12 nmol, respectively, and the predicted
level of N contributed by MTBSTFA and DMF
based on background measurements was typical-
ly less than 20 nmol N. Hence, the source for the
evolved NO appears to be within the mudstone.
Other N compounds detected by SAM (HCN,
CH;CN, and CICN) are present at substantially
lower abundances, and they may be contributed
by the MTBSTFA and DMF background in the
SAM instrument. Both wet chemistry reagents con-
tain one N atom per molecule of reagent. CF;CN
is almost certain to be from decomposition of
MTBSTFA because possible sources of F in the
martian samples (i.e., fluorapatite) will not de-
compose in the SAM temperature range. In addi-
tion, HCN and CH;CN have also been identified
during laboratory pyrolysis of MTBSTFA and
DMF in the presence of perchlorate run under
similar operating conditions as SAM (21).

Organic Compounds

Pyrolysis of the JK and CB samples led to low-
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methane and dichloromethane that correlated with
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the release of O, and 1,3-bis(1,1-dimethylethyl)-
1,1,3,3-tetramethyldisiloxane, a known reaction
product of MTBSTFA and H,O (fig. S3). This
correlation suggests that thermal degradation of
the O, source (most likely an oxychlorine com-
pound, see above) is contributing to chlorination
of C phases and/or the release of chlorinated hy-
drocarbons. Identification and quantification of
these trace organic species by their characteristic
m/z values in EGA mode was enhanced and
confirmed by bulk collection and GCMS identi-
fication (44) of volatiles on an adsorbent-resin
hydrocarbon trap (Fig. 4 and fig. S4). Detection
of chlorinated hydrocarbons by SAM in Rocknest
samples (10, 21), as well as supporting laboratory
EGA and GCMS experiments conducted under
SAM-like conditions, have shown that both chlo-
romethane and dichloromethane are produced
when MTBSTFA and DMF are heated in the
presence of Ca- and Mg-perchlorates (27). There-
fore, reaction of MTBSTFA and DMF carbon with
an oxychlorine compound is a likely source of
some of the chloromethane and dichloromethane
detected in JK and CB.

Empty-cup blank analyses before each sam-
ple set (Rocknest, JK, and CB) showed low chlo-
romethane C abundance (<7 nmol C, including
estimated error, via EGA) and no detection of
dichloromethane. In comparison to the blanks,
single-portion runs of JK and CB consistently
showed more abundant chloromethane and di-
chloromethane C [up to about six times the abun-
dance; range: 21 (£ 4) to 66 (£13) nmol C, Table 2],
whereas lower amounts of chloromethane and
dichloromethane [12 (+ 2) nmol C] were released
from Rocknest single-portion samples, even though
the total MTBSTFA C amounts measured during
pyrolysis of Rocknest were similar (within error)
to those measured in JK and the CB-1 and CB-2
runs (Table 2). Furthermore, the JK-3 EGA
analysis of a triple-portion sample released ap-
proximately twice as much chloromethane +
dichloromethane [127 (+25) nmol C] as a single-
portion JK analysis [38 (£8) to 66 (+13) nmol C],
and JK-3 released trichloromethane (CHCly) and
carbon tetrachloride (CCly), which were not pre-
viously detected in the blank or single-portion JK
experimental runs (table S2 and Fig. 4). How-
ever, the increase in chlorinated products in JK-3
could also be explained by three times as much
sample (i.e., more oxychlorine compounds) com-
pared to the single-portion JK runs. Trichloro-
methane and carbon tetrachloride were also
detected by GCMS in both CB-3 and CB-5 at
similar levels (table S2). These data indicate that
greater chlorinated hydrocarbon production is as-
sociated with the Sheepbed mudstone (compared
with the Rocknest aeolian deposit) and with larger
sample mass. However, the substantial reduction
(~50%) in C abundance from MTBSTFA (and
presumably DMF) in the CB-5 experiment com-
pared with CB-3 (fig. S5 and Table 2) was matched
by a ~50% drop in chloromethane and dichloro-
methane detected by EGA [10.2 (£2.0) and 0.7
(£ 0.2) nmol C, respectively]. This suggests that
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martian organics may not be substantial contrib-
utors to these chloromethanes detected in CB
samples.

Trace quantities of chloromethane and di-
chloromethane were also identified by the Viking
1 and 2 lander GCMS instruments (45, 46). The
Viking GCMS team attributed the chlorinated hy-
drocarbons to terrestrial sources including cleaning
solvents, although the possibility that some of
the chloromethane C was indigenous to Mars
was not ruled out (46). Unlike SAM, the Viking
GCMS instruments did not include an MTBSTFA
and DMF wet chemistry experiment. Following
the Phoenix perchlorate detection and subsequent
laboratory experiments in which Atacama soils
mixed with 1 wt % of Mg-perchlorate produced
chloromethane and dichloromethane at 500°C,
the Viking chloromethane compounds have been
attributed to the presence of perchlorates and in-
digenous organic carbon at the Viking landing
sites (47). The hypothesis has been challenged
(48) and debated (49).

The EGA and GCMS observations of varying
chlorinated hydrocarbon abundances in JK and
CB could result from any combination of the fol-
lowing: (i) chlorination of MTBSTFA and DMF
or other unknown terrestrial C sources in SAM
(instrument background) that were not identified
during EGA or GCMS in the empty-cup blank
runs; (ii) chlorination of C contamination from the
drill and/or sample handling chain; and (iii) chlo-
rination of martian or exogenous C phases in the
Sheepbed mudstone.

Terrestrial contamination from the sample
handling chain is unlikely because it was scrubbed
multiple times with Rocknest scooped material
before the first drilled sample at JK (9, 10). The

GCMS abundances of chloromethane and dichlo-
romethane measured in JK-4 were similar within
error to the abundances of the chlorinated hy-
drocarbons identified in the second drill sample
at CB (CB-2) run under identical conditions
(table S2). Therefore, if terrestrial C contamina-
tion from the drill was the primary source of C
for these chlorinated hydrocarbons in JK-4, their
abundances measured in the CB-2 sample should
have been reduced compared to JK-4 due to sam-
ple scrubbing of hardware surfaces and disposal
of the JK sample from the sample processing
system. This was not observed. Moreover, swabbed
surfaces of Curiosity 5 sample acquisition and
processing system were found to be organically
clean before launch (50, 57), and only trace quan-
tities (~0.1 to 0.3 nmol) of perfluoroethene, a
known pyrolysis product of Teflon that is within
the drill system (52), were identified in the JK
and CB EGA analyses.

Chlorinated hydrocarbons are likely produced
in the SAM oven during heating of samples in
the presence of Cl from the thermal decompo-
sition of oxychlorine compounds. Some of the
chlorinated hydrocarbon detected at JK and CB
may be derived from the sample. The SAM data
do not allow us to prove, or disprove, organic C
contributions from Sheepbed to evolved chlori-
nated hydrocarbons and CO, from the JK and
CB samples. There are no conclusive EGA or
GCMS observations of other organic molecules
indigenous to the Sheepbed mudstone.

Preservation of Organics

Although the detection and identification of possi-
ble organic compounds in the Sheepbed mudstone
is complicated by reactions in the SAM oven,

the lack of a definitive detection of martian or-
ganics suggests that, if organics were deposited
in the Sheepbed mudstone, organic alteration and
destruction mechanisms may present the single
most fundamental challenge to the search for
organics on Mars. Some organic compounds are
expected on the surface of Mars. Exogenous de-
livery of meteoritic organics to the martian surface
has been estimated as 2.4 x 10% g C/year (53) and
may have been higher during periods of higher
impact flux on the surface. Benzenecarboxylates
derived from the oxidation of meteoritic organic
matter on Mars could contribute up to 500 ppm
organic C by weight in the top meter of the mar-
tian regolith (35). Abiotic organic matter formed
by igneous and/or hydrothermal processes (34, 54)
is also expected to be embedded within basaltic
minerals where it is protected from chemical oxi-
dants in the environment. Consequently, at least a
low concentration of organic compounds is likely
in the source material for the Sheepbed mudstone.
In addition, the distal fluvial to lacustrine depo-
sitional environment of Sheepbed (/) makes it a
prime site for concentration of organic matter
through sedimentary processes (2).

If organics were present, evaluating their fate
during diagenesis becomes critical for under-
standing their molecular structures, distribution
in sediments, and SAM observations. The JK and
CB samples experienced diagenesis, including
the alteration of basaltic minerals to smectite and
magnetite after deposition (7, §). Organics may
have been released during basaltic mineral alter-
ation, and any reactive organic molecules present
may have been incorporated into or adsorbed onto
the forming smectite and magnetite. These types
of mineral-organic associations could have enhanced

Table 2. Abundances of terrestrial C from N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) reaction products and di-
methylformamide (DMF) compared with the measured abundances of chloromethane (CM), dichloromethane (DCM) and CO, detected during SAM
evolved gas analysis (EGA) by the mass spectrometer.

Estimated amount Estimated
Total detected Estimate of Total
Sample MTBSTFA-derived C  missing DMF C ~ CM + DCM C of MTBSTFA- and Total €O, MTBSTFA -+ DMF C
(umol)* (umol} (umol) DMF-de'nved C for (umol) comb}lstlon in analysis
combustion (umol)} relative to total CO,§
JK blank 0.120 + 0.024 0.030 + 0.006 0.005 £ 0.001 =0 =0 =~ 0%
JK-1 0.051 + 0.010 0.013 + 0.003 0.066 + 0.013 0.086 + 0.043 7.0+ 19 1.2 £ 0.7%
JK-2 0.044 + 0.009 0.011 + 0.002 0.061 + 0.012 0.095 + 0.041 8.1+1.7 1.2 + 0.5%
JK-3 (3% portion) 0.071 + 0.014 0.018 + 0.004 0.127 + 0.025 0.061 + 0.048 19.8 £ 4.8 0.3 £0.3%
JK-4 0.047 + 0.009 0.012 + 0.002 0.038 + 0.008 0.091 + 0.041 57+1.3 1.6 £ 0.7%
CB blank 0.097 +£ 0.019 0.025 + 0.005 0.006 + 0.001 ~0 =0 ~ 0%
CB-1 0.068 + 0.014 0.017 + 0.003 0.025 + 0.005 0.037 + 0.041 2.0 £ 0.2 1.9 £ 2.1%
CB-2 0.041 + 0.008 0.010 + 0.002 0.022 + 0.004 0.071 £ 0.034 25 +0.4 2.8 £ 1.4%
CB-3 0.032 + 0.006 0.008 + 0.002 0.021 + 0.004 0.082 + 0.032 3.1+£0.3 2.7 +1.1%
(B-5 0.018 + 0.004 0.005 + 0.001 0.011 + 0.002 nD" 3.1+0.7 nD"
RN blank 0.078 + 0.016 0.020 £ 0.004 0.002 + 0.001 =0 =0 =~ 0%
RN1-4 (average) 0.058 + 0.012 0.015 + 0.003 0.012 + 0.002 0.025 + 0.035 99 +1.2 0.3 +0.4%

*Total MTBSTFA C value in umol determined from the sum of the EGA measured abundances of silylated products: tert-butyldimethylsilanol, 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane, and

tert-butyldimethylfluorosilane, plus the mole fraction of C from 2,2,2-trifluoro-N-methylacetamide in MTBSTFA relative to the sum of the silylated products.

TDMF was not identified during pyrolysis by

EGA or GCMS. However, the amount of DMF C was estimated from the total measured MTBSTFA C and the molar ratio of DMF/MTBSTFA carbon (0.25) that was originally loaded into the wet chemistry cups, to
}Estimated amount of combusted MTBSTFA- and DMF-derived C equals the amount of C in the blank from these sources minus the amount of C from these sources that was
observed and calculated for each solid sample run.

address a worst-case scenario.

carbon available for combustion to CO,, compared to total CO, measured in the sample runs.

experimental conditions that were used for CB-5.
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§Percentage of the total MTBSTFA and DMF carbon in the preceding blank analysis, assumed to be representative of the MTBSTFA and DMF derived
IIND: Values could not be determined because a comparable blank run was not carried out under the same



the early preservation of organic matter. In ad-
dition, reducing conditions during deposition,
as suggested by the presence of magnetite (7),
would have favored early preservation. Subse-
quently, and at any time during burial, oxidants
already present in disequilibrium with reduced
phases or circulated into the rock may have con-
tributed to the oxidative degradation of organic
compounds that were deposited with the sediment
or released from the altering igneous minerals.
There is no evidence of mineral oxidation asso-
ciated with the second diagenetic event that pre-
cipitated calcium sulfate minerals from fluids into
the Sheepbed fracture network (7), and the bulk
rock remained largely reducing based on the
presence of magnetite and pyrrhotite in JK and

weathering of pyrrhotite, which could indicate
exposure of JK and CB to an oxidizing fluid in
earlier diagenetic event(s) that may have degraded
any organic compounds.

If any organic compounds remained through-
out burial, they may have been altered by other
mechanisms. The martian surface is subjected to
strong ionizing radiation that can alter organic
molecules (55) depending on the chemical and
physical microenvironment of the host sediments
(56). lonizing radiation directly breaks chemical
bonds in organic molecules and other chemicals,
producing a reactive pool of radicals and oxidants
(e.g., OHe, H,0,, oxychlorine compounds). In
the presence of mineral catalysts, these reactants
can fully oxidize organic matter to CO, CO,, and
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that may survive in a metastable state on Mars
(35). If exogenous or martian organic matter sur-
vived largely intact until removal of the overlying
Gillespie sandstone, it may still have degraded or
oxidized during surface exposure of the sampling
site to ionizing radiation. Therefore, surface-
exposure age is also an important variable in the
preservation of organics. Alternatively, the or-
ganics may have survived all of the martian
processing that occurred naturally, only to be
oxidized by oxide minerals or oxychlorine com-
pounds at elevated temperatures in the SAM
oven or, if sufficiently refractory, survive pyrol-
ysis and pass undetected by SAM, as does most
of the kerogen-like material in meteorites.

The complicated story of carbon on Mars is

CB, and possibly pyrite in JK (8). However,
akaganeite in the samples may reflect oxidative
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carbonates or produce partially oxidized organics
such as acetate, oxalates, and other carboxylates

poorly understood. As of sol 370, SAM results
support the presence of carbon source(s) in
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samples from the Sheepbed mudstone that con-
tribute(s) to the production of chlorinated hydro-
carbons and evolved CO,. There may be organic
matter in these samples, but it has not been con-
firmed as martian.
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Materials and Methods

SAM Instrument Overview and Operations: The Sample Analysis at Mars (SAM)
instrument suite supports the Mars Science Laboratory (MSL) mission and sits inside the
Curiosity rover at Gale Crater on Mars. The SAM instruments are a quadrupole mass
spectrometer (QMS), a tunable laser spectrometer (TLS), and a 6-column gas
chromatograph (GC) with thermal conductivity detectors (TCDs) (5). These three
instruments share a solid sample and gas processing system to generate complementary
compositional and isotopic observations on each sample delivered by the rover’s Sample
Acquisition/Sample Processing and Handling (SA/SPaH) hardware to a SAM solid
sample inlet tube or ingested directly through a gas inlet. An empty quartz cup is placed
inside the pyrolysis oven before each analysis. The gas processing system, hydrocarbon
trap, and empty cup are subsequently purged with He and heated to release any residual
volatiles in the system to precondition and clean SAM. Before each set of solid samples
from a site is delivered to SAM, an empty cup is exposed to the sample manipulation
system for a simulated sample handoff and then placed back in the oven for pyrolysis
evolved gas analysis (EGA), tunable laser spectrometer, and gas chromatography mass
spectrometry (GCMS) measurements of the SAM background (i.e., the blank).

After the blank runs, samples from the John Klein (JK) and Cumberland (CB) that
had been previously drilled and sieved <150 pm particle size fraction were delivered to
SAM from a portion tube with a 76 mm® volume. These samples were heated under the
same conditions as the empty-cup blank runs to thermally evolve gases for processing
and analysis. These volatiles are the result of the following processes often happening
concurrently: 1) desorption of surface-adsorbed volatiles, 2) mineral and/or organic
thermal decomposition, and 3) thermochemical reactions among chemical components.

SAM performs EGA of all evolved gases by direct QMS detection. Isotopic
compositions are determined using both the QMS and the TLS. The TLS is tuned
primarily for the measurement of CO,, H,0O, and CH,4 and carbon, oxygen, and hydrogen
isotopic measurements of select temperature cuts of evolved gas. TLS results are beyond
the scope of this paper. Details of the TLS measurements are described elsewhere (35).
Measurements of volatile organic compounds can be performed with the QMS alone or
when it is coupled to the gas chromatograph (GC). SAM heated each sample to > 835 °C
at a rate of 35 °C/min with a He carrier gas (99.999% purity) flow rate of ~0.8 standard
cm’ per minute (sccm) and at an oven pressure of ~25 mbar. During the pyrolysis
heating, the SAM QMS analyzed abundances of gases across the entire temperature
range, and select temperature ranges of the evolved gases in each run were sent to TLS
and GC for analysis (Table S1).

For the SAM GCMS analyses, a cut of the gases evolved was diverted through the
SAM hydrocarbon trap (i.e., the GC hydrocarbon trap temperature cut, Table S1). The
hydrocarbon trap consists of three adsorbents in series: 0.49 g of 0.38-mm non-porous
silica beads, 0.079 g of 60/80 mesh Tenax TA (porous 2,6-diphenylene oxide polymer
resin adsorbent), and 0.11 g of 60/80 Carbosieve G (graphitized carbon). The
hydrocarbon trap was set to an initial temperature of ~5 °C with thermoelectric coolers

prior to exposing the trap to the pyrolysis oven outflow. The gas manifold was then
pressurized to ~800 mb with He. After purging GC column 5 (MXT-CLP, WCOT
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polydimethylsiloxane with phenyl and cyanopropyl stationary phase: 30-m length, 0.25-
mm internal diameter, 0.25-um film thickness) with He, the hydrocarbon trap was heated
to ~300 °C for 4 min under He flow in the opposite direction of trapping and the volatiles
released were directed to a smaller injection trap containing 0.016 g of Tenax TA at the
front of column. Rapid heating of the injection trap to ~300 °C marked the start of
chromatography set at an initial column temperature of 30 °C followed by a 10 °C/min
heating ramp to 220 °C under a He flow of ~0.4 sccm. Volatiles eluting from the
column were detected by a thermal conductivity detector (TCD) and by the QMS on a
fraction of gas diverted into the mass spectrometer (split ratio to QMS of ~250:1
calculated from a SAM gas flow model). The flow restrictor split design prevents the
vacuum of the mass spectrometer with its miniaturized pump from being overloaded with
He carrier gas while maintaining the required sensitivity for trace organics detection. For
the JK and CB 1-3 analyses, the QMS scanned for ions in an m/z range of 2-535 using the
Smart Scanning algorithm previously described (5). Using the knowledge gained from
these scans, a reduced set of masses that showed signal during past runs were identified
and a “vector scan” (selective ion mode) scan was used for the CB-5 run to increase the
sampling frequency of these masses. Operating in this mode increases our time
resolution by a factor of 2 to 5. For both of these scanning modes, a typical sensitivity
limit for GCMS analysis based on hydrocarbon gas calibration standards (benzene and
hexane) tested on the SAM Flight Module was ~10"% mol (5).

Solid Sample Delivery: At JK and CB, individual portions of the fines from the drilled
materials were delivered to SAM multiple times and placed in separate quartz-glass cups.
Most of the JK sample runs and all of the sample runs of CB analyzed a single portion of
sample delivered by the SA/SPaH system to SAM. The mass of the sample portions
delivered to SAM was not measured in situ. However, based on the volume of sample
per portion delivered during repeated experimental tests on Earth with analog materials
using the MSL SA/SPaH testbed and theoretical models to approximate the behavior of
the SA/SPaH system in the martian environment, a mass of 45 + 18 mg (2c standard
deviation) per portion delivered to SAM was estimated. For the JK-3 run, a triple portion
of powdered sample was delivered to SAM corresponding to a mass of ~135 + 31 mg.

MTBSTFA reduction and other analytical modifications used for the JK blank and
the JK-1., JK-2. and JK-3 samples: For the JK blank and the first three sample analyses
of the JK drill sample, gases evolved up to an estimated temperature of ~220°C during
cup heating were vented to reduce the levels of MTBSTFA on the sample cup (Table
S1). The evolved gases from this temperature range were measured by the QMS. GC
hydrocarbon trap and TLS cuts used in these pyrolysis experiments were only taken after
boiloff at cup temperatures >240°C. These analytical modifications were employed to
reduce the background in the SAM GCMS from known MTBSTFA reaction products
that were previously observed in the pyrolysis EGA and GCMS experiments at Rocknest

21).

SAM EGA analyses of the JK blank and JK1, JK2, and JK3 samples
demonstrated that the masses corresponding to the major MTBSTFA reaction products
are reduced to background levels, as defined by QMS background scans of gases inside
the pyrolysis oven and manifolds taken before the start of pyrolysis heating after boil-off

3
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(Fig. S3 and S4). These products and their most diagnostic ion fragments include
contributions from: zert-butyldimethylsilanol (monosilylated H,O, MSW, m/z 75), 1,3-
bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane (bisilylated H,O, BSW, m/z 147),
2,2, 2-trifluoro-N-methylacetamide (TFMA, m/z 127), and fert-butyldimethylfluorosilane
(TBDMS-F, m/z 134). These marker fragments were selected to minimize isobaric
interferences from other volatiles, as the mass spectra for the above compounds overlap
at numerous m/z values. The total ion count for each compound was estimated based on
integrated-peak counts for the marker fragment and then adjusted for ionization cross-
section relative to CO,. The correlation between O, release (1°0'*0, m/z 34) and the
sharp decrease in the intensities of the major MTBSTFA fragment ions and increase in
chloromethane (CH;3Cl, m/z 52) and dichloromethane (CH,Cl,, m/z 84) observed in the
JK3 analysis (see Fig. S3) provides evidence that some of these chlorinated hydrocarbons
are forming during boil-off from a reaction of an oxychlorine compound in JK with
organic C from MTBSTFA. A similar correlation was observed in the Rocknest EGA
analyses (10,21).

MTBSTFA reduction method used for the CB-5 sample: A different approach was
used to reduce the background levels of MTBSTFA byproducts during pyrolysis for the
SAM EGA analysis of the CB-5 sample. In the CB-5 EGA experiment, prior to the
standard cup preconditioning sequence, the Sample Manipulation System (SMS)
enclosure containing the sample cups was pumped out for ~3 hours by the SAM Wide
Range Pump (WRP) while the SAM gas manifolds and transfer lines were heated to
~135°C. The empty cup was then preconditioned by being heated to ~835°C while
pumping through the heated manifold and gas lines and then the cup was allowed to cool
while sealed inside the pyrolysis oven. Prior to removing the empty preconditioned cup
from the pyrolysis oven, the cup was reheated to ~120°C and then moved into position
directly under the solid sample inlet tube to receive the CB-5 portion from CHIMRA.
During the time the cup was outside of the pyrolysis oven, except for the sample drop,
helium gas was used to flush the pyrolysis oven and SMS. After receiving the sample,
the cup was sealed back inside the pyrolysis oven for the standard EGA-GC-TLS
experiment. The total time the cup was exposed to the MTBSTFA vapor background
inside the SMS during sample handoff was ~13 minutes, roughly 5 minutes shorter than
the sample handoff cup exposure time for the other single portion sample analyses of RN,
JK, and CB. The SMS pump out, cup preheating, and reduced cup exposure time inside
the SMS were designed to minimize the amount of MTBSTFA and DMF vapor believed
to adsorb to both cup and sample surfaces during sample handoff (Fig. S5).

Methods for GCMS Peak Identifications and Abundance Calculations:
Identification of organic molecules detected by GCMS was based on mass spectral
comparison (44) and comparison of relative retention times for standards. Absolute
abundance calculations for each compound were based on integration of Gaussian fitted
peaks (57) for the primary m/z values of each compound. The total abundance of each
identified peak was then estimated by calculating the sum of the areas from selected m/z
peak fits and comparing the total area to the peak areas from five separate hexane GCMS
measurements that were conducted on the SAM instrument during pre-flight calibration
(5). Hexane was used as a standard for the GCMS chlorinated hydrocarbon abundance
calculations because this hydrocarbon was not identified in the SAM EGA or GCMS

4
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backgrounds and chlorinated hydrocarbon gas standards were not run on the SAM flight
instrument during calibration. Differences in the relative molar response of hexane
compared with the individual chlorinated hydrocarbons were accounted for in the
abundance calculations using previously published experimental data for their electron
ionization cross sections at 70 and 75 eV (58-60). These GCMS abundances were also
corrected for the gas fraction sent to the hydrocarbon trap during pyrolysis using EGA
data (Table S2).

Fragments and reaction products associated with MTBSTFA, polysiloxanes
derived from the GC column, hydrocarbon trap reaction and degradation products, as
well as other volatiles known to be present in the SAM background were detected in both
the blank and Rocknest GCMS analyses (Fig. S4). Sources of the SAM background
volatiles are discussed in detail elsewhere (10). The peaks in the GCMS chromatograms
in Fig. S4 are shown as the QMS intensity of the total ion current associated with several
m/z values as a function of GC retention time. No significant GCMS peak contributions
were observed at higher masses (m/z > 150) and therefore were not included in Fig. S4.

Methods for EGA Molar Abundance Calculations: Molar abundances shown in Table
1 were computed by the method described in Leshin et al. (10).

Alpha Particle X-ray Spectrometer Additional Light Invisible Element Content:
The basis for extraction of additional light invisible element content (ALIC) from APXS
spectra is the intensity ratio between the La Compton (C) and Rayleigh (R) scatter peaks.
The method was calibrated using geochemical reference material spectra recorded on the
flight-equivalent APXS instrument (61).

The spectrum fitting methodology has been described elsewhere (62). Because
overlapping Rb and Sr X-ray peaks reduce the accuracy of C/R determination, the GRMs
used here were limited to those containing less than 500 ppm of these two elements. A
Monte Carlo simulation code was employed to predict the C/R values that would be
expected on the basis of the known element concentrations in the GRMs. The ratio K
between the simulated and measured C/R ratios should in principle be unity. In practice it
is approximately 0.9, which probably reflects residual inaccuracy in theoretical scattering
cross-sections at the very low X-ray energies involved here. Fig. S6 shows the
dependence of K upon the known concentration fraction F(I) of all elements having
atomic number below 11. These elements do not contribute characteristic X-rays to the
spectra; F(I) is dominated by cation-bound oxygen, and has further contributions from
H,0, CO,, F, Li,O. An error-weighted least-squares fit gives K =0.951 — 0.14 F(I).

The JK and CB spectra were each recorded in 20-minute time segments over an
~4 hour time period starting late in the evening. Over the entire duration of each
measurement, the ambient temperature changed monotonically and consequently the X-
ray detector resolution varied. Only those segments with excellent energy resolution (~
150 eV FWHM at 5.9 keV) were summed to provide spectra for fitting. The C/R ratios
from spectrum fitting are in Table S3.
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The C/R ratios were also simulated using the GUAPX concentrations (617).
Obviously, these concentrations exclude any ALIC component, and so the simulations
were repeated with added H,O in 5 wt% increments. Table S3 lists the simulated C/R
values, and the resulting K-values that correspond to each H,O value. K increases
linearly with added H,O content. The intersection between the calibration K- F(I) line
and the sample K- ALIC wt% relationship gives the weight fraction of ALICs in the
sample. The calculated ALICs for both JK and CB are summarized in Table S3.

SAM Analog Samples: Mars analog samples were analyzed by laboratory thermal
analyzers integrated with quadrupole mass spectrometers under operating conditions
similar to SAM (31,63,64) and the Thermal Evolved Gas Analyzer (TEGA) onboard the
Mars Phoenix lander mission (24,65). Montmorillonite (SWy-1, Clay Mineral Society
Source Clays Repository) and nontronite (SWa-1, Clay Mineral Society Source Clays
Repository) shown in Figure 3a were run under TEGA-like operating conditions (100
mb, N carrier gas, 20 °C/min temperature ramp rate). Fe-saponite (Griffithite,
Hollywood, CA) was run under SAM-like operating conditions (30 mb, He carrier gas,
35 °C/min temperature ramp rate). Evolved O,, SO,, HCI, and H,S for pyrrhotite (Santa
Eulalia, Chihuahua, Mexico) mixed with Ca-perchlorate (reagent grade) shown in Fig. 3b
were run under SAM-like operating conditions. Akaganeite and calcite evolved gas
analysis shown in Fig. S2 were run under SAM-like operating conditions. Runs include a
synthetic akaganeite mixed with Iceland spar calcite, synthetic akaganeite only, and
Iceland spar calcite only. The experimental methods used for the akaganeite and
pyrrhotite runs are the same as those described in Sutter et al. (64). Evolved O, from the
thermal decomposition of perchlorate salts shown in Fig. 3¢ were also run under SAM-
like operating conditions, with the exception of K-perchlorate that was run at 12 mbar
pressure with a N, flow gas. Materials and methods for these experiments are presented
in Sutter et al. (64).
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Fig. S1. Comparison of evolved gases for continuous temperature ramps of Cumberland
samples (CB-1, CB-2, and CB-3) run in SAM [Note. CB-5 is not plotted here because of
a different sample cup pretreatment. See section “MTBSTFA reduction method for CB-5
sample” above for details of CB5]. Pyrolysis of the three samples resulted in similar
evolved gas traces; although there were small differences in abundance between the three
runs (see Table 1 for abundances). A) Most-abundant evolved gases [CO,, O,, and SO,
counts have been scaled up 3, 15, and 15 times, respectively]. B) Evolved gas traces for
H, (m/z 2), H,S (m/z 34), and HCI (m/z 36) [H,S and HCI traces have been scaled 35
times]. The m/z 34 peak at ~300 °C is due to 1600 that masks the H,S release in this
temperature region. Isotopologues were used to estimate species that saturated the QMS
detector (m/z 12 for CO, and m/z 20 for H,O).
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Fig. S2. Evolved H,0, CO,, and HCI for the second run of the Cumberland (CB-2)
drilled material and laboratory evolved gas analysis of akaganeite, calcite, and a mixture
of akaganeite + calcite. The evolution of HCI from akaganeite thermal decomposition
results in acidic dissolution and subsequent thermal decomposition of some calcite
thereby lowering the temperature of CO, release in the akaganeite + calcite sample
compared with calcite only. A similar process of acidic dissolution and subsequent
thermal decomposition of carbonates is a candidate for the CO, release in CB.
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Fig. S3. (A) SAM evolved gas analysis of John Klein (JK-3) compared with the empty
cup blank run (B) showing selected m/z values plotted in counts per second as a function
of sample temperature during the pyrolysis run. The ions utilized to quantify several key
compounds, with m/z values noted in the legend: O, (*°0'®0, m/z 34), chloromethane
(CM, m/z 52), dichloromethane (DCM, m/z 84), tert-butyldimethylsilanol or
monosilylated water (MSW, m/z 75), 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyl-
disiloxane or bisilylated water (BSW, m/z 147), tert-butyldimethylfluorosilane (TDBMS-
F, m/z 134), and 2,2,2-trifluoro-N-methyl-acetamide (TFMA, m/z 127). The hydrocarbon
trap (HC trap) temperature cut for the GC analyses is indicated by the shaded bar.
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Fig. S4. Comparison of gas chromatograms from the John Klein (JK) empty cup blank
(gray) and the JK-3 run consisting of a cup with a triple portion of sample (black)
showing peaks of identified compounds and their retention times. The chromatograms are
the sum of specific ion masses. The signal for some ion chromatograms was enhanced
using multiplication factors as stated, applied equally to the blank and JK-3 sample data.
Blue numbered peaks are N-containing compounds, orange numbered peaks are S-
containing compounds, and green numbered peaks are oxychlorine compounds. The
numbered peaks correspond to the following identifications, ions and multiplication
factors used in generating chromatograms: 1: nitric oxide, m/z 30; 2: hydrogen sulfide,
m/z 35; 3: carbonyl sulfide, m/z 60; 4: hydrogen cyanide, m/z 27; 5: chloromethane, m/z
52; 6: 2-methylpropene, m/z 41; 7: carbon disulfide, m/z 76; 8: dichloromethane, m/z 86
(6x); 9: acetone, m/z 58 (2x); 10: acetonitrile, m/z 41; 11: trichloromethane, m/z 83; 12:
benzene, m/z 78; 13: tert-butyldimethylfluorosilane (TBDMS-F), m/z 56; 14: 2,4,4-
trimethylpentene, m/z 41; 15: toluene, m/z 56 + m/z 91; 16: column bleeding, m/z 207
(2x). Peaks 1,2,3,4,5,7,8,9, 14 and 16 are substantially more abundant in the sample-
derived volatiles than in the blank. Peaks 6, 10 and 13 are attributed to MTBSTFA
degradation products and are substantially more abundant in the blank than in the sample,
suggesting additional degradation of MTBSTFA products when heated in the presence of
solid sample. With the exception of TBDMS-F, none of the other major MTBSTFA
byproducts (MSW, BSW, and TFMA) were observed in the runs at a significant level due
to the initial boil-off and the high-temperature cut of evolved gas sent to the GCMS.
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Fig. SS. Evolved gas analyses of N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetamide (MTBSTFA) hydrolysis products in Cumberland (CB) CB-3 and CB-
5 samples. 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane (m/z 147) from CB-
5 is compared with CB-3 in the top figure. The absence of 1,3-bis(1,1-dimethylethyl)-
1,1,3,3-tetramethyldisiloxane in CB-5 is due to cup preheating to 120 °C to reduce the
amount of MTBSTFA prior to delivery of sample to the cup [See section “MTBSTFA
reduction method for CB-5 sample” above for details of CBS5 pretreatment]. N-methyl-
2,2,2-trifluoroacetamide (m/z 127) in CB-5 is also reduced compared with CB-3, shown
in the bottom figure.
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Fig. S6. Calibration of the K-ratio method using geochemical reference materials.
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Table S1. Details of the SAM evolved gas analysis (EGA) and gas chromatography
mass spectroscopy (GCMS) experiments conducted on empty cup blanks and samples
from the John Klein and Cumberland drill holes.

Drill Hole Sample Analysis EGA Pyrolysis GC Hydrocarbon
Target Number on Mars Temperature* Trap Cut'
(Sol #)
JK Blank 177 Boil-off to 218°C; temp. | 314-822°C
ramp: 217-864°C
JK-1 196 Boil-off to 218°C; temp. | 314-822°C
ramp: 218-866°C
John Klein JK-2 199 Boil-off to 218°C; temp. | 245-643°C
(JK) ramp: 218-865°C
JK-3 224 Boil-off; to 218°C temp. | 245-643°C
(3x portion) ramp: 218-864°C
JK-4 227 Continuous temp. ramp 574-797°C
34-835°C
CB 277 Continuous temp. ramp 445-548°C
Blank 34-835°C
CB-1 282 Continuous temp. ramp 445-548°C
34-835°C
CB-2 286 Continuous temp. ramp 574-797°C
Cumberland 34-835°C
(CB)® CB-3 290 Continuous temp. ramp 229-350°C
34-835°C
CB-5 368 MTBSTFA/DMF 229-350°C
reduction””; Continuous
temp. ramp
34-846°C

“Estimated cup temperature calculated from the SAM pyrolysis oven 1 heater wire
temperature data during the pyrolysis ramp using temperature models and a polynomial
fit based on pre-launch testing.

"Gas chromatography (GC) hydrocarbon trap cut refers to the temperature range over
which volatiles were collected on the hydrocarbon trap during pyrolysis for GCMS
analyses.

“The details for CB-4 were not included since this experiment was an EGA noble gas
enrichment experiment that is not discussed in this paper.

**The MTBSTFA/DMF reduction experiment used in the analysis of CB-5 included a
pump-out of the Sample Manipulation System (SMS) and preheating of the sample cup in
the pyrolysis oven to ~120°C prior to receiving the sample from Curiosity’s sample
delivery system.

13
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Table S2. Chlorinated hydrocarbon abundances measured by SAM gas chromatography
mass spectroscopy (GCMS).

GC Temp

Cut (°C)

":l/;"e‘(’ia};‘fs 13,15,35,47,49, 35,41,47,49,51, 3547,82,83,84, | 35,37,47,49,82,84,117,
abundances’ 50, 51,52 84,86,88 85,87 119,121,123

JK Blank 314-822 0.15 = 0.06 <0.002 <0.001 <0.001
JK-1 314-822 0.59+0.22 0.02+0.01 <0.001 <0.001
JK-2 245-643 0.40 £ 0.15 0.03 +0.01 <0.001 <0.001
JK3 245-643 0.86 +0.32 0.06+0.02 | 0.015=0.006 0.003 + 0.001
(3x portion)

JK-4 574-797 0.49+0.18 | 0.005+0.002 <0.001 <0.002
CB Blank 445-545 2.8+ 1.0% <0.09% <0.003 <0.001
CB-1 445-545 6.5+2.4% 0.20 + 0.07* <0.001 <0.001
CB-2 574-797 0.33+£0.12 | 0.009 0.003 <0.001 <0.001
CB-3 229-350 47+18 2.4+0.9 0.045 +0.017* 0.012 + 0.004*
CB-5 229-350 1.8+0.74 1.1+ 0.4} 0.035 +0.013* 0.009 + 0.003*

"Calculated abundances (10” mol) of chloromethane (CH;Cl), dichloromethane (CH,Cl,),
trichloromethane (CHCl3), and carbon tetrachloride (CCly) measured in the empty cup
blanks, John Klein (JK1-4), and Cumberland (CB1-3, and CB-5). Data for CB-4 is not
included since there was no GC analysis during this experiment.

"In order to minimize m/z contributions from other compounds in the GCMS data, the
abundances of the chlorinated hydrocarbons were determined from the total peak area
calculated from the sum of selected masses determined from a Gaussian fitted peak area
of the underlined m/z values and assuming relative m/z intensities for the other masses
listed determined from NIST. Errors (1o standard deviation) are based on the average
value determined from five individual hexane measurements made during pre-flight
calibration of SAM.

*Values corrected for the fraction of gas sent to the hydrocarbon trap during the pyrolysis

experiment for GCMS analysis based on the specific hydrocarbon trap cut temperature
range.
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Table S3. Summary of simulated and experimental Compton/Rayleigh (C/R), K-values
(K), and additional light invisible element content (ALIC) wt. % values for the APXS
targets John Klein (spot 7, sol 230) and Cumberland (sol 287).

John Klein (spot 7)  Error Cumberland Error

(sol 230) (20) (sol 287) (20)

Experimental C/R 1.70 0.06 1.765 0.06
Sim C/R (0% ALICs) 1.457 0.005 1.479 0.007
Sim C/R (5% ALICs) 1.517 0.006 1.533 0.007
Sim C/R (10% ALICs) 1.594 0.006 1.610 0.008
Sim C/R (15% ALICs) N/A N/A 1.673 0.008
K (0% ALICs) 0.86 0.03 0.84 0.03

K (5% ALICs) 0.89 0.03 0.87 0.03

K (10% ALICs) 0.94 0.03 0.91 0.03

K (15% ALICs) N/A N/A 0.95 0.03

ALIC wt% 4.3 5.5 6.9 5.8
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