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Introduction: Since landing at Gale Crater in Au-
gust 2012, the Sample Analysis at Mars (SAM) instru-
ment suite on the Mars Science Laboratory (MSL)
“Curiosity” rover has analyzed solid samples from the
martian regolith in three locations, beginning with a
scoop of aeolian deposits from the Rocknest (RN) sand
shadow [e.g., 1-3]. Curiosity subsequently traveled to
Yellowknife Bay, where SAM analyzed samples from
two separate holes drilled into the Sheepbed Mudstone,
designated John Klein (JK) and Cumberland (CB).
Evolved gas analysis (EGA) of all samples revealed the
presence of H,O as well as O-, C- and S-bearing phas-
es, in most cases at abundances below the detection
limit of the CheMin instrument. In the absence of de-
finitive mineralogical identification by CheMin, SAM
EGA data can help provide clues to the mineralogy of
volatile-bearing phases through examination of tem-
peratures at which gases are evolved from solid sam-
ples. In addition, the isotopic composition of these gas-
es may be used to identify possible formation scenarios
and relationships between phases. Here we report C
and S isotope ratios for CO, and SO, evolved from the
JK and CB mudstone samples as measured with SAM’s
quadrupole mass spectrometer (QMS) and draw com-
parisons to RN.

Experimental Methods: In EGA experiments,
powdered solid samples are heated in one of SAM’s
pyrolysis ovens to release volatiles. The samples dis-
cussed here were processed through a 150 um sieve
before loading. SAM utilizes He carrier gas to sweep
volatiles through the gas manifold and QMS, with
nominal pressure and flow rate of ~30 mbar and ~1.5
scem, respectively. The QMS continuously samples the
outflow from the pyrolysis oven, scanning over the m/z
range of interest. Integration of the QMS signal over
time for particular m/z allows quantitative estimates of
chemical and isotopic abundance. A portion of the gas
stream, parameterized by a desired range of sample
temperature, was also collected during each run for
isotopic and abundance analysis of CO, and H,O by
the SAM tunable laser spectrometer (TLS).
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Figure 1. Major volatiles released from drilled samples:
(a) JK and (b) CB. Insets show CO,, O,, and SO, on ex-
panded scale.

During a nominal experiment, the sample is heated
to ~850 °C at a rate of 35 °C/min. The RN experiments
revealed an instrument background from products of a
derivatization reagent, N-methyl-N-(tert-butyldimeth-
ylsilyl)-trifluoroacetamide (MTBSTFA), carried by
SAM [4]. In an effort to deconvolve potential contribu-
tions to the CO, release, various heating protocols were
employed at JK and CB. The first three JK runs includ-
ed a “boiloff” at the beginning of the experiment, in
which the sample was held at a temperature of ~200 °C
for ~1/2 hour, designed to eliminate instrument back-
ground components that would thermally degrade or
combust at low temperature before performing the final
pyrolysis ramp. Additional measures were taken at CB
to reduce adsorption of MTBSTFA to the cup and
sample by warming the sample handling system during
loading.
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EGA Results: All JK and CB samples released
H,0, O,, CO, and SO,, as shown in Figure 1. This fig-
ure shows the major molecular ion for each species for
ease of comparing approximate relative abundances. In
cases where the major molecular ion saturated the
QMS detector, its value was estimated based from oth-
er isotopologues for the purpose of this plot. The vola-
tile of greatest abundance in these samples was H,O,
followed by CO, and O,. Abundances of SO, released
from JK and CB were significantly less than those ob-
served at RN. Further discussion of volatiles released
during JK and CB EGA may be found in [5-7].

Carbon isotope ratios: The compound peak
shapes of the JK CO, EGA traces shown in Figure 1(a)
suggest contributions from multiple carbon sources.
Candidates for the carbon source are currently being
investigated, but include adsorbed CO,, combusted
organic compounds from background or martian
sources, and Fe- or Mg-bearing carbonates [8].
Knowledge of the isotopic composition of the various
peaks could be helpful in determining relationships
between carbon sources.

A selected temperature cut was directed to the TLS
for each experiment, allowing high-precision character-
ization of the carbon isotopic composition of various
portions of the gas stream over multiple runs. Howev-
er, the TLS can only sample a single region in each
run, and not all TLS cuts were optimal for CO, meas-
urements. Estimating the carbon isotope ratios from
QMS EGA data can help fill in the gaps and enhance
our understanding of the carbon sources.

Interference from other compounds at m/z 12 and
13 and detector saturation at the major molecular CO,
ion of m/z 44 typically precluded the use of these m/z
values in determining §°C (with respect to V-PDB),
which was instead computed from m/z 45 and 46.
These calculations require assumptions about the CO,
oxygen isotopic composition (5'20). The CO, releases
likely represent a mixture of carbon and oxygen from
multiple sources. We will consider the effects of vari-
ous oxygen isotopic compositions on the resulting
81C, including 8*0 values measured by TLS or com-
puted from the EGA O, peak, interpreted to represent
degradation of an oxychlorine compound [7]. In all
cases, A0 is assumed to be 0.3. Minimum analytical
uncertainties in 8*°C are currently estimated at + 10%o,
based on repeated laboratory EGA analyses [9]. Addi-
tional uncertainty arises from background effects and
errors in assumption of 8'%0.

We will present the range of 3**C obtained for var-
ious plausible oxygen sources, bearing distinctive §'°0
signatures, and discuss implications for the origin of
carbon that may have contributed to the CO, releases.

For example, *C-enriched CO, has been observed in
the atmoshere at Gale Crater with SAM TLS and QMS
[10-11]. Given carbonate-CO, carbon isotope frac-
tionation factors [12], we will examine the implications
of our 8"3C measurements for formation temperature of
carbonates that incorporated atmospheric CO,.

Sulfur Isotope Ratios: There are a number of Fe-
and S-bearing minerals that release sulfur at tempera-
tures consistent with the patterns observed at JK and
CB, but the multiple peaks seen in the SO, traces sug-
gest that more than one S-bearing phase was present.
Based on the temperatures of sulfur release and the
EGA traces of relevant m/z values, it is likely that these
phases include a sulfide and at least one sulfate mineral
[1]. Sulfur released from the sulfide was presumably
oxidized in SAM’s pyrolysis oven to form SO,. Possi-
ble sources of oxidant for the sulfide include O, re-
leased from a mineral such as carbonate or perchlorate
as well as water-bearing phases.

The sulfur isotopic composition of SO, released
from Rocknest 1 soil was determined from data at m/z
64, 65, and 66, applying the same assumptions for ox-
ygen isotopic composition as described above for §*C
calculations. Uncertainties in 8*S (given with respect
to V-CDT) are + 10%o, based on repeated laboratory
EGA analyses [6]. Additional uncertainty arises from
background effects and errors in assumption of 5'°0.

Our results reveal substantial differences in the 5*S
values computed for the SO, peaks evolved from JK
and CB materials. On average, JK samples displayed
8%S values close to zero or slightly positive, similar to
the composition observed in RN materials and con-
sistent with the range of sulfur isotopic compositions
measured in martian meteorites [13-15]. In contrast,
CB samples displayed negative 8*S values.

The SO, EGA peaks are correlated with volatiles
released by other phases [16]. In addition, other Curi-
osity instruments observed distinguishable differences
between the JK and CB samples [e.g., 17]. Both obser-
vations are pertinent to our interpretation of the sulfur
isotopic data. Laboratory analyses designed to identify
any potential contributions of instrument effects to the
range of observed 8% are ongoing.
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