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Introduction: A key orbital observation that led to
the selection of Gale crater as the landing site for the
Mars Science Laboratory (MSL) Curiosity rover was
the presence of phyllosilicate-rich sedimentary layers
overlain by sulfate-rich layers, which may reflect a
global-scale environmental shift that occurred on Mars
[1,2]. Because this change in environment may have
affected processes associated with sulfur-bearing min-
erals, such as atmospheric photochemistry, deposition
of sulfur at the surface, and oxidation-reduction reac-
tions involving sulfur-bearing minerals, sulfur isotope
ratios of samples from the sulfate-rich unit are im-
portant measurement targets to help understand the
transition from phyllosilicate-rich to sulfate-rich sedi-
ments. Several samples acquired by drilling mudstones
and sandstones in the phyllosilicate-rich (Glen Torri-
don or GT) region, the transition zone (TZ) from GT
into the sulfate-rich unit (SU), and the SU were ana-
lyzed by the Sample Analysis at Mars (SAM) instru-
ment suite. Sulfur released as SO, during evolved gas
analysis (EGA) of these samples indicated variable
abundances and isotopic compositions of S-bearing
species (Fig. 1). We will compare sulfur isotope ratios
of minerals in the SU with those in underlying sedi-
ments and discuss possible implications for formation
processes and environments.

Experimental Methods: In EGA experiments,
powdered solid samples, typically < 150 um, are heat-
ed in one of SAM’s pyrolysis ovens to release vola-
tiles. SAM uses He carrier gas to sweep volatiles
through the gas manifold and quadrupole mass spec-
trometer (QMS), with nominal pressure and flow rate
of ~30 mb and ~0.8 sccm, respectively. During a nom-
inal experiment, the sample is heated to ~850 °C at a
rate of 35 °C/min. 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. Methods for calcula-
tion of sulfur isotope ratios (5%*S) are detailed in refer-
ence [3].

The temperatures at which volatiles are released dur-
ing EGA provide clues to mineral phases from which
they derived. In the case of sulfur, SAM observes SO,
peaks from Fe-sulfide and Fe-sulfate degradation at
temperatures of ~500-650 °C. Laboratory experiments

with the SAM breadboard instrument at NASA God-
dard Space Flight Center [3] indicate that some hydrat-
ed Mg-sulfates also produce a broad SO, peak within
this temperature range, but it is accompanied by a larg-
er peak with initiation near 800 °C. This feature can
help distinguish between releases from Fe- and Mg-
sulfates between ~500-650 °C. Degradation of Mg- and
Ca-sulfates is also facilitated by catalytic activity of
coexisting minerals, producing SO, above 700 or 800
°C. This process is poorly constrained and inefficient at
SAM oven temperatures, as most of these minerals in
isolation, particularly Ca-sulfates, would only release
SO, at temperatures above the SAM maximum. Thus it
is likely that most SAM high-temperature SO, peaks,
especially those starting > 800 °C, represent only par-
tial release of sulfur from sulfates and are not useful
for quantification of mineral abundances. However,
calibration experiments indicate that the partial release
of sulfur from these peaks does not produce a measur-
able effect on sulfur isotope ratios obtained by SAM
[3].

Because there is overlap between SO, peak tempera-
tures for catalyzed Mg- and Ca-sulfate degradation, we
incorporate data from Curiosity’s APXS, ChemCam,
and CheMin instruments into our interpretation of po-
tential mineral sources. In some cases, we are able to
distinguish between potential sulfate sources by char-
acteristic water releases, such as the narrow peak ob-
served for Ca-sulfates gypsum and bassanite ~160 °C
[4] compared to somewhat broader peaks ~200 °C for
polyhydrated Mg-sulfates and ~420 °C for kieserite
observed with the SAM breadboard instrument.

EGA Results: SO, releases from the samples of
the GT, TZ, and SU are shown in Fig. 1. Mass esti-
mates for samples received by SAM likely differ be-
cause of uncertainties associated with the current drill-
ing and sample delivery technique. In addition, due to
only partial degradation of Ca- and Mg-sulfates at high
temperature as already described, the relative peak
heights and areas under the EGA curves do not neces-
sarily reflect the relative abundances of sulfur-bearing
phases in these samples. However, sufficient QMS
signal was available to calculate %S for all SO, peaks.

Samples from the GT region (NT, BD, and PT)
produced predominantly broad SO, peaks from ~400-
700 °C, interpreted to reflect mostly Fe-sulfates and
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possily some Fe-sulfides. The NT and PT samples also
produced small peaks near 800 °C, suggesting minor
Mg- or Ca-sulfates. Contributions from Mg-sulfate
were also suggested by shoulders in the BD and PT
releases near 700 °C. Water releases from these sam-
ples are consistent with both Ca-sulfate, supported by
CheMuin detections [5], and polyhydrated Mg-sulfate.
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Figure 1. SOz released from (a) the last 3 samples drilled
in the GT region (NT-PT) and the transition zone from
GT to the sulfate unit (MG -ZE) and (b) the sulfate unit,
shown as the QMS signal at m/z 64. Abbreviations in the
legend indicate sample names: NT = Nontron; BD = Bar-
dou; PT = Pontours; MG = Maria Gordon; ZE = Zech-
stein; AV = Avanavero; CA = Canaima. The high-
temperature peaks (>700 °C) likely reflect only partial
degradation of sulfate sources.

Mid-temperature SO, releases from samples in the
TZ (MG, ZE, and AV) were generally similar to those
of GT, but high-temperature releases were shifted
slightly upward. The mid-temperature peak maximum
of AV was also higher than those of MG and ZE, sug-
gesting differences in the chemical compositions of
these sulfates. Ca-sulfates were detected by the Che-
Min instrument in all three samples [5] and supported
by low-temperature water releases in SAM EGA.

The SO; release pattern from the CA sample from
the SU was similar to those of MG and ZE. The Che-
Min instrument detected crystalline polyhydrated Mg-
sulfate as well as Ca-sulfate in the CA sample [5]. The
shape of the CA2 mid-temperature release suggests the
presence of one or more additional phases, such as Fe-
sulfate or Fe-sulfide, with peak ~600 °C. The differ-
ences in peak temperatures for the high-temperature
releases from AV and CA also suggest possible contri-
butions from multiple sulfate sources that may be at
abundances below the CheMin detection limit.

Discussion: Values of §*S for the GT samples
shown here were similar to that of martian mantle sul-
fur (i.e., 5%S near zero [6]), except for a small 34S de-
pletion at BD. This is consistent with previous findings
for the GT region [7]. SO associated with Mg- or Ca-
sulfates in underlying strata has yielded near-zero or
enriched values of %S [3]. In contrast, samples from
the TZ and SU have produced **S-depleted SO in both
mid- and high-temperature ranges. Comparison of re-
lease temperatures and &%S of SO, from these samples
and those previously analyzed within Gale crater [3,6]
suggests mixing between various sources of sulfates,
with GT samples dominated by Fe-sulfates of compo-
sition similar to bulk mantle sulfur and increasing con-
tributions from Mg-sulfates, and possibly some Fe-
sulfates, with significant S depletions through the TZ
and into the SU.

Although SAM also observed significant %S deple-
tions in a few samples reported previously [3,7], those
depletions were associated with SO, likely from Fe-
sulfide phases and were interpreted to reflect possible
hydrothermal activity beneath Gale crater. It is unlike-
ly that the same mechanism was directly responsible
for the isotopic signature of the Mg-sulfates encoun-
tered in the TZ and SU, since equilibrium fractionation
would favor S depletion in sulfides and enrichment in
sulfates. Possible reasons for the differences in %S of
these sulfates compared to those in underlying sedi-
ments include later oxidation of *S-depleted sulfide
from a source inside or outside Gale crater, fractiona-
tion between Mg-sulfates of varying hydration states
over geologic time scales [8], or a change in the pre-
dominant processing and preservation pathway for
atmospheric sulfur in minerals of Mount Sharp. We
will consider each of these possibilities in our presen-
tation.
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