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Abstract 

The Sample Analysis at Mars (SAM) instrument suite detected SO2, H2S, OCS 

and CS2 from ~450-800 ºC during evolved gas analysis (EGA) of materials from the 

Rocknest aeolian deposit in Gale Crater, Mars.  This was the first detection of evolved 

sulfur species from a martian surface sample during in situ EGA.  SO2 (~3-23 µmol) 

is consistent with the thermal decomposition of Fe-sulfates or Ca-sulfites, or 

evolution/desorption from sulfur-bearing amorphous phases.  Reactions between 

reduced sulfur phases such as sulfides and evolved O2 or H2O in the SAM oven are 

another candidate SO2 source.  H2S (~41-109 nmol) is consistent with interactions of 

H2O, H2 and/or HCl with reduced sulfur phases and/or SO2 in the SAM oven.  OCS 

(~1-5 nmol) and CS2 (~0.2-1 nmol) are likely derived from reactions between carbon-

bearing compounds and reduced sulfur.  Sulfates and sulfites indicate some aqueous 

interactions, although not necessarily at the Rocknest site; Fe-sulfates imply 

interaction with acid solutions whereas Ca-sulfites can form from acidic to near-

neutral solutions.  Sulfides in the Rocknest materials suggest input from materials 

originally deposited in a reducing environment, or from detrital sulfides from an 

igneous source.  The presence of sulfides also suggests that the materials have not 

been extensively altered by oxidative aqueous weathering.  The possibility of both 

reduced and oxidized sulfur compounds in the deposit indicates a non-equilibrium 

assemblage.  Understanding the sulfur mineralogy in Rocknest materials, which 

exhibit chemical similarities to basaltic fines analyzed elsewhere on Mars, can 

provide insight in to the origin and alteration history of martian surface materials. 

1. Introduction 
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The first sampling location for the Mars Science Laboratory (MSL) Curiosity 

rover on Mars was at an aeolian deposit informally named Rocknest.  Rocknest is 

described in detail elsewhere [Blake et al., 2013] and was selected primarily because 

of its loose, granular nature which was required to clean the Curiosity’s sample 

acquisition, handling and processing system, as well as providing important new 

measurements on windblown materials on Mars.  Rocknest is a small aeolian deposit 

(sand shadow) 15 cm high and 7 meters long that formed in the wind shadow 

produced by a group of rocks (Figure 1).  It is armored with particles 1-3 mm in 

diameter and is covered with bright airfall dust deposits suggesting that it is not 

presently active [Blake et al., 2013].  Its interior is composed primarily of darker, 

<150 µm size particles.   

Rocknest materials are geochemically important because they contain a 

component of martian surface fines.  Widely spread, previous surface in situ 

investigations of martian surface fines [e.g., Bruckner et al., 2003; Clark et al., 1982; 

Gellert et al., 2006] have indicated that their overall sulfur chemistry and bulk 

chemistry exhibit only minor variation even over global scales.  The Rocknest deposit 

is chemically very similar to surface materials analyzed at several other locations on 

Mars suggesting homogenization of near surface basaltic crustal materials that are 

largely similar across the surface of Mars by a combination of impact and aeolian 

processes [Gellert et al., 2006; Yen et al., 2013; Yen et al., 2005].  The mineralogy 

and provenance of Rocknest materials may therefore be relevant for understanding 

global-scale distribution of materials and the composition of local rocks.   

Sulfur-bearing phases provide important insight into possible martian surface 

processes and past or present habitability.  The presence of oxidized sulfur phases, 

such as sulfates, suggests that aqueous alteration played a role in their formation 
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either within the material or prior to their incorporation in the materials [e.g., Bibring 

et al., 2006; Squyres and Knoll, 2005; Tosca et al., 2004].  The presence of reduced 

sulfur phases, such as sulfides, might indicate a contribution from materials deposited 

in a reducing environment, or indicate that the material incorporated detrital igneous 

pyrite or pyrrhotite and remained a relatively dry setting such that the sulfide has not 

subsequently been oxidized [e.g., Burns and Fisher, 1990; Jambor et al., 2000; 

Zolotov and Shock, 2005].  

The objectives of this paper are to describe the volatile sulfur-bearing species 

evolved from Rocknest materials and constrain the possible S-bearing phases that 

evolved those volatile species.  The Sample Analysis at Mars (SAM) instrument was 

used to characterize the volatile sulfur content of Rocknest.  SAM consists of a 

quadrupole mass spectrometer (QMS), a 6-column gas chromatograph (GC), and a 

tunable laser spectrometer (TLS) that are interfaced with gas and solid sample 

processing systems, including sample pyrolysis ovens [Leshin et al., 2013; Mahaffy et 

al., 2012].  These instruments analyze gases evolved by pyrolysis of samples, as well 

as atmospheric gases. 

2. Sulfur and sulfur compounds on the martian surface 

Gamma-ray spectral mapping of the martian surface indicates an elevated 

regional-scale sulfur content of about 2 wt% on average to at least several decimeter 

depths [King and McLennan, 2010; McLennan et al., 2010].  Viking thermal analysis 

to 500 oC by the molecular analysis experiment did not detect S-bearing volatiles 

[Biemann et al., 1976], though the lander did investigate the surprisingly S- (and Cl-) 

rich surface materials in situ for the first time e.g., [Clark et al., 1976].  Surface soils 

at all landing sites visited since have also exhibited this S- and Cl-rich character that 

is thought to be largely related to a large scale or perhaps even global component.  
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The Pathfinder rover also detected bulk sulfur compositions similar to Viking surface 

materials [e.g., Rieder et al., 1997], but did not have a thermal analysis capability or 

any other analytical tool capable of evaluating the volatile content of surface materials 

at the landing site.   

Sulfates have been directly detected or strongly inferred from geochemical 

relationships at both MER landing sites. At Meridiani Planum, the sedimentary 

bedrock is a “dirty evaporite” consisting of roughly 20% Mg-sulfates, 10% Fe-sulfate, 

and 10% Ca-sulfate [Squyres and Knoll, 2005]. The waters from which the 

evaporation took place were probably low-pH brines, based on evidence for Fe-sulfate 

phases such as jarosite [Dyar et al., accepted; Klingelhofer et al., 2004; Morris et al., 

2006].  The concentration of Mg-sulfate, the most water-soluble sulfate present, varies 

with depth, suggesting that water interacted with the sediments after their deposition. 

Centimeter-thick veins of nearly pure Ca-sulfate, probably gypsum, have also been 

found near the rim of Endeavour Crater [Squyres et al., 2012]. 

Sulfates were also found in the Columbia Hills at Gusev Crater. The most 

noteworthy sulfate-rich bedrock outcrops in the Columbia Hills are the Peace class 

rocks [Ming et al., 2006], which are ultramafic sandstones cemented by 15-20% Mg- 

and Ca-sulfates. Trenches dug with the rover wheels in the soils of the Gusev Crater 

plains contain high and vertically variable concentrations of Mg-sulfates [Wang et al., 

2006], suggesting mobilization by migrating fluids. The highest concentrations of 

sulfates at Gusev are found in the highly localized Paso Robles class soils [Yen et al., 

2008].  Paso Robles soils are dominated by ferric iron sulfates (e.g., ferricopiapite), 

silica, and Mg-sulfates; Ca-sulfates are also present in some samples [Lane et al., 

2008; Ming et al., 2006; Wang et al., 2006; Wang and Ling, 2011].  The chemical 

compositions of these soils clearly reflect the elemental signatures of nearby rocks 
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(Wishstone and Watchtower class rocks), and they likely formed as hydrothermal and 

fumarolic condensates [Ming et al., 2006; Yen et al., 2008]. 

The Phoenix lander found evidence for minor sulfates in polar martian soils, 

but this evidence was from the Wet Chemistry Laboratory (WCL) experiment that 

measured ions in solution; evolved sulfur species were not detected during Phoenix 

Thermal and Evolved Gas Analyzer (TEGA) analyses [Kounaves et al., 2010].  WCL 

analyses, together with geochemical modeling, were used to infer the presence of ~3.3 

wt% Mg- and Ca-sulfate [Kounaves et al., 2010] in the polar materials.  These 

sulfates could have been sourced by windblown input from the gypsum-rich dune 

fields to the north [e.g., Langevin et al., 2005], implying formation by previous water-

rock interactions before being wind transported to the Phoenix site.  They could have 

also resulted from interactions between H2SO4-bearing aerosols (for example formed 

by atmospheric oxidation of volcanic SO2 and H2S) and soil constituents [e.g., 

Kounaves et al., 2010].  Although TEGA did not detect evolved sulfur species that 

would have supported the presence of the sulfur-bearing phases, the temperatures 

reached by TEGA (~1000 oC) [Hoffman et al., 2008] may have been insufficient to 

cause thermal breakdown of Ca-sulfate phases under TEGA operating conditions 

[Golden et al., 2009]. 

Sulfates have been observed or inferred via orbital spectroscopy in a wide 

range of regions on Mars.  Near-infrared reflectance spectroscopy first measured 

gypsum (CaSO4•2H2O) in sand dunes surrounding the north polar cap [Langevin et 

al., 2005] and both monohydrated and polyhydrated sulfates in equatorial layered 

deposits within Valles Marineris, Meridiani Planum, and the chaos terrains in between 

them [Gendrin et al., 2005].  Such layered sulfates have now been identified in other 

middle latitude sites as well [Wray et al., 2009], and in Gale Crater’s Mt. Sharp 



© 2014 American Geophysical Union. All rights reserved. 

[Milliken et al., 2010].  The mono- and polyhydrated sulfates are commonly 

interpreted as Mg-rich but could alternatively be Fe2+ or Fe3+-bearing sulfates in many 

cases [Bishop et al., 2009; Wiseman et al., 2010; Wray et al., 2011].  In a few 

scattered, localized outcrops, sulfates that form under acidic conditions, such as 

jarosite and/or alunite, have been found [e.g., Farrand et al., 2009; Milliken et al., 

2008; Wray et al., 2011].  Deposits enriched in Ca-sulfates have also been found 

outside the polar regions [Mangold et al., 2010; Wray et al., 2010], demonstrating a 

diversity of sulfate chemistries recorded in the martian rock record.  Modeling of 

orbital thermal infrared spectra has allowed estimation of sulfate abundances (16 vol 

%) in at least one layered sulfate outcrop in Columbus Crater [Baldridge et al., 2013]. 

The above infrared measurements are not sensitive to the sulfur-bearing 

phases inferred in global soils by the landed missions, possibly because of detection 

limits or the difficulty in identifying certain sulfur phases (e.g., amorphous S-bearing 

phases) in these “spectrally bland” soils.  The Mars Odyssey Gamma Ray 

Spectrometer (GRS) is sensitive to average soil sulfur, however.  Although Ca- and 

Mg-sulfates seem the likeliest sulfates in indurated soils in specific regions 

[Karunatillake et al., 2009], the GRS-measured H:S stoichiometry suggests Fe-

bearing sulfates as a key hydration phase in most areas, along with chemically 

complex mixtures of variably hydrated sulfates [Karunatillake et al., 2012].  In 

particular, even in the southern hemisphere where H and S associate most strongly, up 

to 50% of the sulfur by mass may exist in anhydrous phases. 

The high concentrations of sulfur in the martian surface environment (2 wt% 

on average to several decimeter depths [King and McLennan, 2010; McLennan et al., 

2010]), coupled with the occurrence of a variety of Fe3+-sulfate phases, and detection 

of only minor amounts of carbonate minerals has led to the suggestion that some form 
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of an sulfur-cycle has dominated surficial processes over much of martian geological 

history [e.g., Gaillard et al., 2013; Halevy et al., 2007; Johnson et al., 2008; King and 

McLennan, 2010; King and McSween, 2005; McLennan, 2012; McLennan and 

Grotzinger, 2008].  A dominant S cycle would make low-pH aqueous conditions quite 

likely.  There are several scenarios that have been suggested to provide the acidic 

conditions that could result in the relatively high sulfur surface materials observed.  

These include alteration of rocks and sediment by acid aerosols [Banin et al., 1997; 

Settle, 1979; Tosca et al., 2004], low temperature alteration [e.g., Bridges et al., 2001; 

Clark and Vanhart, 1981; Hurowitz et al., 2006; McSween and Keil, 2000; Morris et 

al., 2000; Niles and Michalski, 2009], some hydrothermal settings associated with 

impacts or volcanic activity [e.g., Baker et al., 2000; Newsom et al., 1999], or acid 

lake systems [Benison and Laclair, 2003].  In addition, because ferric iron is far more 

soluble when under low-pH conditions, there is likely to be a strong linkage between 

the iron/oxygen cycles and the S-cycle [e.g., Bibring et al., 2007; Bibring et al., 2006; 

McLennan, 2012; Tosca et al., 2008].  Accordingly, working to understand the 

relationships between iron and sulfur mineralogy in martian surficial deposits should 

help constrain such scenarios.  Secondary sulfur phases in Rocknest materials, which 

show similarities to martian surface fines analyzed at several locations on Mars and 

likely contain Fe-sulfates, are likely to have at least partially formed from these types 

of processes. 

As detailed above, there is abundant evidence for a significant, widespread 

sulfur-bearing component or components in martian surface materials.  In the majority 

of cases, these sulfur-bearing components in materials exposed to the relatively 

oxidizing martian surface environment were either inferred or observed to be sulfates.  

Although there are regions on Mars (e.g., the Opportunity landing site) that have 
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sulfur-rich bedrock and the physical weathering of these sorts of rocks can contribute 

sulfur to martian soils and windblown materials, the consistent signature of S-rich 

materials across the surface may imply a contribution from a widespread process 

(e.g., alteration by acid aerosols [Banin et al., 1997; Settle, 1979; Tosca et al., 2004]) 

as well.  Because the Rocknest deposit sampled by MSL contains aeolian materials, it 

is reasonable to anticipate an oxidized sulfur component.     

Rocknest materials can also be expected to be dominated by primary igneous 

materials derived from basalt, which can include primary reduced sulfur phases, e.g., 

pyrite or pyrrhotite.  Martian meteorites, which are igneous rocks that in some cases 

show minor degrees of aqueous alteration, contain small amounts of oxidized sulfur 

phases and small amount of reduced sulfur phases [e.g., Gooding, 1992; Greenwood 

et al., 1997; McCubbin et al., 2009; Steele et al., 2013].  Orbital and in situ 

investigations have not previously found evidence for reduced S phases, except for a 

tentative detection of pyrite (FeS2) at Home Plate by the Mars Exploration Rover 

(MER) Spirit using Mössbauer spectroscopy [Morris et al., 2008].  Below we discuss 

evidence from SAM analyses for both reduced and oxidized sulfur phases in the 

Rocknest materials.   

3. Methods 

3.1.  SAM analyses of Rocknest fines 

The QMS, TLS and GC components of SAM are connected to each other by a 

gas processing system which includes sample pyrolysis ovens.  The TLS can provide 

isotopic analyses and abundances of CO2, H2O and CH4 in gases evolved on heating a 

sample (or in atmospheric gases).  The six-column GC can provide analyses of 

organic and also inorganic gases evolved during sample pyrolysis.  Direct analysis of 

evolved sample gases by the QMS, a technique referred to as evolved gas analysis 
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mass spectrometry (EGA will be used hereafter), monitors volatiles evolved as a 

sample is heated resulting in signal vs. temperature curves referred to as EGA traces.  

Further details of SAM instrument components and operation can be found in 

Mahaffy et al. [2012] and Leshin et al. [2013]. 

Although we also discuss supporting data from SAM GCMS analyses, the 

primary focus of this paper is on SAM EGA data from Rocknest samples.  To 

investigate constraints on the phases responsible for the sulfur species evolved during 

the SAM EGA analysis, EGA of candidate phases in SAM-like laboratory systems 

was carried out (details of laboratory analyses below).  Overall, the combination of 

which gases are evolved from a sample on heating as a result of mineral thermal 

decomposition (e.g., dehydration of hydrated minerals, decarbonation of carbonates, 

etc.) and the temperature at which each gas is evolved can provide constraints on 

mineralogy [e.g., Charsley et al., 1987; Milodowski and Morgan, 1980; Morgan et al., 

1988].  However, several factors can affect EGA data such as sample grain size or 

reactions between sample species, especially in complex samples such as the 

Rocknest materials, and these factors must be carefully considered, as discussed 

below [Bish and Duffy, 1990].  As a result, EGA is not a definitive mineralogical 

technique.  Although the abundances of evolved gases from a sample can be 

quantified, EGA traces from complex unknown samples cannot necessarily be 

quantitatively deconvolved to infer sample volatile-bearing mineral abundances 

through comparison to EGA data from single minerals and simple mineral mixtures.  

Nevertheless, comparisons of EGA gas evolution traces from these materials with 

EGA gas evolution data from complex unknown samples such as the Rocknest 

samples can provide key constraints on mineralogy, especially in the context of other 

types of chemical and mineralogical analyses such as X-ray diffraction (XRD) and 
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Alpha Particle X-ray Spectrometer (APXS) analyses.  This approach can support the 

identification of volatile-bearing minerals identified with other techniques and, 

importantly, it can provide key evidence for volatile-bearing phases that are present 

below the detection limit of other techniques or are difficult to characterize with other 

techniques [e.g., Charsley et al., 1987; Milodowski and Morgan, 1980; Morgan et al., 

1988]. 

 Curiosity’s Collection and Handling for Interior Martian Rock Analysis 

(CHIMRA) system collected five scoop samples from the Rocknest deposit but only 

delivered material from the 5th scoop that had been sieved to less than 150 µm.  Four 

portions (< 76 mm3 each) were delivered into four of SAM’s quartz glass sample cups 

(which had been previously cleaned by heating to >800 oC) via the SAM Solid 

Sample Inlet Tube (SSIT) [Leshin et al., 2013].  Four portions of this material were 

analyzed because several runs were required to carry out needed analyses with GC 

and TLS.  EGA data are acquired during all SAM analyses over the entire heating 

ramp, but if a GC or TLS analysis is desired, a portion of gas evolved over a given 

temperature range (referred to as a “cut”) can be sent to either the GC or the TLS but 

not both at the same time.  Four runs were needed to obtain GC and TLS cuts to 

address a variety of science questions.  Because these science drivers were not 

specifically related to evolved sulfur phases they will not be discussed in detail here 

but they are detailed in Leshin et al. [2013].  The four separate portions delivered to 

SAM are designated here as Rocknest 1, Rocknest 2, Rocknest 3 and Rocknest 4.  

After sample delivery, the sample cup was sealed inside a pyrolysis oven.  The mass 

of the delivered portions could not be measured directly, but based on tests with MSL 

testbed hardware the delivered sample mass was estimated to be 50 ± 8 mg (2σ 

standard deviations) [Anderson et al., 2012; Leshin et al., 2013]. 
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Delivered samples were heated from ~30 ºC (ambient temperature in SAM) to 

~835 ºC at a temperature ramp rate of 35 ºC/min with a flow of ~0.8 standard cubic 

centimeters per minute (sccm) of He over the sample under a pressure of ~30 mbar.  

A small fraction of the evolved gases was monitored directly with the QMS through a 

gas split (~1 part in 800 sent to the QMS); this constitutes SAM’s EGA mode.  

Gases from a selected temperature range during pyrolysis were sent to the 

GCMS hydrocarbon trap set at an initial temperature of 5 ºC.  The hydrocarbon trap 

was then heated to ~300 ºC to release the trapped volatiles under He flow and transfer 

them to the GC system for separation and detection by a thermal conductivity detector 

(TCD) and a QMS. The chromatographic column used for separation was GC5 

(MXT-CLP, 30 m x 0.25 mm x 0.25 µm).  The GCMS mode can enable better 

separation of evolved organic compounds but can also allow more definitive 

identification of inorganic volatiles.  

Abundances of evolved SO2 were based on analysis of SO2 evolved during 

pyrolysis of a known mass of a sulfate calibration sample (FeSO4·4H2O) in SAM 

before launch.  There are no pre-launch SAM data for H2S, OCS, and CS2, so 

literature values for the ionization cross sections of these molecules were used in 

those abundance calculations [Vinodkumar et al., 2010].  The steps involved in these 

abundance calculations are detailed in the companion paper by Archer et al. [2013a]. 

3.2.  Analyses of Rocknest-relevant analogs with SAM-like laboratory systems 

Three laboratory systems were used to characterize relevant analog samples 

for comparison with the SAM Rocknest results.  The SAM breadboard consists of a 

pyrolysis oven and QMS that were custom built to closely mimic the conditions of 

SAM [Franz et al., 2011; Mahaffy et al., 2012].  Two other EGA laboratory systems 

(a Hiden EGA-MS system and an Agilent EGA-MS system) are of lower fidelity but 
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were programmed to operate under conditions as close to SAM conditions as possible.  

The Hiden EGA-MS system consists of a Hiden HPR-20 QMS coupled to a gas 

manifold and custom-built sample oven. Powdered samples are heated at 20 oC/min 

from ~50 ºC to ~1000-1110 ºC, under SAM-like helium pressures (~30 mb) and gas 

flow conditions (~1 sccm).  The 20 ºC/min heating rate was used in the Hiden EGA-

MS system in order to compensate for the slower scan speed of this mass 

spectrometer compared with the other laboratory systems; this ramp rate enabled a 

time sampling comparable to other systems while still producing EGA profiles 

comparable to those from analysis of standards on the other systems.  The manifold 

lines between the oven and the MS were heated to ~135 ºC to mitigate any volatile 

condensation in the lines before reaching the MS and also to reduce water background 

in the system.  The Agilent EGA-MS system consists of a Frontier PY-3030 pyrolyzer 

attached to a 5975C inert XL mass spectrometer (MS).  For analyses on this system, 

the pyrolyzer was initially held at 50 ºC for 5 min and flushed with helium then 

ramped at 35 ºC/min to 1050 ºC, under 30 mb of helium and a 0.5 sccm helium flow.  

Manifold lines were held at 135 ºC.  Analog materials were either obtained from 

commercial sources (e.g., Sigma-Aldrich), from R. Morris at the NASA Johnson 

Space Center, or from the Clay Mineral Society Source Clays Repository.  Several 

milligrams of <150 µm samples were weighed into sample cups and then loaded into 

one of the SAM-like EGA-MS systems for analysis (Table 1).  

Key masses (represented as the mass-to-charge ratio, m/z) for both SAM 

analyses and SAM-like laboratory analyses were SO2 (m/z 64, main mass and m/z 66, 

isotopologue), H2S (m/z 34), OCS (m/z 60), CS2 (m/z 76), H2O (m/z 18, main mass 

and m/z 20, isotopologue), CO2 (m/z 44, main mass and m/z 45, isotopologue), O2 

(m/z 32, main mass and m/z 34, isotopologue), CO and N2 (m/z 28) and H2 (the main 
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mass of H2, m/z 2, was not monitored; but m/z 3 can represent H2 (through HD or 

H3+)).  The m/z representing the isotopologues were plotted in some cases because the 

main mass signal was saturated.  Mass 34 can be attributed to H2S, but m/z 34 can 

also result from the 34S fragment of SO2 and from an isotopologue of O2 (i.e., 16O18O).  

Consequently, the contribution of SO2 fragments to the m/z 34 trace inferred from the 

SO2 fragmentation pattern were subtracted from the signal; any residual m/z 34 signal 

was attributed to H2S.  The m/z 34 EGA traces did not track the EGA traces attributed 

to SO2 (e.g., 64, 66) in some cases as would be expected if m/z 34 resulted 

dominantly from an SO2 fragment.  This observation also indicated that m/z 34 has 

significant contributions from a source other than SO2 fragmentation.  When a large 

oxygen peak was observed, such as near 400 oC in all of the Rocknest runs, the vast 

majority of m/z 34 coincident with the large O2 peak results from the O2 isotopologue 

(16O18O). 

4. Results and Discussion 

The EGA traces (e.g., Fig. 2 and Fig. 4) of Rocknest materials indicate 

evolution of SO2, H2S, OCS and CS2 from approximately 450-800 ºC.  The gas 

evolution traces vary between each Rocknest subsample run (discussed below).  For 

SO2 and H2S, two peak evolutions were observed at ~500-550 °C and ~700-750 ºC, 

and the temperatures of the evolved H2S trace peaks are systematically offset to 

higher temperatures as compared to the SO2 peaks (Fig. 2) (Note: The peak in the m/z 

34 trace near 400 ºC is not from H2S but from the O2 isotopologue (16O18O)). 

Comparison of SAM SO2 EGA traces with data collected on analog materials 

in SAM-like laboratory systems to date indicates that evolved SO2 could result from 

the thermal decomposition of Fe-sulfates or Ca-sulfites, oxidation of sulfides, 

pyrolysis of organic sulfur compounds, and S adsorbed onto sample materials [Clark 
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and Baird, 1979] which can result in S-gas evolution at relatively high temperatures 

[Rampe and Morris, in prep], or a combination of these phases (Figure 3).  Evolved 

H2S could result from reaction of H2O or H2 with a reduced S-phase (e.g., pyrite or 

pyrrhotite) in the sample, or with evolved SO2, or a combination of these.   

The variations in abundances of SO2 and H2S evolved from each Rocknest 

subsample (Table 2) are likely due to heterogeneity in the amount of sulfur-bearing 

phase(s) between the different subsamples.  The abundances of H2O, CO2, and O2 

consistently increased or decreased together across the four Rocknest runs indicating 

that differences in the mass of each Rocknest Scoop 5 subsample delivered to the 

SAM oven are responsible for these differences in abundance [Archer et al., 2013a; 

Glavin et al., 2013; Leshin et al., 2013]).  SO2 and H2S did not vary consistently with 

H2O, CO2, and O2 abundances.  These differences are not likely due to terrestrial 

volatiles within SAM as these species were not detected in the EGA blank run.  In 

addition, there is no sulfur in the N-methyl-N-(tert-

butyldimethylsilyl)trifluoroacetamide  (MTBSTFA) (or significant fragments with 

m/z values overlapping those of SO2), a vapor present in the SAM background at low 

pyrolysis temperatures (< ~500 ºC) that was derived from one of SAM’s 

derivatization cups for wet chemistry experiments [Glavin et al., 2013; Leshin et al., 

2013].  

Some of the SO2 is evolved from sulfur species associated with the ~30 wt % 

of X-ray amorphous (non-crystalline) material detected by the MSL Chemistry and 

Mineralogy (CheMin) X-ray diffraction (XRD) and X-ray fluorescence instrument in 

the Rocknest materials [Bish et al., 2013].  If all evolved H2S were attributed to the 

sulfides pyrite or pyrrhotite the implied abundance in the sample would be well below 

the expected CheMin mineral detection limit of ~1-2 wt% [Bish et al., 2013], even for 
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the Rocknest run which evolved the most H2S (Rocknest 3).  For all Rocknest 

subsample runs other than perhaps Rocknest 1, however, if SO2 were attributed to 

simple Fe-sulfate(s), the abundances of sulfate implied in a 50 mg sample delivered to 

SAM (e.g., for FeSO4, ~3 to 7 wt%; for Fe2(SO4)3·10H2O, ~4 to 9 wt%) would exceed 

the CheMin detection limit.  Rocknest sulfates are most likely dominated by Fe-

sulfates, but calculations for Mg and Ca sulfates would indicate the same general 

trend.  A detailed search for sulfates in the Rocknest fines conducted by the CheMin 

team, including kieserite (MgSO4•H2O), szomolnokite (Fe2+SO4•H2O), botryogen 

(MgFe3+(SO4)2(OH) •7(H2O)), jarosite (KFe3+
3(SO4)2(OH)6), rozenite 

(Fe2+SO4•4H2O), schwertmannite (Fe3+
16O16(OH)12(SO4)2), and copiapite 

(Fe2+Fe3+
4(SO4)6(OH)2•20(H2O)), showed no evidence that any sulfates other than 

anhydrite (CaSO4) were present [Bish, 2013].  In addition, there is no evidence of 

intensity that could be attributed to a sulfate phase other than anhydrite; Rietveld 

refinement results shown in Figure 2 of Bish et al. [2013] illustrate this.  Ca-sulfates 

such as anhydrite will not evolve SO2 until temperatures higher than achieved by 

SAM analyses of Rocknest materials (>835 ºC).  Because CheMin did not find 

crystalline sulfates expected to evolve SO2 in the SAM temperature range [Bish et al., 

2013], another source for some of the evolved SO2 is implied and the oxidation of a 

minor reduced sulfur phase could not account for all of it.  Some SO2 could evolve 

from sulfur species that are part of discrete X-ray amorphous sulfates or sulfites, or 

they could be adsorbed onto X-ray amorphous substrates such as Fe-allophane or 

nanophase iron oxide phases (npOx).   

Small amounts of OCS and CS2 were evolved from Rocknest fines (Table 2).  

These gases were evolved at temperatures approximately consistent with the higher 

temperature H2S peak (Fig. 4).  SO2 and H2S, as well as OCS and CS2, released from 
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Rocknest were also identified by GCMS analyses (Fig. 5).  Possible reactions 

occurring in the SAM oven during EGA-MS and the species that might be involved in 

these reactions are discussed below. 

4.1 SO2 evolved from Rocknest Fines 

The ~500-550 ºC SO2 peak in Rocknest data (Fig. 2, Fig. 3a) likely resulted in 

large part from the oxidation of a sulfide, such as pyrite or pyrrhotite.  Rocknest soil 

fines evolved O2 in the 300-500 ºC range (Fig. 2) and its source was attributed to the 

thermal decomposition of an oxychlorine phase(s) such as a perchlorate or chlorate 

salt [Glavin et al., 2013; Leshin et al., 2013].  The hypothesis that the SO2 is largely 

from sulfide oxidation is consistent with the observation that the ~500-550 ºC SO2 

peak rises as the major O2 peak drops off in the EGA traces from all four Rocknest 

runs (Fig. 2).  Oxidation of a sulfide by evolved O2 could be responsible for evolved 

SO2 from Rocknest.  Oxidation of the sulfides pyrite and pyrrhotite would result in the 

following reactions in the SAM oven [Bhargava et al., 2009; Hong and Fegley, 

1997b; Hu et al., 2006]: 

2FeS2 + 5 ½ O2  Fe2O3 + 4SO2    (Eq. 1) 

3FeS2 + 8O2  Fe3O4 + 6SO2     (Eq. 2) 

or  

2FeS + 3 ½ O2  Fe2O3 + 2SO2    (Eq. 3) 

3FeS + 5O2  Fe3O4 + 3SO2     (Eq. 4) 

The production of hematite (Fe2O3) illustrated in Eqs. 1 and 3 is favored by higher O2 

concentrations in the gas above the sample and the production of magnetite (Fe3O4) 

shown in Eqs. 2 and 4 is favored by lower O2 concentrations [e.g., Hu et al., 2006].   

To investigate the oxidation of sulfides with O2 from perchlorates under SAM-

relevant conditions, SAM-like laboratory analyses of sulfide and Ca-perchlorate 
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mixtures were carried out.  Ca-perchlorate was chosen for these mixtures because it is 

currently thought to be the most likely candidate for the Rocknest perchlorate phase 

based on the temperature of O2 release [Glavin et al., 2013].  These analyses of Ca-

perchlorate/pyrite mixtures and Ca-perchlorate/pyrrhotite mixtures exhibited a ~500-

550 ºC peak in their SO2 EGA trace with an onset temperature occurring at the end of 

the O2 release (Eqns. 1-4 and 6) (Figs. 6 and 7).  The evolved SO2 from the 

pyrite/perchlorate and the pyrrhotite/perchlorate mixtures occurred at temperatures 

roughly consistent with Rocknest evolved SO2.  The SO2 peak near 550 ºC may have 

resulted in part from oxidation of sulfide minerals with evolved O2 from perchlorate 

via reactions shown in Eqns. 1-4 and 6.   

Fe-sulfates, which have the lowest thermal decomposition temperatures of the 

common sulfates, generally evolve SO2 at temperatures higher than the 500-550 ºC 

SO2 peak observed in Rocknest (Fig. 3).  It is possible however that nanophase Fe-

sulfates may evolve SO2 at lower temperatures [Archer et al., 2013b; Kotra et al., 

1982; Lauer et al., 2012].  Nanophases are consistent with the large quantity of X-ray 

amorphous materials in Rocknest materials detected by CheMin.  However, if 

nanocrystalline Fe-sulfates are contributing to the lower temperature SO2 at Rocknest, 

they likely do this in addition to contributions from a reduced sulfur phase.  

Laboratory evolved gas analyses of several Fe-sulfates (e.g., Figure 3b) do not evolve 

H2S, suggesting that low temperature H2S observed in Rocknest data is unlikely to be 

produced by the thermal decomposition of an Fe-sulfate phase.  

Some oxidation of reduced S hosted in a sulfide, such as pyrite, could also 

occur through reactions with CO2 that is present in the SAM pyrolysis oven near 550 

ºC in Rocknest runs (Fig. 4) [e.g., Bhargava et al., 2009]: 

FeS2 + 2CO2  FeS + 2CO +SO2      (Eq. 5)  
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This CO2 is consistent with the thermal decomposition or acid dissolution (from 

reaction with gas phase HCl observed in Rocknest EGA, Fig. 2) of fine-grained or 

amorphous carbonates [Archer et al., 2013b; Cannon et al., 2012; Sutter et al., 2012] 

that may be present as a result of the input of fine, global martian dust to the Rocknest 

materials (martian dust may contain 2-5 wt % Mg-carbonate [Bandfield et al., 2003]).  

Fe-sulfates likely contribute at least some of the Rocknest evolved sulfur species (see 

discussion below), which implies the presence of acid solutions [e.g., Bigham and 

Nordstrom, 2000; Jambor et al., 2000] in which carbonates would not form.  If 

carbonates are eventually confirmed for Rocknest, this may indicate that Fe-sulfates 

do not contribute to the sulfur species evolved from Rocknest materials, and that other 

sources (eg., Ca-sulfites (Fig. 3b)) more likely contribute to the high temperature SO2 

peak.  Alternatively, the Rocknest materials have experienced only minor, intermittent 

aqueous alteration and are in chemical disequilibrium.  

SO2 peaks were also observed near 700-750 ºC in the SAM-like laboratory 

analyses of sulfide/perchlorate mixtures, similar to the Rocknest ~700-750 ºC SO2 

evolution.  Reduced sulfur phase(s) (e.g., pyrrhotite) could persist in the solid sample 

above ~550 ºC with incomplete oxidation, through reactions such as [Bhargava et al., 

2009; Hu et al., 2006]: 

FeS2 + O2  SO2 + FeS      (Eq. 6) 

The amount of O2 present near 750 ºC, both in Rocknest runs and in the SAM-like 

runs of simple sulfide/perchlorate mixtures, is very small, which makes the O2 

oxidation of reduced sulfur remaining in the oven to these temperatures a very minor 

potential contributor to the production of SO2.  It is possible in the case of Rocknest 

runs, however, that O2 contributing to this reaction formed through other high 

temperature oven reactions suggested below for H2S formation (mainly the reaction 
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shown in Eq. 13, which has O2 as a product).  In Rocknest runs (and 

sulfide/perchlorate laboratory runs) there is also very little CO2 present near 750 ºC 

available for the reaction in Eq. 5 to produce SO2. 

Another possible contributor to the ~700-750 ºC SO2 production in the 

Rocknest sample runs, and also in the laboratory pyrite/perchlorate and 

pyrrhotite/perchlorate runs, is the thermal decomposition of a Ca-sulfite product 

produced through the below reaction:  

CaCl2 + SO2 + H2O  2HCl + CaSO3   (Eq. 7) 

The CaCl2 is a product of the lower temperature thermal decomposition of Ca-

perchlorate.  This chloride could react with SO2 to produce Ca-sulfite.  As discussed 

below, and shown in Fig. 3b, Ca-sulfite would then thermally decompose to give SO2 

near 700 ºC. 

Rocknest 1 shows a smaller amount of SO2 evolved at ~700-750 ºC than the 

other 3 Rocknest runs.  Oxidation of reduced S phases remaining in the oven to this 

temperature (e.g., FeS indigenous to the sample or formed as a product of the partial 

oxidation of FeS2 (i.e., Eq. 5 and 6)) may be responsible for a significant amount of 

the ~700-750 ºC evolved SO2 for Rocknest 1.  Other sources of S for the ~700-750 ºC 

SO2 are especially probable for the other Rocknest runs.  The SO2 could result from 

the thermal decomposition of a sulfate or sulfite mineral(s); Fe-sulfates and Ca-

sulfites have high temperature SO2 evolution peaks similar to Rocknest (Fig. 3).  

Thermal decomposition of these phases alone is not expected to also produce the 

~700-750 ºC H2S, however, indicating that another S-bearing material contributing to 

the high temperature S-gases may be present (e.g., sulfides) and/or that reactions are 

occurring between SO2 and possible H2 present in the oven at these temperatures, as 

discussed below.   
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SO2 evolved from SO4
2--adsorbed on particle surfaces is also a candidate for 

the ~700-750 ºC SO2 based on the large surface area available from the Rocknest X-

ray amorphous materials for the adsorption of SO4
2-

 and high temperature evolution of 

SO2 expected from pyrolysis of materials such as SO4
2- -adsorbed allophane and npOx 

[Brydon and Singh, 1969; Rampe and Morris, in prep].  Ca- and Mg-sulfates, 

including anhydrite detected in Rocknest by CheMin analyses [Bish et al., 2013], 

have SO2 evolution temperatures above the ~700-750 ºC Rocknest SO2 evolution. 

4.2 H2S evolved from Rocknest Fines 

The H2S peak near 550 ºC could result from reaction of a sulfide such as pyrite 

or pyrrhotite with H2O in the SAM ovens (Fig. 2) through reactions such as [e.g., 

Hoare and Levy, 1990]:   

36FeS2 + 22H2O  22H2S + 3Fe12S13 + 11SO2  (Eq. 8) 

Some of the Rocknest H2S evolved near 750 ºC could also result from reactions with 

water in the oven at high temperature (Fig. 2), through reactions such as [e.g., Hoare 

and Levy, 1990; Shao et al., 1994; Uno, 1951]: 

FeS + H2O  H2S + FeO       (Eq. 9) 

3FeS + 4H2O  Fe3O4 + 3H2S + H2    (Eq. 10) 

SAM-like laboratory EGA analyses of a montmorillonite + pyrite mixture resulted in 

some H2S evolved at temperatures consistent with the ~750 ºC evolution of H2S from 

Rocknest samples (Fig. 9).  This mixture was chosen because montmorillonite is 

known to evolve water (from dehydroxylation) at temperatures near 750 ºC, not 

because montmorillonite is known to be present in Rocknest samples.  The amount of 

high temperature H2S produced is small (Fig. 9), but similar to the amount of high 

temperature H2S evolved from Rocknest 1 (Fig. 2).  H2S is also produced near 550 ºC 

during pyrolysis of the montmorillonite/pyrite mixture, probably through reactions 
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such as (Eq. 8).  This H2S evolution from the montmorillonite/pyrite mixure run is 

offset to slightly higher evolution temperatures as compared to the SO2 peak, as 

observed in comparisons of the ~500-550 ºC SO2 and H2S peaks from Rocknest runs.   

Some of the ~750 ºC H2S in Rocknest runs may have resulted from reaction of 

reduced S with the HCl [Baba et al., 2011; Ingraham et al., 1972]: 

FeS + 2HCl  H2S + FeCl2     (Eq. 11) 

The production of high temperature HCl in Rocknest runs is detailed in Glavin et al., 

[2013].  HCl could result from the reaction of Cl2 produced by thermal decomposition 

of chlorides, either native to the sample or produced during thermal decomposition of 

a perchlorate salt, with H2O.  Another possible reaction is CaCl2 reacting with 

evolved SO2, O2 and H2O to form HCl and CaSO4 through the Hargraves reaction: 

CaCl2 + SO2 + ½O2 +H2O  2HCl + CaSO4   (Eq. 12) 

The abundance of any indigenous (i.e., not formed during pyrolysis from perchlorate), 

well-crystalline Cl-bearing phase in Rocknest soil fines is constrained to <1-2 wt % 

because greater abundances should have been detected by CheMin XRD analyses 

[Bish et al., 2013]. 

H2 evolved from Rocknest could also play a role in H2S production.  There is 

some evidence for the detection of H2 evolving at very high temperatures during 

pyrolysis, which was not scavenged by reaction with SO2 or other evolved volatiles 

(Fig. 2).  The H2 released at these high temperatures may have formed via reduction 

of H2O.   

If H2 is produced, then it can react with SO2 to form H2S according to the 

following reaction [Arutyunov et al., 1991; Binns and Marshall, 1991]: 

SO2 + H2  H2S + O2      (Eq. 13) 
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The yield of H2S from this reaction should generally depend on the initial H2/SO2 

ratio. H2S formation is promoted by increasing excess of H2 [Arutyunov et al., 1991].  

Arutynunov et al. [1991] stated that there is an induction period in this reaction, such 

that the reaction rate is slow at first and increases with time.  The delay in the high 

temperature H2S release in Rocknest runs, and in laboratory runs, compared to the 

high temperature SO2 release could result from this effect.  

4.3 OCS and CS2 evolved from Rocknest Fines 

OCS and CS2 evolved near 750 ºC in Rocknest runs (Fig. 4) could result from 

reactions of H2S with CO2, CO, or reduced C, or reactions between sulfides (e.g., 

FeS2) and CO2, CO, or reduced C, or a combination of these processes.  There was 

CO, and very small amounts of CO2, evolved near 750 ºC during Rocknest runs (Figs. 

4 and 8).  

The high temperature OCS could result from gas phase reactions, such as 

[Gargurevich, 2005; Shao et al., 1994]: 

H2S + CO  OCS + H2     (Eq. 14) 

or  

H2S + CO2  OCS + H2O     (Eq. 15) 

Gas-solid reactions may also occur in the SAM oven, e.g., reactions such as 

[Bhargava et al., 2009; Hong and Fegley, 1997a; Shao et al., 1994]: 

FeS2 +CO  OCS + FeS       (Eq. 16) 

or 

3FeS2 + 4CO2 + 2CO  Fe3O4 + 6OCS   (Eq. 17) 

OCS production on Venus has been postulated to result from these types of 

thermochemical reactions; OCS is the second most abundant sulfur gas after SO2 

observed in the lower atmosphere [e.g., Hong and Fegley, 1997a]. 
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CS2 evolved near 750 oC in Rocknest data could be produced by reaction of 

OCS with H2S [Shao et al., 1994]: 

e.g., OCS + H2S  CS2 + H2O    (Eq. 18) 

The CO, and CO2, in these reactions could result from the decomposition of 

very small amounts of carbonate at high temperature (e.g., calcite) or, possibly, from 

partial fragmentation/oxidation of refractory organic carbon compounds.  The 

abundance of carbon in the OCS + CS2 evolved from Rocknest subsamples 

(abundances in Table 2) is equivalent to ~0.4 to 1 ppm carbon.  If all of this carbon 

initially resulted from calcite decomposition, because the CO and CO2 involved in the 

reactions above result from calcite decomposition, it would indicate ~0.0003 – 0.0012 

wt % calcite.  The presence of this small amount of calcite in a sample of martian 

surface fines is reasonable [e.g., Gooding, 1978], especially given the likely presence 

of a carbonate phase responsible for some of the large, lower temperature CO2 

releases from Rocknest [Archer et al., 2013a].  It is also possible the ~0.4 – 1 ppm 

carbon originated from refractory organic compounds, because all the CO and CO2 

involved in the reactions above originates from the heating of these organic 

compounds or because reduced organic C was incorporated into the CS2 or OCS. 

Refractory organic macromolecules are observed as the predominant organic 

component of carbonaceous chondrites and interplanetary dust particles (IDPs) and in 

some cases are associated with sulfates and sulfides, such as pyrrhotite (Fe(1-x)S) 

[Gibson, 1992; Sephton, 2012; Zega et al., 2010].  Some martian meteorites also 

contain macromolecular carbon indigenous to the mafic mineral assemblage hosting it 

[Sephton et al., 2002; Steele et al., 2013; Steele et al., 2012], and in some cases this 

macromolecular carbon is associated with sulfide grains [Steele et al., 2012].  Because 

of their refractory nature [e.g., Steele et al., 2012], these materials might not 
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decompose until temperatures near the highest that the SAM oven can achieve, if at 

all.  Their decomposition could be facilitated by thermochemical reactions between 

solids or gases within the pyrolysis oven at high temperature.  Refractory organic 

material could also facilitate reactions, such as thermochemical reduction of sample 

sulfates [Xu et al., 2004; Zhang et al., 2012; Zhang et al., 2008; Zhang et al., 2007].  

If these processes involving reduced organic carbon occurred at the high temperatures 

at which several reduced S-gases are evolved from Rocknest, they could contribute to 

the CS2 and OCS production, as well as possibly the H2S production. 

An important consideration is that mass spectra for reduced carbon bearing 

gases evolving coincidentally with CS2 and OCS have not been observed in Rocknest 

EGA [Leshin et al., 2013].  In addition, the only organic compounds revealed by 

GCMS data are also detected in blank analyses and are likely associated with the 

SAM instrument background, though a contribution from martian carbon to these 

compounds can not be excluded [Glavin et al., 2013].  However, it is possible that any 

small amounts of carbon that were evolved from partial high temperature 

decomposition of refractory organic compounds in the Rocknest sample were 

“scrubbed” by reaction with sulfur-bearing gases, or were evolved as CO or CO2, thus 

preventing unequivical detection of high temperature organic fragments in EGA or 

GCMS.  The ppm levels of carbon would be well within the concentration of organic 

carbon that might be expected in martian surface materials based on martian meteorite 

analyses that examined indigenous martian organic carbon (1 ppm to several hundred 

ppm [e.g., Grady et al., 2004; Jull et al., 2000; Steele et al., 2012; Steininger et al., 

2012] or resulting from exogenous meteoritic input (up to ~60 ppm [Steininger et al., 

2012]), or both. 

5. Implications 
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5.1  Evidence for Minor Crystalline Sulfur Phases and Sulfur-bearing Amorphous 

Material 

The few weight percent SO3 (0.5-3.7 wt %) inferred from EGA data (Table 2) 

is a substantial fraction of the total SO3 measured by APXS at Rocknest (5.45 ± 0.10 

wt %, location Portage [Blake et al., 2013], Fig. 1), consistent with the hypothesis 

that, in addition to the Ca-sulfate detected by CheMin [Bish et al., 2013], Rocknest 

contains other S-bearing phases.  APXS analyzed Rocknest soil fines, equivalent to 

those analyzed by SAM and CheMin, which had been sieved to <150 µm by 

CHIMRA and dumped on the MSL Ti observation tray (o-tray).  Although it was not 

possible to obtain quantitative elemental abundances from this APXS o-tray 

measurement because the sample was too thin and covered only part of the APXS 

field of view, the analyses indicated a slightly elevated S content compared with the 

bulk Rocknest materials analyzed by APXS at Portage [Berger et al., 2013].  The 

enrichment of S-bearing materials in the finer fraction examined on the observation 

tray is likely due to some concentration of martian dust and/or soil alteration products.  

The only crystalline sulfur-bearing phase identified by CheMin analysis was 

the mineral anhydrite (CaSO4), which generally decomposes at temperatures higher 

than those achievable by SAM (>835 ºC).  CheMin also revealed a significant (~30 

wt%) X-ray amorphous soil component [Bish et al., 2013].  Together, these 

observations imply that the phases hosting the sulfur evolved during SAM analysis 

were minor abundances of crystalline sulfur phases such as sulfates, sulfites or 

sulfides present below CheMin detection limits (<1-2 wt%), or were in an X-ray 

amorphous phase.  For crystalline phases present below the CheMin detection limits, 

SAM-like laboratory data to date indicate that SAM sulfur-species EGA data from 

Rocknest is most consistent with Fe-sulfates, Ca-sulfites and sulfides such as pyrite or 
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pyrrhotite.  Mass balance calculations from CheMin and APXS data suggest that X-

ray amorphous phases incorporate a significant amount of the sulfur (~4.9 wt % SO3) 

[Blake et al., 2013]. 

Prime candidates for the amorphous component, based on calculations from 

Rocknest APXS measurements (Portage) and comparison with MER soil APXS 

datasets [Blake et al., 2013; Morris et al., 2013], as well as on orbital observations 

[e.g., Kraft et al., 2003; Michalski et al., 2006; Milliken et al., 2008], terrestrial analog 

[e.g., Morris et al., 2000], laboratory [e.g., Hurowitz et al., 2006] and martian 

meteorite studies [e.g., Gooding and Muenow, 1986], are amorphous and poorly 

crystalline aluminosilicate and/or silica-rich materials, and X-ray amorphous npOx 

materials.  A poorly crystalline phase resembling hisingerite (Fe2Si2O5(OH)4•2H2O) 

or Fe-allophane has also been suggested by the elevated low-angle background in the 

CheMin XRD pattern from Rocknest soil fines [Bish et al., 2013].   

The sulfate ion is known to adsorb onto allophane and npOx materials, such 

that SO2 should be released upon heating to high temperatures including temperatures 

higher than achievable by SAM’s Oven #1 [Rampe and Morris, in prep] (SAM has 

two pyrolysis ovens, Oven #2 can achieve higher sample temperatures (>~1050-1100 

ºC) [Mahaffy et al., 2012] but was not available for use during the Rocknest 

campaign).  Preliminary work with SAM-like EGA of synthetic SO4
2--adsorbed 

allophane and SO4
2--adsorbed npOx samples by Rampe and Morris [in prep] has 

shown that SO2 can evolve over a range of high temperatures including temperatures 

above the SAM Oven #1 temperature range and work is ongoing.  The idea that a 

fraction of the Rocknest fines’ total sulfur is associated with an X-ray amorphous 

phase that also does not decompose in the SAM temperature range is consistent with a 

comparison of APXS, CheMin and SAM data from Rocknest fines.  If SAM-derived 
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SO3 abundances (~2 wt % average) and CheMin-derived SO3 abundances (~0.9 wt % 

SO3 from 1.5 wt% anhydrite [Bish et al., 2013]) from Rocknest are subtracted from 

the 5.45 wt % SO3 from APXS analysis of Rocknest material (Portage), ~2.6 wt % 

SO3 remains.  This remaining SO3 could either result from small abundances of a 

sulfate (below CheMin detection limits) that evolves SO2 at temperatures above the 

temperatures of SO2 evolution from Rocknest or be associated with an X-ray 

amorphous phase that does not evolve SO2 in the SAM temperature range.  The 

adsorption of sulfate onto iron oxides and other soil components is well known in 

several environments on Earth [e.g., Aylmore et al., 1967; Parfitt and Smart, 1978].  

Mars, with its proposed S-rich alteration environment [e.g., Gaillard et al., 2013; 

Halevy et al., 2007; Johnson et al., 2008; King and McLennan, 2010; King and 

McSween, 2005; McLennan, 2012; McLennan and Grotzinger, 2008] and ubiquitous 

fine-grained Fe-rich material may be comparatively more likely to have S-anions 

adsorbed onto those phases in soil materials.  

5.2  Reduced and Oxidized Sulfur Phases and the Provenance of Rocknest Material 

The presence of sulfate minerals in Rocknest materials suggests aqueous 

alteration either intrinsic to the Rocknest deposit or in the formation environment of 

the sulfate minerals that ultimately accumulated in the deposit (i.e., S-bearing 

materials were formed by alteration elsewhere and transported to the Rocknest site by 

wind).  Of the common sulfates, SAM EGA SO2 traces from Rocknest materials are 

most consistent with SO2 release resulting from the thermal decomposition of Fe-

sulfates (Fig. 3).  Prior landing sites have shown evidence for Mg-sulfates as the 

dominant S-bearing phase in soils [Kounaves et al., 2010; Vaniman et al., 2004] but 

those measurements were made mostly at sites in the northern lowlands. The older 

southern highlands may have different and more diverse S speciation, as seen at 
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Rocknest and supported by Spirit’s results from the Columbia Hills, where soils with 

acid Fe-sulfates (and lesser Ca-sulfates) were found along with possible excess S in 

non-sulfate phases [Arvidson et al., 2010; Yen et al., 2008].  In addition, global 

elemental correlations of gamma-ray spectroscopy data suggest that Fe-sulfates may 

be a key hydrous phase in bulk martian soil at decimeter depths [Karunatillake et al., 

2012].  Fe-sulfates in Rocknest materials are consistent with acid interactions with 

martian surface materials, because these sulfates generally precipitate in acid 

conditions.  The minor abundance of these sulfates in Rocknest materials, and the 

possible presence of minor carbonates, suggests a physical mixture of Fe-sulfate and 

carbonate.  Distal acid-altered deposits [e.g.,  Niles and Michalski, 2009; Squyres and 

Knoll, 2005; Wray et al., 2011] could have eroded, and particles subsequently 

transported by wind to the Rocknest site where Fe-sulfate was physically mixed with 

carbonate. Alternatively, Fe-sulfate was formed in low water-to-rock ratio (W/R) 

settings within the Rocknest materials such that carbonate was not completely 

dissolved.  These low W/R settings could involve interactions of acid aerosols with 

Fe-bearing basalt components such as olivine, pyroxenes or glass [Tosca et al., 2004] 

or alteration of Fe-bearing basaltic materials by acidic thin water films near sulfide 

grains [Chevrier and Mathe, 2007]. 

Gale Crater’s Mt. Sharp is unlikely to be the only source of sulfates based on 

the orbital remote sensing evidence for Mg-dominated sulfates in its relatively dust-

free strata [Milliken et al., 2010].  It is possible however that some Mt. Sharp-derived 

Mg-sulfate grains, which would be relatively water soluble, were transported by wind 

to the Rocknest site.  There they may have been dissolved in small amounts of water 

that also contained other cations from basalt dissolution (e.g., Fe, Ca, etc.) and 

sulfates of these other cations were precipitated.  Solubility relationships indicate that 
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sulfates of these other cations could precipitate ahead of Mg-sulfates during 

evaporation [e.g., Lindsay, 1979]. 

Sulfites, if present, could imply the oxidation of reduced sulfur but under 

conditions that did not allow oxidation to sulfate [Chevrier et al., 2012].  Sulfites 

would also imply that the Rocknest materials have experienced very little interaction 

with liquid water since their formation because they would readily oxidize to sulfates 

in the presence of water [Halevy and Schrag, 2009; Halevy et al., 2007; Marion et al., 

2013].  There is also the possibility that sulfites could form by the irradiation of 

sulfates in the martian surface environment [Luo et al., 1998; Tani et al., 2012].  In 

this case, the Rocknest Ca-sulfates could serve as the precursor to Ca-sulfite 

formation; Ca-sulfites evolve high temperature SO2 at temperatures consistent with 

Rocknest (Fig. 3).  Alternatively, surface sulfite minerals have been hypothesized to 

form during an early martian climate feedback involving the outgassing of SO2 and 

H2S as a result of volcanic activity [Halevy and Schrag, 2009; Halevy et al., 2007; 

Marion et al., 2013].  These authors specifically point to the likelihood of 

precipitation of Ca-sulfite instead of calcite or Ca-sulfate at acidic to near-neutral 

pHs.  This is because SO2 is more soluble than CO2 and because sulfurous acid is a 

stronger acid than carbonic acid leading to the majority of sulfur in solution present as 

the sulfite anion while very little carbon occurs as the carbonate anion.  In the 

presence of iron, however, siderite (and also secondary silicates such as 

phyllosilicates) can be expected to precipitate together with the Ca-sulfite [Halevy 

and Schrag, 2009; Halevy et al., 2007].  Later interactions with water and a more 

oxidizing martian atmosphere could allow some oxidation of these sulfites to sulfates 

[Halevy and Schrag, 2009; Halevy et al., 2007; Marion et al., 2013].  These studies 

suggest that any Ca-sulfite in Rocknest materials could have precipitated together 
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with an iron carbonate and could have been partially oxidized to form some of the Ca-

sulfates found in Rocknest materials by CheMin.   

Some Rocknest sulfur phases are most likely locally derived.  SAM EGA data 

suggest the presence of sulfides, i.e., pyrite or pyrrhotite, in Rocknest.  It is likely that 

sulfides are igneous, have been physically weathered from local sulfide-bearing basalt 

sources (martian basalts have as much as 1% sulfide mineralogy [Chevrier et al., 

2011; Lorand et al., 2005; McCoy et al., 1992]) and transported by aeolian processes 

to their current residence in the Rocknest deposit.  Sulfides in the Rocknest fines 

could also indicate some contributions from sedimentary materials originally 

deposited in a reducing environment.  Evidence for a reducing environment could be 

an important consideration for finding and detecting organic compounds, as reducing 

environments are more favorable for organic preservation [Killops and Killops, 2005; 

Summons et al., 2011].  Even if sulfides just occur in the Rocknest soil because of the 

physical weathering of basalt rocks, or because of the input of some sulfide-bearing 

exogenous meteoritic material (or both), their presence implies that the Rocknest area 

has been relatively dry since the sulfides were incorporated into the deposit.  In the 

presence of water, the sulfides would oxidize to produce sulfate anions (Eq. 19) [e.g., 

Burns and Fisher, 1990; Jambor et al., 2000; Zolotov and Shock, 2005].   

FeS2 + 8H2O  Fe2+ + 2SO4
2- + 2H+ + 7H2         (Eq. 19) 

These could react with cations available in solution from alteration of nearby basaltic 

materials to form sulfates [e.g., Burns and Fisher, 1990; Jambor et al., 2000; Zolotov 

and Shock, 2005].  The presence of dissolved O2 facilitates this reaction (Eq. 20), and 

even thermodynamic modeling with solutions having the low fO2 resulting from 

equilibrium with the current martian atmosphere indicate pyrite dissolution/oxidation 

could be expected to occur via reaction shown in Eq. 20 [Zolotov and Shock, 2005].    
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FeS2 + 3.5O2(aq) + H2O  Fe2+ + 2SO4
2- + 2H+          (Eq. 20)  

The susceptibility of sulfides to alteration/oxidation implies that they were derived 

from local rocks and then not subsequently subjected to significant aqueous alteration, 

although it is possible the sulfides were incorporated within transported regional or 

global basaltic materials such that alteration was unable to penetrate fully into the 

sulfide-containing part of the grain during transport.   

The OCS and CS2 evolved from Rocknest materials likely result from 

reactions between reduced sulfur phases such as sulfides and CO2, CO or reduced 

carbon at high temperature.  CO2 or CO could originate from decomposition of trace 

calcite and CO2, CO or reduced C could result from partial decomposition of high 

temperature organic compounds.  Although no unequivocal EGA or GCMS evidence 

for martian reduced carbon bearing gases evolved coincidentally with the CS2 and 

OCS was obtained [Leshin et al., 2013; Glavin et al., 2013], it is possible that any 

small amounts of reduced C from partial decomposition of refractory organic 

compounds were incorporated into OCS or CS2, or were evolved as CO or CO2.  In 

addition, the very small amounts of C implied by the OCS and CS2 detected (≤ ~1 

ppm) are below that which could be expected from estimates of indigenous martian or 

exogeneous meteoritic carbon (1 ppm to several hundred ppm [e.g., Grady et al., 

2004; Jull et al., 2000; Steele et al., 2012; Steininger et al., 2012]).  Consequently, a 

possible contribution of reduced organic carbon to the CS2 and OCS detected from 

Rocknest cannot be excluded and ongoing investigations of materials at Gale may 

allow further insight into the presence and nature of reduced organic carbon in 

martian surface materials. 

Even if sulfides play a key role in both SO2 peaks in SAM EGA data, CheMin 

data indicate the presence of Ca-sulfates; thus there is a high likelihood of both 
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reduced and oxidized sulfur compounds in the Rocknest soil deposit.  Sulfites would 

represent an oxidation state of sulfur (S4+) intermediate between that of sulfur in 

sulfides (e.g., FeS (S2-)) and sulfates (S6+).  This heterogeneity in sulfur oxidation 

states within the components of the deposit indicates a non-equilibrium assemblage.  

This disequilibrium assemblage could possibly have implications for the habitability 

of Rocknest materials since the metabolisms of some terrestrial microbes are known 

to exploit redox gradients for energy [e.g., Jakosky and Shock, 1998; Summons et al., 

2011].  Evidence that the Rocknest materials have not achieved chemical equilibrium 

is consistent with the well-supported hypothesis that martian surface environments 

have been dry for the past several billion years [e.g., Bibring et al., 2006; Carr, 1987], 

a timeframe that probably easily encompasses the age of the Rocknest deposit [Blake 

et al., 2013]. 

6. Summary  

Fines from the Rocknest deposit likely contain both reduced and oxidized 

sulfur-bearing phases.  SAM pyrolysis resulted in the evolution of both oxidized and 

reduced sulfur compounds, including SO2, H2S, OCS, and CS2.  These data represent 

the first time sulfur species have been detected during in situ pyrolysis of martian 

surface material.  EGA traces show a wide temperature range of SO2 and H2S 

evolution within which there are peaks in intensity near 500-550 ºC and near 700-750 

ºC.  SO2 is likely produced by thermal decomposition of Fe-sulfates or Ca-sulfites, 

evolved/desorbed from sulfur-bearing amorphous phases, and produced by reactions 

between reduced sulfur phases and O2 or H2O.  H2S is likely produced from the 

interaction of evolved H2O, H2 and/or HCl with reduced sulfur in the SAM oven, 

and/or produced from the reaction of SO2 and H2.  OCS and CS2 are probably 
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products of reactions involving a carbon source such as CO2, CO or reduced carbon 

and reduced sulfur at high temperature.  

The only crystalline sulfur-bearing phase identified by CheMin XRD analysis 

of Rocknest fines was anhydrite (CaSO4), which generally decomposes at 

temperatures higher than the SAM temperature range. The weight percent of SO3 

inferred from Rocknest evolved SO2, as well as that derived from APXS analyses of 

Rocknest materials, indicates the presence of other sulfur-bearing phases, but they 

must be present below the CheMin detection limit or are non-crystalline.  CheMin 

also revealed a significant X-ray amorphous component in the Rocknest soil.  SAM 

EGA-derived total evolved SO2 and EGA traces consistent with sulfide and 

sulfate/sulfite sample phases, together with CheMin detection of a significant 

amorphous component, imply that the phases hosting the sulfur evolved during SAM 

analysis were minor amounts of crystalline sulfur phases including sulfides and 

sulfates/sulfites present below CheMin detection limits and an X-ray amorphous 

phase.    

 The complex sulfur-bearing phase assemblage is consistent with the derivation 

of Rocknest material from a combination of local, regional, and global sources as 

suggested by a synthesis of MSL Rocknest datasets [Blake et al., 2013], but it is also 

consistent with an origin of Rocknest materials from the weathering of local rocks 

with complex formation/alteration histories.  Sulfate-rich bedrock has been observed 

in several regions on Mars [Baldridge et al., 2013; Milliken et al., 2010; Squyres and 

Knoll, 2005; Wray et al., 2011; Wray et al., 2009], and as invoked for those settings, 

sulfates in the Rocknest fines indicate aqueous alteration processes.  This alteration 

may have occurred elsewhere before incorporation of the sulfates into the Rocknest 

deposit or within the deposit, or a combination of these.  Of the common sulfates, the 
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SAM EGA data are most consistent with Fe-sulfates.  Because Fe-sulfates generally 

form in acidic aqueous environments, their presence indicates either acid alteration 

within the Rocknest deposit, or alteration elsewhere followed by transport of materials 

to the Rocknest site.  SO2 evolved from sulfite minerals, such as Ca-sulfite, is also a 

possible contributor and Ca-sulfite is consistent with acidic to near-neutral aqueous 

alteration settings.  Sulfides such as pyrite or pyrrhotite in the Rocknest fines likely 

indicate contributions from materials weathered from basaltic parent rocks, or 

materials originally deposited in a reducing environment.  The susceptibility of 

sulfides to alteration/oxidation implies that they were likely derived from local rocks.  

The possibility of sulfur compounds with a range of sulfur oxidation states together in 

the Rocknest deposit, a non-equilibrium assemblage, supports the common assertion 

that martian surface environments have been dry for the probable geologically short 

age of the Rocknest bedform [Blake et al., 2013], and likely for the past several 

billion years.   
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Figure 1. Mars Hand Lens Imager (MAHLI) self-portrait of the Mars Science 
Laboratory (MSL) rover Curiosity at the Rocknest sand shadow.  The yellow box 
highlights the area of sample scoops, and the blue box shows the approximate location 
of Rocknest scoop #5.  After scoop #5 material was sieved to <150 µm, subsamples 
were delivered to the SAM and CheMin instruments.  Rover wheel width is 40 cm.   
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Figure 2.  SO2 and H2S traces from each Rocknest scoop #5 subsample run (RN1-
RN4), together with the EGA traces of several other Rocknest volatiles that may play 
a part in the evolution of SO2 and H2S (see section 4).  * In SAM Rocknest analyses, 
mass-to-charge ratio (m/z) 2, which is the main mass for H2 (2 Da), was not 
monitored.  The m/z 3, however, was monitored.  This mass can be attributed to 
isotopologues and MS source ionization products of H2 (HD and H3+, respectively), as 
well as some possible contributions from 3He.  m/z 34 can be attributed to H2S, but 
can also include some contributions from the 34S fragment of SO2 and an isotopologue 
of O2 (see section 3.2).  (The vast majority of the peak in m/z 34 (H2S) EGA trace 
intensity near 400 oC is coincident with the large O2 peak evolved from Rocknest and 
results from the O2 isotopologue (16O18O), not H2S)). 
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Figure 3.  a) SO2 (m/z 66) SAM EGA-MS traces from each Rocknest sample.  b) and 
c) SAM-like EGA-MS SO2 (m/z 64) traces from several sulfur-bearing phase 
reference materials, for comparison with Rocknest data.  



© 2014 American Geophysical Union. All rights reserved. 

 
 

 
Figure 4.  OCS and CS2 traces from each Rocknest run (RN1-RN4), together with the 
EGA traces of several other Rocknest volatiles that may play a part in the detection of 
OCS and CS2 evolved from Rocknest subsamples (see section 4). m/z 34 can be 
attributed to H2S, but can also include some contributions from the 34S fragment of 
SO2 and an isotopologue of O2 (see section 3.2).  (The vast majority of the peak in m/z 
34 (H2S) EGA trace intensity in this figure near 400 oC is coincident with the large O2 
peak evolved from Rocknest materials (see Figure 2 for O2 trace) and results from the 
O2 isotopologue (16O18O), not H2S)). 
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Figure 5.  a) GCMS analysis of Rocknest volatiles H2S, OCS and CS2 displayed as 
traces of m/z 34, 60 and 76 respectively. The column used is SAM GC5, holding a 
CLP-like capillary phase. The temperature of the column is plotted as a red line.  m/z 
66, 60 and 76 are plotted from Rocknest 3.  m/z 34 is plotted from Rocknest 2, with a 
corrected retention time.  m/z 66 (yellow line) is chosen for tracking the detection of 
SO2, as the base peak of SO2 (m/z 64) leads to a saturation of the detector. SO2 is 
displayed as a reference for retention time. The peaks are labeled 1 to 4 and represent 
the S-bearing compounds. The inset shows the mass spectrum for peak 4 compared to 
that for CS2 from NIST (National Institute for Standards and Technology). b) Mass 
spectra for H2S and OCS identified by comparison to the NIST11 reference library. 
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Figure 6.  SO2 (m/z 64) and O2 (m/z 32) traces from a SAM-like laboratory EGA 
analysis of a 1:1 Ca-perchlorate/pyrite mixture in an inert matrix (fused silica 
powder). 
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Figure 7.  SO2 (m/z 64) and O2 (m/z 32) traces from a SAM-like laboratory EGA 
analysis of a 1:1 Ca-perchlorate/pyrrhotite mixture in an inert matrix (fused silica 
powder). 
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Figure 8.  m/z 28 (can be attributed to CO and/or N2) EGA traces from Rocknest runs, 
scaled to show the presence of small amounts of possible CO detected at high 
temperatures. 



© 2014 American Geophysical Union. All rights reserved. 

 
 

 
Figure 9.  SO2, H2O and H2S traces from a SAM-like laboratory EGA analysis of a 
pyrite/montmorillonite mixture in an inert matrix (fused silica powder). 
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Table 1.  Analog materials, analysis system used, and source. 

Sample Formula Analysis 
System* 

Source 

Pyrite FeS2 S Natural, PYCSD1 
(Custer, SD; R. Morris collection) 

Pyrrhotite Fe(1-x)S A 
Natural, SAEUMX01 

(Santa Eulaia, MX; R. Morris 
collection) 

Ferric sulfate 
hydrate Fe3+SO4•H2O A Synthetic (Sigma-Aldrich) 

Rozenite Fe2+SO4•4H2O S Synthetic (Sigma-Aldrich) 
Kieserite MgSO4•H2O H Synthetic (ESTA) 
Epsomite MgSO4•7H2O H Synthetic (Sigma-Aldrich) 

Calcium sulfite 
hydrate CaSO3•H2O H Synthetic (Sigma-Aldrich) 

Amorphous ferric 
sulfate 

(Fe2O3)(SO3)3(H2O)5.4 
(empirical composition) S 

Synthetic, DC504LN-D01; 
(Cryoprecipitation; [Morris et al., 

in prep.]) 

Jarositic tephra KFe3(SO4)2(OH)6 
(jarosite) S 

Natural tephra, HWMK979 
(Mauna Kea, HI; same as 

HWMK620 [Morris et al., 2000]) 
Calcium perchlorate 
tetrahydrate/ pyrite 

mixture 

Ca(ClO4)2•4H2O/FeS2, 
1:1 mixture A 

Synthetic (Sigma-Aldrich)/ 
Natural, PYCSD1 

(Custer, SD; R. Morris collection) 

Calcium perchlorate 
tetrahydrate/ 

pyrrhotite mixture 

Ca(ClO4)2•4H2O/    
Fe(1-x)S, 

1:1 mixture 
A 

Synthetic (Sigma-Aldrich)/ 
Natural, SAEUMX01 

(Santa Eulaia, MX; R. Morris 
collection) 

Montmorillonite (Na,Ca)0.3(Al,Mg)2 
Si4O10(OH)2•nH2O A Natural, SWy-2  

(Clay Mineral Society) 
*S, SAM breadboard; H, Hiden EGA-MS system; A, Agilent EGA-MS system. 
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Table 2.  Abundances of SO2 and H2S, OCS, and CS2 evolved from Rocknest 
fines over the SAM pyrolysis temperature range. 

 
1 Leshin et al., 2013. 
aErrors (i.e., precision) reported for molar abundances are the 2σ standard deviation 
from the mean of calculations done using different m/z values for the same species.  
bWeight % values were calculated using an estimated sample mass of 50 ± 8 mg (2σ), 
with errors propagated including the uncertainty in molar abundance.  
cErrors for trace species are estimated conservatively at 20% due to sources including 
statistical noise, variations in calibration runs, background subtraction, interferences 
from other compounds, and assumptions about instrument effects such as ionization 
efficiencies and fragmentation patterns. 
 

 Downlink 
Sol 

SO2 molar 
abundance 
(µmole) a 1 

SO3 
equivalent 

Sample 
Weight % b 1 

H2S 
abundance 
(nanomole)c 

OCS 
abundance 
(nanomole)c 

CS2 
abundance 
(nanomole)c 

Rocknest 1 094 3.1 ± 0.2 0.5 ± 0.1 41 ± 8 1.2 ± 0.24 0.20 ± 0.04 
Rocknest 2 097 14.7 ± 2.0 2.4 ± 0.5 81 ± 16 3.5 ± 0.7 0.87 ± 0.17 
Rocknest 3 101 23.3 ± 3.1 3.7 ± 0.8 109 ± 21 4.8 ± 1.0 1.0 ± 0.20 
Rocknest 4 118 11.2 ± 1.4 1.8 ± 0.4 77 ± 15 2.6 ± 0.52 0.71 ± 0.14 
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