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Introduction: The Mars Science Laboratory 

(MSL) Curiosity rover carries a suite of instruments 
which provide complementary geochemical and min-
eralogical data to investigate the possibility of habita-
ble conditions throughout martian history [1]. Here, we 
investigate a possible source for some of the observed 
differences in the measured quantities of sulfur, report-
ed as SO3, by the Sample Analysis at Mars (SAM) and 
Alpha-Particle X-Ray Spectrometer (APXS) [2] in-
struments (Figure 1), namely mineral phase effects 
(MPEs) in the APXS analyses [3]. Mixtures of differ-
ent minerals ranging from simple two-phase mixtures 
to a multi-phase martian simulant, were created and 
analyzed to investigate the influence of a particular 
host mineral on APXS sulfur concentrations. 
 

 
Figure 1. SO3 derived from SAM SO2 measurements 
(gray) compared to SO3 derived from APXS measure-
ments (red) for selected samples analyzed by MSL (af-
ter Figure 12b in [2]). RN: Rocknest aeolian bedform 
material [e.g., 4]; JK: John Klein Sheepbed mudstone 
sample [e.g., 1]; CB: Cumberland Sheepbed mudstone 
sample [e.g., 1]; BS: Big Sky Stimson sandstone sam-
ple [e.g., 5]); GH: Greenhorn altered Stimson sand-
stone sample [e.g., 5]. SO3 differences may result in 
part from MPEs in APXS analyses. 
 

Methods: The Cumberland Simulant (CBS) is a 
simulant of the Cumberland (CB) drill sample of the 
Sheepbed mudstone analyzed in Gale Crater by SAM, 
APXS, and the Chemistry and Mineralogy Instrument 
(CheMin) between sols 282-408 [e.g., 1,6]. The simu-
lant was created using the minerals and mineral abun-
dances as determined by CheMin [7]. However, some 
minor mineral phases were substituted or combined 
(e.g. anhydrite was used in place of the minor amount 
of bassanite and augite was used for the two identified 
clinopyroxene phases, augite and pigeonite). All min-
eral phases were crushed and sieved to <63 μm. The 
individual minerals were first characterized by X-ray 
diffraction (XRD) and SAM-like evolved gas analysis 
(EGA) mass spectrometry at NASA Goddard Space 
Flight Center (GSFC) in Greenbelt, MD. Major ele-
ment analyses on 19 individual phases were done by 
X-ray fluoresence (XRF) at Franklin and Marshall 
College in Lancaster, PA [8]. 

A total of 19 S-bearing mixtures were created to 
analyze the MPEs caused by the presence of a S-
containing mineral alongside non-S-containing miner-
als. The minerals in these mixtures were in the same 
proportions as the CB sample, as well as in the full CB 
simulant (CBS) itself (Table 1). The simulant and each 
mineral mixture were mixed by mortar and pestle for 
three minutes [9]. The mixtures were then analyzed 
using laboratory equivalents of MSL instruments.  

APXS-like analyses. The samples were pressed into 
pellets for XRF analyses at NASA GSFC on a Bruker 
M4 Tornado (Rh Kα radiation). The M4 Tornado has a 
1 mm beam diameter; four spots were analyzed per 
sample (at 50 kV and 200 uA for 10 minutes each). 
Pellets were pressed and carbon coated for analysis by 
Particle-Induced X-ray Emission (PIXE) (2.5 MeV 
protons) at the University of Guelph, Guelph, Ontario, 
Canada. PIXE has a 4x4 mm beam size which is com-
parable to the four 1 mm XRF spots. Measurement 
duration was 15 minutes. These two excitation meth-
ods approximate the analysis of martian targets by the 
MSL APXS instrument [3].  
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Mixture 
Name Minerals/Phases in Mixture 

PA Pyrrhotite, Augite 
PAF Pyrrhotite, Augite, Forsterite 

PAFE Pyrrhotite, Augite, Forsterite, Enstatite 
PALFE Pyrrhotite, Augite, Labradorite, Forsterite, Enstatite 

PM Pyrrhotite, Magnetite 
PGAF Pyrrhotite, Griffith Saponite, Augite, Forsterite 

PG Pyrrhotite, Griffith Saponite 
PH Pyrrhotite, Hematite 

PBas Pyrrhotite, Basaltic Glass (PN708) 
PPal Pyrrhotite, Palagonite (HMWK101) 
AnA Anhydrite, Augite 

AnAE Anhydrite, Augite, Enstatite 
AnAEL Anhydrite, Augite, Enstatite, Labradorite 

AnM Anhydrite, Magnetite 
AnG Anhydrite, Griffith Saponite 
AnH Anhydrite, Hematite 

CumbS Cumberland Simulant (w/o Cl bearing phases) 
Pal Palagonite (HWMK101) 
Bas Basaltic Glass (PN708) 

Table 1. Set of 19 Cumberland Simulant Mineral Mix-
tures used in this study. 
 

SAM-like EGA. The CBS mineral mixture, and oth-
er mineral mixtures from Table 1, will be analyzed at 
NASA GSFC on a Setaram Labsys Evo Thermogra-
vimeter/Differential Scanning Calorimeter coupled to a 
Pfieffer OmniStar quadrupole mass spectrometer set 
up to operate under SAM-like heating and carrier gas 
flow conditions (~1 mL/min He flow rate and ~25 
mbar of He gas pressure in the pyrolysis oven). The 
<63 μm size fraction of the mixtures will be heated at a 
SAM-like ramp rate modeled after the CB sample 
temperature ramp rate to 850 °C. The amount of SO2 
evolved from each mixture, as well as the complete 
simulant, will be compared to the CB sample analyzed 
by SAM on Curiosity [10,11]. These quanitites will 
then be converted to equivalent SO3 values and com-
pared to the SO3 quantites measured with the APXS-
like analyses.  

CheMin-like analyses. A portion of each mixture 
will be analyzed on the CheMin-4 XRD at NASA 
Johnson Space Center. Like the MSL instrument, the 
CheMin-4 employs transmission XRD geometry and a 
Co radiation source. These analyses will be used for 
comparison to the CB sample analyzed by the CheMin 
instrument onboard MSL in 2012.  

Results: Figure 2 shows preliminary uncorrected 
PIXE results for selected mixtures in which S was de-
tected compared to S concentrations calculated from 
XRF analyses of individual mineral glasses. Correc-
tions of PIXE data are still ongoing, but we hypothe-
size that when this data is ultimately used to take 
MPEs into account, the SO3 concentrations reported by 
APXS will move closer to those reported by SAM. It 
should be noted however, that MPEs are not expected 

to account for the entire difference in the measured 
SO3 between SAM and APXS. For some sulfur miner-
als detected in MSL samples, such as Ca sulfates, SO3 
incompletely evolves within the SAM temperature 
range [2,12]. So, evolved S detected during SAM heat-
ing runs will essentially exclude most S from Ca-
sulfates like gypsum or anhydrite, whereas APXS 
measurements will include S from those mineral phas-
es.  

 

 
Figure 2. Uncorrected S concentrations for PIXE 
analyses (blue) of CBS mixtures and S concentrations 
in CBS mixtures calculated from XRF of individual 
mineral glasses (purple).  
  

Conclusions: Ongoing analyses of our S-bearing 
mixtures will contribute to understanding the potential 
contribution of MPEs to differences in sample S con-
tents derived from SAM, CheMin, and APXS meas-
urements. Future work will involve additional mixtures 
with Cl-bearing phases to investigate the potential con-
tribution of MPEs to differences in Cl abundances de-
rived from SAM vs. APXS measurements. 
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