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Introduction: The Mars Curiosity rover has trav-

ersed nearly 20 km and 400 meters in elevation since 

landing in Gale crater in August 2012. Through 2300 

sols of surface operations, Curiosity has spent approx-

imately 60% of its time investigating the Murray for-

mation, a unit of layered sediments. The occurrence of 

sulfur compounds in the Murray formation has been 

established by imaging of light-toned veins by Mast-

Cam and MAHLI, chemical compositions measured by 

the Alpha Particle X-ray Spectrometer (APXS) and 

ChemCam, crystalline phase identifications by the 

CheMin X-ray diffractometer, and evolved gas anal-

yses from the Sample Analysis at Mars (SAM) instru-

ment. Here we show significant sulfur in phases other 

than calcium sulfate throughout the Murray formation. 

Calcium Sulfates: Up to ~7.5 wt% total crystalline 

Ca-sulfates (gypsum, bassanite, and anhydrite) have 

been identified by CheMin in drill samples from the 

Murray formation. There is not enough calcium, how-

ever, to account for all the sulfur detected by the APXS 

(Figs. 1, 2), and furthermore, ~2 wt% of the calcium is 

associated with plagioclase feldspar (~An40) in Mur-

ray formation samples. Calcium is also present in py-

roxenes identified by X-ray diffraction. Over 400 dis-

tinct samples analyzed by the APXS have approximate-

ly 5 wt% “excess” SO3 after accounting for Ca-sulfate 

(Fig. 2). 

Other Sulfur Compounds: Magnesium and iron 

are likely cations for sulfur not associated with Ca-

sulfate. With the exception of minor quantities of iron-

hydroxysulfate (jarosite), no other crystalline sulfur-

containing phase has been detected by CheMin. The 

occurrence of Mg-sulfates in selected Murray for-

mation samples have been inferred by APXS rasters of 

small dendritic concretions [1,2] and Chemcam LIBS 

analyses of darker-toned layers [3]. However, the “ex-

cess” sulfur appears pervasive throughout the APXS 

analyses of the Murray formation (Figs. 1, 2) and is not 

restricted to specific regions. Evolved SO2 further indi-

cates the likely presence of iron sulfate/sulfide and/or 

Mg-sulfate in all Murray formation samples analyzed 

by SAM as Ca-sulfates do not decompose at tempera-

tures reached by the SAM ovens [4]. 

Titanium-Referenced Gains and Losses: The 

amount of SO3 found by the APXS in the Murray for-

mation ranges from less than 3 wt% to over 30 wt%. 

Assuming that samples with low abundance of sulfur 

 
Fig. 1: Molar Ca versus S for APXS analyses at Gale 

crater. There is more S than can be accounted for by 

Ca in Ca-sulfates. Including the known presence of 

plagioclase feldspar and pyroxenes (Ca-containing 

phases) exacerbates the issue of “excess” sulfur.  

 

 
Fig. 2: Histogram of remaining SO3 content for Murray 

formation samples after mathematical removal of Ca 

and S in proportions corresponding to Ca-sulfate until 

the remaining CaO reaches 3.0 wt%. This amount of 

CaO represents a typical value for calcium in identified 

crystalline phases (plagioclase feldspar and pyroxene). 
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represent the parent composition of the sediments, el-

mental gains and losses can be calculated for increas-

ing sulfur content by referencing a low-solubility ele-

ment such as titanium. In this approach, the change in 

composition is given as follows for each element, X 

[5]:  

Gain (or loss) = Xdaughter - Xparent * (Tidaughter/Tiparent). 

Using APXS measurements organized into bins of in-

creasing sulfur content, the Ti-referenced gains and 

losses are calculated (Fig. 3). 

Element Gains. As expected, an increase in Ca is 

observed with increasing sulfur content (Fig. 3). An 

upward trend in magnesium is also evident, indicating 

the addition of Mg-sulfate in concert with increasing 

Ca-sulfate. Chlorine also appears to be a component of 

the fluids that introduced the sulfates.  

Element Dilution. As the sulfur content increases, 

the aluminum and silicon profiles remain flat represent-

ing minimal gains or losses of these elements (Fig. 3). 

This is the expected result if the plagioclase feldspar 

component, the primary host for Al, is simply diluted 

by the introduction of Ca and Mg sulfates. Isochemical 

fluid alteration and the in-situ formation of phyllosili-

cates [6] subsequently diluted by the addition of sul-

fates could also produce this profile. Interestingly, the 

calculations also suggest minimal gains or losses of 

iron. This implies that the Fe-sulfates/sulfides detected 

by SAM were present in the samples prior to the intro-

duction of sulfur-rich fluids or that the formation of 

these phases occurred in-situ and involved pre-existing 

Fe in the sediments.  

X-ray Amorphous Sulfur Compounds: The ex-

cess sulfur (Fig. 2) could correspond to approximately 

10 wt% sulfate, depending on the cations and hydration 

states. Sulfates present at these levels would be easily 

detectable by CheMin XRD if they were crystalline: 

Any Mg- or Fe-sulfates present in Murray formation 

samples above ~1 wt% abundance are likely X-ray 

amorphous.  

Dehydration of most of the hydrated Mg-sulfates 

can produce an X-ray amorphous material [7], perhaps 

even after the drill samples were acquired [8]. Another 

process for producing X-ray amorphous Mg- and Fe-

sulfates is through cryoprecipitation of sulfate-rich 

solutions [9]. Experiments show that freeze-drying of 

Mg- and Fe-sulfate solutions produce amorphous pre-

cipitates while crystalline gypsum and anhydrite are 

formed from Ca-sulfate solutions under similar condi-

tions [9]. 

Conclusions: These results suggest that the fluids 

depositing the large amounts of Ca-sulfate to the Mur-

ray sediments also carried Mg and Cl. Mg-sulfates are 

likely present throughout the Murray formation as an 

X-ray amorphous component, either through dehydra-

tion or possibly as a product of cryoprecipitation. Any 

Fe-sulfates produced through fluid processes formed 

from pre-existing Fe, not Fe in solution.  

 

 
Fig. 3: Titanium-referenced gains and losses for select-

ed elements in Murray formation samples binned by 

increasing sulfur content. Ca, Mg, and Cl increase with 

the addition of S, while Si, Al, and Fe are only diluted. 

Uncertainty in plotted points are ~0.1 wt% (based on 

precision). 
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