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Introduction: Studies of the clay-bearing unit 

(CBU), also termed Glen Torridon (GT), have long been 
a prime goal for the Mars Science Laboratory (MSL) 
mission because of spectral signatures of smectite iden-
tified from orbit. These minerals can indicate habitable 
environments [1,2] and possibly facilitate the preserva-
tion of organic compounds [e.g., 3-7].  GT is overlain 
by sulfate-bearing layers and this sequence may record 
a large-scale change in aqueous conditions with time 
[8]; assessing the signatures of that change are another 
driver for exploring this area. Glen Torridon  is com-
posed of at least two stratigraphic members of the Mur-
ray formation (Fm), Jura and Knockfarril Hill [e.g., 
9,10]. MSL has drilled two samples from nearby blocks 
in the Jura member, termed Aberlady (AL) and Kilmarie 
(KM), and drilled two holes from the same block in the 
Knockfarril Hill member, at a site termed Glen Etive 
(GE).  Chemistry and Mineralogy (CheMin) instrument 
analyses of GT drill samples showed the largest abun-
dances of smectite clay minerals observed to date (>30 
wt.%) and relatively low amounts of hematite [11,12].  
Sample Analysis at Mars (SAM) analyses were per-
formed on the KM and GE samples. 

The SAM instrument suite has been essential in un-
derstanding volatile-bearing phases in Gale Crater ma-
terials. SAM’s evolved gas analysis mass spectrometry 
(EGA) has detected H2O, CO2, O2, H2, SO2, H2S, HCl, 
NO, and other trace gases, including organic fragments, 
in many samples. The identity and evolution tempera-
ture of evolved gases can support CheMin X-ray dif-
fraction (XRD) mineral detection and place constraints 
on trace volatile-bearing phases or X-ray amorphous 
materials. Here we discuss data and interpretations from 
SAM analyses of a sample of the Jura member in GT as 
represented by KM and a sample of Knockfarril Hill 
member as represented by GE.   

Methods: SAM analyzed several different portions 
of KM and GE in order to enable tunable laser spec-
trometer (TLS) or Gas Chromatograph (GC) analyses in 
addition to EGA.  One portion of GE was also used to 
perform SAM’s wet chemistry experiment to facilitate 
the GCMS detection of organic compounds through 
derivatization reactions [e.g., 7].     

During SAM EGA analyses, sample fines were 
heated to ~860oC at 35oC/min.  Evolved gases were 

carried by an He carrier gas (~0.8 sccm, 25 mb) to the 
mass spectrometer (MS) where they are detected by the 
mass-to-charge ratio (m/z) of the molecule or an isotop-
ologue or MS fragment of the molecule.  

Results: Phyllosilicates and other H2O-evolving 
phases: The H2O evolutions from KM and GE were 
overall similar consisting of broad evolutions with some 
superimposed peaks (Fig. 1a).  H2O evolved ~400-
600oC from KM and GE is consistent with dehydroxyla-
tion of a Fe-rich dioctahedral smectite, such as 
nontronite (Fig. 1a and 1b).  Smectites have been iden-
tified in stratigraphically lower members in the Murray 
Fm and trend upsection from trioctahedral to dioctahe-
dral, and more Al and Fe3+, consistent with increasing 
oxidation and element mobility in more open system hy-
drologic environments [12,13].  In SAM data, this trend 
can be seen in changes in H2O evolution peak tempera-
ture due to smectite dehydroxylation with dioctahedral 
smectites dehydroxylating at lower temperature than 
trioctahedral [14,15] (Fig. 1a and 1b). 

Water evolution at temperatures <~400oC likely de-
rives from the X-ray amorphous component in all sam-
ples. Peaks superimposed between ~250-300oC may de-
rive from trace phases such as Fe oxyhydroxides.  H2O 

 
Figure 1. a) SAM H2O EGA data from GT samples. b) 
Data from SAM-like lab EGA of selected smectites. 
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evolution >600oC, including subtle H2O evolution near 
715oC in KM, may derive from the dehydroxylation of 
additional trace phyllosilicates in GT samples. 

Salts:  Evolved SO2 is attributed to Fe sulfate or sul-
fide and Mg sulfate minerals that occur at abundances 
below CheMin detection limits and/or are X-ray amor-
phous since they were not detected by CheMin XRD.  
The SO2 evolution temperatures can distinguish Fe sul-
fate and sulfide from Mg sulfate evolution, with the for-
mer evolving SO2 from ~450-700oC and the latter 
>700oC (Fig. 2). KM and GE exhibited SO2 consistent 
with both Fe sulfates/sulfides and Mg sulfates, though 
overall more abundant sulfates in GE are implied by its 
larger total evolved SO2. Ca sulfate will not decompose 
in the SAM temperature range. Fe sulfates can be indi-
cators of acidic depositional or diagenetic conditions. 

No O2, and very little NO, evolution was observed 
from KM and GE, implying no oxychlorine and little 
nitrate salts. GE samples evolved HCl as a wide evolu-
tion from 300oC to the end of the temperature range, 
while KM did not exhibit significant HCl evolutions.  
Evolutions from GE likely derive from interaction of 
trace chloride salts (undetected by CheMin) with 
evolved H2O or other materials during heating.   

Carbon phases: CO2 evolved over a similar temper-
ature range from both samples, though KM exhibited a 
sharper peak near 300oC (Fig. 3).  CheMin detected ~2 
wt. % siderite in KM and ~1 wt. % siderite in samples 
from the first GE drill hole [16].  Siderite typically 
evolves CO2 above ~450oC, inconsistent with the ma-
jority of KM and GE CO2, but recent work by [16] has 
shown that finely crystallite siderite can evolve CO2 at 
<450oC. CO evolution (not shown), and some CO2 evo-
lution, from both KM and GE could result from the pres-
ence of oxidized organic compounds such as oxalates.  

Pyrolysis GCMS of KM did not reveal any clear na-
tive reduced organic compounds.  Pyrolysis GCMS, and 
the wet chemistry experiment, run on GE samples, how-
ever, revealed a higher diversity of organic compounds 
including significant amounts of sulfur-bearing organ-
ics in GE [7].   

Summary and Discussion: KM and GE show sim-
ilarities in clay mineralogy, salt chemistry, carbonates 
and likely oxidized organic compounds.  There is a sig-
nificant difference, however, in reduced organic chem-
istry which may imply better preservation of reduced or-
ganics in rocks at GE. Different depositional environ-

ments (lacustrine at KM and fluvial/aeolian at GE [e.g., 
9,10]), or differences in post-depositional alteration 
conditions, could have played a role.  The likely pres-
ence of more amorphous sulfates and trace chlorides in 
GE than KM may indicate a somewhat less leached dep-
ositional and/or post-depositional environment at GE 
that could have facilitated organic preservation.  Also, 
KM amorphous material has a higher SiO2 content than 
GE [12,17] perhaps resulting from more post-deposi-
tional alteration in KM that could have hampered or-
ganic preservation.  More diagenetic alteration at KM is 
also consistent with the location of KM closer to Vera 
Rubin ridge which exhibits evidence of diagenesis [e.g., 
18,19].  SAM analyses of additional GT samples, in 
context of other mineralogical, geochemical, and geo-
morphological information obtained by the rover, may 
help further constrain the depositional and diagenetic 
history preserved in GT and the implications for envi-
ronmental history and organic preservation potential.   
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Figure 2. SAM SO2 EGA data from GT samples. 

 
Figure 3. SAM CO2 EGA data from GT samples. 
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