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a b s t r a c t

Sulfates, commonly found in evaporite dep osits, were observed on Mars surface during orbital remote 
sensing and surface exploration. In terrestrial environmen ts, evaporite precipitation creates excellent 
microniches for microbial colonization, especially in desert areas. Deposits comprised of gypsu m, calcite, 
quartz and silicate deposits (phyllosilicates, feldspars) from Sahara Desert in southern Tunisia contain 
endolithic colonies just below the rock surface. Previous optical observations verified the presence of 
microbi al communities and, as described in this paper, spectral visible analyses have led to identification
of chlorophylls belonging to photosynthe tic bacteria. Spectral analyses in the infrared region have clearly 
detected the presence of gypsum and phyllosilicates (mainly illite and/or smectite ), as well as traces of 
calcite, but not qua rtz. 

X-ray diffraction (XRD) analysis has identified the dominant presence of gypsum as well as that of other 
secondary minerals such as quartz, feldspars and Mg–Al-rich phyllosilicates, such as chlorite, illite and 
smectite . The occurrence of a small quantity of calcite in all the samples was also highlighted by the loss 
of CO 2 by thermal analysis (TG–DTA). A normative calculation using XRD, thermal data and X-ray fluores-
cence (XRF) analysis has permitted to obtain the mineralogical concentration of the minerals occurring in 
the samples. 

The combination of multiple techniques provides information about the mineralogy of rocks and hence 
indication of environments suitable for supporting mic robial life on Mars surface. 

� 2013 Elsevier Inc. All rights reserved. 

1. Introduction 

Evaporite deposits are widespread in terrestrial environments 
and ancient gypsum deposits such as the Miocene and Permian 
succession, have been studied extensively (e.g. Spencer and 
Lowenstein , 1990 ). Nevertheles s, geological studies about the tex- 
tural and compositional characteristics of sulfates in modern envi- 
ronments (e.g. Stoertz and Ericksen, 1974; Benison et al., 2007; 
Douglas et al., 2008 ) are still patchy. 

There is abundant evidence that portions of the martian surface 
are rich in sulfate salts (Flahaut et al., 2010; Langevin et al., 2005; 
Sowe et al., 2012; Squyres et al., 2004; Thomson et al., 2011; 
Vaniman et al., 2004; Wendt, 2011 ) in environmental settings 
interpreted as analogous of terrestrial continen tal sabkhas 
(Gendrin et al., 2005; McLennan et al., 2005; Murchie et al., 

2009; ‘‘sabkha’’ is a salt flat and its geological usage implies intra- 
sediment evaporite growth beneath a flat geomorphic surface with 
an elevation dictated by the top of the capillary fringe, Warren and 
Kendall, 1985 ).

These sulfate deposits occurring in a broad area might hint to a
specific period of sulfate rich material formation at the end of the 
Early Mars era (from Late Noachian to Late Hesperian) (Bibring
et al., 2006 ). The discovery of sulfate deposits on Mars surface by 
the OMEGA and CRISM spectrometers, on board of Mars Express 
Orbiter (Bibring et al., 2006 ) and the Mars Reconnaissa nce Orbiter 
(Murchie et al., 2007 ) respectively, highlights the need for studying 
the gypsum characteristics and its mineral associations . Instru- 
ments on board of Mars Science Laboratory, launched in November 
2011, and ExoMars, scheduled for launch in 2018, will provide a
view of minerals and rock texture at a scale ranging from microm- 
eter to centimeter. In the field of remote mineral identification, vis- 
ible and infrared spectroscop y are highly successful techniques for 
mineral identification of geological materials on planetary sur- 
faces. However the study of rock compositi on needs multiple min- 
eralogica l analyses; the use of a single technique cannot avoid 
some degree of uncertainty in the mineral identification (see
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Section 3). Mars research is using this concept by combining X-ray 
diffraction (XRD) and X-ray fluorescence (XRF) in the developmen t
of the new generation of surface instruments suites, such as Che- 
Min for NASA’s Mars Science Laborato ry (Vaniman et al., 1998; Sar- 
razin et al., 2005 ). The combination of such techniqu es helps in 
determining the past conditions in which the examined samples 
were formed, investigatin g lithologies and niches that may harbor 
extant or fossilized life forms. Since a number of landforms , min- 
eral compositions and geological processes on Mars have terres- 
trial analogs, laborator y studies of such analogs materials are 
needed for a correct interpretation of the data produced by the ro- 
ver and orbiter observations of Mars. 

This paper investigates modern geological structure s, called 
spring mounds (Fig. 1A), that are located in southern Tunisia at 
the edge of Sahara Desert. Gypsum outcrops occur extensively in 
the area of ephemeral salt lakes (locally called ‘‘Chotts’’) (Drake
et al., 2004 ). In particular, along the border of the Chott el Jerid, 
characterist ic mound-shaped gypsum occur (Roberts and Mitchell, 
1987, Fig. 1A). The water emerges into the Chott el Jerid through a
thin clay aquiclude of Quaternar y age (Roberts and Mitchell, 1987 ).
This generally allows temporary flooding of the Chott during the 
winter. Currently, these springs are dry because of the overexploi- 
tation of the aquifer due to the recent (last tens years) local demo- 
graphic growth. Previous studies have characterized the endolithic 
communitie s of the mounds by optic and environmental scanning 
electron microscopy (ESEM), as well as by molecular and chro- 
matographi c techniques (Stivaletta and Barbieri, 2009; Stivaletta 
et al., 2010 ). The purpose of the present study is to extend the pre- 
vious investigation using multiple mineralogical techniques in or- 
der to better characterize a lithology suitable for microbial 

colonizati on in arid environments. On Earth the occurrence of the 
sabkha environm ent and their deposits indicate the presence of ex- 
treme environments . Inhabitants of arid environments include 
stress-res istant microorgan isms adapted to high salt concentr a- 
tion, desiccating conditions, rapid changes in salinity and water 
availabili ty, very intense sun light and high UV radiation. A key fac- 
tor in the adaptation to stressful parameters is the production of 
suites of protective mechanism s, such as the strategie s of coloniza- 
tion of protected microhabita ts that may provide more or less tran- 
sient episodes of habitability. Microniches , such as the endolithic 
mode of life, might have also occurred in martian environments, 
when the Mars surface became progressive ly drier and colder 
(Friedman n and Koriem, 1989 ). The search for evidence of life on 
Mars will require the identification of rock types that could have 
preserved them. Spectral analyses of samples from terrestrial sab- 
khas provide remote sensing information useful in searching for 
analogs environm ents on Mars surface. Moreover, a combination 
of XRD, scanning electron microscop y–energy dispersive X-ray 
spectroscopy (SEM–EDX), thermogravi metric analysis (TG–DTA),
visible and near infrared (VNIR) and thermal infrared (TIR) reflec-
tance and transmittance presented in this work illustrates the util- 
ity of multiple datasets. 

2. Material and experim ental procedures 

Samples were collected from mound evaporite deposits 
(Fig. 1A) located in the desert area of southern Tunisia 
(33�4402800N; 08 �5301000E). In particular , salt precipitatio n, espe- 
cially gypsum, on the top of the evaporite mounds makes charac- 
teristic superficial crusts (Fig. 1B). A distinct green–brown layer 

Fig. 1. (A) Panoramic view of spring mound along the border of the Chott el Jerid. (B) Gypsum crusts at the top of the spring mounds. (C) Cross fracture of the gypsum crust. 
The green layer is indicative of the endolithic colonization. Scale bar in (C): 1 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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