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Introduction: Sulfates have been found as a con-

stitutive part of sedimentary formations exposed to the 
surface of Mars [e.g. 1, 2, 3, 4]. At the North Polar 
Region, gypsum minerals have been identified within 
dunes at the Olympia Undae [1, 2, 5], with a stronger 
gypsum signature detected along the dune crests than 
in the interdune areas [6, 7]. As terrestrial gypsum, 
gypsum at the Olympia Undae may have been re-
precipitated by ground- or surface-water activity after 
the main deflation events [8]. Additionally, preserved 
sulfate-rich interdune deposits have been found at three 
outcrops at the Opportunity landing site in Meridiani 
Planum. These deposits have been interpreted as 
formed in wet and damp-wet interdune and sand sheet 
environments [4, 9], evidence that environments or 
settings similar to those of the White Sands National 
Monument (WSNM) from New Mexico may have 
existed on Mars during the past. 

The WSNM contains one of the largest known 
gypsum dune fields on Earth. The dune field is domi-
nated by transverse dunes, which are cemented by a 
high groundwater table (~ 0.3 m [10]). The dunes are 
formed from deflated material of the Pleistocene Lake 
Otero about 7000 yrs ago [8]. Remote sensing of his-
torical aerial images revealed the average rate of dune 
migration to be about 3.4 m per year and the interdune 
areas within the dune field may be approximately 50 
yrs old [8]. The preserved interdune structures found 
along west margin of the dune field are estimated to be 
600 to 1000 yrs old [8]. Here we report our findings 
about mineral composition of the dune deposits, where 
similarly to Martian dunes, dune crests exhibit less 
mineral diversity and slightly different mineral signa-
ture than the interdune areas. This difference at the 
WSNM is partially caused by early diagenetic proc-
esses and partially by biological presence. Biofilm acts 
as a trap for anions and cations brought by ground wa-
ter or mineral dissolution or produced by microbes. 
These trapped compounds will upon biofilm desicca-
tion form mineral precipitates. Additionally, some of 
mineral precipitates will form in biofilm vicinity as its 
presence locally changes the chemistry of the envi-
ronment. 

Materials and Methods: The sampling strategy 
included the collection of samples from the surface and 
a depth of 10 cm at the same sampling spot. The sam-
ples were collected along a dune profile, including 
dune slopes and interdunes. Further, different types of 
interdune surfaces were sampled, including 600 - 1000 

yr and 50 yr old interdunes, and the vesicular crust 
formed by microbial respiration processes, most likely 
after the flooding of the dune field in 2007. 

The main minerals were identified by powder dif-
fraction of dried and moist samples using the InXitu 
Terra XRD instrument, a commercial version of 
CheMin XRD instrument. Scanning Electron Micros-
copy (SEM) in conjunction with energy dispersive x-
ray analysis (EDS) (JEOL JSM 6500F equipped with 
EDS) was employed for detailed morphological and 
specific chemical compositional study of minerals, 
microbial forms and biofilm. Analytical conditions for 
SEM observations of platinum coated samples were 
standard high vacuum mode (1.9 x 10-4 Pa) with 15 
and 12 kV beam. Each sample was divided into 3 sub-
samples. One set of sub-samples was dried under 
50°C, another set was etched with 1N HCl for 2 min-
utes and the acid was washed out with reagent grade 
clean water. The last set of sub-samples was fixed by 
immersion in 2% glutaraldehyde for 30 min and dehy-
drated through a graded ethanol series (35%, 50%, 
75%, 80%, 95%, and 100%). After dehydration sam-
ples were mounted onto SEM stubs and coated with 
platinum. Dried and etched samples were used for 
mineral analysis and to identify and characterize rela-
tionship between biofilm and minerals; whereas fixed 
samples were used for observations of biological mate-
rial. 

Results and Discussion: Dune Sides. Mineral 
grains from dune sides are well-rounded by the aeolian 
erosion. Gypsum and bassanite are the main minerals. 
The mineral variation at the dune sides largely occurs 
as a function of gypsum dehydration, with surface 
samples composed mainly of bassanite and the subsur-
face composed of gypsum. Mineral grains were not 
covered with fresh biofilm or microbial cells, however 
irregular mineral surfaces and fractures of larger grains 
were filled by desiccated biofilm and the associated 
precipitates. Biofilm precipitates are: gypsum (by EDS 
we could not discriminate gypsum from bassanite), 
carbonates (calcite and huntite), celestine and amor-
phous silicate enriched in magnesium. 

Common Interdune Areas. The interdune areas 
show higher mineral diversity than the dune sides. A 
common type of interdune area consists of gypsum, 
bassanite and minor calcite and quartz, while the sub-
surface consists of gypsum and bassanite. About few 
mm thick biofilm was found 0.5 cm beneath the sedi-
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ment surface. Besides the biofilm and microbial cells, 
SEM analysis revealed the presence of diatoms and 
spores. Gypsum grains are covered by fresh and par-
tially permineralized biofilm that holds and cements 
the grains. It is notable that biofilm was the thickest on 
the grain sides which were already eroded/dissolved 
and on the sides where gypsum sheets were exposed. 
In such way the mineral surface provided the larger 
area for the biofilm attachment and likely was easier to 
dissolve. The dissolution surfaces caused by biofilm 
exhibit small pits. Fresh biofilm and cells contained 
Mg, Cl, Si and Ca compounds. Micron scale precipi-
tates detected on dried biofilm were mostly tabular and 
lenticular gypsum, silicates, halite, chlorides of Mg 
and Ca (tachyhydrate-like mineral), huntite, calcite and 
celestine. Except gypsum, halite and celestine, mineral 
phases detected in biofilm are irregular grains without 
any crystallographic characteristics. 

Interdune Areas With Vesicular Sand. Some of the 
interdune surfaces have vesicular crust and sand, 
which were formed by microbial respiration processes. 
These sediments are composed of gypsum, hexahy-
drite, glauberite, halite and minor quartz and bassanite. 
This type of interdunes shows higher content of salt 
than common type of interdunes or oldest interdunes. 
The grains are partially cemented by fresh well-
developed biofilm and cells with minor mineral pre-
cipitates. Diatoms were present at this site too. Mineral 
precipitates associated with biofilm are: halite, celes-
tine, hexahydrite and magnesium chloride. Gypsum 
grains, more than 100 µm in size, without traces of 
aeolian or biological erosion were observed. These 
grains were new minerals formed at this site during 
period of locally high fringe.  
Subsurface deposits are mainly composed of lenticular 
and tabular gypsum/bassanite, minor quartz and car-
bonate minerals. Micron-scale minerals associated 
with biofilm are calcite, huntite, dolomite, celestine, 
and alluminosilicates of Fe and K (mica minerals). 

600 to 1000 yrs Old Interdune Areas. Unlike the 
interdune areas from the dune field, the old interdunes 
have surface crusts mainly composed of gypsum, 
dolomite, and quartz minerals, whereas the subsurface 
sediment is mostly gypsum. This site is characterized 
by high level of moisture and well-developed ~ 1 cm 
thick biofilm, numerous microbial cells, diatoms and 
eukaryotes. Mineral grains are entirely included in 
biofilm. Mineral precipitates observed on/in biofilm 
include halite, magnesium chloride, gypsum, huntite, 
dolomite, celestine, amorphous silicate and magnesium 
silicate. In some cases dolomite is associated with 
amorphous silicate from the biofilm. At this site new 

gypsum minerals (more than 100 µm in size) were 
observed.  

 
At the interdune areas biofilm will form at the dry-

moist sediment interface. As this interface represents 
the zone of desiccation some of the salt compounds 
and gypsum will precipitate even without the biofilm 
presence. These minerals are usually larger in size than 
precipitates associated with biofilm. The biofilms show 
significant Mg, Si, Ca, Na, Cl and S components ac-
cording to EDS analyses. Diatoms may have provided 
the Si compound, whereas Ca, Na, Cl, and S may have 
been brought by the groundwater system. Mg com-
pound is always strictly associated with biofilm, so we 
may assume that this compound is of biologic origin. 
Some of these elements may have been used by mi-
crobes for metabolic activities while others were likely 
trapped in biofilm as a protective mechanism. Over-
saturation of biofilm by these compounds will cause 
mineral precipitation that was detected by XRD and 
EDS analyses. Additionally, the presence of desiccated 
biofilm and precipitates on the grains analyzed from 
the continuously migrating dune sides will provide 
supply of carbon and minerals that could be used as 
nutrients for seasonally newly formed biofilm at the 
interdune areas. 

As observed at the WSNM the difference in min-
eral signatures between dune crests and interdune areas 
is common on Earth as well. In terrestrial settings this 
difference is caused by both early diagenetic processes 
and by biological influence. Therefore it is possible 
that similar aeolian gypsiferous dune settings at Merid-
iani Planum or at Olympia Undae may have offered 
similar habitable settings as those found at the WSNM.  
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