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Introduction and Motivation: The north polar re-
gion of Mars is situated at the lowest elevation of a 
basin that encompasses much of the northern hemi-
sphere, making it an ideal place for the potential depo-
sition of outflow channel fluids and sediments [1]. 
Today, large aeolian dune fields and sand sheets (the 
north polar erg) between about 75°N and 85°N domi-
nate the non-ice regional geology, as shown in Figure 
1 [2-4]. Evidence in the region for large, aqueous out-
flows from the ice cap [5], volatile-driven resurfacing 
[6,7], and water-equivalent hydrogen contents of the 
surface in excess of 30% by mass [8] suggest that sur-
face or ground water may have played a role in the 
formation and modification of these deposits (in addi-
tion to aeolian processes). Consequently, the composi-
tion, morphology, and current physical state of north 
polar aeolian bedforms may give insights into surface 
deposition and modification processes in the region, 
from the Noachian through the Amazonian. 

Recent results from the Mars Express spacecraft's 
Observatoire pour la Minéralogie, l'Eau, les Glaces et 
l'Activité (MEx/OMEGA) near-IR imaging spectrome-
ter investigation [9] have indicated the presence of 
extended deposits of hydrated calcium sulfates in the 
Olympia Planitia (OP) region [10], possibly implying 
an important role for surface or near-surface water in 
the alteration of the dune materials. Langevin et al. 
[10] proposed that the observed hydrated calcium sul-
fates are gypsum (CaSO4•2H2O), based on comparison 
with spectra taken by the OMEGA team during their 
ground calibration program. Gypsum can be formed in 
a variety of environments, but in general, gypsum for-
mation requires a source of sulfur and H2O (in a range 
of phases) interacting with Ca-bearing minerals [11]. 
Langevin et al. [10] did not propose a specific source 
of the sulfur in this region, but they suggested that the 
water necessary to form gypsum was most likely pre-
sent in or near OP, possibly related to outflows from 
the ice cap during a warm climate excursion.  Fish-
baugh et al. [12] reported that although the gypsum 
deposit is nearly exclusively associated with the dark 
dunes, there were no apparent correlations between the 
presence of gypsum and the physical or thermal char-
acteristics of the dune field in the THEMIS data in-
cluded in their study. This finding implied that the 
gypsum is well mixed with the dune material. Fish-
baugh et al. [12] further proposed that the water neces-
sary for gypsum formation emanated from the ice cap 
during a putative Chasma Boreale melting event or 
during a proposed separate small impact melting event 
that may have occurred near the region of what is now 
the highest observed gypsum concentration.  As the 

regional surface units are characterized by Early Ama-
zonian outflow deposits in addition to highly degraded 
features interpreted as mud volcanism deposits [6], 
native sulfur is presumed to be lacking in the regional 
surface units, and thus the water may have been sulfur-
rich when it interacted with the mafic dunes.  

The presence and morphology of the sulfate deposit 
raises many questions, including: How, when, and 
where were the sulfates originally deposited? Why are 
the sulfates restricted to the dunes? Are the sulfates 
related to the proposed induration of the dunes [13]? In 
addition, there are many aspects of OP itself that are 
poorly understood, including: Are the dunes active or 
indurated? What is their detailed mineralogy? What is 
the substrate beneath the dunes?  The answers to these 
kinds of questions are likely related to processes occur-
ring within Olympia Planitia involving the interaction 
of the dunes, the substrate, and the residual ice cap. 

To expand on the OMEGA results, we first sought to 
verify the sulfate detection locally in OP, to seek addi-
tional possible anomalous mineral signatures in the 
north polar region generally, and to provide a new as-
sessment of the composition and mineralogy of the 
dune materials themselves, using independent spectral 
analysis methods and newly-available laboratory sul-
fate mineral spectra [14]. To further investigate the 
mineralogy of the dune materials and to constrain the 
geologic evolution of the north polar region in general, 
we analyzed and synthesized a range of data sets, in-
cluding infrared spectra and thermal inertia data from 
the Mars Global Surveyor Thermal Emission Spec-
trometer (MGS/TES) [15,16], altimetry data from the 
MGS Mars Orbiter Laser Altimeter (MOLA) [17,18], 
visible-wavelength images from the MGS Mars Or-
biter Camera (MOC) [19,20], the Mars Reconnais-
sance Orbiter's High Resolution Imaging Science Ex-
periment (HiRISE) [21], Mars Color Imager (MARCI) 
[22], and Context Camera (CTX) [23], and thermal-IR 
and visible-wavelength images and thermal inertia data 
from the Mars Odyssey orbiter's Thermal Emission 
Imaging System (ODY/THEMIS) [24].   

Olympia Planitia Region: The OP erg is the largest 
aeolian accumulation on Mars, with a surface area of 
4.7 x 106 km2.  OP extends from 80° to 85°N along the 
edge of the residual ice cap from 140° to 240°E, with a 
500 m topographic high above the adjacent plains near 
180°E [1].  Because the topography of OP mirrors that 
of the residual ice cap south of Chasma Boreale and 
concentric residual ice patches are present in the adja-
cent plains, Zuber et al. [1] have proposed that OP now 
covers what was once the basal layer of a more exten-
sive ice cap. 
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Aeolian processes.  The wind regime in the north po-
lar region of Mars is controlled by the seasonal 
H2O/CO 2 cycle, which causes the dominant (summer) 
winds to flow onto the cap in the direction of rotation 
(from the southwest) [25]. However, a band of oppos-
ing flow (from the east) runs along the edge of the cap, 
over much of OP [26]. These winds vary seasonally 
from trending onto the cap in the summer to off the cap 
in the winter, driven by the sublimation of CO2 on the 
ice cap [27].   

Dune morphology.  While extensive barchan dunes 
characterize the margins of OP, the interior is charac-
terized by periodic, transverse dunes with an average 
separation of 0.5 to 2 km between crests, and an aver-
age height of 25 m [1,27].  Dune coverage ranges from 
25% coverage near the margins, up to 100% in the 
interior [26]. The estimated equivalent sediment thick-
ness (the depth of the volumetrically equivalent flat 
unit) of sand is approximately 1 to 6 m [27]. 

Dune migration rates depend upon the sand flux and 
the height of the dunes [28,29]; on Earth, migration 
rates can vary from cms to 10’s of m per year. Predict-
ing dune migration on Mars is uncertain, chiefly due to 
uncertainty in the fraction of the year that wind speeds 
may exceed applicable threshold velocities [30].  Mo-
tion and/or modification of small dunes on Mars is 
possible given grain sizes and apparent wind speeds, 
but so far detection of dune motion has eluded obser-
vation. Shatz et al. [13] concluded that the lack of 
movement observed between Viking and MOC images 
indicates that many, if not all, martian aeolian bed-
forms are crusted or indurated; however, this may not 
take into account martian geologic process timescales.  
Because dune movement scales with dune height and 
sand flux, large dunes on Mars may require more than 
30 years to move at the scales of the best Viking and 
MOC resolutions (1.4 to 11 m/pix; [19]).   

Composition.  Hubble Space Telescope and TES ob-
servations of OP have indicated that the dark dunes are 
of ferrous composition, and are most likely pyroxene 
rich [31].  OMEGA observations have confirmed this 
bulk composition for the dark dunes [12].  Previous 
studies have suggested that the source material for the 
dunes is the polar Basal Unit, which underlies the pre-
sent-day residual ice cap [32]. 

Seasonal changes. During winter and much of spring 
and fall, an approximately meter-thick layer of CO2 
frost obscures the dunes.  During summer (LS 90° to 
180°), the dunes are frost free, and their pyroxene sig-
nature is characterized by deep, relatively fresh-
appearing absorption bands, indicating that the upper 
few microns of the dune surfaces are relatively un-
obscured by dust or alteration [31]. If the dunes are not 
indurated, then saltation may be enough to keep the 
surface “fresh;” however, if the dunes are indurated, 
some other process must be operating to keep the sur-
face “fresh,” possibly involving the sublimation of 
CO2 from the near-surface pore-spaces in the dunes 

(“sublimation gardening”) [33]. 
Alteration.  In 2005, Langevin et al. [10] announced 

the detection of an extensive sulfate deposit in the 
north polar region, correlated with the boundaries of 
the OP dune field.  Based on the presence of a strong 
1.92 µm absorption feature, Langevin et al. have pro-
posed that the sulfate is gypsum (CaSO4•2H2O) [10]. 

On Earth, gypsum is most often formed as an 
evaporite from saline solutions (e.g., sea water), along 
with copious amounts of halite (NaCl) and, condition-
ally, some anhydrite (CaSO4).  Gypsum may also be 
formed by the action of sulfuric acid solution on Ca-
bearing rocks [11].  In volcanic regions, Gypsum may 
be formed by the action of sulfurous vapors on Ca-
bearing surface rocks; however, evidence of volcanic 
features in the northern plains of Mars is rare [6].  
Gypsum is a light-toned, soft mineral – the latter mak-
ing it highly susceptible to physical weathering. 

Based on these scenarios, the gypsum observed at 
OP may have initially formed either by acidic ground-
water acting on Ca-bearing rocks, or as an evaporite 
from an acidic, transient body of surface water.  Fish-
baugh et al. [12] propose that the source of such a 
body of water may have been an outflow from the re-
sidual ice cap, possibly associated with the formation 
of Chasma Boreale or a cratering event, but do not 
verify a source for the sulfur. 

Sulfate Detection Methods: Tools designed by the 
OMEGA team for basic calibration of OMEGA data 
are available on the official MEx website.  We have 
used the SOFT03 package, released in October 2005.  
This package contains IDL programs for extracting 
raw data, calibrated (I/F) data, and associated calibra-
tion information.  We have developed in-house tools 
for sorting candidate image cubes, removing bad spec-
tels, removing the solar and atmospheric spectral con-
tributions, creating polar mapped mosaics, and calcu-
lating band depth, as discussed below. 

The OMEGA image cubes that we have used in this 
study have an average resolution of 4 km/pixel, lie 
between 75°N and 85°N, and are limited to LS between 
90° and 115°. We have chosen this time range in order 
to acquire data after summer solstice (to minimize the 
presence of surface frost) and to include coverage up to 
the latest publicly released date in the summer season. 

A recurrent problem in the majority of these image 
cubes is the presence of planes of bad pixels that are 15 
pixels wide in the horizontal spatial coordinate, be-
tween pixels 80 and 95.  The bad pixels are either 
oversaturated or void, and are confined to alternating 
pixels in the vertical spatial direction in a consistent 
pattern that varies predictably within the spectral 
range. At the resolution of our final mosaic (4 
km/pixel), the bad pixels contaminate a strip 2 pixels 
wide and the full length of the image, but do not inter-
fere with regions where we have sampled spectra.  We 
have removed the bad pixels for the sake of continuity 
in our final mosaic by replacing each bad pixel with 
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the average of pixels above and below, producing a 
relatively seamless image. 

To compensate for atmospheric absorption, we have 
employed an atmospheric correction model based on 
the model created by the OMEGA team. In this model, 
the atmospheric spectrum was empirically derived 
from the ratio of OMEGA spectra of high and low ele-
vation regions on Olympus Mons (20.9 km and -2.8 
km altitude above the ellipsoid), specifically from im-
age ORB0479_5.  Unfortunately, atmospheric spectra 
created using this method do not accurately model the 
strong upper atmospheric “hot bands” centered at 
1.911 µm and 2.177 µm, as the bands are not present 
in the residual atmospheric spectrum in the high/low 
ratio. Fortunately, these bands are narrow enough that 
they only strongly affect one channel, and so we sim-
ply interpolate over them. 

 

 
Figure 1:  Absorption spectra of dark dune regions. 

Olympia Planitia (80.2°N, 244.5°E) spectra with (blue) and 
without (red) the atmospheric contribution are compared to 
that of a typical dark dune region (green; 78.2°N, 54.9°E). 
Dashed lines are gypsum absorption bands from [10,14]. 
 

Results: Figure 1 shows the average absorption 
spectrum from the locality within OP that exhibits a 
23% or greater 1.92 µm band depth, before and after 
atmospheric removal.  These spectra are compared to 
the spectrum of a typical dark dune region on the other 
side of the ice cap.  Several strong absorption features 
related to the presence of water in hydrated minerals 
are present, including features that are interpreted as 
the H2O stretching/overtone triplet near 1.5 µm, and 
the H2O stretching combination doublet near 1.95 µm. 
An S-O/H2O stretching overtone and combinations 
triplet is also a reasonable explanation for the feature 
near 2.2 µm [14]. 

Figure 2 shows the spectrum from Figure 1 com-
pared with the laboratory spectra of several common 
sulfates.  Gypsum is the only sulfate that we have ex-
amined  that  exhibits  the sharp doublet and triplet fea-
tures described above, superimposed on a relatively  

Figure 2: Absorption spectra of sulfate minerals com-
pared to OP spectrum [14]. Dashed lines are gypsum absorp-
tion bands [10, 14]. 
  
flat continuum. The spectra of several anhydrite sam 
ples also exhibit these features [14], but these were 
probably contaminated by atmospheric water vapor. 
The deposit is thus most likely gypsum, possibly 
mixed with gypsum’s dehydrated form, anhydrite. We 
will refer to the deposit as “CaSO4-bearing sulfates.” 

Figure 3 shows the distribution of CaSO4-bearing 
sulfates as derived from the 1.92 µm band depth, in an 
orthographic polar projection mosaic generated from 
32 separate OMEGA image cubes.  Our band depth is 
defined relative to the continuum at 1.85 µm and 2.13 
µm, well outside the 1.92 µm band. H2O ice, which 
exhibits a broad band in this region, has been sepa-
rately identified by its high reflectivity near 1.0 µm.  
There are several anomalous regions outside OP, some 
of which may have a sulfate component, but the low 
NIR band strength of the spectra from these regions 
has prevented us from determining conclusively yet 
whether or not they are sulfate-rich. 

Sulfate Deposit Morphology:  The overall mor-
phology of the possible gypsum distribution in Fig. 3 
implies a westerly, circumpolar, aeolian redistribution 
of the original deposit, which may have been located 
on or under the dunes in the region of highest concen-
tration, or elsewhere east of OP in the polar region.  
Fishbaugh et al. [12] have noted that the region of 
highest concentration does not extend to the edge of 
the dune field, and that the band depth drops off rap-
idly toward the Basal Unit and residual ice cap. Fish-
baugh et al. [12] have interpreted this gap as evidence 
that the source of the gypsum is not the Basal Unit.  In 
such a model, the dune and sulfate deposits would 
therefore have different sources and probably would 
not share the same formation event or process. 

Although the gypsum distribution follows the 
boundaries of OP precisely (especially at the eastern 
margin),  it  does  not appear to correlate with the other 
morphologic properties of OP, including topography 
and dune coverage.  If the wind distribution derived by 
Tsoar et al. [26] is accurate, the distribution does seem 
to correlate with wind directions in the interior, north- 
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Figure 3:  Distribution of Ca-bearing sulfate, based on 

1.92 µm band depth, ranging from 0 to 25% band depth be-
low the continuum.  Grayscale regions are residual water ice. 

 
ern side of OP, but not with winds at the southern mar-
gins [25, 26]. 

HiRISE and CRISM Observations. Recent HiRISE 
observations have shown that the interior of the dune 
field in the region of highest proposed gypsum concen-
tration is characterized by dunes covering a light-toned 
substrate that, when exposed in the dune troughs, ex-
hibits polygonal fracturing [34]. Although it is conven-
ient to think that the cracked, exposed substrate 
patches are the remains of sulfate rich playa deposits, 
CRISM observations have indicated that the largest 1.9 
µm band depth is correlated instead with the dune 
crests.  This may indicate coarser grain sizes, cementa-
tion of grains, or higher gypsum abundances in the 
dune crests [34]. 

Sulfate Deposition Scenarios:  We are considering 
four possible sulfate deposition scenarios: (1) Evapora-
tion of a polar outflow on the plains eastward of OP 
followed by aeolian redistribution [12]; (2) In situ for-
mation on the dunes due to circulating acidic ground-
water; (3) Formation in the OP substrate followed by 
aeolian erosion and redistribution [34]; and (4) Forma-
tion in interdune playas.  

In all these cases, but especially in (1), it must be as-
sumed that because gypsum is a soft mineral, gypsum 
grains probably would not be able to saltate long dis-
tances without breaking up, so the source region must 
be near the eastern margin of OP.  If the source region 
is within OP, such a constraint is obviously relaxed. 

Future Work:  Unfortunately, none of the sulfate 
deposition scenarios listed above can be confidently 
ruled out or confirmed with our current level of knowl-
edge. Thus, we will continue to investigate the mor-
phology and mineralogy of OP and the surrounding 

terrains with available data sets, and new measure-
ments from MRO and other spacecraft as they become 
available. We will attempt to determine whether any of 
the anomalous band depth regions in Fig. 3 have a sul-
fate component, especially those in and surrounding 
the polar cap.  We will also attempt to determine abun-
dances for the gypsum deposit and inspect the aeolian 
distribution more closely.  In particular, we will inves-
tigate in more detail the morphology and mineralogy 
of the dunes themselves, and of the interdune expo-
sures in Olympia Planitia, to determine if and how they 
relate to the paragenesis of what appears to be a rather 
unique and interesting CaSO4-bearing sulfate deposit. 

 
References: [1] Zuber M., et al. (1998) Science, 

282, 2053–2060.  [2] Tsoar H., Greeley R., and Peter-
freund A. (1979) JGR, 84, 8167–8180.  [3] Thomas P. 
and Weitz C. (1989) Icarus, 81, 185–215.  [4] Lancas-
ter N. and Greeley R. (1990) JGR, 95, 10921–10927.  
[5] Fishbaugh K. and Head J. (2002) JGR, 107, 5013–
5042.  [6] Tanaka E. et al. (2003) JGR, 108, 8043–
8075.  [7] Wyatt M. (2003) Geology, 32, 645–648.  [8] 
Feldman W. et al. (2004) JGR, 109, E09006.  [9] Bi-
bring J. et al. (2004) ESA Spec. Pub., 1240, 37–49.  
[10] Langevin Y. et al. (2005) Science, 307, 1584–
1586.  [11] Deer W. et al. (1992) The Rock-Forming 
Minerals, Pearson Ed. Ltd., 612–616.  [12]  Fishbaugh 
K. et al. (2006) 4th Mars Polar Sci. Conf., abstract 
#8041.  [13] Schatz V., et al. (2006) JGR, 111, 
E04006.  [14] Cloutis E. et al. (2006) Icarus, 184, 
121–157.  [15] Christensen P. et al. (1992) JGR, 97, 
7719–7734.  [16] Christensen P. et al. (2001) JGR, 
106, 23823–23872.  [17] Zuber M. et al. (1992) JGR, 
97, 7791–7797.  [18] Smith D. et al. (2001) JGR, 106, 
23689–23722.  [19] Malin M. et al. (1992) JGR., 97, 
7699–7718.  [20] Malin M. and Edgett K. (2001) JGR, 
106, 23429–23570.  [21] McEwen A. et al. (2007) 
JGR, submitted.  [22] Malin M. et al. (2007) JGR, 
submitted.  [23] Malin M. et al. (2007) JGR, submit-
ted.  [24] Christensen P. et al. (2004) Sp. Sci. Rev., 
110, 85–130.  [25] Thomas P. and Gierasch P. (1995) 
JGR, 100, 5397–5406.  [26] Tsoar H., et al. (1979) 
JGR, 84, 8167–8180.  [27] Lancaster N. and Greeley 
R. (1990) JGR, 95, 10921–10927.  [28] Greeley R. and 
Iversen J. (1985) Wind as a Geologic Proc.…, Cam-
bridge U. Press.  [29] Sarre R. (1987) Prog. Phys. 
Geog., 11, 157–182.  [30] Lee P. and Thomas P. 
(1995) JGR, 100, 5381–5395.  [31] Noe Dobrea E. and 
Bell J. (2001) LPS XXXII, abstract #2099. [32] Fish-
baugh K. and Head J. (2005) Icarus, 174, 444–474.  
[33] Bell, J. et al. (1997) Mars Tele. Obs. Wksp. II, 
LPI/TR 97-03.  [34] Roach L. et al. (2007) LPS 
XXXVIII, abstract #1970. 

Seventh International Conference on Mars 3241.pdf


