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High-resolution images from the Mars Obiter Camera (MOC) onboard the Mars Global Surveyor (MGS)
show a variety of gully features on sloped surfaces of Mars. The mechanism of gully formation is still
under debate, although a majority of studies tend to favor a mechanism related to liquid water flow
based on geomorphology and fluid mechanics considerations. In this study, we examined four known
gully sites using Visible and Infrared Mineralogical Mapping Spectrometer (OMEGA) imagery. In
particular, we analyzed the absorption depths of the water-associated absorption bands and concluded
that there are stronger water signatures at the gully-exposed sites than in the surrounding areas. This
implies that the water signatures, most likely representing water ice, isolated water molecules, and/or
hydroxyl molecules incorporated into minerals, are still present in the shallow unconsolidated soils.
This study provides additional evidence that water was likely involved in the formation of the gully
features and is still locally active on the Martian surface in the present time.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Mars has experienced wet and possible warm surface condi-
tions in its early history (e.g., Sagan et al., 1973; Pollack et al,,
1987; Squyres and Kasting, 1994; Golombek, 1999; Tanaka, 2000;
Craddock and Howard, 2002; Kerr, 2003; Paige, 2005; Poulet et al.,
2005; Bibring et al., 2006; Fan et al., 2008). Localized liquid water
activities are thought to have occurred episodically over most of
Martian history (Malin and Edgett, 2000a; Christensen, 2003;
McCollom and Hynek, 2005; Schulze-Makuch et al., 2007; Soare
et al., 2007), up to very recent geologic time (e.g., Malin et al,,
2006). The wet and warm conditions of early Mars imply that
life might have emerged, and may still be present on Mars
(Schulze-Makuch and Irwin, 2004). Thus, any site associated with
liquid water may also harbour the potential for life on Mars.

The hydrologic history of Mars has been reconstructed from a
variety of indicators, which include: (1) geomorphology such as
shorelines, gullies, channels, valleys, and alluvial fans (e.g., Parker
et al., 1989; Malin and Edgett, 2000a, 2003; Fairén, et al., 2003;
Mangold et al., 2004; Solomon et al., 2005); (2) sedimentary
structures such as layered deposits, cross bedding, and layered
evaporites (e.g., Malin and Edgett, 2000b; Paige, 2005; Gendrin
et al., 2005; Bibring et al., 2005); (3) mineralogy such as hydrated
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phyllosilicates, hydrated sulphates, and other hydroxide minerals
(e.g., Arvidson et al., 2005; Poulet et al., 2005; Langevin et al.,
2005; Bibring et al., 2006); and (4) anomalies of volatile element
concentrations such as Br and Cl (e.g., Dreibus and Waenke, 1987,
2000; Squyres et al., 2004; Haskin et al., 2005).

Gullies imaged by the Mars Obiter Camera (MOC) (1.5-
12.0 m/pixel) aboard the Mars Global Surveyor (MGS) were first
described by Malin and Edgett (2000a). The gully features have
been found on crater walls, valley walls, polar pits, scarp faces,
mesas, and fretted terrain mostly in areas of 30-72° latitude in
both hemispheres (Heldmann and Mellon, 2004). A gully-exposed
site may consist of a single gully or more commonly a gully
system with tens of gullies occurring side by side on the same
slope face. A single gully is composed of an alcove, a main V-shape
channel, and depositional aprons. This is referred to as the alcove-
channel-apron structure, which can be hundreds of meters to a
few kilometres in length (Heldmann et al., 2007).

Several mechanisms have been proposed to explain the gully
formation. These can be summarized into two categories: liquid
water-related and non-liquid water related. The proposed liquid
water mechanisms include: (1) groundwater seeping out onto the
surface (i) from a shallow subsurface aquifer (Malin and Edgett,
2000a; Mellon and Phillips, 2001; Heldmann and Mellon, 2004;
Heldmann et al., 2005, 2007), (ii) from a deep subsurface aquifer
(Gaidos, 2001), or (iii) via localized geothermal heating of
permafrost ice (Hartmann, 2001); (2) water melting from shallow
ground ice at high obliquity (Costard et al., 2002); and (3)
snowmelt from dissipating snow packs at high obliquity
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(e.g., Christensen, 2003). The non-liquid water mechanisms
include: (1) liquid CO, from a buried reservoir (Musselwhite
et al, 2001); (2) liquid hydrocarbon seepage (Direito and
Webb, 2007); (3) dry landslides (Treiman, 2003); (4) dust
avalanches (Sullivan et al, 2001); and (5) windy sand dune
activity (Bart, 2007).

Heldmann et al. (2007) examined gullies and associated mechan-
isms in detail and suggested that a liquid water mechanism is most
likely. The suggested water source would be seepage and surface
runoff of groundwater from shallow aquifers due to the melting—
freezing cycles of ice-cemented soil plugs between the aquifer and
the slope surface. This process would be induced by obliquity
change of Mars or by localized geothermal heating in recent geologic
time. Malin et al. (2006) compared MOC images taken in December
2001 and April 2005 for one site and in August 1999 and February
2004 for another site, and concluded that these sites exhibited
evidence for liquid water activity in the past few years.

The formation mechanisms of these features, especially in
relation to the fluid agent, have been discussed primarily based on
geomorphology and fluid mechanics. Our hypothesis is that if
liquid water has been the fluid agent, then we should be able to
detect water signatures by using hyperspectral images. Liquid
water movement near the subsurface would most likely be
associated with (1) fast evaporation of water into the atmosphere;
(2) freezing of water in the pore space of loose materials; or (3)
incorporation of water into minerals by chemical alteration. If so,
the gully-exposed sites are likely to maintain more water than
their surrounding areas if the gullies were generated by liquid
water, especially for those gullies formed recently. This “wetter”
surface (sand, soil, and regolith) could then be detected with
reflectance spectral images.

Hyperspectral images in visible and infrared wavelengths were
obtained from OMEGA on board the ESA/Mars Express. The
spacecraft began to take images in 2003 and operates within the
wavelength range 0.35-5.2 pm using 352 spectral bands of 7 to
20nm spectral resolution. OMEGA provides images at a spatial
resolution of 1.5-5km globally and 350m for selected areas
(Bibring et al., 2005; Gendrin et al., 2005). Visible and near-
infrared reflectance spectra are very sensitive to water and
hydrated minerals.

In this paper, four gully-exposed sites at Terra Sirenum
(36.5°S/198.2°E), the north of Reull Vallis (40.0°S/108.2°E), on
the northeast wall of Hale Crater (35.5°S/324.6°E) and the upper
Dao Vallis (33.1°S/93.2°E) (Fig. 1) were selected to investigate the
presence of water, based on (1) availability of OMEGA images
covering gully-exposed sites; (2) quality of the available OMEGA
images; (3) compatible scale of the size of gully-exposed sites
with the spatial resolution of the corresponding OMEGA image;
(4) representation of different types of gully features located at
relative lower latitudes for avoiding the effect of CO,; and (5)
appropriate Martian season and local time that OMEGA image of
gully-exposed site was taken for avoiding the effect of water frost.

2. Methods

We analyzed reflectance spectra of OMEGA images, measured
and compared the absorption band depths of water (molecular or

hydroxyl) on a pixel scale (statistically), and interpreted the
abundances of water components in the surface soils and rocks at
the gully-exposed sites (the target site) and its surrounding areas.
The absorption depth of the water absorption bands is linearly
proportional to the abundance of water-related materials by
which the absorption is produced because absorption depth is
proportional to the absorption intensity represented by the water
absorption band (Clark and Roush, 1984). This is generally true for
a small area where the environmental effects (mainly atmospheric
abundance and composition, dust, and wind) are invariant and the
effect of grain size is limited.

The OMEGA images downloaded from the European Space
Agency (ESA) were first transformed to the tiff image format using
the IDL code (SOFT03) developed by the ESA/OMEGA team.
Atmospheric correction was conducted using the model provided
by the ESA/OMEGA team. This model assumes that the Martian
atmospheric column is homogeneous and the materials on the
summit and at the base of Olympus Mons are identical. Atmo-
spheric absorptions could be removed by dividing the reflectance
spectra by a ratio of spectra acquired on Olympus Mons and scaled
to the same column density of CO, (Langevin et al., 2005).

Reflectance spectra were extracted from a pixel or a group of
pixels at the target site and from the surrounding pixel rings
(as shown in Fig. 2). Reflectance spectra were also extracted pixel-
by-pixel along cross sections through the target site in near E-W
and N-S directions. The pixel(s) at the target site and five pixels
away from the target site in both directions were investigated.
This was assumed to be a reasonable range to observe the
variation of the Martian surface materials around gully-exposed
areas on the basis of the scale of a gully-exposed site (hundreds
meters to a few kilometres) and a pixel in an OMEGA image
(0.3-5km). It is reasonable to assume that the centre of gully-
exposed site might have been subjected to more frequent
seepages of groundwater than the surroundings. So more water
traces should have been left in the centre of gully-exposed site
than the surroundings. A correlation coefficient between the
absorption depths of water features and the distances from the
centre outward is thus calculated and analyzed.

A continuum was removed to analyze absorption features as
described by Clark (1981a) and Clark and Roush (1984).
Continuum removal was employed to eliminate the influence of
spectral background, which makes similar spectra distinctive and
concentrates on the absorption features. The process can be
expressed by

Re(w) = Ra(w)/C(w) (1)

where R, is the continuum-removed observed spectrum; R, is the
apparent reflectance spectrum as a function of wavelength, and C
is the continuum for the apparent spectrum.

In this paper, we focused our analysis on absorption features of
wavelengths ranging from 0.97 to 2.55pum with a total of 114
channels of OMEGA images. In this wavelength range,
the presence of H,O and/or OH can cause a number of
absorptions. Water (H,0) and hydroxyl (OH) in the state of
a free molecule, and in minerals or organic matter gene-
rates distinct absorptions. The water molecule has three funda-
mental vibrations; v; (symmetric OH stretch); v, (H-O-H bend);
and vs (asymmetric OH stretch). The overtones of water (involving

Fig. 1. MOLA shaded relief images (left panel), MOC-NA images (middle panel), and OMEGA images (right panel) of the four investigated gully-exposed sites. MOLA images
resolution is 0.015625 (1/64) by 0.015625 degrees. The white square in MOLA image denotes the gully location and matched point (red) in OMEGA image denotes the
hydrated feature. (A) at 36.5°S/198.2°E, Terra Sirenum; (B) at 40.0°S, 108.2°E, the north of Reull Vallis; (C) at 35.5°S/324.6°E, the northeast wall of Hale Crater; and (D) at
33.1°S/93.2°E, the upper Dao Vallis. RGB composites of OMEGA images are 1.997 pm +1.529 um +1.155pm for A (orb1408_5), 1.997 um +1.529 um+1.084 um for B
(orb1887_3), 2.011 pm+1.529 pm+1.112 pm for C (orb1143_7), and 1.997 um+1.529 pm+1.155 um for D (orb1464_4). Scaled width of the MOC-NA images are 3.19 km for A
(S0501463), 2.85 km for B (M0402479), 4.5 km for C (MOC2-1620-a), and 2.85 km for D (M1101601).
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Fig. 2. Schematic location of a gully-exposed site as a pixel in the centre (red) and
its surrounding areas as pixel rings in an OMEGA image. For example, the 1st ring
(green) is a group of 8 pixels, the 2nd ring (blue) is a group of 16 pixels, the 3rd ring
(yellow) is a group of 24 pixels, the 4th ring (cyan) is a group of 32 pixels, and the
5th ring (magenta) is a group of 40 pixels. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

multiples of a single fundamental mode) and combinations
(involving different modes of vibrations) were observed in
reflectance spectra of the isolated water and the H,0-bearing
materials (Clark, 1999).

Isolated water molecules have absorption bands at 0.94 pm
(2 vitoz), 1.14um (vitvptos), 1.38 um (vq+vs), 1.45um (2 vatvs),
and ~1.87um (vy*v3) (Hunt and Salisbury, 1970). Water in
minerals has combination and overtone bands close to
these positions (Clark et al., 1990). OH has only one stretching
vibration (voy) and its overtones are near 1.40um (2von)
and 0.95um (3 von) (e.g., Cloutis et al., 2006). For water ice,
the overtones and combination bands are shifted to 1.04 (vs.
0.94)pum, 1.25 (vs. 1.13)um, 1.50-1.66 (vs. 1.38-1.45)um, and
1.96-2.05 (vs. 1.88)um (e.g., Clark, 1981b; Cloutis et al., 2006).
The combination of H-O-H and OH stretching and bending
causes 1.80um (Cloutis et al., 2006) and 1.90 um (Clark, 1999)
absorption bands. The hydroxyl linked to metals produces a
metal-OH bend. Combination vibrations involving the OH stretch
and metal-O-H bend cause absorptions in the 2.00-2.50 um
range, such as 2.20 um for AIOH and 2.29 um for MgOH and FeOH
(Clark et al., 1990).

The depths of absorption features of water vary as a function of
water content and structure state (Dalton, 2003). The higher the
abundance of a material is, the greater the corresponding
absorption band depth. The absorption depth is calculated using
two adjacent spectral channels of continuum spectra. The centre
band of absorption can be expressed by

D=1-Ry/R, (2)

where D is the depth of absorption band; R, is the reflectance at
the band centre; and R. is the reflectance of the continuum at the
band centre.

A minimum noise fraction (MNF) transformation was
used to separate the original bands into MNF bands of noise-free
and MNF bands of noise, and then the inverse MNF was
applied to convert the noise-free (less) MNF bands back into the
original dimension using the first 20 bands. Therefore, absorption
depths of water absorption bands were measured using ENVI
software for an individual pixel or the mean of a pixel ring from
continuum-removed reflectance spectra. Then we compared
absorption band depths of the spectra at the target site and its
surrounding areas, and pixel by pixel along a cross section
through the target site.

3. Investigation of selected gully-exposed sites
3.1. Gully feature in Terra Sirenum (36.5°S/198.2°E)

Gullies were observed on the wall of an unnamed crater of
about 3.8 km in diameter (36.5°S/198.2°E) in the MOC narrow-
angle image S05-01463 with a spatial resolution of 1.56 m/pixel
(Fig. 1A, middle panel). Among these gullies a light-toned flow
about 300m long was identified by Malin et al. (2006) on the
northwest wall of the crater when they compared the MOC image
taken in December 2001 (Ls = 290°) and the image taken in April
2005 (Ls = 193°). The light-toned flow was interpreted as a fresh
deposit with liquid water seeping out onto the surface from a
shallow aquifer (Malin et al. 2006).

The OMEGA image Orb1408_5 (Fig. 1A, right panel) was
downloaded and processed based on the methods described
above. The image was taken on February 21, 2005 (Ls = 163.5°).
The Mars local time of this site when the OMEGA image was taken
was at about 11:05 am (MTC-11, Coordinated Mars Time) in the
Martian southern hemisphere late winter. The pixel X: 106/Y: 139
(Lat. —36.477398, Long. 198.218796E) in the image matches with
the crater, where gullies were found. One pixel in the OMEGA
image at the target site has the areal extent of about 3.9 km x 3.2
km on the ground. This is about the same size as the crater itself.
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Fig. 3. Continuum-removed reflectance spectra of the target site and its
surrounding pixel rings. From the bottom to the top are spectra of the target site
(red), 1st pixel ring (green), 2nd pixel ring (blue), 3rd pixel ring (yellow), 4th pixel
ring (cyan), and 5th pixel ring (magenta). (A) at Terra Sirenum, (B) at the north of
Reull Vallis, (C) at the northeast wall of Hale Crater, (D) at the upper Dao Vallis.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Table 1
Data of absorption band depths of gully feature in Terra Sirenum (36.5°S/198.2°E).

A. At the target site and its surrounding rings

Band range 1.0121/1.0550 1.1555/1.1986 1.3568/1.4430 1.4861/1.5291 1.7291/1.8285 1.8285/1.8850 1.8850/1.9553 1.9553/2.0253 2.0253/2.0948 2.0948/2.2188
Center 1.0407 1.1699 1.3999 1.5004 1.8002 1.8709 1.9132 1.9693 2.0392 21776
Target pixel 0.017 0.021 0.007 0.003 0.019 0.07 0.09 0.019 0.045 0.036
1st 0.014 0.027 0.007 0.002 0.016 0.071 0.089 0.02 0.04 0.032
2nd 0.014 0.026 0.006 0.002 0.015 0.07 0.091 0.021 0.041 0.032
3rd 0.013 0.025 0.006 0.002 0.016 0.067 0.092 0.02 0.041 0.032
4th 0.013 0.025 0.005 0.002 0.018 0.068 0.09 0.019 0.039 0.036
5th 0.013 0.026 0.005 0.002 0.016 0.071 0.089 0.02 0.039 0.035
Correlation 0.828 —0.459 0.956 0.655 0.284 0.228 0.046 —0.071 0.791 —-0.183
B. In the cross section of East-West direction through the target site
East 0.015 0.028 0.007 0.003 0.015 0.072 0.088 0.023 0.039 0.029
0.016 0.024 0.008 0.002 0.02 0.073 0.091 0.018 0.037 0.033
0.015 0.025 0.006 0.002 0.016 0.068 0.093 0.018 0.042 0.03
0.017 0.024 0.008 0.003 0.021 0.066 0.097 0.023 0.044 0.03
0.015 0.026 0.008 0.003 0.016 0.065 0.093 0.02 0.043 0.036
Target 0.017 0.021 0.007 0.003 0.019 0.07 0.09 0.019 0.045 0.036
0.017 0.029 0.005 0.004 0.017 0.064 0.085 0.023 0.037 0.031
0.016 0.032 0.008 0.002 0.016 0.081 0.087 0.021 0.04 0.033
0.018 0.023 0.006 0.002 0.014 0.068 0.08 0.018 0.043 0.03
0.019 0.025 0.007 0.002 0.014 0.071 0.087 0.021 0.036 0.03
West 0.017 0.028 0.009 0.003 0.015 0.067 0.089 0.027 0.043 0.03
Correlation —0.029 —0.186 —0.283 0.361 0.403 —0.196 0.140 —0.316 0.369 0.693
C. In the cross section of South—North direction through the target site
South 0.012 0.022 0.006 0.002 0.02 0.066 0.087 0.018 0.038 0.035
0.011 0.02 0.005 0.002 0.023 0.071 0.089 0.02 0.043 0.036
0.016 0.026 0.008 0.002 0.026 0.071 0.093 0.026 0.046 0.036
0.018 0.023 0.006 0.003 0.021 0.074 0.091 0.024 0.044 0.034
0.011 0.017 0.007 0.003 0.021 0.076 0.088 0.019 0.041 0.03
Target 0.017 0.021 0.007 0.003 0.019 0.07 0.09 0.019 0.045 0.036
0.014 0.028 0.01 0.002 0.01 0.073 0.091 0.025 0.041 0.035
0.016 0.021 0.006 0.002 0.012 0.069 0.093 0.025 0.041 0.022
0.008 0.022 0.01 0.004 0.02 0.073 0.097 0.02 0.042 0.036
0.019 0.021 0.004 0.005 0.021 0.076 0.098 0.022 0.039 0.042
North 0.012 0.023 0.008 0.004 0.012 0.082 0.098 0.02 0.038 0.042
Correlation 0.258 —-0.011 0.283 -0.213 —0.140 —0.146 —-0.331 0.230 0.555 —0.467
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The target pixel and its five surrounding rings of pixels were
selected as regions of interest (ROIs). Their reflectance spectra
after MNF transformation are shown in Fig. 3A. The spectra of the
target site and its surroundings are similar, which indicates that
the materials at the target site and in its surrounding areas are
similar. Ten absorption bands were observed and examined,
among them the water-related bands at 1.04, 1.40, 1.50, 1.80,
1.87, 1.91, 2.04, and 2.18 um. Absorption bands at 1.17 um related
to ferrous materials (coordinated by H,0, Cloutis et al., 2006) and
at 1.97 um related to CO, ice (such as clathrate, CO, in water ice,
Bernstein et al., 2005) were also examined. The absorption band
centres, band ranges, and absorption band depths are shown in
Table 1. The correlation coefficients between absorption band
depths and the locations (reverse distance) of pixel rings relative
to the target site were calculated (Table 1).

Table 1A indicates that in the target pixel the absorption
depths of all water-related bands were larger or equal to those of
its adjacent pixel rings except the atmospheric water vapour band
(1.87 um). The variations from the target pixel to the adjacent
pixel rings were 21.4%, 50.0%, 18.8%, 11.2%, 12.5%, and 12.5%, for the
1.04, 1.50, 1.80, 1.91, 2.04, and 2.18 um bands, respectively. The
variations were 16.7% from the target pixel to the second pixel
ring and 40% to the forth pixel ring for the 1.40 pm band. At 1.04,
1.40, 1.50, and 2.04 pm the absorption depths decreased as the
distances increased from the target site, with a correlation
coefficient of 0.83, 0.97, 0.66, and 0.79, respectively (Fig. 4A). In
contrast, the absorption depths of the two non-water absorption
bands (1.17 and 1.97 um) and atmospheric water vapour absorp-
tion band at 1.87 um in the target pixel were less than those of the
surrounding pixel rings. There was no significant correlation
found between the target pixel and adjacent rings for those bands,
meaning that the materials in the region are similar, except for the
water signatures associated with the gully formation that were
indicated at the site.
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Table 1 (B and C) displays absorption depths of the above band
centres along the two cross sections (approximately W-E and
S-N) through the target site. Once again, the absorption band
depths at the target site were greater than that at the adjacent
pixels for most absorption bands associated with water. In
contrast, the absorption depths at the target site for 1.17, 1.87,
and 1.97 pm bands were lower than or equal to the adjacent
pixels. The elevations may affect absorption band depths, but no
relationship between the elevation and absorption band depths
was recognized when examining the relationship between the
elevation of the two cross sections (Fig. 5A and B) and the
absorption depths of the water-related bands.

3.2. Gully feature to the north of Reull Vallis (40.0°S/108.2°E)

An apron with digitate flows was observed to the north
of Reull Vallis at 40.0°S/108.2°E (Malin and Edgett, 2000a)
among a cluster of gullies in the MOC narrow-angle image
MO04-02479 (Fig. 1B, middle panel). This MOC image was
taken on August 22, 1999 (Ls = 192.5°) with a spatial resolution
of 2.79 m/pixel. About five subsidiary channels merge into one
downslope forming a gully system of about 1km in width and
2km in length.

The OMEGA image orb1887_3 (Fig. 1B, right panel) was taken
at about 4:49 pm (MTC+7) on July 05, 2005 (Ls = 243.0°), in the
Martian southern hemisphere late spring. The pixel X:73/Y:32
(Lat. —40.009499, Long. 108.204300E) was assigned to be the
gully-exposed site based on their matched coordinates. One pixel
in the OMEGA image at the target site has the areal extent of
about 1.6 km x 2.1 km on the ground. This is about the size of the
apron with digitate flows.

The target pixel and its five surrounding pixel rings were
selected as the regions of interest. Their reflectance spectra after
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Fig. 4. The relationship of the absorption depths related to water and the location of pixel rings. The number 0 in X-axis represents the location of the target site, 1-5
corresponds to the 1st-5th ring from the target site. (A) at Terra Sirenum, (B) at the north of Reull Vallis, (C) at the northeast wall of Hale Crater, and (D) at the upper Dao

Vallis.
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Fig. 5. Elevation profiles of the investigated sites. The vertical line is the location of
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MNF transformation are shown in Fig. 3B. Seven absorption bands
were examined, including the water-related bands at 1.04, 1.41,
1.87,1.90, 2.04, and 2.18 pm and the ferrous materials related one
at 1.17 um.In Table 2, the absorption band centres, band ranges,
absorption band depths, and the correlation coefficients between
absorption band depths and the locations (reverse distance) of
pixel rings relative to the target site are shown.

As indicated in Table 2, the absorption depths of the target
pixel are greater than or equal to those of the adjacent pixel ring
for the water-related bands of 1.04, 1.41, 1.90, 2.04, and 2.18 um,
but reversely for the band of 1.17 um and the water vapour-related
bands of 1.87 um. The decrease of absorption depths from the
target site to the adjacent pixel ring were 5.8%, 4.8%, 2.5%, and
17.8% for the bands of 1.04, 1.41, 2.04, and 2.18 um, respectively.
Higher correlation coefficients (greater than 0.85) between
these absorption depths and reverse distances to the target
site were recognized for the bands of 1.41 1.90, 2.04, and 2.18 um
(Fig. 4B). In contrast, the absorption depths of non-water
absorption band (1.17 um) and atmospheric water vapour absorp-
tion band at 1.87 um in the target pixel were less than those of the
surrounding pixel rings. The correlation coefficients for the two
bands are also very low. The stronger signatures of water were
only shown to be associated with the surface material at the gully-
exposed site.

The absorption depths of the above bands along the two cross
sections (approximately W-E and S-N) through the target site
were also investigated. Once again, the absorption band depths at
the target site were greater than or equal to that at the adjacent
pixels for the absorption bands associated with water on the

ground rather than non-water and water vapour-related bands.
Although no significant correlation between the water-related
absorption depths and the reverse distance to the target site was
found, no relationship between these absorption band depths and
the change of elevation (Fig. 5C and D) was recognized.

3.3. Gully feature on the northeast wall of Hale
Crater (35.5°S/324.6°E)

Several gullies with light-toned material on their floors and
deposited in their aprons were observed on the northeast wall of
Hale Crater (35.5°S/324.6°E) by the MOC team at Malin Space
Science Systems (2000) (MOC2-1620-a is shown in Fig. 1C, middle
panel). The light-toned deposits (about 1.5 km in length) may be
produced by water flow during the past few years.

The matched OMEGA image orb1143_7 (Fig. 1C, right panel)
was taken on December 8, 2004 (Ls = 126.2). The Mars local time
when the OMEGA image was taken was at about 2:15 pm
(MTC -2) in the Martian southern hemisphere middle winter.
An individual pixel in the image at the site covers about
1.1 km x 1.2 km area. The pixel X:38/Y:611 (Lat. -35.498600, Long.
324.592285) in the OMEGA image was assigned to be the target
site due to their best match.

The reflectance spectra of the target site and five surrounding
rings after the process of MNF transformation are shown in
Fig. 3C. The absorptions of ten bands were examined, among them
the water-related being 1.04, 1.41, 1.50, 1.80, 1.87, 1.91, 2.05, and
2.18 um. As Table 3 indicated, the absorption depths of all water-
related bands at the target site were greater than the adjacent
pixel ring except the absorption of water vapour at 1.87 pm. The
variations of absorption depths from the target site to the adjacent
pixel ring is by 145.5%, 13.3%, 55.6%, 6.7%, 6.3%, and 8.3% for the
bands of 1.04, 1.41, 1.50, 1.91, 2.05, and 2.18 pm. These variations
are significantly greater than the variations of absorption depths
from one pixel ring to another pixel ring for each absorption
band above.

Some absorption bands show higher correlation between the
absorption depths and the reverse distance to the target site but
some do not. The absorption bands with the higher correlation
coefficients are 1.41pum (0.73), 1.50 pm (0.60), 1.80 um (0.81),
1.91 um (0.76), and 2.18 pm (0.90) (Fig. 4C). In contrast, non-
water-related absorption bands at 1.17 and 1.97 um displays
negative correlation between the absorption depths and the
reverse distance to the target site.

Through examination of the two cross sections passing
through the gully-exposed site in the W-E and the N-S directions
(Table 3), the absorption depths at the target site are higher or
equal to that of the adjacent pixels for the most water-related
bands. But most of these bands do not show a significant
correlation between the absorption depths and the distance to
the target site. No relationship was recognized between
the variations of these absorption depths and the profiles of
in-situ change of elevation in both the W-E and N-S directions
(Fig. 5E and F).

3.4. Gully feature in the upper Dao Vallis (33.1°S/93.2°E)

Alcoves filled or partially filled with deposit materials at the
site at 33.1°S/93.2°E were interpreted to be the result of sapping
due to groundwater seeping out from subsurface layers (Malin
and Edgett, 2000a). The features are common throughout the wall
of Dao Vallis. The specific site is shown in the MOC narrow-angle
image M11-01601 with spatial resolution of 2.78 m/pixel (Fig. 1D,
middle panel).
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Data of absorption band depths of gully feature to the north of Reull Vallis (40.0°S/108.2°E).

A. At the target site and its surrounding rings

Band range 1.0121/1.0550 1.1555/1.2849 1.3999/1.4717 1.8568/1.8850
Center 1.0407 1.1699 1.4130 1.8709
Target 0.018 0.053 0.022 0.07
1st ring 0.017 0.054 0.021 0.079
2nd ring 0.018 0.051 0.02 0.074
3rd ring 0.019 0.052 0.018 0.077
4th ring 0.018 0.053 0.018 0.074
5th ring 0.018 0.052 0.019 0.072
Correlation —0.338 0.357 0.851 0.033
B. In the cross section of East-West direction through the target site
East 0.02 0.057 0.017 0.072
0.017 0.059 0.02 0.071
0.018 0.063 0.018 0.068
0.022 0.067 0.018 0.069
0.02 0.059 0.021 0.07
Target 0.018 0.053 0.022 0.07
0.02 0.051 0.022 0.072
0.022 0.05 0.021 0.08
0.022 0.049 0.019 0.074
0.018 0.056 0.019 0.073
West 0.016 0.06 0.018 0.081
Correlation 0.364 —0.245 0.794 —0.355
C. In the cross section of South—North direction through the target site
North 0.016 0.055 0.022 0.066
0.022 0.043 0.02 0.071
0.023 0.055 0.019 0.069
0.018 0.053 0.022 0.071
0.015 0.053 0.022 0.075
Target 0.018 0.053 0.022 0.07
0.021 0.054 0.023 0.097
0.02 0.051 0.021 0.074
0.019 0.065 0.022 0.078
0.015 0.057 0.018 0.067
South 0.019 0.043 0.027 0.07
Correlation 0.018 0.217 —0.049 0.478

1.8850/1.9272 1.9272/1.9834 1.9834/2.0253 2.0253/2.0531 2.1501/2.1914
1.8991 1.9553 2.0113 2.0392 2.1776
0.132 0.065 0.057 0.041 0.053
0.132 0.065 0.053 0.04 0.045
0.129 0.065 0.053 0.04 0.047
0.129 0.062 0.052 0.04 0.039
0.128 0.061 0.053 0.039 0.035
0.128 0.063 0.053 0.039 0.037
0.919 0.759 0.638 0.923 0.919
0.035 0.068 0.074 0.041 0.044
0.128 0.071 0.059 0.04 0.049
0.129 0.057 0.055 0.041 0.053
0.129 0.06 0.05 0.042 0.04
0.132 0.064 0.055 0.04 0.039
0.132 0.065 0.057 0.041 0.053
013 0.07 0.043 0.041 0.032
0.131 0.069 0.057 0.04 0.039
0.13 0.068 0.053 0.04 0.042
0.129 0.061 0.056 0.041 0.054
0.127 0.063 0.057 0.04 0.045
0.491 0.036 —0.569 0.185 —0.292
0.132 0.068 0.053 0.034 0.008
0.128 0.07 0.05 0.039 0.017
0.13 0.066 0.052 0.039 0.009
0.121 0.061 0.047 0.039 0.057
0.133 0.062 0.054 0.037 0.045
0.132 0.065 0.057 0.041 0.053
013 0.071 0.052 0.04 0.04
0.131 0.067 0.059 0.04 0.036
0.131 0.056 0.044 0.04 0.068
0.126 0.061 0.053 0.04 0.046
0.129 0.061 0.05 0.039 0.068
0.173 0.090 0.344 0.443 0.236

The OMEGA image orb1464_4 (Fig. 1D, right panel) processed
was taken on March 3, 2005 (Ls = 168.9). The Mars local time at
the OMEGA image acquisition was at about 10:26 am (MTC+6) in
the Martian southern hemisphere late winter. One pixel at the
site was about 3.9km x 3.3km. The ROI of four pixels X:
125-126/Y:33-34 (Lat. —33.068600 to —33.120399, Long.
93.183800-93.257896E) was selected to match up with the site
exposing alcoves and associated deposits.

The absorptions of ten bands after MNF transformation were
examined (Fig. 3D). The absorption depths of water-related bands
(1.04, 141, 1.51, 1.91, 2.04, and 2.18 um) at the target site were
greater than or equal to those in the adjacent pixel ring (Table 4A).
The variations from the target site to the adjacent pixel rings are
5.6%, 5.6%, 2.9%, 3.1%, and 14.7% for the absorption bands of 1.04,
141, 1.51, 1.91, 2.04, and 2.18 um. In contrast, the absorption
depths of non-water-related bands (1.17, 1.34, and 1.97 um) and
water vapour-related band (1.87 pm) are smaller at the target site
than the adjacent pixel ring.

The absorption depths of the 1.04, 1.41, 1.51, and 2.04 pum bands
showed spatial variations with high-correlation coefficients
(above 0.92) (Fig. 4D). In contrast, the 1.87 pm band (atmospheric
H,0) showed a reverse trend and the 1.17 and 1.34 um (non-water
absorption bands) remained fairly stable. The inconsistency of
absorption depths of these bands might indicate that the stronger
absorptions of 1.04, 1.41, 1.54, and 2.04 um at the target site
compared to the surrounding areas have to be attributed to the
influences of water components in the rocks and soil, but not the
atmosphere or systematic errors of instruments and analysis.

Along the cross sections (Table 4B and C), the absorption
depths related to water essentially showed an increasing trend
towards the south in the N-S direction and towards the west in

the E-W direction. The trends are likely attributed to the profile of
landforms at the site (Fig. 5G and F), because the differences of
elevation were about 2.8 km between both ends of the N-S cross
section and 2.7 km between both ends of the E-W cross section.
The significant difference of elevation led to the accumulation of
water in the lowland areas. Nevertheless, the absorption depths at
the target site were still larger than their adjacent pixels for most
of the water absorption bands.

4. Discussion

Investigation of the four sites in this study showed greater
absorption depths of water-related bands at the gully-exposed
sites than those at the adjacent pixel ring, and smaller absorption
depths of water-related bands in the surrounding pixel rings. The
decreasing trend of some absorption depths when moving further
away from the site was also observed at the investigated gully-
exposed sites. This likely indicates higher abundance of water ice,
OH-bearing or hydrated materials in surface soil at the gully-
exposed sites.

Absorptions of the investigated sites commonly occurred at all
or part of bands, ~1.04, ~1.17, ~1.34, ~1.40, ~1.50, ~1.80 ~1.87,
~1.91, ~1.97, ~2.04, and ~2.18 um, although a few other weak
absorptions were recognized occasionally. Recognizable were the
shifts of band positions, and the variation of absorption
shapes, width (full width at half maximum) and depth of band
centre from pixel to pixel in most cases. Analyzing absorption
features of reflectance spectra and measuring their depths are
vital to studying subtle differences of composition and structure
of materials.
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Table 3

Data of absorption band depths of gully feature on the northeast wall of Hale Crater (35.5°S/324.6°E).

A. At the target site and its surrounding rings
Band range 1.0121/1.0550 1.1555/1.1986 1.3855/1.4430

Center 1.0407 1.1699 1.4143 1.5004 1.8002
Target pixel 0.026 0.013 0.034 0.014 0.079
1st 0.011 0.009 0.03 0.009 0.068
2nd 0.015 0.011 0.032 0.011 0.067
3rd 0.015 0.012 0.03 0.01 0.066
4th 0.015 0.015 0.029 0.009 0.062
5th 0.016 0.013 0.03 0.01 0.065
Correlation 0.471 —0.498 0.728 0.600 0.814
B. In the cross section of East-West direction through the target site
East 0.022 0.005 0.03 0.011 0.066
0.021 0.029 0.024 0.009 0.061
0.023 0.012 0.029 0.011 0.066
0.034 0.029 0.029 0.011 0.067
0.009 0.003 0.03 0.012 0.072
Target 0.026 0.016 0.034 0.014 0.079
0.025 0.006 0.031 0.012 0.071
0.02 0.015 0.032 0.014 0.065
0.014 0.015 0.032 0.011 0.051
0.011 0.017 0.032 0.01 0.061
West 0.012 0.011 0.033 0.01 0.057
Correlation 0.321 -0.077 0.251 0.757 0.718
C. In the cross section of South—-North direction through the target site
South 0.014 0.026 0.031 0.009 0.073
0.018 0.024 0.032 0.015 0.054
0.023 0.025 0.033 0.006 0.074
0.009 0.024 0.042 0.016 0.06
0.016 0.009 0.028 0.005 0.08
Target 0.026 0.019 0.034 0.014 0.079
0.019 0.008 0.025 0.009 0.079
0.03 0.008 0.031 0.011 0.074
0.045 0.015 0.028 0.012 0.069
0.013 0.015 0.03 0.01 0.066
North 0.026 0.016 0.031 0.011 0.065
Correlation 0.064 —0.442 0.012 —0.003 0.585

1.4861/1.5291 1.7291/1.8285

1.8285/1.8850 1.8850/1.9413 1.9413/1.9973 2.0253/2.0809 2.0948/2.2188

1.8709 1.9132 1.9693 2.0531 2.1776
0.011 0.129 0.041 0.085 0.065
0.019 0.121 0.04 0.08 0.06
0.019 0.125 0.041 0.082 0.062
0.014 0.115 0.04 0.085 0.059
0.016 0.118 0.044 0.081 0.044
0.015 0.118 0.043 0.086 0.044
—0.104 0.764 —0.683 —0.237 0.900
0.028 0.116 0.037 0.075 0.073
0.02 0.107 0.049 0.078 0.052
0.01 0.117 0.051 0.091 0.059
0.014 0.12 0.044 0.085 0.057
0.018 0.123 0.042 0.077 0.055
0.011 0.129 0.041 0.085 0.056
0.01 0.129 0.035 0.082 0.054
0.016 0.129 0.052 0.085 0.063
0.009 0.113 0.043 0.082 0.063
0.01 0.115 0.044 0.081 0.062
0.019 0.128 0.048 0.084 0.05
—0.505 0.534 —0.246 0.254 —0.273
0.022 0.119 0.026 0.097 0.07
0.01 0.116 0.047 0.089 0.093
0.026 0.115 0.025 0.097 0.079
0.034 0.137 0.015 0.096 0.069
0.02 0.109 0.043 0.085 0.075
0.011 0.129 0.041 0.085 0.065
0.016 0.138 0.038 0.081 0.052
0.019 0.125 0.045 0.079 0.076
0.014 0.125 0.05 0.084 0.052
0.015 0.136 0.037 0.077 0.078
0.013 0.115 0.035 0.077 0.054
0.071 0.302 0.164 —0.079 —0.153

The overtones and combinations of vibrations of water at
~1.40 and ~1.91 um, the lower frequencies of water ice at ~1.50
and ~2.04 um, and the combination of metal-OH bend and OH
stretch at 2.18, etc. were evident for most reflectance spectra of
OMEGA images at gully-exposed sites on Mars. In addition, the
following was observed: a weak absorption of water ice at
1.04 um; absorption at 1.80 um attributed to a combination of
H-0-H and OH stretching and bending (Cloutis et al., 2006); and
absorption of atmospheric water at 1.87 um. If the investigated
site is close to the polar areas, the absorptions of CO, ice might
dominate reflectance spectra and severely affect the measurement
of subtle variation of water-related absorptions.

The absorption band at 1.91 um was the most obvious among
the absorptions of water-related bands and its depth was 3% or
greater at the target sites than the adjacent areas for four
investigated sites. The absorption depths at 1.80 um were about
16% greater at the target site than the adjacent area at two sites
(Terra Sirenum, 36.5°S/198.2°E and the northeast wall of Hale
Crater, 35.5°S/324.6°E) and showed a higher correlation (0.814)
with respect to the target site at the gully-exposed site of the
northeast wall of Hale Crater. Absorption at 1.80um is not
significantly overlapped by bands from other common minerals
(Cloutis et al., 2006). The absorptions at the 1.41 um band were
not significant in regard to absolute depths, but they were the
largest at the target sites rather than in the surrounding areas.
Higher correlation (greater than 0.83) between the absorption
depth of 1.41 um and the reverse distance to the target site was
shown at two gully-exposed sites (Terra Sirenum, and the upper
Dao Vallis, 33.1°S/93.2°E).

The absorption depths of water ice at the 1.04, 1.50 and
2.04 um bands were all greater at the target sites than those at

adjacent pixel rings. The largest variations of absorption depths
from the target site to the adjacent ring was 136% for 1.04 um and
56% for 1.50 um at the northeast wall of Hale Crater, and 13% for
2.04 um at the site of Terra Sirenum. Higher correlation coeffi-
cients between the absorption depths of these bands and the
reverse distance to the target site were recognized at two sites
(Terra Sirenum and the upper Dao Vallis). The absorption of
1.50 um is thought to be the best band to monitor water ice on the
Martian surface with OMEGA image (Langevin et al., 2007).

The absorption depths at 2.18 um were all the greatest at
the target sites and were about 8.3-17.8% greater than those
at adjacent pixel rings for the four investigated sites. High-
correlation coefficients ( >0.9) between the absorption depths and
the reverse distance to the target site were recognized at two
gully-exposed sites (the north of Reull Vallis, 40.0°S/108.2°E and
the northeast wall of Hale Crater). The absorption is associated
with metal-OH bonds, but S-O bonding incorporated with
hydroxyl may play a role.

Absorption depths of the water-related bands had a maximum
at the target sites, even given that their variations were affected
by extreme changes of the elevation. In some cross sections, the
variations of absorption depths were consistent with the exten-
sions of the gully-exposed sites. This is likely the reason that the
correlations between water-related absorption depths and reverse
distance from the target sites present negative values in some
Cross sections.

In contrast, non-water-associated absorption bands such as
those less than 1.20 pm, at 1.97 um, and water vapour absorption
(1.87 pm) usually did not show the same characteristics as water-
related absorption bands. The absorption depths of these bands
were less at the target site than the adjacent pixel rings at all the



Table 4

Data of absorption band depths of gully feature in the upper Dao Vallis (33.1°S/93.2°E).

A. At the target site and its surrounding rings

Band range 1.0121/1.0550 1.01411/1.1842 1.3136/1.3855
Centre 1.040 117 1.342
Target 0.019 0.018 0.013
1st ring 0.018 0.020 0.014
2nd ring 0.017 0.020 0.015
3rd ring 0.016 0.019 0.015
4th ring 0.015 0.019 0.014
5th ring 0.014 0.018 0.014
Correlation 1.000 0.239 —0.355
B. In the cross section of South-West direction through the target site
South 0.015 0.024 0.024
0.021 0.023 0.024
0.022 0.022 0.019
0.016 0.021 0.017
0.016 0.022 0.017
Target 0.027 0.017 0.015
Target 0.025 0.019 0.015
0.017 0.023 0.014
0.015 0.018 0.012
0.014 0.020 0.013
0.015 0.020 0.013
North 0.014 0.019 0.012
Correlation 0.572 —0.373 —0.309
C. In the cross section of East-West direction through the target site
East 0.018 0.015 0.011
0.014 0.014 0.012
0.016 0.016 0.012
0.018 0.021 0.012
0.017 0.017 0.013
Target 0.025 0.019 0.013
Target 0.014 0.020 0.015
0.020 0.021 0.016
0.019 0.023 0.02
Correlation 0.364 0.631 0.410

1.3855/1.4430
1.414

0.021

0.021

0.02

0.019

0.019

0.019

0.924

0.024
0.022
0.022
0.022
0.024
0.022
0.02

0.019
0.019
0.019
0.018
0.017
0.154

0.017
0.018
0.018
0.018
0.018
0.019
0.02

0.021
0.021
0.600

1.4430/1.6150
1.514
0.019
0.018
0.018
0.016
0.016
0.016
0.925

0.023
0.02

0.021
0.021
0.021
0.021
0.019
0.017
0.016
0.016
0.015
0.014
0.209

0.013
0.014
0.014
0.014
0.015
0.017
0.019
0.02

0.02

0.666

1.8586/1.8850

1.871
0.06
0.061
0.06
0.061
0.061
0.061
—0.621

0.064
0.057
0.059
0.062
0.06

0.059
0.065
0.062
0.059
0.061
0.06

0.061
0.124

0.059
0.058
0.06

0.062
0.058
0.058
0.065
0.063
0.061
0.403

1.8850/1.9413

1.913
0.07
0.068
0.07
0.07
0.07
0.068
0.207

0.073
0.073
0.075
0.074
0.067
0.07
0.072
0.068
0.07
0.066
0.07
0.068
—0.140

0.068
0.068
0.07
0.069
0.067
0.069
0.072
0.072
0.075
0.311

1.9413/1.9973

1.969
0.020
0.022
0.023
0.017
0.014
0.019
0.565

0.032
0.028
0.024
0.027
0.024
0.018
0.021
0.020
0.017
0.020
0.018
0.013
—0.171

0.019
0.018
0.014
0.017
0.020
0.021
0.019
0.023
0.027
0.312

2.0253/2.0948
2.039
0.066
0.064
0.064
0.064
0.062
0.062
0.923

0.068
0.068
0.071
0.07

0.067
0.067
0.065
0.061
0.06

0.06

0.057
0.061
0.128

0.059
0.061
0.061
0.06

0.059
0.061
0.065
0.068
0.068
0.380

2.1363/2.1914
2178
0.039
0.034
0.038
0.038
0.036
0.038
0.262

0.031
0.033
0.030
0.036
0.034
0.033
0.044
0.040
0.045
0.043
0.035
0.039
0.301

0.043
0.046
0.047
0.048
0.047
0.044
0.042
0.041
0.030
—0.105

[1]8

POI-£6 (6002) 2§ 92ua1s 2a0ds pup Aipjaupid / v 30 ung



C. Fan et al. / Planetary and Space Science 57 (2009) 93-104 103

investigated sites except for the site at the northeast wall of Hale
Crater. Some of them even showed a reverse relation to water-
related bands, that is, the absorption depths increased with
distance from the target site. Absorptions at a wavelength of less
than the 1.20pm band are usually associated with transition
elements, most commonly ferric and ferrous minerals. They may
be caused by iron atoms linking through shared oxygen or
hydroxyl ions (Rossman, 1975), and ferrous crystal field transition
or coordination with H,O and SO3~ (Cloutis et al., 2006). The
absorption at 1.97 um is the contribution of CO, ice (e.g., Bernstein
et al., 2005), which is detected at the four investigated sites.
Atmospheric water vapour at 1.87 pm did not follow the trend of
absorption depths as other forms of water in the surface soil.

For a small local area in the same OMEGA image, the
environmental and instrumental conditions should be the same
when these pixels were imaged. They were also subjected to the
same image processing procedure including atmospheric correc-
tion. Thus, the greater absorption band depths indicated a higher
content of water in the surface materials at the target sites than
their surrounding areas.

The stronger signatures of water at the gully-exposed sites may
be caused by water ice, isolated water molecules or hydroxyl
groups in the soils, or seasonal water frost on the surface
(Svitek and Murray, 1990; Reiss and Jaumann, 2003; Schorghofer
and Edgett, 2006; Bellucci et al., 2007). Water frost was not
likely the main cause because the images we investigated were
taken in the Martian spring, in the Martian late winter, or in the
early afternoon of Mars local time in the middle of winter. The
observed frost appears during the period of early to mid southern
hemisphere winter but not in late winter and spring times
(Schorghofer and Edgett, 2006). So at least three of the four
investigated OMEGA images were not taken in a season in
which water frost would be expected. Even for the image taken
in the middle of winter, the local surface temperature could be
higher than 200K (the sublimation point of water frost) at about
2:15 pm of the Martian day. But the effect of water frost on the
absorption depths of water-related bands at gully-exposed sites
deserves scrutiny, especially for the image taken in the middle
winter time.

The pressure-temperature conditions on the surface of Mars
are very close to the triple point of water, thus some water will
likely freeze very fast in the loose materials. Alternatively, it may
stay attached to the mineral surface or evaporate into the
atmosphere after it has seeped out from the subsurface. Alteration
could take place if hydrothermal fluids were involved and
remained there for a fairly long period of time. So the accumula-
tion of water at the gully-exposed sites implies that liquid water
was once likely more active at the site than in its surrounding
regions. Subsequently, liquid water was involved in the formation
of the gully features and associated deposits.

The extension of about 5 pixels away from the target site was
considered to be a reasonable range for the investigation, because
the size of gully-exposed sites is about the size of an individual
pixel (1.5-5 x 1.5-5km?) in the OMEGA image. The influence of
the residual of atmospheric correction or the systematic errors of
the imaging spectrometer on the absorptions of reflectance
spectra should be limited because (1) all absorption band depths
at a specific site were calculated in the same OMEGA image, so all
pixels were subject to the same processes; (2) the analysis of
absorption variations were restricted in scope to a few pixels,
which were imaged almost at the same time, with the same
atmospheric conditions and under the same solar radiation; and
(3) the trace content (0.03%) of water vapour in the Martian
atmosphere does not make much difference in regard to
absorption band depths (a few to tens percent) within the
elevation change of the landform in hundreds of meters.

There are a variety of factors that may limit the conclusions
drawn from this study. They include: (1) limited knowledge of
grain size that might have affected the absorption depth; (2) the
influence of seasonal temperature changes on imaged materials;
(3) strong CO, absorption features at wavelengths around
2pum both in the solid state and in the atmosphere (Langevin
et al. 2007), especially for the gully-exposed site close to the polar
areas; (4) the limitation of the spatial resolution of OMEGA
hyperspectral images in the case study; and (5) errors in
registering gully-exposed sites found from MOC images to
OMEGA images due to the possible inaccuracy of two
geo-referencing systems.

Certainly care has to be exercised in the interpretation of
absorption-related water data. For example, no hydrated mineral
was detected at the gully-exposed site in the Centauri Montes
region in the hyperspectral image taken by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) (McEwen
et al., 2007), where light-toned deposits were thought to be the
fresh deposits due to liquid water flow (Malin et al., 2006).
Instead, numerical flow modelling showed that the deposits are
more consistent with dry landslides. However, gully formation
due to liquid water agent could not be ruled out (Pelletier et al.,
2008).

Nevertheless, in this study we found a clear trend of variation
of water-related absorption depths between gullies and their
surrounding areas at our investigated gully-exposed sites. More
analysis of hyperspectral image at higher spatial resolution such
as CRISM (when they become available) should be done to further
examine the conclusions put forward here.

5. Conclusions

The depth of the water-related absorption bands was observed
to be greater at gully-exposed site than in their surrounding areas,
thus supporting the conclusion that the formation of gullies has
involved processes associated with liquid water. Subtle variations
of absorption band depths, especially their trends provide insights
in identifying small differences of materials with very similar
reflectance spectra due to the sensitivity of imaging spectroscopy
of material composition and structure. Further study of hyper-
spectral images is desirable with higher spatial and spectral
resolutions (e.g., CRISM) for the better understanding of the water
occurrence at gully sites.
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