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[1] Evidence for the former presence of ground ice and its possible role in the erosion of
Valles Marineris trough walls is equivocal. This study aims to determine whether
variations in the topographic slope angle of the walls of the trough Coprates Chasma are
consistent with predicted temperature-driven differences in the distribution, thermal
condition, and strength of ground ice within its walls. Using Mars Orbiter Laser Altimeter
topographic data, 247 profiles were made rim to rim across the trough and measurements
made of wall slope angle, mean annual surface temperature, and trough geometry
(wall height, rim elevation, and trough width). Variations in these parameters along each
trough wall, and differences between the two trough walls, were established. The results
indicate that the predicted variations along and differences between the walls in the three-
dimensional distribution of ground ice, and in its thermal condition and strength, are
unlikely to have caused the measured variations in trough wall slope angle. These
observations imply that ground ice has been absent within the trough walls since the age of
formation of the spur-and-gully wall morphology. The results preclude the spur-and-gully
morphology having developed by dry mass-wasting of material above an ice-rich
cryosphere and indicate the action of liquid water to be a more likely origin. The inferred
absence of ice within the walls precludes any role of ice in initiating or mobilizing
landslides where they have eroded the spur-and-gully morphology. INDEX TERMS: 5470
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1. Introduction

[2] Valles Marineris is a system of large troughs in the
equatorial region of Mars that extends for over 4,000 km
from west to east, with individual troughs measuring up to
11 km deep, 250 km wide, and over 1,000 km long. Many
processes have been hypothesized to explain various aspects
of the formation and geometry of the troughs, including
tectonic, collapse, and erosional mechanisms [e.g., Sharp,
1973; Blasius et al., 1977; McCauley, 1978; Tanaka and
Golombek, 1988; Schultz, 1991]. One of the outstanding
questions concerning the evolution of Valles Marineris
troughs, and of equatorial features in general, concerns the
possible past or current presence of volatiles (particularly
water/ice) in the near-surface crust and their role in ero-
sional processes [Lucchitta, 1979, 1987; Rossbacher and
Judson, 1981; McEwen, 1989; Davis and Golombek, 1990;
Clifford, 1993; Peulvast et al., 2001].
[3] This study examines the possibility that topographic

patterns in the trough walls of Coprates Chasma, the deepest

and longest of the troughs, may reflect the differential
presence of ground ice within the walls. The premise of
the study is that surface heat variations caused by differ-
ences in aspect between the north and south walls of the
trough, and by variations in latitude along them, may have
generated topographic asymmetries between the walls. This
premise is based on the notion that, over geologically
significant periods of time, surface heat variations have
affected the strength of slope-forming material via the
temperature dependence of ice and of ice-related processes
in the wall material. Because Coprates Chasma is located in
the southern hemisphere of Mars, the south walls should be
warmer than the north walls given the theoretical differen-
tial in solar incidence.
[4] Although near-surface ground ice does not currently

exist in equatorial regions [Leighton and Murray, 1966;
Fanale, 1976; Farmer and Doms, 1979; Boynton et al.,
2002; Feldman et al., 2002], various geomorphic features
have been interpreted in terms of the former existence of
ground ice. Features with flow-like morphologies similar to
those of terrestrial rock glaciers have been observed in the
Valles Marineris region [Rossi et al., 2000]. Onset diameters
of rampart craters whose ejecta blankets may represent
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material mobilized by melted ground ice during impact
[Costard, 1989; Kuzmin et al., 1988a, 1988b; Squyres et
al., 1992] are greatest near the equator and least at latitudes
of 50–60�. From such data, Kuzmin et al. [1988a, 1988b]
estimated the depths to ground ice as being �400 m at the
equator and �250 m at 30� latitude. However, Clifford
[2003] has argued that surface features are not necessarily
reliable indicators of either the past or present existence of
ground ice in equatorial (or other) regions, as geomorphic
interpretations are ambiguous and the ages of such features
are largely unknown.
[5] Many processes with confirmed, or suspected, roles in

Martian landscape evolution are known to be temperature-
dependent, with many of these related to the hypothesized
presence of ground ice. Suspected temperature-dependent
physical and weathering processes on Mars include frost
riving, oxidation, hydration, and carbonation [Gooding et
al., 1992]. Postulated temperature-dependent slope process-
es include the creep of rock/ice regolith, the growth and
creep of ice-filled rock joints, the formation and movement
of rock glaciers and debris flows, and the initiation and flow
behavior of landslides [Squyres, 1978; Carr, 1981; Squyres,
1989; Lucchitta et al., 1992; Whalley and Azizi, 2003].
Sublimation of ground ice, a temperature-dependent pro-
cess, has occurred in the equatorial regions in the past
[Clifford and Hillel, 1983], and may have influenced the
erodability of slope-forming host materials [Peulvast et al.,
2001].
[6] The ways in which these processes operate are, to a

large degree, understood through the quantified understand-
ing of Earth analogs. Laboratory experiments show that the
temperature dependence of the strength of ice yields a
steady state strain rate during steady state creep that
decreases by a factor of 20 for a 20 K (10%) drop in
temperature from 240 to 220 K [Durham et al., 1992].
When ice fills most of the pore space in frozen ground, the
mechanical properties and behavior of frozen ground cor-
respond closely to those of ice [Andersland and Ladanyi,
1994], with temperature influencing the mechanical prop-
erties in three ways. First, temperature is the main factor in
determining the fraction of water in the ground that is ice.
Second, the internal bonds in ice become stronger with
lower temperatures. And third, at lower temperatures, an
incremental increase in stress results in less thawing and a
slower rate of water migration, which are important factors
in stress redistribution [Williams and Smith, 1989]. These
factors combine to make frozen ground stronger at lower
temperatures [Tsytovich, 1960; Sayles, 1966; Bourbonnais
and Ladanyi, 1985a, 1985b].
[7] Given that variations in insolation (resulting from

aspect or latitude differences) received by different slopes
on Mars are expected to drive variations in temperature-
dependent processes, topographic expressions of such dif-
ferences should be related to aspect and latitude. The
working hypothesis in this study therefore is that tempera-
ture-dependent processes should cause detectable, system-
atic differences in topography (specifically, topographic
slope angle) between the north and south walls of Coprates
Chasma. The main aim is to determine whether spatial
variations in the topography of the trough walls can be
shown to be consistent with predicted differentials in the
distribution and thermal condition of ground ice within the

walls. If such differentials exist, then the following three
hypotheses tested in this study will be true: (1) The trough-
averaged slope angle of the north wall should be steeper
than that of the south, given the colder mean annual surface
temperature characteristic of the north wall; (2) the differ-
ence in slope angle between the north and south walls
should be greatest where expected temperature differentials
are greatest, and least where temperature differentials are
least (this effectively means that slope angle difference
should increase eastward along the trough due to the
gradient in latitude); and (3) any along-trough variation or
trend in slope angle should be greater along the north wall
than the south as the north wall has a more marked trend
in predicted mean annual surface temperature (as demon-
strated further below) and therefore a greater range of
predicted ground ice conditions.

2. Evolution and Stability of Valles Marineris
Trough Walls

2.1. Origin of Valles Marineris Troughs

[8] Mechanisms proposed to explain the origin of the
equatorial troughs have included processes involving ero-
sion [McCauley et al., 1972; Tanaka and MacKinnon,
2000], collapse [Tanaka and Golombek, 1988; Davis and
Golombek, 1990], and tectonism [Sharp, 1973; Blasius et
al., 1977; Schultz, 1991]. A tectonic-structural origin is
considered the most reasonable for the large, open troughs
(including Coprates Chasma), their formation being related
to grabens resulting from a tensional tectonic stress regime
associated with the Tharsis Rise. Evidence for such an
origin includes boundary faults along trough margins,
cliff-type walls, triangular faceted spurs [e.g., Blasius et
al., 1977], and down-dropped portions of plateau caprock
now residing on the floors of such troughs [e.g., Lucchitta et
al., 1992].
[9] Schultz [1998] proposed an inclusive, multiple-pro-

cess origin for the troughs, involving the sequential action
of separate processes. The first stage involved the intrusion
of dikes [Mège and Masson, 1996] radial to Syria Planum
during Lower Hesperian time. In a second stage, ancestral
basins (closed trough depressions) were formed by subsi-
dence during the Upper Hesperian, followed by the depo-
sition of interior layered deposits within the basins and the
formation of chaotic terrain and outflow channels. In the
third stage, tectonic grabens were imprinted over the basins
as a response to Tharsis-related extension, the configura-
tions of which were again controlled by the dikes [Schultz,
1998]. In this third stage, the extension/rifting that formed
the Ius Melas-Coprates and Candor-Ophir troughs occurred
probably during the Early Amazonian. The troughs have
subsequently been widened by erosion [Schultz, 1991;
Lucchitta et al., 1994].
[10] Coprates Chasma is the longest and deepest of the

troughs (Figure 1b). The trough is about 1000 km long, and
ranges in depth from 6 km in the eastern section to over
10.5 km in the west, with an average depth of 8 km. The
geology is dominated by Noachian wall rock and various
trough floor materials of Middle Hesperian age [Schultz,
1991] (Figure 1d). Interior layered deposits of Late Hespe-
rian through Middle Amazonian age [Lucchitta et al., 1992]
and landslide deposits are not found other than at the
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western end of the trough, near its confluence with Melas
Chasma.

2.2. Geology, Morphology, and Strength of
Trough Walls

[11] The walls of the Valles Marineris troughs consist of
wallrock topped by a cap rock [e.g., Lucchitta et al. 1992,
1994]. MOC images indicate that the vast majority of the
wall rock consists of layers 5–50 m thick, and extending at
least 5 km below the surface of the surrounding plateau
[McEwen and Malin, 1998]. The layers show similarities to
terrestrial flood basalts in outcrop morphology and may be
primarily volcanic in origin, or a mixture of lavas, intrusive
magma, and possibly sedimentary rocks [McEwen and
Malin, 1998; Malin and Edgett, 2000; Williams and Paige,
2002]. The layers are understood to be of Upper Noachian
or Lower Hesperian age (3.1–4.2 b.y.).
[12] Mars Orbiter Laser Altimeter (MOLA) data show

that the steepest sections of wallrock achieve slope angles
of 30–35�, although some wall slopes achieve gradients of

only 12–15� [Phillips et al., 1998; Schultz, 2002]. Slope
angles decline with decreasing elevation from the local
plateau surface [Phillips et al., 1998]. The heights of wall
slopes are immense: slope heights measured by Schultz
[2002] range from 1 to 8 km, and Peulvast et al. [2001]
report slopes of up to 11 km in height, similar to the
maximum trough depth as ascertained by Lucchitta et al.
[1994].
[13] Under a tectonic-structural origin, the trough walls

represent the eroded remains of rift flanks or the footwalls
of inward-dipping normal boundary faults [Schultz, 1991].
In Coprates Chasma, the faults defining the northern
boundary of the trough are more continuous and recently
active compared with those defining the southern boundary
[Schultz, 1991; Peulvast et al., 2001] (Figure 1c). The walls
themselves can be divided into two morphological types:
those sections that exhibit spur-and-gully morphology, com-
mon in straight sections of troughs including along Coprates
Chasma; and those sections that are characterized by land-
slide scars, which are especially frequent in Ius, Ophir, and

Figure 1. Topography, geology, structure, and physiography of Coprates Chasma. (a) Physiography
[from Peulvast et al., 2001]: (1) smooth talus slopes; (2) spurs and gullies slopes; (3) landslide deposits
with hummocky material; (4) landslide deposits with hummocky and fan-shaped materials; (5) rotational
slumps; (6) aeolian flutes; (7) chaotic terrain; (8) slope gradient; (9) crests. (c) Structure [from Peulvast et
al., 2001]: (1) cornice with smooth talus slope; (2) cornice with spurs and gullies; (3a) crest with spurs
and gullies on both sides; (3b) crest with spurs and gullies on one side and smooth talus slope on the other
side. Structure key: (4a) fault; (4b) conjectured fault; (5a) normal fault; (5b) conjectured normal fault.
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Hebes Chasmata [Lucchitta, 1978; Lucchitta et al., 1992].
Only three large landslides occur in Coprates Chasma, on the
north wall at the west end of the trough [Lucchitta, 1979;
Schultz, 1991]. Peulvast et al. [2001] further differentiated
these slope types as shown in Figure 1a.
[14] Aspects of the strength and stability of trough wall

slopes have been examined by Schultz [2002], who assessed
the stability of rock slopes in various parts of the chasmata
by applying a rock mass strength rating system in conjunc-
tion with topographic measurements from MOLA data.
Wall rock was shown to be stronger than interior deposits,
as indicated by rock mass rating (RMR) values of 50–65
and 30–55 respectively. The values of rock strength are
consistent with wall rock slopes being underlain by igneous
rock, perhaps jointed basalt [Schultz, 2002].

2.3. Trough Wall Erosional Processes and the
Possible Role of Volatiles

[15] There has been a substantial amount of backwasting
of the trough walls since their initial tectonic-structural
formation [Schultz, 1991; Lucchitta et al., 1994]. Lucchitta
et al. [1994] calculated an average erosional widening of the
troughs of one-third their original widths on the basis of
volumetric calculations of trough topography. Schultz
[1991] measured a difference between the structural width
of the Coprates trough near its western limit (12.3 S, 68 W)
of �60 km and the erosional width in that vicinity of �100
km. The variable widths of the structural troughs, both
between different troughs and within individual troughs,
suggest that differential erosional widening has taken place.
Peulvast et al. [2001] proposed that spatial differences in
the volatile content of rock (inferred from data on rampart
craters in the surrounding plateaus) may have produced
these variations. Other evidence for the role of volatiles in
the erosion of the trough walls includes landslides whose
morphologies have been interpreted in terms of fluid flow
[e.g., Lucchitta, 1979, 1987]; channels and tributary can-
yons suspected to be formed by sapping [Kochel and Piper,
1986; Davis and Golombek, 1990]; and possible rock
glacier features [Rossi et al., 2000; Whalley and Azizi,
2003].
[16] Landslides have formed scars of up to 5 km in height

in the trough walls [Lucchitta, 1979; McEwen, 1989].
Lucchitta [1979, 1987] concluded on morphologic evidence
(e.g., multiple lobes, long runout distances) that the land-
slides were huge, wet debris flows. Modeling of longitudi-
nal profiles for landslides in Ophir Chasma [Harrison and
Grimm, 2003] suggests that positive pore water pressures
are required to explain the morphology. Deficits between
the deposited volumes of landslide material and the calcu-
lated volumes of the contributing scars also point to the
possible presence of water in the landslides [Quantin et al.,
2003]. Water to fluidize the landslides could have been from
groundwater, or as ice that was melted during or immedi-
ately prior to their occurrence. As an alternative, dry
landsliding processes have been suggested by McEwen
[1989] and Phillips et al. [1998]. McEwen’s [1989] results
concerning landslide morphometry compared closely to
data for terrestrial dry-rock avalanches. The Mohr-Coulomb
failure criterion analysis of a hypothetical, unfailed trough
wall slope by Phillips et al. [1998] suggested that ground-
water probably did not exist in the upper crust because the

trough walls would have exhibited more landsliding than is
observed.
[17] Schultz [2002] deduced that the landslides in the

wallrock were most likely initiated by seisms, because
although the wallrock was calculated to be stronger than
the interior deposits, only wallrock exhibited landsliding
due to the proximity of the walls to trough-bounding faults.
Crater data recently reported by Quantin et al. [2003]
indicate that the landslides have multiple ages, ranging
from 1–2 Gyr ago to 100 million years ago. The landslide
ages are clustered, which suggests a relationship to distinct,
reproducible events such as crater impacts or Marsquakes.
[18] Many parts of the Valles Marineris trough walls not

affected by landsliding are characterized by spur-and-gully
morphology, including most wall sections of Coprates
Chasma (Figure 1a). These walls have spurs and gullies
with widths of 15–30 km and slopes of up to 30� [Peulvast
et al., 2001]. Some of the spurs are cut by faults, leaving
series of triangulated spur facets in some troughs including
along the north wall of Coprates. The age and erosional
origin of the spur-and-gully morphology remain uncertain.
Gullying is indicative of erosion most probably either by
water or by interstitial ice [Lucchitta, 1978]. Lucchitta et al.
[1992] likened the morphology of the spur-and-gully walls
to that found on scarps in alpine or desert environments on
Earth. Alternatively, it is also suggestive of the morphology
of the walls of submarine canyons. Therefore the spur-and-
gully morphology either relates to a former different climate
or is the result of a subaqueous erosional environment
[Lucchitta, 1999]. The morphology would appear to predate
the landslides, as the spurs and gullies are obliterated by
them where they occur [Lucchitta et al., 1992; Peulvast et
al., 2001], and there is no evidence for their existence on
surfaces such as fault scarps and landslide scars.

3. Method

[19] The hypotheses presented in section 1 are tested by
(1) measuring the slope angle of Coprates Chasma trough
walls as a topographic parameter that should reflect varia-
tions in predicted ground ice distribution; (2) establishing
the pattern of calculated surface temperature variation along
the north and south walls and the differences between them;
(3) given the surface temperature pattern, defining the
expected distribution of ground ice in the two walls;
(4) defining the theoretical effects of temperature and ice
on wall strength and slope angle; (5) controlling or other-
wise accounting for other potential influences on slope
angle variation; and (6) testing the relations between slope
angle, surface temperature, and the predicted ground ice
distribution.
[20] The data set used for this study was the 1/64 degree

gridded MOLA elevation data set. The MOLA elevation
data have a ±30 cm vertical accuracy, �150 m spot size,
and �330 m along-orbital-track spacing. For the purposes
of this study, a segment of the data extending 40� West to
85� West by 5� North to 20� South was imported into a GIS
environment.
[21] Slope angle was used as a topographic measure that

was expected to reflect variations in wall material strength
and temperature-related processes. Slope angle has been
used by previous authors in studies of geomorphic form and
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process for features on Earth and Mars [e.g., Evans, 1980;
Selby, 1980; Davis and Golombek, 1990; Schultz, 2002]. In
addition, measurements were also made of trough geometry
parameters that included the plateau (trough rim) elevation,
trough rim-to-rim width, and trough wall height, all of
which were regarded as gross geometric parameters likely
to influence variations in slope angle along the north and
south walls and differences in slope angle between them.
For each wall, correlations were made between slope angle,
mean annual surface temperature, location parameters (lat-
itude and longitude), and trough geometry parameters.
Ordinary least squares regression was performed to indicate
average values of parameters and their trends along the
trough, and to establish relations among the various param-
eters. Comparisons were made for differences in slope angle
between the north and south walls using paired-samples
t-tests. Differences between the walls in slope angle were
correlated with differences in mean annual surface temper-
ature, location, and trough geometry parameters.

4. Profiles Across Coprates Chasma

[22] The purpose of the profiling analysis was to measure
various topographic parameters along each wall of the
trough. A total of 247 profiles spaced 4 km apart were
drawn normal to the trend of the �1,000-km-long trough,
with data points along each profile spaced 926 m apart. The
first profile (coprates001) was located at the western-most
end of the trough, and the last profile (coprates247) was
located at the eastern-most end. The position of the rim on
each side of the trough for each profile was defined as the
first point that had a slope angle steeper than 5.0� and which
was followed by 15 points with an average slope angle
steeper than 8.75� (including and starting with the initially
selected point) (Figure 2). The position of the trough bottom

on each side of the trough for each profile was defined as
the bottom-most point of the first 5 points averaging <3.7�
found downslope from the rim.
[23] Measurement of wall slope angle was confined to

those parts of the profiles comprising the upper 50% of the
walls (as measured from trough rim to floor), to discount
the possibility of depositional features being included in
the analysis (Figure 2). Slope angles along a profile were
calculated by using steepest gradient slope angles, with the
overall slope angle for a wall at a profile being calculated as
the average of the slope angles determined for the relevant
points. The steepest gradient slope angles, steepest gradient
slope aspects (cosine thereof), and latitudes were used to
calculate incidence angles and temperatures for each wall at
the location of each profile.

5. Theoretical Predictions

5.1. Calculation of Mean Annual Surface Temperature

[24] Temporal variations in temperature on Mars are gen-
erally calculated using the surface energy balance equation:

S0

R2
1� Abð Þ cos iþ k

@T

@z
þ Fa þ L

dm

dt
¼ esT4; ð1Þ

where S0 is the solar constant at 1 AU; R is the mean
distance of Mars from the sun; Ab is the bolometric albedo; i
is the local incidence angle of sunlight; k is the thermal
conductivity of the regolith; Fa is the downward component
of atmospheric radiation; L is the latent heat of CO2

sublimation; m is the mass of CO2 condensate per unit area;
e is the surface emissivity; and s is the Stephan-Boltzmann
constant [Kieffer et al., 1977; Clifford, 1993].
[25] Given the average annual surface temperatures at

latitudes equatorward of �40�, the CO2 latent heat part of
the equation can be ignored for these latitudes. Assuming an

Figure 2. Data points, and points used to measure slope angle for the upper 50% of the walls, for
Coprates profile number 200. Profile aspect is 187.2� (north wall)/7.2� (south wall); vertical exaggeration
is 6�.
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albedo of Ab = 0.25, a thermal conductivity of k = 2.0 W
m�1 K�1, and a depth of z = 0, equation (1) can be greatly
simplified to provide an equation (equation (2)) for estimat-
ing the mean annual surface temperature. Equation (2) is
essentially an interpolation of the minimum (154 K) and
maximum (218 K) mean annual surface temperatures cal-
culated for Mars by Clifford [1993]. Although equation (2)
is not a true closed-form solution of equation (1), it provides
a satisfactory means by which temperature can be calculated
for the purposes of this study.

Tms ¼ 64 K cos i þ 154 K: ð2Þ

[26] The local incidence angle, i, depends on latitude,
slope angle, and the orientation of the surface (its slope
aspect), and is the angle between the incident sunlight and
the normal to the planet’s surface at that particular latitude.
The local incidence angle for a given point on the surface is
the absolute value of its latitude, l, minus the north-south
component of its slope, b, or

i ¼ abs l � bð Þ; ð3Þ

and where

b ¼ s cos a; ð4Þ

where s is the steepest gradient slope, and a is the aspect
(bearing, orientation) of that steepest gradient slope.
Steepest gradient slope is the magnitude of the gradient
and slope aspect is the azimuth of the gradient.

5.2. Calculated Temperature and Potential Ice
Distribution Differentials

5.2.1. Theoretical Temperature Differences Between
the North and South Walls of Coprates Chasma
[27] As an illustration of the magnitude and direction of

temperature variations along the walls, and of differences
between them, equation (2) was used to calculate Tms, and
subsequently to gauge hypothetical ice distribution patterns,
for both walls at each of three locations along Coprates
Chasma (positioned near the western end of the trough, in
its central region, and near the eastern end, respectively)

(Table 1). The trough is geographically aligned such that its
eastern end lies 4� further south than its western end. The
opposing aspects of the south and north walls lead to marked
differences in incidence between the two walls, and there are
also differences in incidence resulting from slope angle. For
a slope angle of 30� (15�), Tms for the south wall increases
from west to east by 1.1 K (0.1 K), but the temperature of the
north wall decreases by 3 K (2 K) along the same direction
(Table 1). The effect of aspect is seen by the differentials for
each location, with the Tms of the south wall being warmer
than the north by 11.7 K (5.8 K), 13.8 K (6.9 K), and 15.8 K
(7.9 K) at the western, central, and eastern sections of the
trough respectively. As an illustration of the variation in
mean annual surface temperature across the trough, temper-
ature variation was calculated using actual data from
profile 200 using equation (5), as shown in Figure 3.
5.2.2. Depth to the Base of the Cryosphere in
Coprates Chasma
[28] The depth to the base of the cryosphere (z) can be

estimated using the steady state one-dimensional heat con-
duction equation:

z ¼ K
Tmp � Tms

Qg

; ð5Þ

where K is the thermal conductivity of the Martian crust,
Tmp is the melting point of ground ice, Tms is the mean
annual surface temperature, and Qg is the value of the
geothermal heat flux. The values used here are those
reviewed and used by Clifford [1993] of Qg = 30 mW m�2,
K = 2.0 W m�1 K�1, and Tmp = 252 K.
[29] Substituting the temperature data of Table 1 (for a

wall slope angle of 25�) into equation (5) shows that for the
eastern end of the trough the calculated depth to the base of
the cryosphere underneath the south wall is �2.3 km and
under the north wall is �3.2 km; the comparable values for
the western end of the trough are �2.4 and �3.0 km
respectively. All other factors being equal, there is therefore
a substantial predicted difference in the depth to the cryo-
sphere between the south and north walls of Coprates
Chasma, with the difference being greater at the eastern
end of the trough. McGovern et al. [2002] revised Qg

downward to around 20 mW m�2; use of such a value in

Table 1. Calculated Values of Incidence and Mean Annual Surface Temperature for Three Pairs of Locations Along Coprates Chasmaa

North/South
Wall Latitude, �S

North/South
Wall Longitude, �W

Slope
Angle, �

North Wall
Incidence, �

South Wall
Incidence, �

North Wall Mean
Annual Surface
Temperature, K

South Wall Mean
Annual Surface
Temperature, K

Difference
(North-South), K

10.25/12.00 70 (western end) 15 24.80 2.55 212.1 217.9 �5.8
20 29.66 7.41 209.6 217.5 �7.8
25 34.51 12.26 206.7 216.5 �9.8
30 39.36 17.11 203.5 215.2 �11.7

12.25/14.00 62 (central) 15 26.80 0.55 211.1 218.0 �6.9
20 31.66 5.41 208.5 217.7 �9.2
25 36.51 10.26 205.4 217.0 �11.5
30 41.36 15.11 202.0 215.8 �13.8

14.25/16.00 54 (eastern end) 15 28.80 1.45 210.1 218.0 �7.9
20 33.66 3.41 207.3 217.9 �10.6
25 38.51 8.26 204.1 217.3 �13.3
30 43.36 13.11 200.5 216.3 �15.8

aThe first row of data is for a location near the western end of the trough; the second row is for a location in the central part of the trough; and the third
row is for a location near the eastern end of the trough. Calculated with (assumed) north wall slope aspects of 194� and south wall slope aspects of 14�.
Incidence angle is the angle away from vertical. Mean annual surface temperatures were calculated using equation (2); local incidence angles of sunlight
were calculated using equation (3).
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these calculations would increase the estimated depths to the
base of the cryosphere, and the N-S differentials, by 50%.
[30] As an illustration of the variation in the depth to the

base of the cryosphere across the trough, the depth variation
(Figure 4) was calculated using actual data from profile 200
using equation (5) and the variation in surface temperature
and slope angle as displayed in Figure 3. With nominal
parameters (Qg = 30 mW m�2, K = 2.0 W m�1 K�1, and
Tmp = 252 K [Clifford, 1993]), this calculation yields a

depth to the base of the cryosphere of �2.3 km under the
south wall of the trough and �3.6 km under the north wall
in the vicinity of profile 200.
5.2.3. Depth to the Ice Table in Coprates Chasma
[31] The ice table represents the depth below which

ground ice theoretically exists in the cryosphere, with the
depth being a function of mean surface temperature and the
thermal conductivity of the crust. Thermal models indicate
the equatorial region has been desiccated to leave the ice

Figure 3. Calculated temperature variation along Coprates profile number 200. Vertical exaggeration of
elevation profile is 5�.

Figure 4. Coprates Chasma profile number 200 with hypothetical cryosphere. Depth to cryosphere
calculated using equation (5); nominal values cited for Mars are Qg = 30 mW m�2, K = 2.0 W m�1 K�1,
and Tmp = 252 K [Clifford, 1993]; Tms was calculated using equation (2); vertical exaggeration is 6�.
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table a postulated �100–300 m below the surface [Clifford
and Hillel, 1983; Fanale et al., 1986; Mellon et al., 1997].
Whether or not the ice table is regarded as being in a steady
state condition, it is likely to be shallower underneath the
north wall of Coprates Chasma, given that the ice table
depth is dependent upon mean annual surface temperature,
and given the calculated differential in surface temperature
between the north and south walls.
[32] Mellon et al. [1997] considered the possibility of a

steady state ice table in the equatorial regions, and for a
thermal conductivity of 1.0 W m�1 K�1 (representing
‘‘dense rock’’) the ice table is calculated to have a depth
of �300 m for a Tms of 217 K (equating to the south wall),
and a depth of �200 m for a Tms of 200 K (equating to the
north wall). The corresponding temperatures at the ice table
for the relevant surface temperature conditions are 225 K
and 205 K for the south and north walls respectively (data
from Mellon et al. [1997]).

5.3. Consequences of Temperature Differences for
Ground Ice Distribution and for Spatial Variation in the
Strength and Morphology of Coprates Chasma Walls

[33] As demonstrated, insolation differences between the
south and north walls of Coprates Chasma are predicted to
generate differences in Tms between the two walls. The
differences in Tms are in turn expected to cause differences
in subsurface temperatures (for equal depths) in the material
comprising the trough walls, and also to influence the
depths to the ice table and to the base of the cryosphere
within the trough walls. Given that the existence of near-
surface liquid water is precluded by current (and past)
atmospheric temperature and pressure conditions [e.g.,
Fanale, 1976], the trough wall constituent materials within
the part of the cryosphere below the ice table will either
contain ground ice or be dry. Whether or not the cryosphere
contains ground ice will determine the strength and suscep-
tibility to erosion of the trough walls, and therefore the
morphology of the walls. Thus hypothesized patterns of
wall morphology are able to be established on the basis of
the predicted distribution of ground ice, as outlined below.

5.4. Development of Hypotheses

[34] If ground ice were present within the constituent
materials of the trough walls, it would affect the strength
(erodability) of the walls. Any ice-laden material compris-
ing the north wall would be colder than in the south wall
and would therefore be more stable in terms of ice-related
deformation than would the south wall. In approximate
terms, given this temperature differential, the strain rate of
ice would be 20 times lower in the northern wall and would
constitute a strength difference between the walls. Because
of the differential between the walls in the depth to the
cryosphere (calculated to be 600–1400 m deeper below the
north wall, dependent on location along the trough), there
would also be a greater thickness of ice-rich material
underlying the north wall, and which for equivalent depths
would be colder than the south wall.
[35] The mechanical effect of sublimation of interstitial

volatiles is to reduce the strength of the material by
removing the component of total material strength provided
by ice, so that the desiccated material is weaker and more
easily eroded than the ice-saturated material [e.g., Moore et

al., 1996; Peulvast et al., 2001]. In Coprates Chasma, if the
hypothesized asymmetries in ground ice distribution are
correct, colder slopes should exhibit steeper slope angles
than warmer slopes, because the rate of sublimation and
therefore weakening of desiccated material is slower, the
depth to the ice table is shallower, and the ice-laden material
at and below the ice table is colder and stronger. Given that
the ice table in the north wall is hypothesized to have colder,
stronger ice than the south wall, the slope would maintain a
steeper topographic slope angle during erosion.
[36] Asymmetries in surface temperature and ice distri-

bution between the north and south walls of the trough
would therefore produce predictable differences in slope
material strength and slope angle. Specifically, if ground ice
were differentially distributed according to the spatial pat-
tern of mean annual surface temperature as described, the
following hypotheses would be found to be true:
[37] H1. The trough-averaged slope angle of the north

wall should be steeper than that of the south wall.
[38] H2. The difference in slope angle between the north

and south walls should be greatest where temperature
differentials are greatest and least where temperature differ-
entials are least. Essentially, this means that slope angle
difference should increase eastward along the trough.
[39] H3. Any along-trough trend in slope angle should be

greater along the north wall than the south as the north wall
has a more marked trend in predicted mean annual surface
temperature and consequently a greater range of ground ice
conditions.
[40] If ground ice were absent from the constituent mate-

rials of the trough walls, that is, the materials were dry, the
effect of insolation and temperature asymmetries would be
different from the ice-present scenario. Because of the
absence of an asymmetric distribution of ice and a differen-
tial in its thermal condition, there would be no resultant
strength differential (attributable to ground ice) between the
material comprising the north and south walls respectively.
Therefore, if no ground ice were contained within the walls,
hypotheses H1–H3 presented above would be rejected.

6. Empirical Results

6.1. Slope Angle Variations and Differences

[41] The slope angle of the walls as determined from the
profiles ranges from 14 to 29�. The average slope angle of
the north wall is 22.4 ± 0.3� and of the south wall is 21.1 ±
0.4� (Table 2). The slope angle of both the north and south
walls increases, on average, from west to east along the
trough (Figure 5). However, there is some scatter in the data
(standard deviations: north wall 2.4�; south wall 2.9�). The
average difference in slope angle between the two walls is
1.3� ± 0.5�, with the north wall being steeper than the south.
The difference in slope angle between the walls is, on
average, the same at all locations along the trough, as
shown in both Figure 5 and Figure 6. A greater number
of wall slope sections are steeper on the north wall of the
trough (157) than on the south (90).

6.2. Mean Annual Surface Temperature Variations
and Differences

[42] Calculated values of Tms for the south wall are
higher than those for the north wall, with a difference of
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�7.5 K at the western end of the trough and �11.5 K at
the eastern end (Figure 7). Calculated Tms along the north
wall decreases significantly along the trough from west to
east, although the data show considerable scatter. In
contrast, there is little variation and negligible trend in
mean surface temperature along the trough for the south
wall. The calculated temperature difference widens along
the trough, due to the decline in temperatures along the
north wall from 210 K to 206 K. The average calculated
Tms for the north wall is 207.7 K and for the south is
217.4 K (Table 2), with the average difference in temper-
ature being 9.7 K.

6.3. Relationships Between Slope Angle and Slope
Angle Difference and Other Variables

6.3.1. Slope Angle
[43] For the north wall, slope angle has small but signif-

icant correlations with longitude and latitude (Figure 5 and
Table 3). The slope angle of the south wall has a significant
negative correlation with trough rim-to-rim width and with

trough bottom elevation, but is not significantly correlated
with either latitude or longitude.
6.3.2. Slope Angle Difference
[44] The north-south wall difference in slope angle has no

significant correlation with wall height or with the differ-
ence in either wall height or rim elevation (Table 4).
However, it has a significant positive correlation with
trough width, which is due mainly to the decrease in slope
angle of the south wall with respect to trough width.

6.4. Hypothesis Testing and Interpretation

6.4.1. Hypothesis Testing
[45] On the basis of the empirical results presented, the

outcomes of testing the hypotheses are as follows:
[46] H1 is accepted. The trough-averaged slope angle of

the north wall is 1.3� ± 0.5� steeper than that of the south wall.
[47] H2 is rejected. The average difference in slope angle

between the north and south walls is constant along the
trough, despite a difference in average Tms of �7.5 K at the
western end of the trough and �11.5 K at the eastern end.
[48] H3 is rejected. The along-trough trend in slope angle

is the same (a 1.5� increase from west to east) for both
walls, despite Tms for the north wall decreasing by 4 K and
Tms for the south wall being essentially constant.
6.4.2. Interpretation: Influence of Surface
Temperature on Slope Angle
[49] Although the north wall is on average 1.3� steeper,

and on average 9.7 K colder, than the south wall of the
trough (Table 2), the difference in slope angle between the
walls does not systematically increase from west to east
along the trough as predicted; the slope angle differential is
therefore unlikely to be related in a simple manner to
differentials in Tms. In addition, the average slope angle at
the eastern end of the south wall is the same as the average
slope angle at the western end of the north wall, despite a
calculated Tms difference of 7–8 K. Furthermore, the
increase in average slope along the trough for the south

Table 2. Coprates Chasma North and South Wall Data

Mean (±95% CI)
North Minus South

Difference (±95% CI)

Incidence angle
N: 32.4 ± 0.4�
S: 6.7 ± 0.3� 25.7 ± 0.6�

Temperature
N: 207.7 ± 0.3 K
S: 217.4 ± 0.0 K

�9.7 ± 0.3 K

Slope
N: 22.4 ± 0.3�
S: 21.1 ± 0.4� 1.3 ± 0.5�

Aspect
N: 192 ± 3�
S: 11� ± 3� �179 ± 4�

Wall height
N: 8,095 ± 164 m
S: 7,299 ± 178 m

796 ± 149 m

Rim elevation
N: 3,408 ± 153 m
S: 2,656 ± 160 m

752 ± 140 m

Bottom elevation
N: �4,686 ± 48 m
S: �4,643 ± 59 m

�43 ± 64 m

Figure 5. Variation in slope angle with longitude for north and south walls.
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wall is the same as for the north wall, despite the essentially
constant surface temperature along the south wall. These
observations suggest that variations in wall slope angle have
little relation to surface temperature variations and hence to
hypothesized ground ice distribution patterns.

7. Discussion

7.1. Role of Volatiles in the Strength and Erosion of
Trough Walls

[50] Although the presence of ice and its sublimation
have been previously referred to as possible causes of

variations in wallrock strength and erodability in Valles
Marineris [e.g., Peulvast et al., 2001; Mège and Gatineau,
2003], the evidence for it to date has been largely circum-
stantial. Peulvast et al. [2001] used ejecta mobility data
from rampart craters on the plateaus in the vicinity of Valles
Marineris to make inferences about material rheology,
which they argued reflected variations in host rock volatile
(ice) content and therefore in the strength (erodability) of
trough wall rock. They found a loose correlation between
high values of host rock ice content and the areas of greatest
trough widening (central troughs), and attributed this to the
former presence of ground ice where sublimation of the ice

Figure 6. Variation in slope angle difference with longitude.

Figure 7. Mean surface temperature variation with longitude for Coprates Chasma. Spearman rank
correlation for north wall data is �0.56 (p < 0.000) and for south wall data is 0.12 (p = 0.06).
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matrix had reduced the strength of materials into which the
wall surfaces were eroding. Trough walls with lesser
amounts of wall retreat (eastern and western troughs) were
interpreted as having lower proportions of cryospheric
volatiles due, perhaps, to being less porous. However, the
spatial patterns of material property values produced were
in fact somewhat loosely constrained, and based on the
assumption that the properties of the rock already eroded by
the widening troughs were similar to those of the rock
constituting the surrounding plateaus.
[51] In contrast to the findings of Peulvast et al. [2001],

the results of this study are at variance with the idea that
wall strength and rates/amounts of erosion have been con-
trolled by differentials in ice distribution within trough wall-
forming materials. The observed pattern of wall slope angle
variation within the trough is not consistent with the
hypothesized distribution and condition of ground ice within
the walls, on the basis of three points of evidence. First, the
difference in slope angle between the north and south walls,
contrary to predictions based on asymmetrical patterns of
temperature and of predicted ground ice distribution, does
not increase eastward along the trough. Second, the sections
of wall at the east end of the south wall and at the west end of
the north wall have the same average slope angle but
temperatures that differ by some 7–8 K. Third, the increase
in average slope angle along the trough for the south wall
(about 1.5� from west to east) is the same as for the north
wall, but with no change in surface temperature. The major
inference drawn from the results is that ice has been absent
from the slope-forming materials underlying the walls of
Coprates Chasma for geologically significant timescales,
corresponding to the time since the spur-and-gully morphol-
ogy was formed (early Middle Amazonian). An additional
test of the possible influence of volatiles on wall erodability
is that the westward increase in host rock volatile concen-
tration along Coprates Chasma as proposed by Peulvast et

al. [2001] would be expected to produce a westward
widening of the trough. However, the topographic data used
in the current study show that the trough measures 100–
125 km in both the eastern and western sections and pinches
to 70–105 km in the central section (Figure 1b).

7.2. Constraints on the Formation of Spur-and-Gully
Morphology and on Landsliding

[52] The dominant type of erosional morphology of the
walls of Coprates Chasma is spur-and-gully morphology,
with a few landslides being confined to the western end of
the trough. The age of the spur-and-gully erosion is not
certain [e.g., Lucchitta, 1999], although the morphology is
destroyed by landslides where they occur (in both western
Coprates Chasma, and more extensively in other troughs),
and the erosional style does not seem to have developed
on the landslide headscarps nor on young fault scarps
[Lucchitta, 1979; Lucchitta et al., 1992]. The landslides
must therefore post-date the formation of the spur-and-gully
erosion. Recent dating of landslides by Quantin et al.
[2003] in Valles Marineris indicates that the landslides have
occurred in ‘‘batches’’ with ages ranging from 1–2 Gyr to
100 million years. This result would seem to discount the
possibility that spurs and gullies could be actively forming
on landslide headscarps as it would have started to appear
after 1–2 Gyr of erosion on the older scars. A maximum
age for the onset of erosion of the spur-and-gully morphol-
ogy is Early Amazonian, given that its development post-
dates the formation of grabens on Ophir Planum [Blasius et
al., 1977; Schultz, 1991, 1998]. In addition, the timing of
the erosion would also appear to be restricted by its onlap
onto the morphology of interior layered deposits aged Late
Hesperian through to Middle Amazonian [Schultz, 1991;
Komatsu et al., 1993]. The spur-and-gully topography is
therefore a relict topography dating back to around the early
Middle Amazonian.

Table 3. Spearman Rank Correlations of Slope Angle With Location and Trough Geometry Parameters for North and

South Wallsa

Latitude Longitude
Width
at Rims

Width at
Bottoms

Wall
Height

Rim
Elevation

Bottom
Elevation

North Wall Slope Angle
Correlation coefficient �0.224b 0.222b �0.052 �0.091 �0.155c,d �0.065 0.101
Sig. (2-tailed) 0.000 0.000 0.415 0.155 0.015 0.309 0.113

South Wall Slope Angle
Correlation coefficient �0.118 0.110 �0.368b �0.108 0.046 �0.017 �0.332b

Sig. (2-tailed) 0.063 0.083 0.000 0.092 0.476 0.786 0.000
aN = 247 for all correlations.
bCorrelation is significant at the 0.01 level (2-tailed).
cCorrelation is significant at the 0.05 level (2-tailed).
dCorrelation can be ignored as wall height data are bimodal.

Table 4. Correlations of Slope Angle Difference With Location and Trough Wall Geometry Parametersa

North Wall and South Wall Data

Latitude Longitude
Width
at Rims

Width at
Bottoms

Rim Elevation
Difference

Bottom Elevation
Difference

Wall Height
Difference

Slope angle difference
Correlation coefficient �0.027 0.053 0.251b 0.001 0.085 0.052 0.053
Sig. (2-tailed) 0.674 0.409 0.000 0.990 0.185 0.412 0.403
aN = 247 for all correlations.
bCorrelation is significant at the 0.01 level (2-tailed).
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[53] The spur-and-gully morphology could conceivably
have been produced either by dry mass wasting character-
istic of a cold climate [e.g., Blasius et al., 1977; Sullivan,
1992], or by running water, or by subaqueous processes
when the trough was flooded or filled by a lake [e.g.,
Lucchitta et al., 1994]. Sullivan [1992] suggested that the
spur-and-gully morphology is a result of periodic removal
of weathered debris by avalanche chute movements of
depths ranging up to 150 m. The cycle starts with the
weathering and weakening of trough wall surface materials
until a critical thickness of material is reached and removed
under the stress of its own weight by mass movement. The
weakening of layers to depths of up to 150 m was
postulated to be due to the sublimation of ice, with the
bases of rock avalanches being activated at the ice table
which would be expected to provide a strength discontinu-
ity. The results of this study do not support the dry mass
wasting origin for the spur-and-gully morphology with
erosion rates controlled by the sublimation of ice. There is
no topographic signature consistent with the expected three-
dimensional distribution of ground ice along the trough, or
with its differential distribution across the two walls, that
supports such an origin. Such an origin, if ice were
involved, should have given rise to topographic asymme-
tries and patterns consistent with differentials in the distri-
bution and strength of ice across the two walls. If the role of
ground ice in the formation of the spur-and-gully topogra-
phy can thus be ruled out, this constrains the origin of the
morphology to the action of liquid water, either by overland/
subsurface flow or by submarine processes [Lucchitta,
1978; Lucchitta et al., 1994]. In addition, given the inferred
absence of ground ice within the trough walls during the
period when landslides were destroying the spur-and-gully
morphology in some wall sections, it seems evident that the
initiation and mobilization of these mass movements did not
involve ice, at least in the walls of Coprates Chasma.
Existing explanations of landslide initiation that involve
the melting of ice therefore need to be re-evaluated.

7.3. Alternative Explanations of Trough Wall Slope
Variation

[54] Several processes or mechanisms not involved with
volatiles could conceivably have caused slope angle varia-
tion (including opposing wall asymmetry) in trough walls.
These include gross variations/differences in trough geom-
etry (e.g., trough depth), structural/tectonic mechanisms
[Schultz, 1991; Peulvast et al., 2001; Mège and Gatineau,
2003], and rock mass strength mechanical stability differ-
ences [Schultz, 2002; Mège and Gatineau, 2003]. Correla-
tions of slope angle and slope angle difference with trough
geometry factors such as rim elevation and wall height as
determined in this study are fairly weak or insignificant,
even though these parameters exhibit variation along the
trough and show differences between opposing walls. These
results suggest that trough geometric factors have little
bearing on slope angle variations along the trough walls
or on slope angle differences between the two trough walls.
[55] Structural and tectonic processes could potentially

impart variations in erosion and topography along each
wall, and produce differentials in slope angle between the
walls. The slope angle asymmetry measured, for example,
could be produced by an asymmetric graben structure.

Coprates Chasma exhibits a strong graben-like form, its
tectonic origin reflected by inward-dipping normal bound-
ary faults and interior fault scarps [Schultz, 1991]. Schultz’s
[1991] study of the structural development of the trough led
him to conclude that the cross-sectional geometry of the
trough may be characterized by a subtle, down-to-the-north
half-graben structure, with the master fault running along
the northern margin of the trough. However, he recognized
that better data were needed to detect topographic trends
(such as a sloping trough floor, a good indicator of the
presence of structural asymmetry) to verify the asymmetric
graben hypothesis. Wall bottom elevations measured in this
study and which mark the level of the trough floor at the
base of each wall show no statistical difference between
the north and south walls as judged using a paired t-test
(Table 2). On this evidence, it is concluded that the average
across-trough slope gradient of the trough floor is negligi-
ble, and that Coprates Chasma is most likely a symmetric
graben. The measured trough wall slope angle asymmetry
(north wall on average steeper) is therefore unlikely to be a
result of asymmetric graben geometry.
[56] A final, and favored, possibility to explain the

variation in slope angle and slope angle difference along
the trough concerns local and regional contrasts in the rock
mass strength of wallrock [Schultz, 2002; Mège and
Gatineau, 2003], bearing in mind that the results presented
here preclude differences in wall strength resulting from
variations in ice content or in the variable desiccation of
wall material [cf. Peulvast et al., 2001; Mège and Gatineau,
2003]. The topographic slopes measured exhibit an angle-
height pattern that cuts across lines of equal rock mass
rating (strength) (Figure 8), interpreted as meaning that the
wallrock constituting the slopes exhibits spatial variation in
its resistance to erosion. The inferred strength of the wall-
rock is inferred to be an RMR of 50–75, characteristic of a
reasonably coherent but well-jointed rock mass [Schultz,
2002]. Any variations in the orientation and dip of the
layering and joints of the wallrock, or in joint continuity and
density, would affect the rock mass strength of the rock
[Selby, 1980; Bieniawski, 1989; Schultz, 2002; Mège and
Gatineau, 2003], and could explain some of the variation in
slope angle along each trough wall.

8. Conclusion

[57] This study has used a novel approach to investigate
aspects of the evolution of the trough walls in Coprates
Chasma, with particular reference to the possible role of ice
and to the formation of spur-and-gully morphology. The
investigation set out to discover whether the pattern of slope
angle variation of the walls is consistent with the hypoth-
esized presence of ground ice within the walls. Calculated
mean annual surface temperature variations along each wall,
and temperature differences between the two walls, were
used to define the predicted three-dimensional distribution,
thermal condition, and strength of ground ice. The observed
wall slope angle variation is not consistent with the predicted
distribution and condition of ground ice. It is inferred that the
erosional morphology of the trough walls is not a function of
ice-related processes, and that ground ice has been absent for
most or all of the time since the spur-and-gully topography
formed (around the early Middle Amazonian).
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[58] Given the apparent longevity of the spur-and-gully
morphology, and because the topographic patterns pre-
sented indicate the absence of ground ice, it is likely the
spurs and gullies were formed by the action of liquid water
(either subaerial or submarine) and not by dry mast-wasting
above an ice-rich crust. Landslides, where they occur in the
spur-and-gully morphology in Coprates Chasma, have by
implication neither been initiated by ice-related processes
nor mobilized by ground ice. These findings demand a
reconsideration of the role/non-role of volatiles in influenc-
ing both the erosional susceptibility of the trough walls and
the dynamics of the contributing slope-forming processes.
The evolution of the spur-and-gully morphology is still not
well understood and the morphology remains under-studied
(compared with landslide wall sections) given that it is the
predominant wallrock form in Valles Marineris. Insights
into its form and evolution could be gained from a detailed
morphometric analysis using MOLA topography.
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