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[1] The presence of an extensive ice-rich layer in the near subsurface of the Martian
regolith could result in viscous creep responsible for softening of craters at middle and
high latitudes. The temperature of ground ice will vary spatially within a crater owing to
the effect of slope on the effective angle of insolation. The temperature at a particular
latitude will also vary temporally owing to changes in Mars’ obliquity. Results from
numerical simulations of viscous creep indicate that these temperature variations cause the
pole-facing slopes of craters to be systematically steeper than those of equator-facing
slopes. Crater slopes should be most asymmetric between 25� and 40� latitude, depending
on the thickness of the creeping layer. This slope asymmetry predicted from theoretical
simulations of regolith creep is not well developed in observed Martian crater topography.
Mars Orbiter Laser Altimeter (MOLA) topography of craters 16 to 40 km in diameter was
analyzed for north-south slope asymmetry within seven latitude regions ranging from 60�S
to 60�N. On the basis of the lack of any systematic slope asymmetry observed in the
craters, we can place a conservative upper limit of �150 m on the thickness of the ice-rich
creeping layer assuming a volumetric dust content of �70% and an exponentially
decreasing regolith porosity with depth. If the creeping layer contains relatively clean
ice, then the thickness of ice-rich material is limited to �100 m or less. The observations
also suggest that the thickness of this creeping layer is reduced by �30% toward the
equator. These results imply a global ice-rich regolith water volume of <�107 km3,
comparable to that proposed for a modest-sized northern plains ocean.
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1. Introduction

[2] The Martian subsurface is arguably the largest reser-
voir for H2O on the planet. On the basis of thermophysical
models, Clifford [1993] suggested that the Martian cryo-
sphere could easily extend to 5 km depth globally. Given a
surface porosity of 20%, a 5 km deep cryosphere amounts to
a volume of water that could cover Mars in a 540 m deep
global ocean. Constraining the thickness of the ice-rich
regolith on Mars through geologic observations and remote
sensing is therefore important in determining the global
water budget.
[3] Although direct evidence of water ice in the upper

meter of the Martian subsurface has only recently been
provided by neutron and gamma ray spectrometer data
and thermal emission observations [Boynton et al., 2002;
Feldman et al., 2004; Bandfield, 2007], its presence had
been strongly suspected since the Viking missions on both
theoretical and observational grounds [Carr and Schaber,
1977]. Remote sensing observations [Mustard et al., 2001]
and numerical climate models [Fanale et al., 1986; Paige,
1992; Mellon et al., 1997] suggest that equatorial regions

are generally depleted in near-surface ice, while an ice-
rich mantle extends poleward of 30�.
[4] To probe for ice at greater depths, we rely on remote

sensing observations from radar reflectometry and on geo-
logical observations such as topographic roughness, crater
softening, viscous flow features, and rampart ejecta. One of
the few Mars radar results published to date is by Plaut et
al. [2007] in which the thickness of the ice-rich south polar
layered deposits are measured to be 3 km. Holt et al. [2008]
use radar observations at lower latitude to measure ice-rich
material 800 m in thickness around isolated massifs. Future
radar observations will likely constrain the thickness and
distribution of ice-rich regolith over broader scales as
coverage increases.
[5] Global surface roughness measurements were made

by Kreslavsky and Head [2000]. Their work suggests that
preferential sublimation of ice on equator-facing slopes has
occurred at short length scales (300 m) in a midlatitude band
around 45� in the recent past (<10 Ma). In another paper,
Kreslavsky et al. [2008] describe the climate conditions
necessary to form an active permafrost layer within midlat-
itude craters. They find that, during high obliquity (>45�)
periods in the Amazonian, annual freeze-thaw cycles could
modify slopes of craters �10 km in diameter. At longer
length scales (�30 km) and longer timescales (�100 My),
an intact ice-rich regolith can result in viscous relaxation of
crater topography.
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[6] Relaxation of a deformable, presumably ice-rich,
regolith layer of approximately 1 km in thickness may
explain softened craters at middle to high latitude according
to Jankowski and Squyres [1992]. The presence of lobate
debris aprons, viscous flow features, and lineated valley
fill provide additional evidence for a large reservoir of
ice-rich material in the near surface of the Martian regolith
[Colaprete and Jakosky, 1998; Mangold et al., 2002;
Milliken et al., 2001; Squyres, 1978; Squyres and Carr,
1986]. Lobate ejecta deposits surrounding craters on Mars
provide evidence for water ice in the near subsurface [Strom
et al., 1992]. Kuzmin et al. [1988, 1989] found a strong
latitudinal dependence regarding the onset diameter of
craters with rampart ejecta. They suggest that this lati-
tudinal dependence reflects an enrichment of ice in the
Martian regolith with increasing latitude. An earlier study by
Mouginis-Mark [1979] found that craters with a ‘‘pancake’’
ejecta morphology occurred almost exclusively poleward
of 40� in both hemispheres.
[7] Here we investigate crater relaxation as a probe of

the thickness of the inferred subsurface ice-rich layer.
Building on work by Kreslavsky and Head [2003] and
Jankowski and Squyres [1992] we explore crater slope
asymmetry as a means of determining the thickness of
ice-rich regolith on Mars. First, we develop a theoretical
model for crater slope asymmetry generation via viscous
relaxation of crater topography. Next, we describe the
method by which we analyzed real craters using Mars
Orbiter Laser Altimeter (MOLA) data [Smith et al., 2001].
In section 4 we compare crater relaxation simulation results
to the observations from various latitude regions on Mars
in order to constrain the model parameters. Finally, we
discuss the model and observational results regarding the
thickness of ice-rich material in the Martian regolith and
present our conclusions.

2. Theory

2.1. Downslope Creep of Ice-Rich Regolith

[8] Downslope transport of ice-rich Martian regolith may
be modeled as a diffusion creep process which smooths out
topographic variations over time [Colaprete and Jakosky,
1998; Pathare et al., 2005]. Downslope creep is driven by a
shear stress

t ¼ rgz
@h

@r
ð1Þ

where r is the regolith bulk density, g is the gravitational
acceleration, z is depth, and @h

@r is the local slope. The bulk
density is a function of the density of the solid particles
(2500 kg m�3 in our model), the density of ice (900 kg
m�3), and the dust fraction. The response of ice to applied
stresses is typically nonlinear (non-Newtonian); here we
assume that it deforms according to Glen’s Flow law:

_� ¼
@v

@z
¼ A0t3 ð2Þ

where _� is strain rate, v is the downdip velocity, and A0 is
inversely related to viscosity [Colaprete and Jakosky, 1998].
Goldsby and Kohlstedt [2001] suggest a stress exponent of

1.8 for ice at Mars conditions, and include a grain size–
dependent strain rate. The stress exponent increases to 4 at a
stress of 1 MPa.
[9] Crater softening due to ice-driven creep may vary

spatially within a single crater owing to temperature varia-
tions induced by slope-related insolation variations. Be-
cause creep processes are more rapid at higher
temperature, one would expect equator-facing crater slopes
to creep more and become shallower than pole-facing slopes
at low to moderate obliquities. The relaxation of topography
(h) is governed by the thickness of the ice-rich layer, the
viscosity at the surface of the creeping layer (/ A0

sfc
�1), and

the local slope. In order to minimize computation time, we
make the simplifying assumption that the porosity of the
ice-rich Martian regolith decreases exponentially with
depth. This porosity increase can be expressed in terms of
A0 as follows:

A0 zð Þ ¼ A0
sfc e�z=d
� �

ð3Þ

where z is depth, increasing downward and the e-folding
depth (d) of porosity will hereafter be referred to as the
thickness of the creeping layer. Here we assume that a
decrease in the ice volume fraction with depth influences
the regolith rheology. We note, however, that the regolith
effective viscosity actually decreases with depth [Mangold
et al., 2002] because the strain rate increases more quickly
with depth than A0 decreases. Our assumed porosity
structure is a conservative assumption because it tends to
slow the rate of crater relaxation relative to a uniform
porosity structure. The value of A0 at the surface of the
creeping layer is given by

A0
sfc ¼ A0

o e
Q T�Tmð Þ
RTTm

�bf
h i

ð4Þ

(modified from Pathare et al. [2005]) where Q is the
activation energy, R is the ideal gas constant, T is the local
temperature, Tm is 273 K, A0

o is related to the viscosity of
polycrystalline ice at 273 K, f is the dust fraction, and b is a
constant [Durham et al., 1992]. Assuming the viscosity
structure given above, radial symmetry, the non-Newtonian
rheology given in equation (2), and a constant ice-rich layer
thickness, the following equation for the change in
topography with time may be derived:

@h

@t
¼ �24d5 rgð Þ3

1

r

@

@r
rA0

sfc

@h

@r

� �3
 !

ð5Þ

where r is the radial (horizontal) coordinate. The derivation of
equation (5) is given in Appendix A and the values of the
parameters used in equations (4) and (5) are listed in Table 1.
Aviscosity of 1014 Pa s is appropriate for ice of 10.0 mm grain
size at 273 K (extrapolated from Goldsby and Kohlstedt
[2001]). The value of A0

owe use (10
�25Pa�3s�1) corresponds

to a viscosity of 1015 Pa s under an applied stress of 105Pa. On
the basis of the slightly high viscosity used in our model, our
estimate of the creeping layer thickness will be conservative.
In our numerical simulations we consider f values that range
from 0.2 (dust-depleted ice) to the critical fraction at which the
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viscosity of a rock-ice mixture will be rock dominated (f =
0.72) [Mangold et al., 2002].

2.2. Numerical Model

[10] We modeled the relaxation of topography using a
finite difference discretization of equation (5) in which the
only initial topographic variation is due to a single peak-to-
peak sinusoidal curve. The peak-to-peak distance is the
crater diameter (D), and the initial depth is set to D/15.
This depth to diameter ratio was based on the maximum
ratio observed in our analysis of crater topography and gives
craters that are �40% deeper than the depth to diameter
relationship given by Garvin and Frawley [1998] for craters
30 km in diameter. Parabolic crater profiles were also used
as an initial condition, but only sinusoidal results are
presented in this paper. We use a relatively large d/D ratio
of 1/15 because it is the largest ratio we observed in our
crater analysis, whereas the study by Garvin and Frawley
[1998] is likely to include craters which have relaxed via
viscous creep. The motivation for using a sinusoidal initial
profile is to ensure that our constraint on the creeping layer
thickness is as conservative as possible. These assumptions
are discussed in detail in sections 5.1 and 5.2.
[11] The numerical simulation is radially symmetric, and

requires that the north and south faces of the simulated
crater be modeled independently. The topographic profile,
with the initial sinusoidal crater center at the left edge, is
divided into 200 elements, each 300 m in length. The time
step used in the simulation is 1000 years. Because the two
halves of the crater are modeled separately, the elevation of
the center of the crater will differ between the two simu-
lations. Although this is not realistic, it is more computa-
tionally efficient than a three-dimensional simulation. At the
crater center, the radial gradient in topography is set to zero.

2.3. Influence of Obliquity and Slope on Temperature

[12] The latitude, local slope, and obliquity all influence
the local temperature. We determine the temperature of a
horizontal surface on Mars at a given obliquity using
theoretical insolation calculations by Ward [1974]. The
annual average equatorial temperature on Mars is currently
220 K [Mellon and Jakosky, 1995]. This temperature
corresponds to an insolation of 180 Wm�2 based on
calculations by Ward [1974]. We can relate insolation
values at other latitudes to temperature using the following
relation:

Thoriz ¼
I

Io

� �1=4

To ð6Þ

where Thoriz is the temperature of a horizontal surface and I
is the local insolation in Wm�2 given by Ward [1974]. Io is
180 Wm�2 and To is 220 K. Figure 1 shows how
temperature varies both as a function of latitude and
obliquity in our simulations.
[13] In simulations lasting less than or equal to 10 Ma, we

allow obliquity to vary with time based on the recent
obliquity history from Laskar et al. [2002]. Longer-term
simulations require a statistical approach to determine the
probability of different obliquity states because the Martian
axial tilt history is chaotic over long timescales, and it is
thus impossible to determine the exact obliquity at a given
time in the past beyond about 30 Ma [Laskar et al., 2004].
The obliquity during a particular 100,000-year time interval
within the 100 Ma and 250 Ma simulations is randomly
selected on the basis of a gaussian distribution of obliquities
given for the appropriate time into the Martian past (either
100 Ma or 250 Ma) determined by Laskar et al. [2004]. We
assume the effect of slope is to change the local latitude by
the angle of the slope. While not exactly correct, this
assumption is a good approximation of more complicated
approaches [e.g., Aharonson and Schorghofer, 2006]. For
example, an equator-facing slope q at a latitude f is
assigned a temperature of a latitude (f � q). Before
discussing the results from these simulations, we will first

Table 1. Definitions and Measured or Theoretical Values (or Range of Values) for Parameters Used in the

Numerical Simulations

Description Symbol Value(s) Reference

Activation energy Q 50 kJ mol�1 [Goldsby and Kohlstedt, 2001]
Reference viscosity ho 1015 Pa s [Goldsby and Kohlstedt, 2001]
Dust fraction f 0.2–0.72 (upper limit) [Mangold et al., 2002]

Dust fraction coefficient b 8 [Pathare et al., 2005]
Density of creep layer r 1.07–2.01 g cm�3 based on f, above
Gravity g 3.7 m s�2

Figure 1. Local temperature of a horizontal surface on
Mars as a function of latitude for the indicated obliquity
state. Calculated using the method described by Ward
[1974] and in section 2.3.
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describe how we quantified slope asymmetry of craters in
both the simulations and in the MOLA topography.

2.4. Slope Asymmetry

[14] On the basis of the theory outlined above, we expect
regolith creep to result in craters demonstrating a slope
asymmetry with shallower equator-facing slopes than pole-
facing slopes. We quantify the slope asymmetry in a similar
fashion to Kreslavsky and Head [2003] by using the
parameter

A ¼
Sn � Ss

Save
ð7Þ

where Sn and Ss are the maximum slopes on the north and
south faces of the crater, respectively. In the simulations Save
is the mean maximum slope for the two faces. A negative
value for A indicates that the south face of the crater is
steeper in slope than the north face. In the section 3 we
describe the method used to measure crater slope asym-
metry on Mars using gridded topography from MOLA.

3. Method of Crater Analysis

[15] We used four criteria to select craters on Mars for
slope asymmetry analysis. First, craters were chosen from
seven latitude bands, centered on 60�N, 47�N, 1.5�S, 20�S,
30�S, 42�S, and 60�S. The locations of these regions are
listed in Table 2. Coordinates and measurements for each
crater analyzed are given in the auxiliary material.1 Second,
we selected craters based on size, ranging from 16 to 40 km
in diameter. Our analysis requires craters that are large
enough to be resolved in gridded MOLA topography, and
small enough to respond to the diffusion of short wave-
length topography. Third, we avoided overprinted craters, or
craters with heavily modified rims. Fourth, craters on steep
regional slopes were not included in our survey to avoid
potential bias in the calculation of A.
[16] The southernmost region analyzed in this study is

located in Promethei Terra. Figure 2a is Viking image of
part of this region. Looking closer, Figure 2b is a Thermal
Emission Imaging System (THEMIS) infrared image of one
of the craters (indicated by an arrow in Figure 2a) we
analyzed. We measured crater slope asymmetry using 18
radial topographic profiles taken every 20 degrees of
azimuth overlain on gridded MOLA topography at a pixel
resolution of 460 m (Figure 2c). Each profile extends from
the center of the crater to the crater rim, or just beyond the

rim. The topography was interpolated at a resolution of
375 m for all profiles. Four profiles transect the north and
south crater faces and 5 profiles transect the east and west
faces. For each crater face we averaged the appropriate
profiles together to get a stacked profile (Figure 2d). We
then compared the maximum slopes from the north and
south crater faces using the stacked profiles to determine
slope asymmetry. The crater slope asymmetry is quantified
by the parameter A, where A = (Sn � Ss)/Sew where Sew is the
average of the maximum slopes from the stacked east and
west profiles. The quantification of slope asymmetry in crater
topography, above, is slightly different than equation (7)
because the topography is 3D and the simulations are done
in 2D.

4. Results

[17] We use a 100 Ma simulation time as an assumed
minimum age of craters 16 to 40 km diameter on Mars.
The crater chronology of Amazonis Planitia presented by
Hartmann and Neukum [2001] suggest craters 16 to 40 km
diameter give a surface age of �1 Ga. Assuming a constant
cratering rate, the average crater age would be 500 Ma.
Even though we are analyzing craters that tend to be the
least degraded (i.e., craters that are not overprinted), we can
assume most craters of this size are older than 100 Ma.
Results from 100 Ma simulations will give conservatively
high estimates of the ice-rich creeping layer thickness if we
are underestimating the true crater age. Running >1 Ga
simulation times would be inappropriate given the current
uncertainties associated with long-term climate evolution
on Mars. The majority of our simulations model 100 and
250 Ma of crater relaxation.

4.1. An Example Simulation

[18] We calculate the theoretical change in topography of
an initial crater profile over time using equations (1)–(6)
with specified values for latitude, d, and f. The background
surface temperature varies with time in the simulation owing
to the changing obliquity, as discussed in section 2.3. An
example of a modeled topographic profile is shown in
Figure 3a for a 30 km diameter crater at 40� latitude with
d = 125 m and f = 0.8 over a 100 Ma period. North is
indicated by the arrow. Notice the asymmetry in slope that
has developed in the final profile owing to the hastening of
creep on the equator-facing slope (right hand side of crater).
Because the simulations are radially symmetric, the north
and south crater faces must be modeled independently.
Therefore, they give slightly different results for the crater
depth resulting in a discontinuity in topography at the bottom
of the crater. However, this discontinuity does not affect our

Table 2. Crater Statistics for Each Region Based on Topographic Observationsa

Latitude Longitude Number of Craters A Mean Diameter (km) Mean Depth (km)

58–63�N 0–360�E 27 0.02 ± 0.19 26.1 ± 6.4 1.01 ± 0.41
45–55�N 60–150�E 11 �0.03 ± 0.19 23.7 ± 5.3 0.61 ± 0.47
0.25–2.75�S 30–70�E 11 �0.17 ± 0.39 28.0 ± 8.7 0.67 ± 0.29
18–22�S 330–360�E 13 �0.155 ± 0.28 29.8 ± 8.1 1.15 ± 0.34
28–35�S 130–150�E 23 �0.134 ± 0.29 29.6 ± 8.9 1.16 ± 0.56
40–44�S 0–40�E 12 0.060 ± 0.19 25.7 ± 7.4 0.76 ± 0.28
58–63�S 130–170�E 23 �0.07 ± 0.25 29.9 ± 7.1 0.91 ± 0.36

aErrors are ±1 standard deviation.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JE003006.
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Figure 3. (a) Simulation of 100 Ma of topographic relaxation of a 30 km diameter crater at 40�N latitude
assuming a deformable layer 125 m in thickness with a 80% dust fraction. The final crater has a slope
asymmetry of jAj = 0.240. The discontinuity at 0 km is due to calculating the evolution of the two sides of
the crater separately (see text). (b) The temperature along the initial and final profiles varies because of the
effect of slope on the angle of incident sunlight. The shift in the regional temperature between the two
profiles is due to an obliquity of 37� initially compared to 26� obliquity at the end [Laskar et al., 2002].

Figure 2. (a) Viking image (�50 m/pixel) of a region in Promethei Terra. (b) Thermal Emission
Imaging System (THEMIS) infrared image I07766011 (�20 m/pixel) of the 22 km diameter crater
indicated by the arrow in Figure 2a. This crater was analyzed for slope asymmetry. (c) Mars Orbiter
Laser Altimeter (MOLA) gridded topography of the crater at 58.0�S, 156.5�E. Topographic contours are
made every 100 m in elevation. Solid lines indicate locations of radial profiles used to measure slope.
(d) Averaged topographic profiles for the northern crater face (dashed line) and the southern crater face
(solid line). This crater has an asymmetry of A = 0.35 (north face is steeper).
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calculation of the slope asymmetry. The value of jAj in
Figure 3a is 0.24. Figure 3b shows how the temperature
along the initial and final profiles varies owing to the effect
of slope on the angle of incident sunlight. The shift in the
regional temperature between the two profiles is due to a
change in obliquity from 37� at the beginning of the
simulation to 26� at the end.

4.2. 100 Ma Simulation Results

[19] Figure 4 summarizes the result of 100 Ma simula-
tions in which latitude and d are varied. The simulation
results show that at high latitudes surface temperatures are
too cold and flow is so slow that no significant asymmetry
develops. At midlatitudes the regional temperature is higher
relative to the poles. Also, the temperature difference
between the two slopes is significant due the differences
in insolation between the north and south crater faces. The
result is a local maximum in asymmetry at between 30� and
45� latitude, depending on the value for d. Finally, near the
equator, temperature is approximately the same for the north
and south crater faces so no asymmetry can develop. As
expected, the rate of flow and thus the development of
asymmetry is a strong function of d (equation (5)). One
important result from these simulations is the decrease in jAj
at low to middle latitudes when the ice-rich layer thickness
is increased from 100 m to 150 m. This decrease in jAj is a
result of craters relaxing to the point that the opposing crater
faces become more similar in slope with time. Thus, highly
relaxed craters will have a lower value of jAj than moder-
ately relaxed craters. This effect will be discussed further in
section 4.5.

4.3. Observational Results

[20] The observed crater slope asymmetry in the seven
regions we analyzed is summarized in Table 2 (see Table S1
of the auxiliary material). In no case was a mean value of

jAj obtained that differed significantly from zero, indicating
that the predicted systematic slope asymmetries (Figure 4)
are not observed. Figure 5 compares the observed crater
slope asymmetry to results from topographic relaxation
simulations lasting 100 Ma. The open and filled circles
(alternating by latitude region) are measured slope asymme-
tries for individual craters. The black squares and vertical
lines indicate the mean and ±1 standard deviation in A,
respectively, for craters in a given latitude region. As shown
in Figure 5, there is no statistically significant slope asym-
metry at any of the latitude regions we analyzed. This
observation provides an upper limit on the extent to which
creep has occurred. Since the creep rate depends mainly on
d and f, the characteristics of any creeping ice-rich layer
present can therefore be constrained. The black curves in
Figure 5 show the expected asymmetry signal for a 30 km
diameter crater evolving over a 100 Ma period for various
creeping layer thicknesses with f = 0.4. The fine line shows
results from simulations with a higher dust fraction (f =
0.7) and a 100 m thick deformable layer. These results show
that the midlatitude slope asymmetry observations provide
the strongest constraint on the creeping layer characteristics.
The d = 50 m, f = 0.4 curve and the curve with d = 100 m
and f = 0.7 marginally fit within one standard deviation of
the observations. These combinations of f and d provide an
upper bound on the creeping layer characteristics. As
expected, there is a trade-off between d and f in generating
crater slope asymmetry. As will be discussed in section 4.5,
longer timescale simulations will result in tighter constraints
on d and f as one would expect.

Figure 4. Numerical results of the crater asymmetry
parameter (jAj) as a function of latitude and d. These
results assume a 30 km diameter crater, a 40% dust fraction,
a 100 Ma relaxation period, and the indicated deformable
layer thickness d.

Figure 5. Observed crater asymmetry measured at various
latitudes (open and filled dots) compared to theoretical
results (thick solid and dashed curves) for varying
creeping layer thicknesses (d = 50, 100, and 150 m) from
Figure 4 with f = 0.4 over a 100 Ma period. The black
squares and vertical lines indicate the mean asymmetry
values and ±1 standard deviation, respectively, for a
particular latitude region. The fine black line shows results
from simulations with a high dust fraction (f = 0.7) and a
100 m thick deformable layer.
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4.4. Trade-Offs Between d, fffff, and Simulation Time
in Generating Slope Asymmetry

[21] To further explore the trade-off between d, f, and
creep duration we carried out a suite of runs lasting 10, 100,
and 250 Ma. These simulations used values for d and f that
ranged from 25 m to 175 m and from 0.2 to 0.8, respec-
tively. On the basis of the observed slope asymmetries
(Figure 5), simulations that produced slope asymmetry
values for midlatitudes (40�) with jAj < 0.2 were deemed
consistent with the observations. The tick-marked lines in
Figure 6 show the domain of d, f, and creep duration that
give a slope asymmetry value of 0.2 or less. As expected, a
longer simulation duration results in tighter constraints on d
and f.
[22] For a given value of jAj, higher values of f permit

larger thicknesses d, and vice versa. For 100 Ma simulations
with a dust fraction near the viscous transition to a solid
particle rheology f 
 0.7 [Mangold et al., 2002], a
maximum layer thickness of �100 m results. A smaller
dust fraction (f = 0.2) results in a correspondingly smaller
maximum layer thickness (�60 m). For the 250 Ma
simulations these maximum layer thicknesses are reduced
to �90 m and �45 m, respectively.

4.5. 250 Ma Simulation Results

[23] Our longest crater relaxation simulations lasted
250 Ma. We chose reasonable values for d and f (150 m
and 0.4, respectively) based on the shorter simulations.
Initial and final topography and slope in an example
simulation are shown in Figures 7a and 7c, respectively.
The evolution of crater’s north-south slope asymmetry
(solid line) and depth to diameter ratios for the north and
south crater faces (dashed lines) during the simulation is
shown in Figure 7b. Once the crater has infilled beyond
about one quarter of its original depth the slope asymmetry
begins to decrease with time as shown in Figure 7b. This

decrease in jAj for highly softened craters is due to a
reduction in the creep rate at low slopes (equation (5)).
After about one quarter of the crater has been infilled, the
shallower of the two crater slopes experiences a slowed
creep rate due to its low slope, allowing the creep process
on the other crater face to catch up. As the crater topography
continues to relax, the two slopes become more similar,
resulting in a decrease in jAj. Because highly relaxed craters
have a low jAj value, 250 Ma simulations with a large d and
small f result in craters that satisfy the jAj < 0.2 agreement
with the observations. However, as will be discussed later in
this section, observed depth:diameter (d/D) ratios for the
craters we analyzed suggest highly relaxed craters are not
found in the regions and size range used in this study.
[24] The simulations were carried out using a time-

dependent obliquity calculated using the statistical approach
described in section 2 (Figure 7d). In Figure 7 we plotted
obliquity every million years although it varied every
100 time steps (100,000 years) in the simulation to make
the plot readable. At high obliquity (>55�) the temperature of
a horizontal surface gets warmer toward the poles [Ward,
1974], resulting in a reversal of the normal variation in creep
rates. On average, however, the obliquity is about 34� over
100 to 250 Ma timescales [Laskar et al., 2004]. Thus, during
most of the numerical simulation, the temperature is decreas-
ing toward the poles resulting in craters with a negative value
for A in the northern hemisphere and a positive value in the
southern hemisphere.
[25] As the crater infills during our simulations, the

diameter increases as the creep flow softens the crater
rim. The combination of infilling and crater widening cause
the crater’s d/D ratio to decrease over time depending on the
creep rate. Comparing d/D ratios from the numerical model
and the observations places an additional constraint on the
creep rate. Figure 8a shows d/D ratio plotted against A for
both simulation results and observations. The d/D ratio for
the equator and pole-facing slopes are given by the solid
and dotted lines, respectively. Although the simulation is for
a crater at 40�S latitude, observations from all the latitude
regions we analyzed are plotted to illustrate the range in
observed d/D ratio. The colored boxes give mean values for
A and d/D ratio for a particular latitude region with ±1
standard deviation given by the error bars. The simulation
starts with a d/D ratio of 0.067 (or 1/15) which decreases
with time as the crater relaxes. The crosshairs are separated
by 25 Ma of simulation time; d = 150 m and f = 0.4 in this
250 Ma simulation. The end point of the simulation shown
in Figure 8a has jAj 
 0.18 and a d/D ratio near the lower
extreme of the observed craters. The lack of low d/D ratio
craters on Mars suggests few 16–40 km diameter craters
have relaxed to the degree shown in Figures 7 or 8a.
Increasing f or decreasing d results in d/D ratios more
comparable to those observed; Figure 8b shows that an
increase in f to 0.6 results in a better match to the observa-
tions. A similar effect could be obtained by decreasing d.
[26] A d/D ratio versus A plot for a crater relaxation

simulation at 25�S is compared to observations from 30 and
20�S in Figure 8c. This simulation uses d = 125 m and f =
0.6. Figure 8d gives a similar plot for a simulation at 60�S
latitude is compared to observations from 60�S and 60�N in
Figure 8d. The negative of the mean A value for 60�N is
plotted here in order to compare it with the southern latitude

Figure 6. Asymmetry contours of jAj = 0.2 given values
for d, f, and simulation duration. A crater diameter of 30 km
and a latitude of 40� were used in these simulations. The
domain of jAj � 0.2 for each simulation duration is
indicated by the tick marks.
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simulation. d = 175 m and f = 0.6 in this simulation. In
both cases the end point of the simulation (250 Ma)
produces values of A and d/D ratio consistent or marginally
consistent with the observations.

5. Discussion

5.1. Summary of Results

[27] The 100 Ma simulation results shown in Figure 6
could be less than or equal to 60 m in thickness for clean ice
or, alternatively, 100 m thick with a dust fraction of 0.7.
Given the range of asymmetries in the observations, values
for d and f are likely to be both spatially and temporally
heterogeneous. At latitudes higher than 40�, crater relaxa-
tion is slowed by colder temperatures and a thicker creeping
layer will result in a north-south slope asymmetry that still
lies within the range of the observations.
[28] One result from the 250 Ma simulations is that the

age of the crater is important in determining the slope

asymmetry that we observe today. Figure 7 shows that the
maximum slope asymmetry occurs after about 100 Ma of
topographic relaxation. Subsequently, the slope asymmetry
slowly decreases as more material infills the crater. The time
at which the maximum asymmetry is reached depends on
the size of the crater, the thickness of the creeping layer, the
dust fraction, and latitude. The faster the creep of regolith,
the sooner the maximum slope asymmetry will be reached.
On the basis of the observed d/D ratios, the craters we
analyzed on Mars have not relaxed so much that the slope
asymmetry is decreasing with time (Figure 8a). Rather, the
observed slope asymmetry is occurring in the early to
midstage of crater softening. Figure 8d suggests, for a dust
fraction of 0.6, that a creeping layer thickness of �175 m
gives values of A and d/D ratio that are in close agreement
with the observations at 60� latitude. At lower latitudes,
simulations with a progressively thinner creeping layer
(150 m at 40� latitude and 125 m at 25� latitude) with f =
0.6 match the observed d/D ratios and A values (Figures 8b

Figure 7. (a) Simulation of 250 Ma of topographic relaxation of a 30 km diameter crater at 40� latitude
assuming a deformable layer 150 m in thickness with a 40% dust fraction. The final crater has a slope
asymmetry of jAj 
 0.18. (b) The slope along the initial and final topographic profiles. (c) The change in
slope asymmetry (A) over time is shown by the solid black line, and the dashed lines indicate the change
in the depth to diameter ratio (d/D) for the north and south crater faces. (d) Obliquity variation over time
using the statistical approach described in section 2.3. We plotted obliquity every 106 years although it
varied in the simulation every 100 time steps (100,000 years).
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and 8c). A thickening creeping layer toward the poles is
supported by cryosphere models put forth by Clifford
[1993], Fanale et al. [1986], and Kuzmin et al. [1989].

5.2. Model Assumptions

[29] Our numerical model is less sophisticated than that
used by Pathare et al. [2005] (although the basic physics is
the same); the advantage of our simpler model is the ability
to explore parameter space rapidly. We assume an expo-
nentially increasing dust fraction with depth attributed to the
incorporation of more rocky material (equation (3)). We also
assume a nonlinear relationship between shear stress and

shear strain rate based on Glen’s flow law. Ice is assumed to
be present at/within the surface during the simulations,
extending to a constant depth scaled according to the
creeping layer thickness. As described by Mellon and
Jakosky [1995], surface ice is currently unstable at latitudes
less than �60�, resulting in a dessicated layer extending a
few meters into the Martian regolith. However, these
authors also show that surface ice is stable at all locations
on Mars at obliquities >32�. The thickness of the dessicated
layer is small compared to the creeping layer thicknesses
(�100 m) used in our simulations, and will have little effect
on its rheology. The presence of ice deep within the Martian

Figure 8. (a) Simulation results and observations of depth to diameter (d/D) ratio plotted against A. This
simulation lasts 250 Ma and is for a crater at 40�S latitude. The data from Figure 7c are used in this plot.
The crosshairs are separated by 25 Ma of simulation time; d = 150 m and f = 0.4 in this simulation. The
colored boxes give observed mean values for A and d/D ratio for a particular latitude region with ± one
standard deviation given by the error bars (Table 2). (b) Same as Figure 8a except f is increased to
0.6 and the simulation results are compared to midlatitude crater observations only. (c) Similar plot for a
simulation at 25�S with d = 125 m and f = 0.6. Observations from 30 and 20�S are shown for
comparison. (d) d/D ratio versus A plot for a crater relaxation simulation at 60�S using a d of 175 m and f
of 0.6. Observations from 60�S and the negative of the mean A value for 60�N are plotted here in order to
compare it with the southern latitude simulation.
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subsurface has been suggested by Clifford [1993], extend-
ing to perhaps 10 km. In this paper we have not accounted
for where ice is, or was, stable in the Martian subsurface,
rather we have simply modeled how craters would respond
to ice-rich regolith creep assuming that ice is present. One
should keep in mind, however, that the instability of ice at
the surface does not necessarily correlate with a lack of ice
at depth.
[30] Many of the assumptions used in our numerical

model were made to ensure that our estimate of the ice-rich
layer thickness was an upper limit. For instance, we use a
sinusoidal initial topographic profile instead of a parabolic
profile because the slopes of the parabolic profile are more
steep and result in a larger slope asymmetry as the parabolic
profile begins to relax. In general, a larger creeping layer
thickness generates more asymmetric crater slopes as long as
the crater does not become significantly infilled (Figures 4
and 6). Using a sinusoidal initial profile forces the creeping
layer to be thicker than it would be for a parabolic profile in
order to produce the same slope asymmetry.
[31] Another conservative assumption used in our model

is the viscosity at the surface of the ice-rich creeping layer
(ho) and the vertical porosity structure given by equation (4).
The 1015 Pas surface viscosity is for rather coarse-grained
ice (2.0 mm) [Goldsby and Kohlstedt, 2001] at 253 K and
105 Pa, giving a higher creeping layer viscosity than would
be present for finer grained ice. Assuming a relatively high
viscosity slows the rate of crater relaxation, making our
estimate for the creeping layer thickness an upper limit.
We also limit the rate at which the craters relax by
assuming an exponentially increasing dust fraction with
depth.
[32] Finally, assuming a relatively large d/D ratio (com-

pared to Garvin and Frawley [1998]) ensures that our
creeping layer thickness is an upper limit. Although a larger
d/D ratio results in steeper slopes, the creeping layer
thickness must still be greater in order to produce a softened
crater with a d/D ratio that lies within the range of
observations (Figure 8).
[33] Although we have accounted for obliquity variations

in our simulations, we did not address the effect of a time-
dependent eccentricity, nor variations in the longitude of
periapse. Both of these effects will have a smaller effect on
the temperature distribution than obliquity variations [Laskar
et al., 2002].

5.3. Additional Remarks

[34] Although the craters we analyzed are complex on the
basis of their size [Melosh, 1989], few central peaks were
observed. This finding suggests infilling has occurred, and
that, if this infill is due to viscous creep of an ice-rich
regolith, then a slope asymmetry ought to also be observed.
However, there remain many questions regarding the mech-
anism by which craters are softened on Mars. For instance:
why are no systematic crater slope asymmetries observed in
any of the regions we studied on Mars, especially in the
high-latitude regions?
[35] One possibility is that the ice-rich layer thickness

varies spatially within a crater. At low to moderate obliq-
uities the pole-facing crater slope is colder than the equator-
facing slope. However, creep hastening on the warm slope
might be subdued if the ice-rich layer is thin. If the cold

slope has a thicker creeping layer, the creep rates for the
north and south slopes could be approximately equal,
resulting in no slope asymmetry even though topographic
relaxation proceeds. The preferential surface deposition of
ice-rich mantling material on pole-facing slopes [Aharonson
and Schorghofer, 2006] might also affect the topography
and reduce the effective north-south topographic asymme-
try. However, the thickness of mantling material required to
change the slope on a 16 km diameter crater by 5� is about
700 m. This thickness seems unlikely given the 10 m
mantling thickness estimates provided by Mustard et al.
[2001]. Aeolian deposition has also been invoked as a
means of infilling craters [Zimbelman et al., 1989]. How-
ever, this hypothesis cannot explain the latitudinal distribu-
tion of crater softening. The amount of material needed
(700 m thickness) would take 25 � 106 years at current
deposition rates measured at the Mars Pathfinder landing
site [Johnson et al., 2003].
[36] On the basis of our numerical results, one mecha-

nism that does not appear able to explain the observations
is temperature variations induced by changes in obliquity.
Although the angle of incident sunlight and year-averaged
temperature varies with obliquity, our simulations (e.g.,
Figure 7) suggest that obliquity variations are not suffi-
cient to override the development of shallower gradients
on equator-facing slopes in craters 16 to 40 km in
diameter.
[37] Kreslavsky and Head [2003] observed that equator-

facing slopes measured using a 300 m baseline are system-
atically steeper than pole-facing slopes between 40 and 50
latitude in both hemispheres. This effect could be due to
melting ground ice [Kreslavsky and Head, 2003] or shallow
active permafrost layer processes [Kreslavsky et al., 2008],
both occurring at periods of high obliquity. Our measure-
ments are made on a specific class of features (craters) at a
much longer length scale (�30 km), and do not show a
systematic slope asymmetry at the latitudes we analyzed.
There are at least two possible reasons for the discrepancy.
First, the process proposed by Kreslavsky and Head [2003]
may not be effective at changing slopes over the much
longer baselines used in our study. Second, craters may not
undergo the same modification processes as other regions
because of the manner in which they formed. For instance,
the initial impact will likely have driven off local volatiles
[Senft and Stewart, 2009]; subsequent diffusion of ice into
the empty pore space will certainly occur, but on a timescale
that depends on the little-known permeability structure of
the regolith [Clifford and Hillel, 1983; Fanale et al., 1986].
One potential way of distinguishing between these two
hypotheses would be to look for slope asymmetries in
craters smaller than those investigated here.

6. Conclusions

[38] Topographic observations of craters on Mars indicate
that there is no statistically significant dependence of crater
slope asymmetry on latitude (section 4.3 and Table 2).
Generally, slope asymmetry ranges between A = �0.2 and
A = 0.2 in all of the seven regions we analyzed. Numerical
models of crater relaxation using reasonable creeping layer
thicknesses and dust fractions suggest that the formation of
significant slope asymmetry should occur over �100 Ma
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timescales. Comparison between topographic observations
of craters on Mars and our numerical models suggest that a
clean ice-rich layer on Mars does not extend deeper than
about 125 m at midlatitudes. If the creeping layer respon-
sible for crater softening on Mars contains 50–70% dust
per volume, then the creeping layer thickness could extend
to 150 m. At low latitude the creeping layer is likely
thinner, perhaps 100 m or less, based on d/D ratio compar-
isons between the simulations and the observations
(Figure 8). These thickness estimates are conservative
and would be lower if, for example, longer simulation
times were used.
[39] It is unclear why the mean crater slope asymmetry in

a particular region is so close to zero. Most puzzling is the
number of craters with values of A that are opposite in sign
to what one would expect theoretically (Figure 5). A range
of crater asymmetry values (of a given sign) within a
particular region on Mars is expected because crater slope
asymmetry evolves over time (Figure 7c). We expect there
to be some scatter in A due to the range of crater ages
present within a particular region, but not a variation in sign
as a result of creep-related processes. One possibility is
simply that regolith creep is sufficiently slow (e.g., the
creeping layer is thin) that this process is overwhelmed by
other geological processes such as gully formation, tectonic
deformation, or aeolian deposition. Also, glacial flow of
surficial ice and permafrost-driven (e.g., solifluction) creep
[Perron et al., 2003; Kreslavsky et al., 2008] may dominate
crater modification.
[40] The strong dependence of crater softening on wave-

length [Jankowski and Squyres, 1992; Pathare et al., 2005]
is another possible explanation of why no systematic crater
asymmetries are observed. Because short wavelength fea-
tures will relax more quickly than longer wavelengths, it is
possible that smaller craters than those we have examined
will show systematic crater slope asymmetry. Alternatively,
an increase in the creeping layer thickness on cold slopes
coupled with a reduction of ice-rich material on warm
slopes would significantly reduce the expected crater slope
asymmetry.
[41] Assuming a 125 m thick global near-surface, ice-rich

layer with a dust fraction of 0.2 at the surface (that
exponentially increases with depth, see equation (3))
accounts for �1.5 � 107 km3 of water. This upper limit
volume estimate is a factor of 12 smaller than the Noachian
ocean volume proposed by Clifford and Parker [2001], and
is a factor of 4 short of the end state of the hydrosphere
evolution model that these authors propose. The extent of
the northern ocean proposed by Baker et al. [2000] (reach-
ing Olympus Mons) exceeds our upper limit water volume
estimate by a factor of 20. More modest-sized oceans
[Parker et al., 1989, 1993; Carr and Head, 2003], extend-
ing to the outer Vastitas Borealis formation, are comparable
to our estimated volume.

Appendix A: Derivation of the Relaxation
Equation

[42] Here we derive equation (5), which describes the
relaxation of topography resulting from the flow of ice-rich
regolith downslope. We assume an exponentially increasing
porosity with depth (equation (3)), a non-Newtonian rheol-

ogy (equation (2)), a constant e-folding viscosity depth d,
and conservation of mass. Combining equations (1) and (2)
gives:
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Integrating equation (A1) and applying the v = 0 at z = 1
boundary condition gives the vertically resolved downslope
velocity field for ice-rich regolith creep
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To translate this velocity field into a change in topography,
we use the following, radially symmetric, conservation of
mass relationship:
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where r is the radial (horizontal) coordinate. Finally, we
combine equations (A2) and (A3) to obtain the relaxation
equation given in (5).
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