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ABSTRACT

Understanding the history of ice on Mars provides important insight into Martian
geologic and climatic history. A model capable of ice reconstruction that requires few
input parameters, and a detailed analyses of landforms in an area with hypothesized
glacial modification, Argyre Planitia, provide further understanding of Martian ice.
A threshold-sliding model was developed to model perfectly-plastic deformation
of ice that is applicable to ice bodies that deform when a threshold basal shear stress is
exceeded. The model requires three inputs describing bed topography, ice margins, and a
function defining the threshold basal shear stress. The model was tested by reconstructing
the Greenland ice sheet and then used to reconstruct ice draping impact craters on the
margins of the Martian South Polar Layered Deposits using an average constant basal
shear stress of ~0.6 bars for the majority of Martian examples. This inferred basal shear
stress value is almost 1/3 of the average basal shear stress calculated for the Greenland
ice sheet. Reasons for the lower Martian basal shear stress are unclear but could involve
the strain-weakening behavior of ice. The threshold-sliding model can be used for ice
reconstruction and forward modeling of erosion and deposition to provide further insight
into the history of ice on Mars.
To test the glacial hypothesis in the Argyre region, landforms are examined using
images from the High Resolution Imaging Science Experiment (HiRISE) and other
Martian datasets. Linear grooves and streamlined hills are consistent with glacial erosion.
Deep semi-circular embayments in mountains resemble cirques. U-shaped valleys have
stepped longitudinal profiles and tributary valleys have hanging valley morphology
similar to terrestrial glacial valleys. Boulders blanketing a valley floor resemble ground
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moraine. Sinuous ridges cross topography, have layers, occur in troughs, and have
variations in height that appear related to the surrounding surface slope; these are
characteristics consistent with terrestrial eskers. At least portions of Argyre appear to be
modified by ice accumulation, flow, erosion, stagnation and ablation. The type and
amount of bedrock erosion and presence of possible eskers suggests the ice was, at times,
wet-based.
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CHAPTER 1 – INTRODUCTION

1.1.

Explanation of Problem
Climate cycles on Mars, similar to Earth's ice ages, could have resulted in glacial

deposits in the past, potentially anywhere on the planet [e.g., Forget et al., 2006]. The
Martian polar regions have accumulated extensive mantles of ice and dust with volumes
on the order of ~106 km3 [Smith et al., 1998; Zuber et al., 1998; Smith et al.,1999]. The
layered deposits in these regions are believed to preserve a record of seasonal and
climatic cycling of atmospheric water and dust over the past hundred million to perhaps
even billion years [Pathare et al., 2005]. In addition to the polar caps, persuasive
evidence of past ice accumulation and glacial flow has been identified in areas such as
the Argyre Planitia [e.g. Hodges, 1980; Kargel and Strom,1990, 1992; Baker, 2001;
Hiesinger and Head, 2002; Kargel, 2004], east and south of Hellas basin [e.g., Squyres,
1979; Kargel and Strom, 1992; Kargel, 2004; Head et al., 2005], the northern fretted
terrain [e.g., Moore and Davis, 1987; Kargel and Strom, 1992; Kargel, 2004; Head et al.,
2006], the outflow channels [Lucchitta, 1981b; 1982; Battistini, 1988], the northern
plains [e.g., Lucchitta, 1981; Battistini, 1988; Kargel et al., 1995], and the Tharsis
volcanoes [e.g., Hodges and Moore, 1979; Lucchitta, 1981a; Battistini, 1988; Anguita
and Moreno, 1992; Head and Marchant, 2003; Head et al., 2005; Shean et al., 2007].
Surface-ice deposits influence the formation of landforms and form characteristic flow
features. Thus, relic landforms in these areas hint at the past and at the history of water
and ice on Mars.
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Understanding more about the history of ice on Mars could reveal important
information about Martian geologic and climatic history including variations in orbital
parameters and insolation geometry, volatile mass balance, large impacts, volcanic
eruptions, catastrophic floods, and solar luminosity. The hypothesized presence of ice in
multiple mid-latitude Martian regions [e.g., Kargel and Strom, 1992; Mangold, 2003;
Kargel, 2004; Head et al., 2005] has important climatic implications. The presence of
enough ice to form mid-latitude glaciers (potential ice volume in Argyre estimated on the
order of 1 x 106 km3, discussed in section 2.2.3.) indicates a much greater supply of
moisture in the Martian atmosphere than is available today. This in turn implies that there
was a substantial source for the moisture, and that appropriate climatic conditions existed
in which the moisture could be released from the reservoir and, if necessary, transported
to the mid-latitudes [e.g., Baker et al., 1991]. Sources for the moisture could include an
ice reservoir with a volume greater than ~1 x 106 km3 , such as the south polar cap with
an estimated volume on the order of ~2 x 106 km3, [Smith et al., 1998] and/or a liquid
water reservoir with a volume greater than ~9 x 105 km3, almost twice the volume of the
Black Sea (~5.5 x 105 km3) [Murray et al., 1989]. Speculation about a substantial liquid
water source has led to the hypothesis of episodic oceans [Baker et al., 1991]. This
hypothesis is challenged by evidence that most of the CO2 needed to explain such drastic
climate change was probably lost in the Noachian [Carr, 2006].
Previous studies have provided important insight into the history, characteristics,
and physical properties of ice on Mars through modeling of ice cap geometry and flow,
and analysis of glacial related landforms using orbital imagery and other datasets. Past
approaches to modeling Martian ice cap geometry and flow have sometimes been limited
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by the ability of models to operate over complex and steep bed topographies and by input
parameters that are often difficult to constrain [e.g., Moore and Davis, 1987; Fisher,
1993; Fountain et al., 2000; Greve, 2000; Hvidberg, 2002; Greve et al., 2003; 2004;
Schmidt and Buchardt. 2004; Mahajan et al., 2004; Pathare, 2005; Greve and Mahajan,
2005]. An ice-reconstruction model is needed that can be applied to complex bed
topographies and can be constrained with a limited number of free parameters. Early
images of Mars from the Viking orbiters revealed a wide range of large scale landforms
of potential glacial origin at low resolution. Greater details were provided by images from
the Mars Global Surveyor, but many of the diagnostic shapes and textures of glacial
landforms are only a meter in scale. High resolution images from the High Resolution
Imaging Science Experiment (HiRISE), with a pixel scale up to 25 cm/pixel, provide a
new window through which to observe potential glacial landforms. A thorough analysis
of currently available imagery and datasets is needed to provide further insight into the
geologic history of areas such as the Argyre Planitia. For example, a better understanding
of the landforms in Argyre and their mode of origin will determine whether glacial
processes played a significant role in shaping this region over an extended period of time,
and whether the glacial ice was wet-based or cold-based.
In this study, the past presence, physical properties, and characteristics of ice on
Mars and the associated environmental and geologic implications, are explored through a
threshold-sliding model that reconstructs ice morphology and thickness, and by a detailed
analysis of landforms in the Argyre Planitia using currently available imagery and
datasets.
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1.2.

Background

1.2.1. Modeling of Ice Topography on Mars to Infer Basal Shear Stress Conditions
Previous approaches to the modeling of ice cap geometry and flow on Mars can
be divided into simple “flowband” models that predict ice surface elevations along a 1D
flowband in the x direction, and more sophisticated “map-plane” models that predict
surface elevations in the x and y directions. Models previously developed by Schmidt
and Buchardt [2004], Fountain et al. [2000], Moore and Davis [1987], and Hvidberg
[2002] have given valuable insight into possible mass balance processes, flow velocities,
and the flow regime surrounding scarps and troughs of the Martian polar ice sheets. A
wide range of information about ice on Mars has also been provided by the more
sophisticated models of Fisher [1993], and Pathare [2005]. Particularly important is the
dynamic/thermodynamic ice-sheet model SICOPOLIS [e.g. Greve, 2000; Greve et al.,
2003; 2004; Greve and Mahajan, 2005; Mahajan et al., 2004]. Generally speaking,
flowband models are advantageous in that they are more readily calibrated and
interpreted. They are well suited for first-order ice sheet modeling but are of limited
usefulness when applied to complex or steep bed topographies. Map-plane models are
more versatile and accurate in principle but require input parameters that may be difficult
to constrain. A model is needed that incorporates the physical realism of the map-plane
models and their ability to work with complex bed topographies, with the simplicity of
flowband models. This becomes particularly important when reconstructing bodies on
other planets, such as Mars, where parameter estimation may be far more challenging
than on Earth.
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Field studies of modern ice sheets and glaciers on Earth have shown that basal
shear stress values typically lie between 0.5 and 1.5 bars [Nye, 1952a; 1952b]. This is a
surprisingly narrow range considering the spatial variability of observed basal conditions,
including gradients in temperature, meltwater content, basal debris, till rheology, and
other variables. Nye [1951; 1952b] developed a differential equation for the ice-surface
topography above an arbitrary or known bed if the flow lines are known, which was later
incorporated into the models of Reeh and colleagues [e.g. Reeh, 1982; 1984; Fisher et al.,
1985]. While his equation yields parabolic and logarithmic solutions for flat and inclined
beds, solutions for more complex bed topography can be obtained numerically. The NyeReeh model is not only associated with perfectly-plastic deformation of near-basal ice but
is also applicable to complex basal mechanisms such as debris controlled frictional
sliding and till deformation [Reeh, 1982; 1984]. The model can be used with any ice
sheets and glaciers that move when a prescribed threshold shear stress is exceeded
whether relative motion occurs internally, by sliding over deforming till, or directly over
the bed [Reeh, 1982; 1984].
Critical to Nye's success in developing a single, independent equation for the
geometry of ice sheets was his observation that the ice-sheet geometry is independent of
flow when the relative motion of the ice sheet and its bed is governed by a threshold
shear stress. In these cases, the local ice thickness continually adjusts to the local icesurface slope to maintain a balance of forces independent of the pattern of accumulation
and ablation. Accumulation and ablation rates affect the velocities of ice sheets and
glaciers, but not their geometries as long as a threshold condition exists for motion and
the margin is fixed or is a prescribed function of time. Used in conjunction with the Nye-
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Reeh model, information on the position of the ice margin thus enables the rates of
accumulation and ablation to be eliminated from the reconstruction as long as the margin
is static.
For the study in appendix B, a threshold-sliding model was developed based on
the work of Nye [1951; 1952a; 1952b] and Reeh [1982; 1984] that is designed to capture
the realism of map-plane models with complex topography while minimizing the number
of required input parameters. Nye's [1951] classic work on the geometry of perfectlyplastic ice sheets and glaciers has long been used to estimate the thicknesses of former ice
sheets. The Nye-Reeh model was found to be applicable to ice sheets and glaciers that
move when a threshold shear stress has been exceeded and was successfully used to
reconstruct the Antarctic ice sheet [Reeh, 1982; 1984]. However, this model utilized a
complicated computational approach. For the study in appendix B, the Nye-Reeh model is
updated with a new numerical algorithm. With this threshold-sliding model used in
appendix B, the geometry of present and past ice-sheets and glaciers can be reconstructed
using information about bed topography, ice margin positions, and threshold basal shear
stresses. The advantage of this model, especially when applied to the surfaces of other
planets, is that it requires constraints on only one physical parameter: the threshold basal
shear stress.

1.2.2. Analysis of Glacial Morphologies in the Argyre Planitia
The Argyre Planitia is a prominent Martian impact basin with a diameter in
excess of 1500 km (Appendix D, Figure 1). The Argyre Planitia and adjoining
mountainous ring ranges, Charitum Montes (on the basin’s southern side) and Nereidum
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Montes (on the basin’s northern side), are located in the southern hemisphere of Mars
centered at 51º S and 317º E [Tanaka et al., 1992]. The Argyre region appears to have
been heavily modified since the formation of the impact structure by a combination of
processes that are still not clearly understood. This has led to many differing
interpretations of the geologic history of the Argyre region. Hodges [1980] interpreted
the Argyre basin to be modified primarily by large-scale erosion and deposition
associated with eolian processes, with possible fluvial and glacial processes playing a
minor role. In their geologic map of the Argyre region, Scott and Tanaka [1986]
proposed significant volcanic activity and deep erosion from wind, periglacial, and
fluvial processes. According to Jöns [1987; 1999], large portions of the Argyre Planitia
have been modified by extensive mud deposits due to melting of the south polar cap.
Several studies have interpreted major landforms in the Argyre Planitia and the Charitum
Montes as the products of glacial erosional and depositional processes [e.g., Kargel and
Strom, 1992; Metzger, 1991; 1992; Baker, 2001; Hiesinger and Head, 2002; Kargel,
2004]. Parker [1996a; 1996b] attributed the “fresh” appearance of the Argyre basin to
erosional enhancement from mass wasting, eolian, fluvial, and lacustrine processes, and
suggested that much material in the Charitum and Nereidum Montes has been removed,
possibly by fluvial and lacustrine erosion. Layered deposits on the floor of the Argyre
basin support hypotheses of a large lake in the basin fed with water which entered the
basin through three main large valley networks, Surius, Dzigai, and Palacopas Valles
[e.g., Kargel and Strom, 1992; Parker 1989; 1994; Parker et al., 2000; 2003; Kargel,
2004], possibly originating as meltwater from a Hesperian aged melting of the south
polar cap [Head and Pratt, 2001].
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In 1992, morphologic features such as ridges, grooves, smooth plains, steep
mountain slopes, and features interpreted to be rock glaciers, led Kargel and Strom
[1992] to propose that extensive glaciation had influenced the Argyre basin and Charitum
Montes. Using Mars Orbiter Camera (MOC) images, with a pixel scale up to ~1.4
m/pixel, and other images, chief landforms in the Argyre Planitia and the Charitum
Montes have been interpreted as a glacial suite of horns, cirques, drumlins, kettles,
eskers, moraines, and outwash plains formed by glacial erosion and deposition [e.g.,
Kargel and Strom, 1992; Metzger, 1992; Baker, 2001; Hiesinger and Head, 2002;
Kargel, 2004]. Also a focus of much attention, is a suite of ridges with sinuous,
branching, and braided morphologies that forms an anastomosing network around the
southern edge of the Argyre basin. Due to the complex geological history of the Argyre
region, several formation mechanisms have been proposed for the sinuous ridges
including wrinkle ridges [Tanaka and Scott, 1987], exhumed igneous [Carr et al., 1980]
and clastic [Ruff and Greeley, 1990] dikes, lava flow features [Tanaka and Scott, 1987],
linear sand dunes [Parker et al., 1986; Ruff and Greeley, 1990; Ruff, 1992], lacustrine
spits or barrier bars [e.g., Parker et al., 1986; Parker and Gorsline, 1992; Parker, 1994;
1996a; 1996b], glacial moraines [Hiesinger and Head, 2002; Kargel, 2004], inverted
stream topography [Howard, 1981], frozen waves in a large scale mudflow [Jöns, 1992],
and eskers or infilled river channels formed from meltwater flowing within or beneath a
large ice mass [e.g., Carr et al., 1980; Howard, 1981; Ruff and Greeley, 1990; Metzger,
1991; 1992; Kargel and Strom, 1992; Hiesinger and Head, 2002; Kargel, 2004; Lang,
2007]. In the Kargel and Strom [1992] model, ice accumulated in the Charitum Montes
and on adjoining cratered uplands and flowed into the basin. The eskers formed when
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large amounts of meltwater were produced and the glacier retreated. In a model presented
by Hiesinger and Head [2002], a large frozen lake occupied the Argyre basin in the
Hesperian and water from the melting of the south polar ice sheet entered the basin
through channels to the south and southeast and flowed under the frozen lake to form the
esker ridges.
Understanding the origin of the ridges and other landforms in the Argyre region is
important because it provides insight into the geological history of Argyre and perhaps
the history of water on Mars. The glacial hypothesis, in particular, has important climatic
implications as it suggests past glaciations on Mars. In addition, the presence of
landforms interpreted as eskers implies the past presence of water flows under or within
large ice deposits. However, the wet-based glacial hypothesis remains controversial.
Images with a scale as small as 0.25 m/pixel, from the HiRISE camera aboard
MRO, are revealing previously undiscerned details of the Martian surface [McEwen et
al., 2007]. To gain greater insight into the processes that have modified the Argyre
Planitia and the surrounding Charitum and Nereidum Montes, this study combines
HiRISE imagery with topographic data sets from the Mars Orbiter Laser Altimeter
(MOLA) [Smith et al., 2001] onboard Mars Global Surveyor, as well as other Martian
datasets, to characterize the landforms in the Argyre region more definitively, to further
constrain the processes involved in their formation, and to test the glacial hypothesis.
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1.3.

Explanation of the Dissertation Format
This dissertation consists of two published papers that appear as Appendix B and

Appendix C and one manuscript, Appendix D, which has been accepted for publication
and is currently in press.
The manuscript in Appendix B is entitled “Forward modeling of ice topography
on Mars to infer basal shear stress conditions” and was published in January 2008 in the
Journal of Geophysical Research. There is one coauthor on the paper, Jon Pelletier. This
study presents a threshold-sliding model for forward modeling of ice topography. The
model is used to constrain modern basal shear stresses and explore the implications for
bed environmental conditions of ice on Mars by reconstructing ice that drapes impact
craters near the margins of the South Polar Layered Deposits (SPLD). Jon Pelletier
developed the model used in this study and validated it by reconstructing the Greenland
ice sheet. I applied the model to Mars, did all Martian ice reconstructions, wrote custom
computer programs to create 3D bed topography for crater floors partially obscured by
ice and to assist with data analysis, and completed an analysis of central peak diameters
and heights in relation to crater diameters for impact craters in the south polar region.
The manuscript in Appendix C is entitled “High Resolution Imaging Science
Experiment (HiRISE) observations of glacial and periglacial morphologies in the circumArgyre Planitia highlands, Mars” and was published in December 2008 in the Journal of
Geophysical Research. Coauthors include Alfred S. McEwen, Jeffrey S. Kargel, Victor R.
Baker, Robert G. Strom, Jon D. Pelletier, Michael T. Mellon, Virginia C. Gulick, Laszlo
Keszthelyi, Kenneth E. Herkenhoff, and Windy L. Jaeger. This study uses HiRISE
images, MOLA topography, and day and night infrared (IR) images from the Mars
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Odyssey Thermal Emission Imaging System (THEMIS) to analyze landforms in the
circum-Argyre Planitia highlands, further constrain the processes involved in their
formation, and test the glacial hypothesis. The study also uses characteristics of the
Argyre landforms to discuss the implications for glacial processes and the potential
environmental conditions and characteristics of the glacial ice at the time the landforms
were created. Coauthors provided assistance with analyses and interpretations as well as
suggestions and edits for the published paper. I completed the majority of the analyses of
morphologies in HiRISE Images and all MOLA topographic analyses and crater counts.
The manuscript in Appendix D is entitled “An analysis of sinuous ridges in the
southern Argyre Planitia, Mars using HiRISE and CTX Images and MOLA data” and
was accepted for publication in the Journal of Geophysical Research in May, 2009.
Coauthors include Nicholas P. Lang, Jeffrey S. Kargel, Alfred S. McEwen, Victor R.
Baker, John A. Grant, Jon D. Pelletier, and Robert G. Strom. This study uses HiRISE
images, images from the Context Camera (CTX) onboard MRO, MOLA topography, and
other Martian datasets to analyze sinuous ridges in the southern Argyre basin, further
constrain the processes involved in their formation, and evaluate several formation
hypotheses focusing on testing the glacial hypothesis. This study also discusses the
implications for glacial processes, and the potential environmental conditions and
characteristics of the ice at the time of sinuous ridge formation, based on the
characteristics and the details observed in the ridges. Coauthors provided assistance with
analyses and interpretations as well as suggestions and edits for the published paper. I
completed the analysis of the Argyre ridges using HiRISE and CTX Images, all MOLA
topographic analyses, the digital elevation model (DEM) analysis, and all calculations.
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CHAPTER 2 – PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers appended
to this dissertation. The following is a summary of the most important findings.

2.1.

Forward Modeling of Ice Topography on Mars to Infer Basal Shear Stress

Conditions
2.1.1. Description of the Model
The threshold-sliding model developed in this study is based on the work of Nye
[1951] and Reeh [1982] and is applicable to glaciers and ice sheets that move when a
threshold shear stress has been reached. The basal shear stresses in ice sheets and glaciers
(τ) are given by [Nye, 1951]:

τ = ρghS

(1)

where ρ is the density of ice, g is the gravitational acceleration, h is the ice thickness, and
S is the ice surface slope using a small angle approximation in which sin(S) = S.

Expressed as a function of ice thickness, h(x), and bed topography, b(x), S is given by S =
|dh/dx + db/dx|. Using this expression, (1) becomes a nonlinear differential equation for h:
dh db
τ
+
=
dx dx ρgh

(2)

In 3D, (2) applies along the direction of flow lines. Since flow lines are parallel to
the local ice-surface gradient, the 3D version of (2) is obtained by replacing S = |dh/dx +
db/dx| with S = |∇h + ∇b| to obtain:

∇h + ∇b =

τ
ρgh

(3)
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As a solution to equation (3), a straightforward algorithm was developed based on the
accumulation of discrete “blocks” of ice on a grid. This method mimics the accumulation
of ice thickness and slope until a threshold is reached. At each iteration of the algorithm,
a unit of ice is added to each grid point within the area of ice coverage if the addition
does not violate the condition that S < τ / ρgh (where S is the ice surface slope equal to
(Sx2 + Sy2)1/2).
The model requires only three inputs: 1) DEM of bed topography, 2) a “mask”
grid defining the ice margin, and 3) a function defining the basal shear stress. In addition
to using a constant basal shear stress, the threshold-sliding model can also be extended to
include the spatial variability of basal shear stress observed in large modern ice sheets on
Earth by considering the shear stresses as a function of ice-surface slope.

2.1.2. Application of the Threshold-Sliding Model to the Modern Greenland Ice Sheet
and to Mars
The threshold-sliding model was first validated by reconstructing the ice-surface
topography of the modern Greenland ice sheet. Bed topography and ice margin data were
derived from Bamber [2001]. The Greenland ice sheet was successfully reconstructed
using the shear-stress relationship, τ =15S0.55, for the basal shear stress. The model was
then used to reconstruct ice that had overtopped the rims and partially covered impact
craters located near or on the edges of the SPLD. The symmetry of the exposed crater
form was used to predict the morphology of the crater floor obscured beneath the ice.
Multiple profiles of the exposed crater floor were extracted from a DEM and a custom
computer program was used to average the extracted profiles and create 3D bed
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topography for the entire crater form. For craters more than half obscured by ice, an
analysis of central peak diameters and heights in relation to crater diameters was
completed for craters in the south polar region to enable more accurate predictions
regarding crater floor morphology. Ice margins were identified from the DEM based on
changes in elevation and differences in texture and converted into a binary “mask” grid
defining the grid points allowed to accumulate ice. For each crater, the effect of both
constant basal shear stress and the spatial variability of basal shear stress were
investigated and forward modeling was used to construct families of ice lobes
corresponding to a series of shear stress conditions.
The majority of the model results indicated a constant shear stress at the base of
the Martian ice ranging from 0.5.-0.7 bars, with an average threshold basal shear stress of
~0.6 bars. Several outliers also inferred constant basal shear stress ranges of 1.1-1.4 bars
and 1.9-2.4 bars. With the exception of three craters, the use of constant basal shear stress
with the model produced better matching ice morphologies than did a slope-dependent
shear stress.

2.1.3. Discussion
The basal shear stresses inferred from the model reconstructions represent the
values at which a threshold is reached. Any additional stress will exceed the yield
strength of the ice and some type of deformation or movement of the ice will occur. The
threshold-sliding model is able to account for basal sliding of the ice with no internal
deformation, internal deformation of the ice with no basal sliding, or a combination of
both. Although the results showed a range of values, the majority of the reconstructions
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in this study indicated an average threshold basal shear stress of ~0.6 bars or almost 1/3
that found for the Greenland ice sheet (~1.41 bars) on Earth. The causes behind the
overall lower shear stresses associated with ice on Mars are unclear and factors that
influence the yield strength of the ice and/or the coefficient of friction at the base of the
ice should be considered. Factors that influence the yield strength and ability of the ice to
deform internally could include crystal size and orientation, and impurities in the ice [Li
Jun, 1996; Hooke, 2005; Greve, and Mahajan, 2005]. Meltwater at the base of the ice

would influence the coefficient of friction and lead to an increase in basal sliding. Higher
basal temperatures, although still below pressure melting, can also produce higher rates
of flow [Patterson, 1994; Greve et al., 2004].
The majority of the model results indicated an average constant basal shear stress
of ~0.6 bars which is similar to the shear stress of ~0.5 bars calculated for areas near the
divides in the Greenland ice sheet. Several simulations also indicated basal shear stress
values of ~1.25 and ~2.15 bars which are similar to values found closer to the margins of
the Greenland ice sheet. Potentially, these three values could be reflecting different basal
conditions on Mars that are comparable to the different basal conditions existing between
the divides and the margins of the Greenland ice sheet. However, when investigating the
bed topography for each of the craters, no significant differences in the ratio of crater
depth to crater diameter or surface slope could be found. Even though the average
threshold basal shear stress values for the Earth and Mars examples in this study differ by
~1/3, the total range in values found for Mars, 0.5-2.4 bars, is consistent with the full
range of values calculated for the Greenland ice sheet, 0.5-3 bars, and all but three of the
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Martian simulations inferred values that fall within the range of 0.5 to 1.5 bars reported
by Nye [1952a; 1952b].
Overall, the threshold sliding model was successful at creating accurate
reconstructions of ice morphology for both the Greenland ice sheet and for ice draping
impact craters on Mars. When reconstructing former ice sheets and glaciers on Mars
(using modern conditions), families of reconstructions should be investigated for the full
range of threshold basal shear stresses found in this study (0.5 – 2.4 bars). Also, when
reconstructing large expanses of ice, both the spatial variability in basal shear stresses,
τ(S), and constant basal shear stresses, τ, should be investigated. A limitation of the model

is that it infers rheological conditions of modern ice which may be different from past ice.
However, these experiments provide a starting point for model parameter estimation.

2.2.

Analysis of Landforms in the Argyre Region

2.2.1. Description of Research
The landscape of the Argyre Planitia and adjoining Charitum and Nereidum
Montes appears to have been heavily modified by multiple processes since the formation
of the Argyre impact structure leading to differing interpretations of the geological
history of the region. In particular, major landforms in Argyre have previously been
interpreted as the result of glacial processes [e.g., Kargel and Strom, 1992; Baker, 2001;
Hiesinger and Head, 2002; Kargel, 2004].

HiRISE and CTX images, MOLA data, and other Martian datasets were used to
identify and examine the details of potential glacial landforms in the Argyre region, to
constrain the processes involved in their formation, and to test the glacial hypothesis.
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Various techniques were used to compare Argyre landforms with terrestrial glacial
analogs and other similar terrestrial landforms created by periglacial, fluvial, mass
wasting, eolian, and other non-glacial processes. MOLA data was used to analyze the
morphology, orientation, and elevation of larger scale landforms, as well as the slopes of
the surfaces on which they are located, to provide further insight into their origin. The
studies presented in appendices B and C review past Argyre research, reassess several
proposed formation hypotheses, and provide interpretations of new morphologies and
new details revealed in previously observed morphologies. When viewed as a whole, the
small-scale landforms revealed in HiRISE imagery and the surrounding large-scale
landforms are collectively consistent with the products of past glacial erosion and
deposition and possibly subsequent periglacial processes. Based on this interpretation,
details revealed in HiRISE and CTX imagery and MOLA data were used to investigate
the characteristics of the ice and the environment in which the landforms were created.

2.2.2. Results and Interpretations
Parallel linear grooves and streamlined hills observed on slopes are oriented
approximately downhill, unlike a regional wind direction, indicating downhill flow. A
possible erosional agent is katabatic slope winds [e.g., Magalhaes and Gierasch, 1982;
Silli, 1996, 1998; Howard, 2000], although similar features have not been noted

elsewhere on Mars where slope winds are believed to be present. Some grooves appear
on relatively flat surfaces on topographic highs and override intermediate-scale bedrock
features, and several streamlined hills have wider uphill and thinner downhill ends,
making erosion of these features from ice-rich flows more likely than from fluvial flows
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or mass wasting processes. Grooves and streamlined hills are consistent with and thus
interpreted as glacially eroded grooves and glacially sculpted bedrock landforms (i.e.,
whalebacks, roche moutonnée) respectively. Streamlined hills are observed primarily in
the Charitum Montes and grooves are observed in both the Charitum and Nereidum
Montes.
A large boulder-rich deposit blanketing a valley floor in the Charitum Montes
appears to be unsorted and includes many large, angular boulders, some more than 10
meters in length. THEMIS day and night IR images show that the material on the valley
floor has a high thermal inertia relative to the surrounding surfaces which is consistent
with observations of boulder abundances. Boulder-rich deposits such as this may
represent pervasively fractured bedrock material or, within the context of the surrounding
landforms, could likely be accumulations of glacially transported and deposited debris
called ground moraine; terrestrial ground moraine forms when glacial ice stagnates and
drops till that is embedded in or on the ice as the ice melts or sublimates.
Topographic analyses of valleys in the Charitum and Nereidum Montes show
broad U-shaped cross-sectional profiles [Hiesinger and Head, 2002; Kargel, 2004,] and
stepped longitudinal profiles. Power law functions are fit to valley cross profiles for
comparison to a true parabola and are consistent with power law function fits for typical
cross-sectional profiles of terrestrial glaciated valleys [Graf, 1970; Doornkamp and King,
1971; King, 1974; Hirano and Aniya, 1988]. The morphology of the valleys is consistent
with typical terrestrial glacial valleys as opposed to mature river valleys which
characteristically have V-shaped cross-sectional profiles and smooth concave
longitudinal profiles. Longitudinal profiles of smaller tributary valleys exhibit hanging
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valley morphology; hanging valleys are most commonly found in formerly glaciated
terrain and offer further support for the glacial hypothesis.
Semicircular embayments in topographic highs are widespread throughout both
the Charitum and Nereidum Montes (Appendix A, Figure 1). The embayments have
arcuate shapes in plan view that open in the downhill direction, typically opening into a
valley. They have concave profiles, are relatively deep (up to 1.5 km), have up to 3 km of
relief, and typically have steep headwalls (maximum slopes ranging from 20°-30°) with
more gently sloping, flat, or over deepened basin floors. Semicircular embayments with
the above characteristics were identified in available imagery and their dimensions,
altitude, and aspect were measured using MOLA interpolated data [http://jmars.asu.edu].
Almost 700 semicircular embayments were identified and mapped in the Argyre region
(Appendix A, Figure 1) with a distribution spanning ~35ºS to 62ºS and ~297ºE to 335ºE.
The embayments have an average depth of ~750-1000 m, are primarily oriented or open
to the northeast, are almost exclusively located in the Argyre highlands, most often occur
at elevations between -500 to 1000 m, and appear to be slightly more densely
concentrated in the western portion of Argyre (Appendix A, Figure 1). The morphology
and altitude of these landforms indicate formation by an erosional process that responded
to gravity and preferentially worked on higher altitudes and steeper slopes. Altogether the
morphology and other characteristics of the semicircular embayments are consistent with
terrestrial glacial cirques bordered by ridges or arêtes and, in combination with the other
surrounding landforms, are characteristic of a typical terrestrial alpine glacial landscape.
A suite of ridges forms an anastomosing network around the southern edge of the
Argyre basin. In planform, the Argyre ridges vary from solitary sinuous ridges to
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branching and braided patterns of ridges. HiRISE and CTX images and topographic
analyses show that ridge crests range from smooth, curved surfaces to flat topped,
relatively sharp-crested (inverted-v), or multiple crested forms [Kargel, 2004; Hiesinger
and Head, 2002]. Layers or beds are observed in portions of several ridges; in close up

views, layers of material more resistant to erosion, possibly indurated material, appear to
alternate with more easily eroded layers. In some locations layers are laterally continuous
for several kilometers, while in others, they appear to be discontinuous and pinch out.
Cross sectional profiles of a ridge acquired from a 1m/post DEM produced from a
HiRISE stereo image pair, show that individual layers, in at least a portion of one of the
ridges, are horizontal. In several locations, sinuous ridges also lie within a shallow
trough.
A detailed topographic analysis of three main ridges was completed using MOLA
Precision Experiment Data Records (PEDR) tracks (available at http://pdsgeosciences.wustl.edu/missions/mgs/pedr.html). The analysis reveals that the sinuous
ridges cross topographic divides and vary in height along the length of each ridge. In
particular, variations in ridge height appear to be related to the surrounding surface slope.
The change in ridge height between successive MOLA tracks along each ridge was
plotted against the slope of the surrounding surface and for surface slopes greater than 1º,
ridge height was found to increase with descending slopes and decrease with ascending
slopes.
Altogether the characteristics of the Argyre sinuous ridges are consistent with
glacio-fluvial processes and the ridges are interpreted to most likely be eskers. Terrestrial
eskers are extremely variable and can range in form from single, continuous ridges to
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complex braided and dendritic systems with confluent and diffluent branches [e.g., Benn
and Evans, 1998]. Terrestrial eskers also have undulating crests which vary in shape due

to flow processes [Shreve, 1985; Benn and Evans, 1998]. The Argyre ridges are similar to
terrestrial eskers in their sinuosity, branching patterns, and very low and high tributary
junction angles [Kargel and Strom,1992; Kargel, 1993]. Although the troughs
surrounding portions of the Argyre ridges may be the result of erosion subsequent to
formation of the ridges, the appearance of the ridges in troughs is also consistent with the
esker hypothesis; terrestrial eskers are sometimes observed within valleys or troughs,
often referred to as Nye channels (N-channels) or tunnel valleys, that form from abrasive
subglacial meltwater discharge that erodes into bedrock or sediments [Benn and Evans,
1998; Shreve, 1985]. Eskers on Earth may contain horizontal or near horizontal beds or
layers that can be continuous for considerable distances or taper out quickly
[Easterbrook, 1999]. These layers can also form alternating or cyclic sequences that are
often attributed to fluctuations in discharge availability due to seasonal and/or annual
changes [Bannerjee and McDonald, 1975; Brennand, 1994; Benn and Evans, 1998].
Terrestrial eskers commonly climb and cross topographic divides because water flowing
within or beneath a large ice mass is under hydraulic pressure. Ridge height is related to
the slope of the surrounding surface in terrestrial eskers as well, and is a characteristic
that is related to flow processes [Shreve, 1985]. In descending ice tunnels, viscous heat
produced by flow of meltwater causes melting of the tunnel walls increasing the height of
the tunnel and the resulting esker ridge. Meltwater flowing in ascending tunnels has less
viscous heat resulting in freezing of water onto the walls of the tunnel and, consequently,
the formation of shorter ridge heights [Shreve, 1985]. The occurrence of Argyre's ridges
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amongst layered deposits allows for the possibility that lacustrine shore or near-shore
processes were involved.
HiRISE images also reveal several examples of aligned angular boulders in
Argyre and the surrounding region. Boulders, some up to several meters in length, on
many slopes appear to be organized into linear stripes that are locally parallel and
oriented in the approximate downhill direction. Boulders are also observed in clumps and
polygonal patterns on shallower slopes and in some instances, the aligned boulders
appear to transition into clumped and polygonal patterns as slopes decrease. The origin of
the aligned boulders remains unclear and could involve mass wasting and/or glacial
processes. However, they are most consistent with periglacial features commonly called
patterned ground. The periglacial hypothesis is supported by the presence of polygons
formed by networks of cracks similar in scale to terrestrial permafrost thermal contraction
polygons, also a type of patterned ground, on surfaces surrounding the aligned boulders
and boulder polygons. Thus the aligned boulders are interpreted to be the result of
periglacial processes that occurred postglacially.
Landforms discussed in this study may individually be explained by various
different processes, but can collectively be interpreted as the products of past glacial
erosion and deposition and subsequent periglacial processes. Few processes other than
glacial processes can generate similar large-scale U-shaped valleys or deep semicircular
embayments in the sides of mountains [Kargel, 2004]. Glacial interpretations are
supported by the location of these collective landforms at >50ºS and their association
with other landforms typical of glaciated landscapes such as lobate aprons, interpreted as
debris covered glaciers [Holt et al., 2008], observed issuing from topographic highs,
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semicircular embayments, and from the walls of craters. The character of interpreted
glacial effects on Martian landscapes in different studies varies from one region to
another suggesting differences in or evolution of glacier dynamics and the responsible
climatic regimes. The nature of the bedrock erosion reported here indicates a period of
wet-based glaciation in at least portions of the Argyre region.

2.2.3. Discussion and Implications
When viewed as a whole, the small-scale landforms revealed in HiRISE imagery
and the surrounding large-scale landforms form a suite of morphologies in the Argyre
region that can be collectively interpreted as the products of past glacial erosion and
deposition. The Argyre Planitia is interpreted to be an ancient impact basin extensively
modified by a period of ice accumulation, glacial flow, erosion, and sediment deposition,
ice stagnation and ablation, and subsequent periglacial processes. Melting may be a key
aspect of the ablation process in some, but not necessarily all areas.
Using terrestrial glacial landforms as analogs, several aspects of the environment
in which the Argyre landforms were created can be inferred. In general, the presence of
glaciers in the Argyre region indicates that conditions in the geologic past favored
accumulation of ice in this area for a sustained period of annual net mass balance in ice
accumulation zones. This period was sustained long enough for sufficient ice
accumulation to create flowing ice masses. The presence of enough ice to form midlatitude glaciers (potential ice volume in Argyre estimated to be on the order of 1 x 106
km3, discussed in section 2.2.3.) indicates a much greater supply of moisture in the
Martian atmosphere than is available today. This in turn implies that there was a
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substantial source for the moisture, and that appropriate climatic conditions existed in
which the moisture could be released from the reservoir and, if necessary, transported to
the middle latitudes [e.g., Baker et al., 1991]. Sources for the moisture could include an
ice reservoir with a volume greater than ~1 x 106 km3, such as the south polar cap with an
estimated volume on the order of ~2 x 106 km3, [Smith et al., 1998] and/or one or more
liquid water reservoirs with a cumulative volume greater than ~9 x 105 km3, almost twice
the volume of the Black Sea (~5.5 x 105 km3) [Murray et al., 1989]. The current absence
of the large surface ice masses over much of the proposed glaciated Argyre landscape
indicates that the conditions for their formation do not currently exist and that there was a
transition to the present day environment.
Evidence of glacial grooving is observed as far north as 35º S. Semicircular
embayments, interpreted as cirques, are also observed at this latitude and are widespread
in both the Charitum and Nereidum Montes. Assuming that these landforms are indeed
the result of glacial processes, their distribution indicates that ice was able to accumulate
throughout the mountainous regions of Argyre, either at one time or collectively during
different periods of glaciation.
The distribution of the sinuous ridges, interpreted as eskers, suggests that the
margin of a large, thick, stagnating or retreating ice deposit was once specifically located
in the southern Argyre basin. This ice deposit extended for 100s of kilometers or more
within the basin and reached at least ~53º S latitude. The height of the eskers indicates
that the ice in the basin was once more than 300 meters thick and probably much thicker.
Hiesinger and Head [2002] estimated the ice thickness to be ~2000 m. The ice in the

basin may have been part of an ice sheet [Kargel, 1993; 2004], a glacier or multiple
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glaciers that entered the basin from the surrounding mountains [Kargel and Strom, 1992],
or a frozen lake in the basin [Hiesinger and Head, 2002].
The significant amount of bedrock erosion, streamlined hills, and grooving
suggest that glaciers in portions of the Charitum and Nereidum Montes were wet-based,
at least at one time. In general, the morphologies observed in the Argyre region, such as
concave embayments and U-shaped valleys, are associated with vigorous erosion from
wet-based glaciers on Earth. Sliding is typically negligible below cold-based ice due to
the high adhesive strength of ice and rock below the pressure melting point, making
abrasion an ineffective erosive mechanism [Benn and Evans, 1998]. Abrasion marks,
such as grooves, that do form beneath terrestrial cold-based glaciers are typically variable
in shape and size, unlike the relatively uniform and parallel grooves observed in Argyre
and on terrestrial bedrock abraded by warm-based sliding ice [e.g., Benn and Evans,
1998; Atkins et al., 2002]. Assuming Martian glaciation involves similar processes to
glaciation on Earth, the features observed in the Argyre region indicate that, at least at
one time, liquid water was present at the base of the ice.
Proposed ideas for forming meltwater at the base of ice on Mars include shifts in
climatic conditions due to obliquity changes and/or modification of the melting point due
to impurities such as dust, salt, clathrates, or a proportion of carbon dioxide ice mixed
with the water ice [e.g., Greve et al., 2004; Greve and Mahajan, 2005]. In addition, basal
melting could occur due to warmer temperatures at the base of the ice potentially
resulting from the insulation provided by a thick glacier, a general increase in geothermal
flux, or a temporary heat source under the ice such as a volcanic eruption or a tectonothermal event [e.g., Fishbaugh and Head, 2002; Greve et al., 2004; Greve and Mahajan,
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2005; Head et al., 2007]. An alternate idea is that a combination of a low-conductivity
surface layer and impermeable subsurface layers allows liquid water to exist in the
shallow (few hundred meter) subsurface [Mellon and Phillips, 2001]. Thick glaciers that
form on the surface layer could serve to mobilize this pre-existing ground water. The
discovery of fractured mounds, interpreted as pingos, concentrated at the same latitudes
as the mid-latitude gullies supports the Mellon and Phillips model [Dundas et al., 2008].
The presence of sinuous ridges, interpreted as eskers, indicates that at the time of
ridge formation, liquid water was also flowing within or beneath ice in the basin. Using
the dimensions and characteristics of the sinuous ridges, approximate lower limits for the
velocity and discharge required for their formation were calculated using the DarcyWeisbach equation. This equation is appropriate for estimating the velocity of past
potential water flows on Mars and is used in the study in appendix D (section 4:
Environmental Implications) to estimate flow in a sub-ice conduit under marginally
pressurized (i.e. water just fills the sub-ice channel) conditions [Komar, 1979; Lorang
and Hauer, 2003]. A mean velocity of ~1.3 m/s was found assuming fluid flow as

opposed to matrix supported debris flow. An average velocity of ~1.3 m/s is slightly
lower than the velocity of the Mississippi River (2 to 3 m/s) [Komar, 1979], and is
comparable to paleovelocities calculated for the Bridgenorth esker (0.05 to 3.5 m/s)
located in Ontario, Canada [Jackson, 1995]. Because of the lower gravity, the same
bottom stress values on Mars can move larger grain diameter material than on Earth and
flows of this velocity on Mars would most likely be very erosive and able to transport
considerable amounts of material [Miller and Komar, 1977; Komar, 1979]. The discharge
of the flow (marginally pressurized) was calculated to have a lower limit on the order of
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104 m3/s. With highly pressurized flow, there would be a steeper velocity gradient than
what was used for the above calculations, and thus there would be an increase in the
velocity and discharge. Noting that possible water sources of the ridge-forming flows
occur outside Argyre in the highlands, the total topographic drop is several kilometers.
Depending on where the water enters the englacial or subglacial tube, the potential exists
for very large hydraulic pressurization and thus, the above estimates of velocity and
discharge should be viewed as approximate lower limits only. Considering the number
and length of the ridges (100s of kilometers) and assuming that they formed
contemporaneously, this suggests that large quantities of ice and subsequent meltwater
would have been necessary to deliver sufficient water to the sub-ice drainage network to
form the ridges [Metzger, 2002]. When considering the characteristics of the ridges as a
whole, the large dimensions (typically 100s of meters tall and several kilometers wide),
aspect ratio, extent (100s of kilometers), and other characteristics of the eskers are also all
consistent with a large discharge. This adds support to the Hiesinger and Head [2002]
model in which meltwater flows into the Argyre area from the south through valleys such
as Surius Valley, as opposed to originating as meltwater derived from melting of ice in
the Argyre area only.
The preservation of long, continuous ridges and the lack of obvious moraine
deposits in the Argyre basin indicates extensive stagnant-retreat of the ice terminus in the
basin as opposed to active-retreat. The continuous nature of the ridges and the
preservation of distinct layers also suggests that the ridges primarily formed in tunnels at
the base of the ice; eskers deposited in englacial streams are much more likely to become
disrupted and broken from settling to the ground as the ice retreats [Metzger, 1992; Head,
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2000]. The appearance of eskers in troughs may indicate synchronous patterns of
deposition and erosion at the glacier bed or, more likely, a period of erosion followed by
deposition and tunnel infilling, possibly a result of falling discharges [Benn and Evans,
1998]. Either way, eskers lying within eroded channels provide further evidence that the
conduit was subglacial rather than englacial, and was a relatively stable part of the glacier
bed [Benn and Evans, 1998].
The relatively small number of craters observed on proposed glacially resurfaced
areas within the Charitum Montes indicates that these surfaces were exposed or modified
geologically recently, most likely in the Amazonian epoch. Over the past 3.4 Ga, the
number of primary craters ≥300 m/km2/Ma is expected to be ~3.5 x 10-5 via both the
Hartmann and Neukum production functions [Hartmann, 1999; Hartmann and Neukum,
2001; Neukum, 2001]. New counts of craters ≥300 m in HiRISE images of proposed
glacially resurfaced areas in the Charitum Montes, indicate a crater retention age of ~400
My. It must be emphasized that this estimate does not necessarily indicate the timing of
actual glacial resurfacing, but rather indicates that glacial resurfacing of exposed surfaces
was completed by ~400 Ma, and thus provides an approximate minimum age. In other
words, the number of superposed craters on resurfaced areas is indeed consistent with
geologically recent glacial activity (such as in the Amazonian), but may also be due to
subsequent modification from nonglacial processes and the actual glacial activity may
have occurred much earlier. The crater density in Argyre suggests somewhat older
glaciation or less active subsequent resurfacing than in other mid-latitude Martian regions
with crater retention ages of ~10 – 300 My [e.g., Mangold, 2003; Head et al., 2005;
Shean et al., 2007].
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The large cirques (up to ~1.5 m deep) and U-shaped valleys (up to ~3000 m deep)
identified in the Charitum and Nereidum Montes suggest a deeper level of glacial erosion
over a longer time period than usually seen on Earth (i.e. Pleistocene glaciation).
Common glacial erosion rates for wet-based glaciers on Earth are ~10-3 m yr-1 [Drewry,
1986], and typical terrestrial glacial valleys require ~105 years of cumulative glacial
erosion to form [Harbor et al., 1988]. The broader portion of a valley seen in HiRISE
image AEB_000001_0150 in the west Charitum Montes (Appendix C, Figure 2), has an
average depth of ~3000 meters. This same valley on Earth would take over a million
years to form assuming that the glacier is wet-based and sliding. Likewise, we can use the
morphology of the semicircular embayments to estimate the amount of time needed for
their formation. With an average depth of ~750-1000 m, the same semicircular
embayments on Earth would take roughly one million years to form assuming that the
embayments were indeed carved by ice, formed at the same time, and that the ice was
wet-based and sliding. On Earth, rates of erosion for cold based ice in Antarctic cirques is
estimated to be ~ 1 x 10-6 m/y. If the ice in Argyre was cold-based for much of the time,
the time needed to erode the deep valleys and semicircular embayments would be on the
order of a billion years. Martian ice at approximately 50º S latitude was most likely
colder for much of the time, more viscous, and deformed more slowly over longer time
scales than typical ice on Earth. Ice has a strongly non-Newtonian rheology with an
effective viscosity that is strongly dependent on applied differential or shear stress as well
as temperature. In addition, due to the lower gravity, ice would flow slower on Mars for
comparable temperatures, slopes, and ice thickness; hence, the rate of glacial erosion
would be much lower and the timescale for the formation of the deep cirques and valleys
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observed in the Argyre highlands would be considerably longer, probably more than 10
million years even for wet-based ice [Kargel, 2004]. This does not take into account the
amount of pre-glacial topography and several factors that may also influence the erosion
rate such as bedrock properties, the amount of meltwater, and weathering rates.
Altogether, the above results regarding estimated erosion rates and the potential duration
of erosion, suggest that ice was stable and flowing/eroding on at least portions of the
Argyre surface for a considerable period of time, potentially a cumulative period of 10s
of millions, perhaps even on the order of a billion years.
The distribution of the semicircular embayments, as well as other potential glacial
landforms, suggests that ice was widespread throughout the mountainous region of
Argyre. At the time of this writing, almost 700 semicircular embayments have been
identified in this region. We can use the morphology and dimensions of the semicircular
embayments to estimate the volume of ice need to fill the embayments and roughly
estimate the total amount of material eroded by ice during their formation. Using
equation (1) we can calculate the thickness of the glacial ice (h) needed to form flowing
and eroding ice by using the constant basal shear stress (~0.6 bars) found from the
threshold-sliding model reconstructions of Martian ice morphology. Assuming the ice
accumulating in Argyre is similar to the relatively pure H2O ice composing the SPLD
[e.g., Pathare et al., 2005; Koutnik et al., 2005], 920 kg/m3 is used for the density of the
ice along with a Martian gravity of 3.71 m/s2. The dimensions of each semicircular
embayment are used to estimate its average surface slope and measurements of length
and width are combined with the calculated ice thickness to estimate the ice volume. The
minimum volume of ice required to fill all of the semicircular embayments
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simultaneously with flowing/eroding glacial ice is on the order of ~2 x 103 km3, with an
average ice volume of ~3 km3 per semicircular embayment. The dimensions of the
embayments indicate that the total volume of material eroded by the ice from all of the
combined embayments during the cumulative period of glaciation is on the order of ~4 x
103 km3, or an average of ~6 km3 per embayment (this estimate does not include material
eroded from the valleys).
The large eroded volumes (lower limit on the order of ~4 x 103 km3) implied by
the size of landforms such as the semicircular embayments and U channels, should have
formed sufficient amounts of till to result in moraine deposits. HiRISE imagery is
revealing landforms that may account for some of this glacial till. For example, ridges
observed at the edges of lobate debris aprons could be terminal or drop moraines. Much
glacial till may also have been deposited during a period in which ice was ablating faster
than it was flowing forward scattering till over large areas in widespread ablation zones
rather than accumulating till into distinct moraine ridges (i.e. terrestrial ground moraine).
An example of this may be a large boulder-rich deposit, interpreted as ground moraine,
observed on the floor of a valley in the Charitum Montes (Appendix C, Figures 10 and
11). The thickness and volume of the proposed ground moraine is currently unclear, but
deposits such as these may account for significant amounts of till. Terminal and lateral
moraines, as well as additional glaciofluvial deposits may also have been destroyed,
buried, or incorporated into ground moraine deposited during a later glacial advance and
subsequent period of rapid ablation. Various processes such as eolian, periglacial, and
mass wasting processes could have eroded, buried, or modified moraines subsequent to
deposition as well. Altogether, the current HiRISE coverage of the Argyre region
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represents only a small piece of what is presumably a much larger glacial landscape.
Although we have not conclusively identified a volume of deposits proportionate to the
inferred eroded volumes (lower limit of roughly 4 x 103 km3), we do indeed see morainelike boulder fields and logically infer that additional deposits must exist elsewhere.
Comparing the Argyre sinuous ridges with terrestrial esker systems [Shreve,
1985], Hiesinger and Head [2002] estimated that ice with a thickness of ~2000 m
overlaid the Argyre ridges, and that the basin contained a volume of ice of ~1.4 x 106
km3, assuming the entire basin floor was covered with ice at the time of esker formation.
Thus a total ice volume on the order of ~1 x 106 km3 is required to fill the basin and
semicircular embayments contemporaneously. This should be considered a very rough
and preliminary estimate of the total ice volume potentially present in the Argyre region
as it assumes the entire basin was filled with ice, although the distribution of the sinuous
ridges covers less than half of the basin floor, and does not take into account other
surfaces in the mountainous regions that were most likely covered or filled with ice at the
same time, such as the broad U-shaped valleys.
The spin-axis obliquity of Mars is thought to be among the major factors
influencing climate change on the planet. The current spin-axis obliquity of Mars is about
25º, similar to the Earth’s. However, calculations indicate multiple periods of
increasingly higher obliquities in the history of Mars, some in the last several millions of
years [Laskar et al., 2004]. General circulation models indicate that periods of higher
obliquity warms ice-rich polar regions and redistributes water-ice deposits equatorward
[Richardson and Wilson, 2002; Mischna et al., 2003; Haberle et al., 2003]. The estimated
volume of ice accumulation in Argyre (~1 x 106 km3), while only a rough estimate, is
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only approximately half the volume of the present day south polar ice cap, ~2 x 106 km3
[Smith et al., 1998]. Thus, there is currently sufficient surficial ice present in the south
polar region to account for the potential volume of past ice accumulation in the Argyre
region (as indicated by the observed landforms). The south polar ice cap is therefore a
possible source for the ice that accumulated in the Argyre region, perhaps during a past
period of high obliquity. This does not confirm or deny the potential presence of a past
liquid water reservoir that may have served as a source for this moisture either by itself or
in combination with an ice reservoir. The volume of liquid water required to account for
the estimated ice accumulation in Argyre is greater than ~9 x 105 km3, almost twice the
volume of the Black Sea (~5.5 x 105 km3) [Murray et al., 1989]. The hypothesis of
episodic oceans [Baker et al., 1991] that may have served as a source for the ice in
Argyre, is challenged by evidence that most of the CO2 needed to explain such drastic
climate change was probably lost in the Noachian [Carr, 2006]. However, if all of the
moisture required to accumulate ice in Argyre originated from the south polar cap, it
would require roughly half of the current ice volume to be transported to and accumulate
specifically in the Argyre region. Although ice accumulations in other mid-latitude
Martian regions, such as Hellas basin and the Tharsis Montes, appear to be younger than
the proposed ice accumulations in Argyre and have crater retention ages of ~10 – 300 My
[e.g., Mangold, 2003; Head et al., 2005; Shean et al., 2007], it is unclear as to whether or
not ice was accumulating in these regions during the same period as ice accumulation in
Argyre (~400 Ma or earlier). The reasons for why ice specifically accumulated in Argyre
are also unclear, but may be related to the extreme topography of the Argyre region,
(more than 5 km of relief), the large basin that potentially held a past lake reservoir (with
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a maximum volume of ~2.7 x 106 km3; Hiesinger and Head, 2002), the channels that
connect the Argyre basin with potential water resources to the south (the Dorsa Argentea
formation and south polar region) and perhaps paleo wind conditions and/or past
atmospheric circulation patterns that directed moisture in the atmosphere to the Argyre
region.

2.3.

Conclusions
Past ice on Mars is investigated by using a threshold-sliding model for

reconstruction of ice thickness and morphology, imagery from the HiRISE camera
onboard MRO, and MOLA topographic data and other Martian datasets. Based on the
results of these investigations, the following conclusions can be made:

(1) A threshold-sliding model requiring only three input parameters describing bed
topography, ice margins, and a function defining the basal shear stress, can be
used to reconstruct the thickness and morphology of ice on Earth and Mars and is
applicable to areas with complex and steep topography.
(2) The majority of the Martian ice reconstructions with the threshold-sliding model
indicate an average constant shear stress at the base of the ice of ~0.6 bars. This is
almost 1/3 the average value of basal shear stress found for the Greenland ice
sheet (~1.41 bars).
(3) The reasons for the lower values of basal shear stress found for Martian ice are
unclear but could involve the yield strength of the ice and/or the coefficient of
friction at the base of the ice.
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(4) Parallel linear grooves observed in the circum-Argyre Planitia highlands are
consistent with glacially eroded grooves.
(5) Streamlined hills observed in the Charitum Montes are consistent with glacially
sculpted bedrock landforms (i.e. whalebacks, roche moutonnée).
(6) A large boulder-rich deposit is consistent with terrestrial examples of ground
moraine.
(7) Valleys in the Charitum and Nereidum Montes have broad U-shaped crosssectional profiles and stepped longitudinal profiles and are morphologically
consistent with terrestrial glacial valleys. Some smaller tributary valleys have
hanging valley morphologies.
(8) The map patterns and morphology of sinuous ridges in the southern Argyre basin,
their ability to cross topographic divides, their occurrence in troughs, the
relationship of their height and crest shape to the slope of the surrounding surface,
their location at >50º S latitude, and the occurrence of other possible glacial
landforms in the surrounding region indicate that the ridges are most likely eskers
formed by sub-ice fluvial processes. The nature of some eroding beds in the
ridges suggests induration of ridge sediments.
(9) Aligned angular boulders on slopes in Argyre and surrounding regions appear to
be associated with permafrost polygons and boulder circles and are interpreted to
be patterned ground that formed from periglacial processes that occurred
postglacially.
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(10) When considered as a whole, the landforms in the Argyre region indicate that at
least portions of the Argyre Planitia have been modified by a period of ice
accumulation, glacial flow, erosion, and sediment deposition, ice stagnation and
ablation, and subsequent periglacial processes.
(11) Semicircular embayments, interpreted as glacial cirques, are observed as far
north as ~35º S and are widespread in both the Charitum and Nereidum Montes.
Assuming that these landforms indeed formed from glacial processes, their
distribution indicates that ice was able to accumulate throughout the mountainous
regions of Argyre, either at one time or collectively during different periods of
glaciation.
(12) The nature and significant amount of bedrock erosion apparent in images (on the
order of ~4 x 103 km3), and the presence of ridges interpreted as eskers suggests
that the ice in at least portions of the Argyre Planitia was, at times, wet-based.
(13) The distribution of sinuous ridges, if indeed eskers, suggests that the southern
Argyre basin was once covered by the margin of a large, thick, stagnating or
retreating ice deposit that extended for 100s of kilometers or more within the
basin and reached at least ~53 º S latitude. During the period of ridge formation,
water flowed on top, within, or beneath this ice deposit; the continuity and
preservation of the ridges and the preservation of the layers within the ridges,
indicates that flow was primarily at the base of the ice.
(14) The large dimensions (up to 100s of meters tall and several kilometers
wide), aspect ratio, and extent of the ridges (100s of kilometers), as well as
preliminary calculations of discharge (lower limit of ~104 m3/s), suggest that a
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significant amount of meltwater was available.
(15) A total volume of ice on the order of ~1.4 x 106 km3 is estimated to have filled
the basin and semicircular embayments. This preliminary estimate is just over half
the estimated volume of the present day south polar ice cap, on the order of ~2 x
106 km3, which is a possible source for the ice that accumulated in the Argyre
region, perhaps during a past period of high obliquity.
(16) The deep cirques and U-shaped valleys identified in the Charitum and
Nereidum Montes suggest a deeper level of glacial erosion (lower limit to the
volume of eroded material on the order of ~4 x 103 km3), over a longer time
period than usually seen on Earth (i.e. Pleistocene glaciation). Glacial resurfacing
in the Argyre region probably occurred over a period of several million years,
perhaps on the order of a billion years.
(17) The number of superimposed craters on proposed glacially resurfaced areas is
consistent with geologically-recent glacial activity (minimum age of ~400 My),
but may also be due to subsequent modification from non-glacial processes. This
approximation suggests somewhat older glaciation, or less active subsequent
resurfacing, than in other mid-latitude Martian regions with crater retention ages
of ~10 – 300 My [e.g., Mangold, 2003].
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APPENDIX A
FIGURES

Figure 1. MOLA shaded relief map of the Argyre Planitia and the surrounding area
[http://jmars.asu.edu]. Almost 700 semi-circular embayments (red boxes) were identified
in the Argyre region. The embayments have arcuate shapes, in plan view, that open in the
downhill direction, typically opening into a valley. They have concave profiles, are
relatively deep (up to 1.5 km), have up to 3 km of relief, and typically have steep
headwalls (maximum slopes ranging from 20°-30°) with more gently sloping, flat, or
over deepened basin floors. The distribution of the embayments spans ~35ºS to 62ºS and
~297ºE to 335ºE. They are primarily located in the Argyre highlands, most often occur at
elevations between -500 to 1000 m, and appear to be slightly more densely concentrated
in the western portion of Argyre.
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Abstract
Understanding the history of ice caps on Mars could reveal important information
about Martian geologic and climatic history. To do this, an ice-reconstruction model is
needed that operates over complex topography and can be constrained with a limited
number of free parameters. In this study we developed a threshold-sliding model for icecap morphology based on the classic model of Nye later incorporated into the models of
Reeh and colleagues. We have updated the Nye-Reeh model with a new numerical

algorithm. Although the model was originally developed to model perfectly-plastic
deformation, it is applicable to any ice body that deforms when a threshold basal shear
stress is exceeded. The model requires three inputs: a DEM of bed topography, a “mask”
grid that defines the position of the ice terminus, and a function defining the threshold
basal shear stress. To test the robustness of the model, the morphology of the Greenland
ice sheet is reconstructed using an empirical equation between threshold basal shear
stress and ice-surface slope. The model is then used to reconstruct the morphology of ice
draping impact craters on the margins of the South Polar Layered Deposits using an
inferred constant basal shear stress of ~0.6 bars for the majority of the examples. This
inferred basal shear stress value is almost 1/3 of the average basal shear stress calculated
for the Greenland ice sheet. What causes this lower basal shear stress value on Mars is
unclear but could involve the strain-weakening behavior of ice.
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1.

Introduction
The Martian polar regions have accumulated extensive mantles of ice and dust

with volumes of ~106 km3 [Smith et al.,1999]. The layered deposits in these regions are
believed to preserve a record of seasonal and climatic cycling of atmospheric carbon
dioxide, water, and dust over the past hundred million to perhaps even billion years
[Pathare et al., 2005]. In addition to the polar caps, persuasive evidence of past glacial
processes has been identified in areas such as the Argyre Basin, east of Hellas Basin, the
northern fretted terrain, and amongst the Tharsis volcanoes [e.g. Head, 2000; Head and
Marchant, 2003; Head et al., 2005, 2006; Moore and Davis, 1987; Kargel, 2004; Kargel
and Strom, 1990, 1992]. Understanding more about the history of ice on Mars could

reveal important information about Martian geologic and climatic history including
variations in insolation, orbital parameters, volatile mass balance, large impacts, volcanic
eruptions, catastrophic floods, and solar luminosity. To learn more about the past and
present ice of Mars and its climatic and geologic implications, a model is needed that
operates over complex topography capable of both ice reconstruction and forward
modeling of erosion and deposition.
Previous approaches to the modeling of ice cap geometry and flow on Mars can
be divided into simple “flowband” models that predict ice surface elevations along a 1D
flowband in the x direction, and more sophisticated “map-plane” models that predict
surface elevations in the x and y directions. Models previously developed by Schmidt
and Buchardt [2004], Fountain et al. [2000], Moore and Davis [1987], and Hvidberg

[2002] have given valuable insight into possible mass balance processes, flow velocities,
and the flow regime surrounding scarps and troughs of the Martian polar ice sheets. A
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wide range of information about the ice on Mars has also been provided by the more
sophisticated models of Fisher [1993], and Pathare [2005]. Particularly important is the
dynamic/thermodynamic ice-sheet model SICOPOLIS [e.g. Greve, 2000; Greve et al.,
2003; 2004; Greve and Mahajan, 2005; Mahajan et al., 2004]. Generally speaking,
flowband models are advantageous in that they are more readily calibrated and
interpreted. They are well suited for first-order ice sheet modeling but are of limited
usefulness when applied to complex or steep bed topographies. Map-plane models are
more versatile and accurate in principle but require input parameters that may be difficult
to constrain. A model is needed that incorporates the physical realism of the map-plane
models and their ability to work with complex bed topographies with the simplicity of
flowband models. This becomes particularly important when reconstructing bodies on
other planets, such as Mars, where parameter estimation may be far more challenging
than on Earth.
In this study, we developed a threshold-sliding model based on the work of Nye
[1951; 1952a; 1952b] and Reeh [1982; 1984] that is designed to capture the realism of
map-plane models with complex topography while minimizing the number of required
input parameters. Nye's [1951] classic work on the geometry of perfectly-plastic ice
sheets and glaciers has long been used to estimate the thicknesses of former ice sheets. In
his work, Nye developed a differential equation for the ice-surface topography above an
arbitrary or known bed if flow lines are known, which was later incorporated into the
models of Reeh and colleagues [e.g. Reeh, 1982; 1984; Fisher et al., 1985]. The NyeReeh model was found to be applicable to ice sheets and glaciers that move when a

threshold shear stress has been exceeded and was successfully used to reconstruct the
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Antarctic ice sheet [Reeh, 1982; 1984]. However, this model utilized a complicated
computational approach.
In this paper we update the Nye-Reeh model with a new numerical algorithm. In
this model, the geometry of present and past ice-sheets and glaciers can be reconstructed
using information about bed topography, ice margin positions, and threshold basal shear
stresses. The advantage of this model, especially when applied to the surfaces of other
planets, is that it requires constraints on only one physical parameter: the threshold basal
shear stress. Research on Earth suggests that the value of the basal shear stress is constant
on spatial scales of tens of kilometers and varies in a systematic way at larger spatial
scales. While the threshold-sliding model works well in many cases, it has several well
known limitations. For example, it cannot model the thermal effects on basal conditions
nor can it represent surging and tidal forces when ice interacts with the ocean.
We test the model by simulating the ice thickness and morphology of the
Greenland ice sheet. By adjusting the model to the appropriate surface conditions on
Mars, we also demonstrate its potential in reconstructing the ice surface topography of
modern and former ice sheets and glaciers on other planets. We also constrain modern
basal shear stresses and discuss the implications for bed environmental conditions on
Mars. To do this, we use the threshold-sliding model to reconstruct ice that drapes impact
craters near the margins of the South Polar Layered Deposits (SPLD). This application
was chosen because it enables us to make relatively accurate predictions about the ice
margins and the bed topography underneath the ice due to the radial symmetry of impact
craters. The threshold-sliding model also provides a basis for a glacial erosion model that
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can be used to better understand the spatial distribution of glacial erosion for areas such
as the Argyre basin on Mars.

2.

Model Description

2.1.

Previous Work
Field studies of modern ice sheets and glaciers on Earth have often shown that

basal shear stress values lie between 0.5 and 1.5 bars [Nye, 1952a; 1952b], a surprisingly
narrow range considering the spatial variability of observed basal conditions, including
gradients in temperature, meltwater content, basal debris, till rheology, and other
variables. Nye [1951; 1952b] developed a differential equation for the ice-surface
topography above an arbitrary or known bed if the flow lines are known, which was later
incorporated into the models of Reeh and colleagues [e.g. Reeh, 1982; 1984; Fisher et al.,
1985]. While his equation yields parabolic and logarithmic solutions for flat and inclined
beds, solutions for more complex bed topography can be obtained numerically. The NyeReeh model is not only associated with perfectly-plastic deformation of near-basal ice but

is also applicable to complex basal mechanisms such as debris controlled frictional
sliding and till deformation [Reeh, 1982; 1984]. It can be used with any ice sheets and
glaciers that move when a prescribed threshold shear stress is exceeded whether relative
motion occurs internally or by sliding over deforming till or directly over the bed [Reeh,
1982; 1984]. Threshold behavior may characterize these basal processes under many
conditions, including the plastic behavior of deforming till [e.g. Tulaczyk et al., 2000] and
the shear stress necessary to overcome kinetic friction during basal sliding [e.g. Lliboutry,
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1979]. In this paper we use the term “threshold-sliding” to refer to the class of ice sheets
and glaciers that move when a threshold basal shear stress is exceeded.
Critical to Nye's success in developing a single, independent equation for the
geometry of ice sheets was his observation that the ice-sheet geometry is independent of
flow when the relative motion of the ice sheet and its bed is governed by a threshold
shear stress. In these cases, the local ice thickness continually adjusts to the local icesurface slope to maintain a balance of forces independent of the pattern of accumulation
and ablation. Accumulation and ablation rates affect the velocities of ice sheets and
glaciers, but not their geometries as long as a threshold condition exists for motion and
the margin is fixed or is a prescribed function of time. Used in conjunction with the NyeReeh model, information on the position of the ice margin enables the rates of

accumulation and ablation to be eliminated from the reconstruction as long as the margin
is static.

2.2.

Basal Shear Stress
The basal shear stresses in ice sheets and glaciers are given by [Nye, 1951]:

τ = ρghS

(1)

where ρ is the density of ice, g is the gravitational acceleration, h is the ice thickness, and
S is the ice-surface slope using a small angle approximation in which sin(S) = S. Equation

(1) assumes that gradients in longitudinal stresses are negligible, an accurate
approximation for spatial scales several times the ice thickness [Hooke, 2005]. Field
studies have long recognized that basal shear stresses calculated with equation (1)
commonly range from about 0.5 to 1.5 bars [Nye, 1952a; 1952b]. Nye [1951] used this
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observation to invert equation (1) to solve for ice thickness. Expressed as a function of
ice thickness, h(x), and bed topography, b(x), S is given by S = |dh/dx + db/dx|. Using
this expression, equation (1) becomes a nonlinear differential equation for h:
dh db
τ
+
=
dx dx ρgh

(2)

This equation can be solved if τ and b(x) are known and proper boundary conditions are
applied. The boundary conditions for equation (2) are h = 0 at the two ice margins on
either side of the divide.
In addition to using a constant basal shear stress, the Nye-Reeh model can also be
extended to include the spatial variability of basal shear stress observed in large modern
ice sheets on Earth. Figure 1A is a grayscale image of the basal shear stresses in
Greenland calculated from equation (1). This image clearly shows that basal shear
stresses increase with distance from divides, with values ranging from 0.5 bars near
divides to roughly 3 bars near margins, and have an average value of ~1.41 bars.
One means of incorporating the observed spatial variability of basal shear stresses
into the model is to consider them as a function of ice-surface slope. In Figure 1B, the
basal shear stresses of Greenland are plotted as a function of ice-surface slope on a
logarithmic scale. The plot illustrates that basal shear stresses increase from values as low
as 0.5 bars at low slope values to higher, more variable values as slope values increase. A
least-squares power-function fit to this data, (τ = 15S0.55), is indicated by the solid line in
the figure. Certainly a higher-order fit would characterize the data more precisely because
the data set has a significant convex curvature in its dependence on ice-surface slope.
However, τ = 15S0.55 provides a useful first-order correction to uniform basal shear
stresses. Quantifying basal shear stresses as a function of distance from divides was also
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investigated but did not provide as clear a correlation. Power-function fits such as τ =
15S0.55, characterize most of the spatial variability in basal shear stress, but the limitations
of the power function can be recognized in the reconstructions. In particular, divide
regions in the model reconstructions have ice-surface slopes that are noticeably steeper
than in real ice sheets. However, these inaccuracies are limited to the divide region.
Therefore, for large ice sheets, power-function fits can be used as the basis for
incorporating nonuniform basal shear stresses in the threshold-sliding model by replacing
τ with τ(S) in equation (2).

2.3.

Ice-Sheet and Glacier Reconstructions in 3D
In 3D, equation (2) applies along the direction of flow lines. Since flow lines are

parallel to the local ice-surface gradient, the 3D version of equation (2) is obtained by
replacing S = |dh/dx + db/dx| with S = |∇h + ∇b| to obtain:
∇h + ∇b =

τ
ρgh

(3)

The basal shear stress may also be written as a function of S, τ(S), to incorporate spatial
variations as observed in Figure 2. As a solution to equation (3), we have developed a
straightforward algorithm based on the accumulation of discrete “blocks” of ice on a grid.
Our method mimics the accumulation of ice thickness and slope until a threshold is
reached (illustrated schematically in Figure 2). Before the algorithm begins, grid points
within the ice margin are identified. Ice will accumulate at these points while the other
grid points remain ice free. The fundamental action item for each allowed grid point is
simple: add a discrete unit of ice thickness if the resulting surface slope is less than a
threshold value given by τ/ρgh. The ice-surface slope is calculated as S = (Sx2 + Sy2)1/2
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where Sx is the downhill slope in the x-direction and Sy is the downhill slope in the ydirection. During each “sweep” of the grid, the algorithm attempts to add ice to all of the
allowed grid points. The grid is swept repeatedly until no additional blocks can be added.
The end result is an exact solution to equation (3) for any bed topography. The value of τ
can be taken to be uniform in this model or it can be a function of the ice-surface slope.
Each sweep through the grid is from lowest to highest elevations to avoid oversteepening
and to make the model more efficient. A coarse block size is used initially and is reduced
in size by a constant factor once no more blocks can be added to the grid. This enables a
coarse solution to be obtained quickly which is gradually smoothed as the block size is
reduced. It should be emphasized that although this algorithm method is discrete, it is not
a cellular automaton or otherwise an approximation to equation (3). Instead, it is an
iterative numerical method that obtains an exact solution to equation (3).
It should be noted that there are different methods that have been applied to icesheet modeling. Traditionally, ice-sheet modeling has been based on prescribing climatic
factors, such as the spatial distribution of net accumulation rate, over the potential icecovered area and letting the ice sheet build up both vertically and laterally with free
margins. This method utilizes inputs for climate or net accumulation together with ice
rheology/threshold basal shear stress to model the ice sheet forward in time from some
specified starting condition. However, if the ice margins are known, the ice-sheet
topography can also be reconstructed by starting the reconstruction method with the full
lateral extent of the ice and growing the cap vertically until the threshold basal shear
stress is reached. In this approach, only the ice margin and the threshold basal shear stress
are needed as inputs. It is important to emphasize that this alternative method is static and
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does not reconstruct any of the intermediate stages in ice-sheet growth. Instead, the
algorithm only reconstructs the ice-sheet topography for the “snapshot” of time at which
the ice sheet occupies that specific margin. In this study we utilized this method because
the spatial pattern of mass balance or net accumulation on Mars is unknown. A set of
climatic conditions does exist that created the resulting ice morphology seen today.
However, since these conditions are unknown, we use this method as a way to obtain the
same end result. The efficiency of the model is demonstrated by comparing the
reconstructed ice-surface topographies with those observed. Of course, the thresholdsliding model can also be run using a spatial mass-balance distribution instead of an ice
terminus for instances in which the ice margin at a given time is unknown. When run this
way, the model moves the ice sheet both upward and outward with the ice margin free to
take on any shape in response to spatial variations in net accumulation and threshold
basal shear stress.

3.

Validation of the Threshold-Sliding Model to the Modern Greenland Ice Sheet
In this section we present a reconstruction of the ice-surface topography of the

modern Greenland ice sheet using our discrete algorithm method as a solution to equation
(3). Greenland is an important case study because the bed topography is both well
constrained and has a significant influence on the morphology of the ice sheet.
Specifically, the principal divide in Greenland is offset from central Greenland by
approximately 100 kilometers (a flat bed would place the divide in the middle). This
asymmetric profile could reflect a bed-topographic control associated with higher bed
elevations in eastern Greenland. Alternatively, the asymmetry of the ice sheet may be
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associated with an east-to-west accumulation gradient similar to that observed today
[McConnell, 2000].
Figure 3A and 3B illustrate the bed and ice-surface topography for modern
Greenland [Bamber et al., 2001]. Areas below sea level are indicated in black (Figure
3A). This and all other reconstructions in the paper require three inputs: a DEM of bed
topography, a “mask” grid defining the ice margin, and a function defining the basal
shear stress. The bed topography was input directly into the model and the ice-thickness
data, derived from the difference between the ice-surface and bed topography, was used
to provide a binary “mask” grid defining the grid points that are allowed to accumulate
ice. The mask grid has values of 1 where the ice thickness is greater than 0 (i.e. areas
covered by ice), and values of 0 where the thickness is 0 (i.e. no ice coverage). For this
reconstruction we used the shear-stress relationship τ = 15S0.55 observed in Figure 1.
Figure 3C is a shaded-relief and contour map of the solution to equation (3)
obtained by our discrete algorithm method. The shaded relief image has been constructed
with the same vertical exaggeration (30x) as Figure 3B to provide a direct, side-by-side
comparison. The similarity of the location and shape of the contours indicate that the
overall solution is in good agreement with the observed topography. The location of the
major divide, offset from center by approximately 100 km, is also reproduced in the
model indicating that the asymmetry of the ice sheet is primarily the result of bedtopographic control. One major difference between the observed and modeled
topography, however, is the steepness of divides and the more angular appearance of the
modeled topography. This angularity can be traced to the poor fit between the powerfunction and the data of Figure 1A. In the lower-left corner of the plot, representing areas
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of low slope, the data fall far below the power function indicating that the threshold basal
shear stress near divides is significantly lower than the values predicted by the power
function. As a result, the model solution overestimates the ice-surface slopes near divides
by as much as a factor of 2. However, this does not introduce significant errors in the
elevations of these regions because the slopes in either case are small.

4.

Application of the Model to Mars

4.1.

Methods
The model’s ability to accurately reproduce ice sheets such as the one in

Greenland is the basis for further testing of the model on Mars. To do this, we selected 10
partially ice covered impact craters in which ice has overtopped the crater rim. Craters
were specifically chosen in which relatively accurate predictions of the bed topography
underneath the ice could be made and in which the ice margins could be clearly
determined. All of the craters are located near or on the edges of the SPLD which are
composed of ice and dust [e.g. Mellon, 1996; Durham et al., 1999; Nye, 2000; Nye et al.,
2000]. The locations of each crater are indicated with black boxes in Figure 4.
As in the Greenland ice sheet example, reconstructions of ice thickness and
morphology with the threshold-sliding model require three inputs: a DEM of bed
topography, a “mask” grid defining the ice margin, and a function defining the basal
shear stress. The bed topographies for the model could be determined due to the radial
symmetry typical of impact craters. Craters were specifically chosen in which ice could
clearly be seen to cover part but not all of the crater floor. Unless there has been
significant subglacial erosion, the symmetry of the exposed crater form can be used to
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predict the morphology of the crater floor obscured beneath the ice. The software
RiverTools [RiverTools, 2005] was used to extract multiple profiles through each crater
from Digital Elevation Models (DEMs) of the south polar cap and surrounding SPLD
based on altimetry data acquired by the Mars Global Surveyor MOLA Instrument (data
available at http://www.pds_geosciences.wustl.edu/missions/data). Each profile started at
the center of the crater and was extended out past the crater rim along surfaces not
obscured by ice. A custom computer program was then used to average the extracted
profiles and create 3D bed topography assuming radial symmetry.
The margins of the ice were identified from the DEM based on changes in
elevation and differences in surface texture. Profiles were extracted along the floors of
the craters to determine the locations of sudden increases in elevation indicating the edge
of the ice. Ice margins were also identified where the texture changed from the rough
crater floor to the relatively smooth and layered appearance of the ice. These observations
were later confirmed with higher resolution MOC and THEMIS images. The ice margins
were converted into a binary “mask” grid defining the grid points allowed to accumulate
ice as was done when applying the model to the Greenland ice sheet.
For the basal shear stress, we investigated the effect of both constant basal shear
stress and the spatial variability of basal shear stress, τ(S), on model simulations for each
crater. Gravity was changed to match the gravity on Mars and ice density was given a
value of 0.92 g/cm3 based on the assumption that the ice in the SPLD is primarily H20 ice
[e.g. Pathare et al., 2005; Koutnik et al., 2005] and has the same physical properties as
H20 ice on earth [Greve et al., 2003]. Forward modeling was then used to construct
families of ice lobes corresponding to a series of basal shear stress conditions.
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Once completed, the elevation of the ice in each pixel of the model
reconstructions was subtracted from the elevation of the ice in the corresponding pixel of
the original DEM to determine an average ice-elevation difference per pixel. This was
done for the ice-covered areas within the crater only and excluded the surrounding icecovered terrain where bed topography was not well constrained. This method enabled us
to quantitatively determine which values of basal shear stress most accurately
reconstructed the ice thickness and to establish the uniqueness of the results. Figure 5
shows plots for two impact craters of the average ice-elevation difference per pixel (in
meters) for a series of basal shear stresses. As can be seen in the figure, similar ice
thicknesses are produced for a basal shear stress range of roughly ±0.1 bars. Model
results were also analyzed visually to determine which values of basal shear stress best
reconstructed the original ice morphology.

4.2.

Determining the Bed Topography for Craters More Than Half Covered With Ice
In determining the bed topographies for our model reconstructions, we

encountered two different scenarios: crater floors that were less than half covered by ice
and crater floors that were half or more than half covered with ice. For craters less than
half covered with ice, the symmetry of the observed crater form could easily be used to
estimate the morphology of the crater floor buried beneath the ice lobe as was already
described. However, about half of the craters in our study were more than half covered
with ice. In these cases, topographic information could be obtained from the rim to the
base of the crater but information regarding any features potentially existing in the center
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of the crater floor was obscured by ice. To resolve this, it was necessary to investigate the
characteristic dimensions of impact structures in the south polar region of Mars.
Impact craters can be divided into different categories with different profiles and
features. Two main categories are simple craters and complex craters. Simple craters
have relatively smooth, bowl-shaped cross sections with upraised rims while complex
craters are characterized by one or more central mountains (central peak) surrounded by a
relatively flat floor inside of a terraced rim. As complex craters increase in size, other
features, such as peak rings, may appear [e.g. Baldwin, 1949; Pike, 1988; Melosh, 1989].
Whether or not a simple or complex crater is formed by an impactor depends on factors
such as the size of the impactor and the gravity of the planet it is impacting [e.g. Barlow
and Bradley, 1990]. For Mars, the transition from a simple to a complex crater typically

occurs at diameters of roughly 6 to 7 km [e.g. Garvin et al., 2003]. In this study we look
at impact craters on Mars within the diameter range of ~10 – 90 km and are therefore
only concerned with complex crater morphologies that may or may not contain a central
peak. The dimensions of central peaks, such as the basal diameter of the central peak
(Dcp), and height of the central peak above the observed depth of the crater (hcp), typically
form in predictable ratios to the diameter (D) of the crater as measured from its rim crests
(Figure 6A). The accepted relationships for these features on Mars as a whole are:
Dcp = 0.25D1.05

(4)

hcp= 0.04D0.51

(5)

where all distances are in kilometers [Garvin et al., 2003]. These ratios, however, may
change depending on factors such as the velocity of the impactor, the composition of the
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impacted surface, or the presence of subsurface volatiles [e.g. Barlow and Bradley, 1990;
Melosh, 1989, Cordell et al., 1974; Cintala et al., 1976; Hale and Head, 1981].

In order to make accurate predictions as to the bed topography under the ice in the
central part of the craters, central peaks were measured and compared for multiple
complex craters in the area surrounding the SPLD. The locations of these craters are
indicated with white boxes in Figure 4 and the results are shown in Figures 6B and 6C
where D is plotted against Dcp and hcp respectively. Least-squares power-function fits are
marked by the solid lines in the plots (Figures 6B and 6C) and indicate the following
relationships:
Dcp = 0.24D1.09

(6)

hcp = 0.01D1.03

(7)

where all distances are in kilometers. The difference between the Garvin et al. [2003]
relationship and our measured relationship of Dcp to D is insignificant. Therefore, for
determining the diameter of potential central peaks beneath the ice, we used the Garvin et
al. [2003] equation (4). Our measured relationship of hcp to D indicates that in

comparison to non-polar craters on Mars, craters in the area surrounding the SPLD have
central peaks that are lower in elevation for smaller craters (D <~15 km) and higher in
elevation for larger craters. The reasons for this are beyond the scope of this paper but
may include the presence of subsurface volatiles, viscous creep relaxation, and/or
infilling or erosional processes in the polar regions [e.g. Garvin et al., 2000; Thomas et
al., 1992; Pathare et al., 2005; Schaller et al., 2005]. Therefore, to determine the height

of potential central peaks beneath the ice, equation (7) was used.
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To simulate a crater with a flat floor (no central peak), the lowest elevation point
on each profile was extended across the length of the crater floor. To simulate a crater
floor with a central peak, the lowest elevation point on each profile was again extended
and equations (4) and (7) were used to create a central cone structure of the appropriate
dimensions simulating the approximate shape and elevation of a central peak. A custom
computer program was then used to separately average both sets of profiles and create
two different 3D bed topographies for each crater; one representing a flat crater floor and
one representing a central peak at the center of the crater floor (Figures 7A and 7B).

4.3.

Results
The majority of the model results indicated a constant basal shear stress range of

0.5 – 0.7 bars (craters A through E). Several outliers also indicated constant basal shear
stress ranges of 1.1 – 1.4 bars (craters F and G) and 1.9 – 2.4 bars (craters H, I, and J).
With the exception of craters H, I, and J, the use of constant basal shear stress, τ, with the
model produced better matching ice morphologies than did a slope-dependent shear
stress, τ(S). Therefore, we will refer to our results in terms of constant basal shear stress
unless otherwise indicated. Results are summarized in Table 1 and Figures 8 and 9 show
shaded relief images for each crater and our most accurate model simulation followed by
the best matching profiles for comparison of ice thickness and morphology. The location
and direction of each profile is indicated by the black arrows in each crater. Elevation
data is in relation to the zero datum elevation on Mars and has an offset of -8000 meters.
The ice thickness in the majority of the craters (craters A-E) was best
reconstructed using a constant basal shear stress of ~0.6 bars (Figure 8). In general, the
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ice thickness, particularly near the rims of the craters, and the ice geometry are well
reconstructed by the model. For crater D, even the small bump at the ice margin has been
simulated. In a few instances however, (craters A and E), the ice surface slope near the
margins tapers either too gradually or too steeply in the model simulations.
A threshold basal shear stress of ~1.25 bars was used to model craters F and G
(Figure 9A). For both of these craters, the ice thickness, particularly near the crater rim,
matches very well. A constant threshold basal shear stress of ~2.15 bars was used for the
reconstructions of ice morphology for craters H, I and J (Figure 9B). In the profiles it can
be seen that the ice thickness was generally well simulated. However, the actual ice
surface slopes are relatively flat with steep slopes at the margin creating a blunt edge
while, in the simulations, the ice tapers more gradually and consistently to the ice margin.
The reasons for the ice surface slopes in craters H, I, and J are unclear. When comparing
the dimensions of these three craters to those of the other craters in this study, their flat
and blunt ice surface slopes were not found to be related to crater diameter, depth, or the
slopes of the crater rims. However, the ice morphology was best simulated when spatial
variations in basal shear stress were taken into account. This was done by using the shearstress relationships τ = 9S0.55, τ = 7S0.55, and τ = 11S0.55 for craters H, I, and J respectively
(Figure 9B). In comparison to the model simulations using a constant basal shear stress,
the use of a slope-dependent shear stress maintained the same average ice thickness but
created slightly more blunt edges near the ice margins.
Based on the model results, the crater rims in the bed topography under the ice are
too pronounced. Most likely, the actual crater rims under the ice have been altered or
eroded more extensively than the parts of the rims that can be observed directly. Since we

75
did not have a method for accurately estimating the subglacial erosion, the exposed parts
of the rim were averaged for each crater and used as the entire rim in the bed topography.
The profiles in Figures 8 and 9 were therefore drawn starting just inside the rims and
extended towards the center of the crater roughly perpendicular to the ice margin to show
only the areas of ice coverage for which a well constrained bed topography was used.
Quantitatively, the presence or absence of a central peak beneath the ice did not change
the value of basal shear stress inferred from the simulation that best reconstructed the ice
thickness. However, in a few instances (craters C, E and F), the presence of a central peak
in the bed topography produced the best matching morphology.
In summary, the threshold-sliding model was successful at creating accurate
reconstructions for both the Martian examples and the Greenland ice sheet. Overall, a
constant shear stress proved more accurate than a slope-dependent shear stress for the
Martian simulations. However, this may be due to the smaller spatial scales of these
reconstructions (i.e. tens, not hundreds of kilometers). Data from the Mars Advanced
Radar for Subsurface and Ionospheric Sounding (MARSIS) on the Mars Express orbiter
should provide information about the bed topography beneath both Martian polar caps.
Once this information becomes available, the threshold-sliding model can be calibrated
with the larger spatial scale of the Martian polar caps to determine whether τ or τ(S) is
more appropriate when using the model to reconstruct the thickness and morphology of
large expanses of ice on Mars.
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5.

Discussion
The basal shear stresses inferred from the model reconstructions represent the

basal shear stress values at which a threshold is reached. Any additional stress will cause
some type of deformation or movement of the ice. The threshold-sliding model is able to
account for basal sliding of the ice with no internal deformation, internal deformation of
the ice with no basal sliding, or a combination of both, but it does not give any
information about which of these processes is taking place. Although our results showed
a range of values, the majority of the reconstructions in this study indicated an average
threshold basal shear stress of ~0.6 bars or almost 1/3 that found for the Greenland ice
sheet (~1.41 bars) on Earth. The causes behind the overall lower shear stresses associated
with ice on Mars are unclear and factors that influence the yield strength of the ice and/or
the coefficient of friction at the base of the ice should be investigated.
One possible explanation for the low basal shear stresses on Mars is a reduced
yield strength of the ice. On Earth, it has been found that the crystal sizes of ice vary
directly with temperature and indirectly with strain rates. Potentially, lower temperatures,
such as those found on Mars, can cause ice to form smaller crystal sizes which in turn
could cause a lowering of the yield strength and thus an increase in the internal
deformation rate [Hooke, 2005]. In addition, the orientation of ice crystals has been found
to have a significant effect on shear strain rates [Hooke, 2005; Li Jun et al., 1996] and
impurities, such as dust, salt, clathrates, or a proportion of carbon dioxide ice mixed in
with the water ice, can cause softening or stiffening of the ice thus influencing the yield
strength [e.g. Greve and Mahajan, 2005, Greve et al., 2004].
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Other possible explanations for the low basal shear stresses found in our study
could involve a lower coefficient of friction at the base of the ice which would lead to an
increase in basal sliding. For example, producing meltwater at the base of a glacier
increases the water pressure and results in a reduction in resistive drag at the bed and a
decrease in the viscosity of the ice [Hooke, 2005]. Causes of basal melting could include
climate changes, obliquity changes, frictional melting due to cap movement, or melting
due to pressure from the overlying ice cap [Fishbaugh and Head, 2002; Greve et al.,
2004]. Basal melting could also result from modification of the melting point due to
impurities in the ice or warmer temperatures at the base of the ice resulting from reduced
heat conductivity [Greve and Mahajan, 2005; Greve et al., 2004; Fishbaugh and Head,
2002] or a temporary heat source under the ice such as a volcanic eruption or a tectonothermal event [Greve et al., 2004; Fishbaugh and Head, 2002]. However, in simulations
conducted by thermodynamic models, basal temperatures were consistently found to be
far below pressure melting [Greve et al., 2004]. Although melting may not occur, basal
temperatures could still be a principal parameter affecting ice rheology and the rate of ice
flow as simulations have shown that higher temperatures, although still below pressure
melting, can produce higher rates of flow [Paterson, 1994; Greve et al., 2004].
The majority of the model results indicated a constant basal shear stress of ~0.6
bars which is consistent with the calculated values of ~0.5 bars for areas near the divides
in the Greenland ice sheet (Figures 1A and 8). Several simulations also indicated basal
shear stress values of ~1.25 and ~2.15 bars which are similar to values found closer to the
margins of the Greenland ice sheet (Figures 1A and 9). Potentially, these three values
could be reflecting different basal conditions on Mars that are comparable to the different
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basal conditions existing between the divides and the margins of the Greenland ice sheet.
When investigating the bed topography for each of the craters, no significant differences
in the ratio of crater depth to crater diameter or surface slope could be found. Zwally and
Saba [1999] calculated basal shear stresses for the Martian north polar cap from observed

surface slope and gravitational forcing and also found three distributions of shear stress,
although these values were lower than those found in this study. Even though the average
threshold basal shear stress values for the Earth and Mars examples in this study differ by
~1/3, the total range in values found for Mars, 0.5-2.4 bars, is consistent with the range of
values calculated for the Greenland ice sheet, 0.5-3 bars (Figure 1A), and all but three of
the Martian simulations inferred values that fall within the range of 0.5 to 1.5 bars
reported by Nye [1952]. When reconstructing former ice sheets and glaciers on Mars
(using modern conditions), families of reconstructions should be investigated for this full
range of threshold basal shear stresses. When reconstructing large expanses of ice, the
spatial variability in basal shear stresses, τ(S), as well as constant basal shear stresses, τ,
should be investigated.
A possible source of error in our results could be caused by the depths used for
the crater bed topography. The averaged bed topography used as input for the model was
based on current crater depths. Since we do not know exactly when the craters became
covered with ice, possible alterations to the crater depth and morphology since the time
of ice coverage have not been taken into account. Most likely these alterations would be
small and would not significantly influence our results as was the case with the addition
of a central peak to the bed topography of craters more than half covered with ice.
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Another limitation of the model in reconstructing past ice sheets on Mars is that
the results of this study infer rheological conditions of modern ice which may be different
from past ice. However, these experiments provide a starting point for model parameter
estimation. For future work, knowledge of the temperature dependence of glacial-flow
parameters on Earth will allow us to increase or decrease the inferred modern values
corresponding to a range of climatic conditions.

6.

Summary
Using the threshold-sliding model, we reconstructed the thickness and

morphology of the Greenland ice sheet and ice draping the rims and partially filling
impact craters on the margins of the layered deposits in the south polar region of Mars.
An equation for shear stress as a function of surface slope, τ = 15S0.55, was used when
reconstructing the thickness of the Greenland ice sheet while a constant basal shear stress
of ~0.6 bars was used for the majority of the Mars examples. The ice thickness of several
outliers in the Martian examples were also reconstructed using constant shear stress
values of ~1.25 and ~2.15 bars. When reconstructing former ice sheets and glaciers on
Mars (using modern conditions), families of reconstructions should be investigated for
this full range of constant threshold basal shear stresses. When reconstructing large
expanses of ice, the spatial variability in basal shear stresses should also be investigated.
The reasons for the lower values of basal shear stress found for the Mars examples are
unclear but could involve higher rates of internal deformation and/or increased rates of
basal sliding.

80
7.

Acknowledgments
This research is supported by the NASA Mars Fundamental Research Program,

grant #NNG05GM30.

8.

References

Baldwin, R. B. (1949), The Face of the Moon, Univ. of Chicago Press, Chicago.
Bamber, J. L., L. P. Layberry, and S. P. Gogenini, (2001), A new ice thickness and
bedrock dataset for the Greenland ice sheet 1; measurement, data reduction, and
errors, J. Geophys. Res., 106 (D24), 3177-3180.
Barlow, N. G., and T. L. Bradley, (1990), Martian impact craters: correlations of
ejecta and interior morphologies with diameter, latitude, and terrain, Icarus, 87,
156-179,
Cintala, M. J., J. W. Head, and T.A. Mutch (1976), Martian Crater depth/diameter
relationships:Comparison with the Moon and Mercury, Proc. Lunar Sci. Comf.
7th, 3575-3587.

Cordell, B. M., R. E. Lingenfelter, and G. Schubert (1974), Martian cratering and central
peak statistics: Mariner 9 results. Icarus, 21, 448-456.
Durham, W. B., S. H. Kirby, and L. A. Stern, (1999), The rheology of solid carbon
dioxide: New measurements, Lunar Planet. Sci. Conf. XXX, Lunar and Planetary
Institute, Houston, Abstract #2017 [CD-ROM].
Fishbaugh, K. E., and J. W. Head, (2002), Chasma Boreale, Mars: topographic
characterization from Mars Orbiter Laser Altimeter data and implications for
mechanisms of formation, J. Geophys. Res., 107(E3), 5013,
doi:10.1029/2000JE001351.
Fisher, D. A., (1993), If Martian ice caps flow: Ablation mechanisms and appearance,
Icarus, 105, 501-511.

81
Fidher, D. A., N. Reeh, H. B. Clausen, (1985), Stratigraphic noise in the time series
derived from ice cores, Ann. Glaciol., 7, 76-83.
Fountain, A., J. Kargel, K. Lewis, D. MacAyeal, T. Pfeffer, J. Zwally, (2000), Troughs
on Martian Ice Sheets: Analysis of their Closure and Mass Balance, Mars Polar
Science, 45.

Garvin, J. B., S. E. H. Sakimoto, J. J. Frawley, C. Schnetzler, (2000), North
polar region craterforms on Mars: geometric characteristics from the Mars Orbiter
Laser Altimeter, Icarus, 144, 329-352.
Garvin, J. B., S. E. H. Sakimoto, J. J. Frawley, (2003), Craters on Mars: global geometric
properties from gridded MOLA topography, Sixth International Conference on
Mars, Pasadena, abstract #3277.

Greve, R., (2000), Waxing and waning of the perennial north polar H2O ice cap of Mars
over obliquity cycles, Icarus, 144, 419-431.
Greve, R., V. Klemann, and D. Wolf, (2003), Ice flow and isostasy of the north polar cap
of Mars, Space Sci, 51, 193-204.
Greve, R., R. A. Mahajan, J. Segschneider, B. Grieger, (2004), Evolution of the northpolar cap of Mars: a modelling study, Planetary and Space Science, 52, 775-787.
Greve, R. and R. A. Mahajan, (2005), Influence of ice rheology and dust content on the
dynamics of the north-polar cap of Mars, Icarus, 174, 475-485.
Hale, W. S. and J. W. Head, (1981), Central peaks in Martian craters: comparisons to the
moon and Mercury, Lunar Planet. Sci. XII, 386-388.
Head, J. W. III, (2000), Extensive south polar ice cap in Middle Mars history? Tests
using MOLA data, Lunar Planet. Sci. Conf. XXXI, Lunar and Planetary Institute,
Houston, abstract #1119 [CD-ROM].
Head, J. W. and D. R. Marchant, (2003), Cold-based mountain glaciers on Mars: Western
Arsia Mons, Geology, 31, 641-644.
Head, J. W. et al., (2005), Tropical to mid-latitude snow and ice accumulation, flow and
glaciation on Mars, Nature, 434, 346-351.

82
Head, J. W., D. R. Marchant, M. C. Agnew, C. I. Fassett, and M. A. Kreslavsky, (2006),
Extensive valley glacier deposits in the northern mid-latitudes of Mars: Evidence
for Late Amazonian obliquity-driven climate change, Earth Planet Sci. Lett., 241,
663-671.
Hooke, R. L., (2005), Principles of Glacier Mechanics, Cambridge University Press,
Cambridge.
Hvidberg, C. S., (2002), Investigating Timescales for Closing Polar Troughs in the North
Polar Cap on Mars by Flow, Lunar and Planet. Sci. Conf. XXXIII, Lunar and
Planetary Institute, Houston, abstract #1669 [CD-ROM].
Kargel, J. S., (2004), Mars: A Warmer Wetter Planet, Praxis-Springer, New York, 557
pp.
Kargel, J. S. and R. G. strom, (1990), Ancient glaciation on Mars, Lunar Planet. Sci.
Conf. XXI, Lunar and Planetary Institute, Houston, 597-598.

Kargel, J. S. and R. G. Strom, (1992), Ancient glaciation on Mars, Geology, 20, 3-7.
Koutnik, M. R., S. Byrne, B. C. Murray, A. D. Toigo, and Z. A. Crawford, (2005), Eolian
controlled modification of the Martian South Polar Layered Deposits, Icarus, 174,
490-501.
Li Jun, T.H. Jacka and W.F. Budd (1996), Deformation rates in combined compression
and shear for ice which is initially isotropic and after the development of strong
anisotropy, Ann Glaciol., 23, 247-252.
Lliboutry, L., (1979), Local friction laws for glaciers; a critical review and new openings,
J. Glaciol., 23, 67-95.

Mahajan, R. A., R. Greve, and B. Grieger, (2004), Effect of dust content and ice rheology
on evolution of north polar ice cap of Mars, 35th COSPAR Scientific Assembly,
Paris, 1268.
McConnell, J. R., R. J. Arthern, E. Mosley-Thompson, C. H. Davis, R. C. Bales, R.
Thomas, J. F. Barkhart, and J. D. Kyne, (2000), Changes in Greenland ice sheet
elevation attributed primarily to show accumulation variability, Nature, 406, 877879.
Mellon, M. T., (1996), Limits on the CO2 content of the martian polar deposits, Icarus,
124, 268-279.

83
Melosh, H. J., (1989), Impact Cratering: A Geologic Process, Oxford University Press,
New York.
Moore, H. J. and P. A. Davis, (1987), Ablation of Martian glaciers, MECA Symposium on
Mars: Evolution of its Climate and Atmosphere, Lunar and Planetary Institute,

Houston, 78-80.
Nye, J. F., (1951), The flow of glaciers and ice-sheets as a problem in plasticity, Proc. R.
Soc. London A., 207, 554-570.

Nye, J. F., (1952a), The mechanics of glacier flow, J. Glaciol., 2, 82-93.
Nye, J. F. (1952b), A Method of Calculating the Thicknesses of the Ice-Sheets, Nature,
169, 529-530.

Nye, J. F. (2000), A flow model for the polar caps of Mars, J. Glaciol., 46, 438-444.
Nye, J. F., W. B. Durham, P. M. Schenk, and J. M. Moore (2000), The instability of a
south polar cap on Mars composed of carbon dioxide, Icarus, 144, 449-455.
Paterson, W. S. B., (1994), The physics of Glaciers, Pergamon Press, Oxford.
Pathare, A. V., D. A. Paige, and E. Turtle (2005), Viscous relaxation of craters within the
Martian Polar Payered Deposits, Icarus, 174, 396-418.
Pike, R. J., (1988), Geomorphology of impact craters on Mercury, in Mercury, 165-273,
University of Arizona Press, Tucson.
Reeh, N., (1982), A plasticity-theory approach to the steady-state shape of a threedimensional ice sheet, J. Glaciol., 28, 431-455.
Reeh, N., (1984), Reconstruction of the ice covers of Greenland and the Canadian Arctic
Islands by 3-dimensional, perfectly plastic ice-sheet modeling, Ann. Glaciol., 5,
115-121.
RiverTools Version 3.0.3 for Windows, (2005), [computer software], Broomfield, CO,
RIVIX, LLC.

84
Schaller, E. L., B. Murray, A. V. Pathare, J. Rasmussen, and S. Byrne, (2005),
Modification of secondary craters on the Martian South Polar Layered Deposits,
J. Geophys Res., 110(E2), doi:10.1029/2004JE002334.

Schmidt, K. G., and S. L. Buchardt, (2004), Modeling the mass balance of the northern
polar ice cap on Mars, Lunar and Planet. Sci. Conf. XXXV, Lunar and Planetary
Institute, Houston, abstract #1554 [CD-ROM].
Smith, D. E. et al., (1999), The global topography of Mars and implications for surface
evolution, Science, 284, 1495-1503.
Thomas, P., S. Squyres, K. Herkenhoff, S. Howard, and B. Murray, (1992), Polar
deposits on Mars, in Mars (H. H. Kieffer, B. Jakosky, C. Snyder, and M.
Mathews, Eds.), 767-795, Univ. of Arizona Press, Tucson.
Tulaczyk, S., W. B. Kamb, and H. F. Engelhardt, (2000), Basal mechanics of Ice Stream
B, West Antartica; 2, Undrained plastic bed model, J. Geophys. Res., 105(B1),
483-491.
Zwally, H. J., and J. L. Saba, Driving stresses in Mars polar ice caps and conditions for
ice flow, The Fifth International Conference on Mars, Lunar and Planetary
Institute, Houston, abstract #6151.

85

Figures

Figure 1. (A) Basal shear stresses beneath the Greenland ice sheet calculated from
equation (1) and datasets of Bamber et al., [2001]. Legend gives brightness scale. Basal
shear stresses vary from about 0.5 bars at divides to an average of 3 bars near margins.
(B) Relationship of basal shear stress, τ, to ice-surface slope. Each point represents a
pixel from (A). A least-squares power-function fit to the data is indicated by the solid
line.
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Figure 2. Illustration of our discrete algorithm method for solving equation (3). At each
iteration of the algorithm, a unit of ice is added to each grid point within the area of ice
coverage if the addition does not violate the condition that S < τ / ρgh (where S is the icesurface slope equal to (Sx2 + Sy2)1/2). The ordering of the grid points is important in this
algorithm. In order to avoid oversteepenings, the sweep through the grid should be from
lowest to highest elevations.
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Figure 3. Reconstruction of the modern Greenland ice sheet using equation (3), and the
observed correlation τ = 15S0.55 from Figure 1. Bed and ice-surface topography are
illustrated with shaded relief (30x vertical exaggeration) grayscale maps. (A) Input bed
topography from Bamber et al., [2001]. Darkest areas are below sea level. (B) Ice
topography observed from radar interferometry and given by Bamber et al., [2001].
Contours are 1 km in spacing (1 km contour is too close to the margin to be easily seen).
(C) Numerical reconstruction of the ice-surface topography (with the same grayscale and
shading as in (B)). The divide position and elevations are a good match to (B) except that
the divides are too peaked.
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Figure 4. A shaded relief map of the south polar layered deposits. Ice filled impact craters
analyzed in this study are indicated with black boxes and labeled A-J. White boxes
indicate the locations of impact craters measured for their central peak dimensions.
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Figure 5. For each crater, the elevation of the ice in each pixel of the model
reconstructions was subtracted from the elevation of the ice in the corresponding pixel of
the original DEM to determine an average ice-elevation difference per pixel (in meters).
Results are shown for A) crater B and B) crater C. The subtraction was completed for the
ice-covered areas within the crater only and excluded the ice-covered surrounding terrain
where bed topography was not well constrained.
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Figure 6. A) The profile of a representative complex crater measured in this study.
Labeled dimensions are: D = diameter of crater between the rim crests, depth = observed
depth of the crater, Dcp = basal diameter of the central peak, and hcp = height of the
central peak above the observed depth. B) Diameter of central peaks plotted against crater
diameters. C) Height of central peaks plotted against crater diameters. For both B) and
C), least-square power-function fits are indicated by the solid lines.
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Figure 7. Shaded relief images and profiles of 3D averaged bed topographies for crater G.
A) Flat crater floor. B) Crater floor with a central peak. The black arrows indicate the
location of the profiles and the direction in which they were drawn.
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Crater ID

Latitude

Longitude

Diameter
(between
rim crests
in km)

Inferred
Basal
Shear
Stress
(bars)

Central
Peak
included
in bed
topography

Uncertainties

Notes

A

-80.5º

130º E

9

0.5

na

none

B

-80º

113º E

28

0.7

na

C

-79.5º

117º E

23

0.5

Yes

Some ice may be incorporated
into the bed topography. Ice
margin slightly unclear.
Position of the central peak.

Ice thickness matches well near the rim of
the crater but the ice tapers too gradually
toward the ice margin in the simulation.
Ice thickness and surface slope match very
well.

D

-79.5º

235º E

53

0.7

No

Ice margins unclear. Lowest
depth may be obscured.

E

-77.5º

149º E

14

0.5

Yes

Ice margins unclear. Lowest
depth may be obscured.

F

-80º

97º E

40

1.1

No

G

-78.5º

117º E

20

1.4

No

Ice margins unclear. Lowest
depth may be obscured.
Ice margins unclear.

H
Katoomba
Crater

-79º

127º E

50

2.2
(τ = 9S0.55)

na

Some ice may be incorporated
into the bed topography.
Asymmetrical shape of crater
is simulated as symmetrical.

I

-80.3º

130º E

13

2.4
(τ = 7S0.55)

na

none

J

-72º

144º E

90

1.9
(τ = 11S0.55)

na

Some ice and dunes are
incorporated into the bed
topography.

Table 1. Summary of model results.

Average ice thickness, surface slope, and
morphology match well near the ice
margin.
Average ice thickness matches well. Note
that the small bump at the ice margin has
been simulated by the model.
Ice thickness and surface slope match very
well. The edge of the ice in the simulation
ends with a slightly steeper slope.
Ice thickness matches well but the surface
slopes differ slightly.
Ice thickness and surface slope match
almost perfectly near the crater rim.
Average ice thickness matches well but the
ice tapers more gradually near the ice
margin in the simulation. Ice morphology
matches slightly better when using a slopedependent shear stress.
Average ice thickness, surface slope, and
morphology match very well. Ice
morphology matches slightly better when
using a slope-dependent shear stress.
Average ice thickness matches well but the
surface slopes differ. Ice morphology
matches slightly better when using a slopedependent shear stress.
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Figure 8. Shaded relief images and profiles for craters A-E and model simulations using a
constant basal shear stress of ~0.6 bars. The black arrows indicate the location of the
profiles and the direction in which they were drawn.
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Figure 9. A) Shaded relief images and profiles for craters F and G and model simulations
using a constant basal shear stress of ~1.25 bars. B) Shaded relief images and profiles for
craters H, I, and J and model simulations using a constant basal shear stress (τ = ~2.15
bars) and slope dependent shear stresses (τ(S)). The black arrows indicate the location of
the profiles and the direction in which they were drawn.
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Abstract
The landscape of the Argyre Planitia and adjoining Charitum and Nereidum
Montes in the southern hemisphere of Mars has been heavily modified since formation
of the Argyre impact basin. This study examines morphologies in the Argyre region
revealed in images acquired by the High Resolution Imaging Science Experiment
(HiRISE) and discusses the implications for glacial and periglacial processes.
Distinctive features such as large grooves, semicircular embayments in high
topography, and streamlined hills are interpreted as glacially eroded grooves, cirques,
and whalebacks or roche moutonnée respectively. Large boulders scattered across the
floor of a valley may be ground moraine deposited by ice ablation. Glacial
interpretations are supported by the association of these features with other landforms
typical of glaciated landscapes such as broad valleys with parabolic cross-sections and
stepped longitudinal profiles, lobate debris aprons interpreted as remnant debris
covered glaciers or rock glaciers, and possible hanging valleys. Aligned boulders
observed on slopes may also indicate glacial processes such as fluting. Alternatively,
boulders aligned on slopes and organized in clumps and polygonal patterns on flatter
surfaces may indicate periglacial processes, perhaps post-glaciation, that form
patterned ground. At least portions of the Argyre region appear to have been modified
by processes of ice accumulation, glacial flow, erosion, and sediment deposition, ice
stagnation and ablation, and perhaps subsequent periglacial processes. The type of
bedrock erosion apparent in images suggests that the glaciers were, at times, wet-
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based. The number of superposed craters is consistent with geologically-recent glacial
activity, but may be due to subsequent modification by non-glacial processes.
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1.

Introduction
The history of ice on Mars provides important information about Martian

geologic and climatic history driven by variations in orbital parameters and insolation
geometry, volatile mass balance, large impacts, volcanic eruptions, and solar luminosity.
Evidence of glacial flow has been suggested in several areas on Mars including the
Argyre Planitia [e.g. Hodges, 1980; Kargel and Strom,1990, 1992; Baker, 2001;
Hiesinger and Head, 2002; Kargel, 2004], east and south of Hellas basin [e.g., Kargel
and Strom, 1992; Kargel, 2004; Head et al., 2005], the northern fretted terrain [e.g.,
Moore and Davis, 1987; Kargel and Strom, 1992; Kargel, 2004; Head et al., 2006], the

outflow channels [Lucchitta, 1982], and the Tharsis volcanoes [e.g., Head and Marchant,
2003; Head et al., 2005; Shean et al., 2007].
The Argyre Planitia is a prominent Martian impact basin with a diameter in
excess of 1500 km. The Argyre Planitia and adjoining mountainous ring ranges,
Charitum Montes (on the basin’s southern side) and Nereidum Montes (on the basin’s
northern side), are located in the southern hemisphere of Mars centered at 51º S and 317º
E (Figure 1) [Tanaka et al., 1992]. This region appears to have been heavily modified by
a combination of processes since the formation of the Argyre impact structure; processes
that are still not well understood. This has led to many differing interpretations of the
geologic history of the Argyre region. Hodges [1980] interpreted the Argyre basin as
modified primarily by large-scale erosion and deposition associated with eolian
processes, with possible fluvial and glacial processes playing a minor role. In their
geologic map of the Argyre region, Scott and Tanaka [1986] proposed significant
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volcanic activity and deep erosion from wind, periglacial, and fluvial processes.
According to Jöns [1987; 1999], large portions of the Argyre Planitia have been modified
by extensive mud deposits due to melting of the south polar cap. Using Viking Orbiter
and Mars Orbiter Camera (MOC) images, some previous studies have interpreted major
landforms in the Argyre Planitia and the Charitum Montes as consistent with a glacial
suite of cirques, horns, moraines, drumlins, eskers, kettles, and outwash plains formed by
glacial erosional and depositional processes [e.g., Kargel and Strom, 1992; Metzger,
1991; 1992; Baker, 2001; Hiesinger and Head, 2002; Kargel, 2004; Banks et al., 2008].
Parker [1996a; 1996b] attributed the “fresh” appearance of the Argyre basin to erosional

enhancement from mass wasting, eolian, fluvial, and lacustrine processes, and suggested
that much material in the Charitum and Nereidum Montes has been removed, possibly by
fluvial and lacustrine erosion. Based on interpretations of channels and valleys cutting
across the Charitum and Nereidum Montes, links have also been proposed between
possible glacial or melt-water inflows and outflows through the Argyre area and the
Dorsa Argentea region (near the south pole) and the northern hemisphere lowlands [e.g.,
Kargel and Strom, 1992; Parker, 1989; 1994; Parker et al., 2000; 2003; Head, 2000;
Head and Pratt, 2001; Hiesinger and Head, 2002; Ghatan and Head, 2004; Kargel,

2004].
Images with a pixel scale of up to 0.25 m/pixel from the HiRISE camera aboard
the Mars Reconnaissance Orbiter (MRO) are revealing previously undiscerned details of
the Martian surface [McEwen et al., 2007]. In this study we combine HiRISE imagery
with topographic data sets from the Mars Orbiter Laser Altimeter (MOLA) [Smith et al.,
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2001] onboard Mars Global Surveyor to gain greater insight into the processes that have
modified the Argyre Planitia and the surrounding Charitum and Nereidum Montes. We
provide preliminary interpretations of new morphologies, and new details revealed in
previously observed morphologies, from HiRISE images of the Argyre region (Figure 1),
and discuss the implications for glacial and periglacial processes on Mars. When viewed
as a whole, the small-scale landforms revealed in HiRISE imagery and the surrounding
large-scale landforms form a suite of morphologies in the Argyre region that can be
collectively interpreted as the products of past glacial erosion and deposition and possibly
subsequent periglacial processes. The character of interpreted glacial effects on Martian
landscapes in different studies varies from one region to another suggesting differences in
or evolution of glacier dynamics and the responsible climatic regimes. The nature of the
bedrock erosion reported here indicates a period of wet-based glaciation in at least
portions of the Argyre region.

2.

Morphologies in the Argyre Planitia and Interpretations

2.1.

Semicircular Embayments
Semicircular embayments have previously been identified in imagery from the

Charitum Montes [e.g., Kargel and Strom, 1990; 1992; Kargel, 2004]. Here we take a
closer look at these landforms using MOLA data and new details revealed in HiRISE
imagery. A mesa in the southern portion of image AEB_000001_0150 is indented by
semicircular embayments that are bordered by ridges or crests (Figures 2 and 3).
Topographic data from MOLA Precision Experiment Data Records (PEDRs) (available at
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http://pds-geosciences.wustl.edu/missions/mgs/pedr.html) reveal that the basins have
concave profiles, are relatively deep, have an average drop in elevation of ~3 km, and
have steep headwalls with maximum slopes between 20°-30° (Figure 3B). The rugged
relief necessitates that the rocks are competent despite having been deeply eroded.
Geomorphic features within the semicircular basins include lineated grooves or striations,
streamlined hills, large gullies (or ravines), and lobate debris aprons (Figure 3A). The
gullies may be coeval with the eroded surfaces but in many cases are superposed over
older eroded terrain; some exhibit depositional aprons on top of the valley floor.
Deep alpine theater-headed valleys indicate an erosional process that responded to
gravity and preferentially worked on high altitudes or steep slopes. The concave profiles,
steep headwalls, semicircular shapes (in plan view), and other characteristics of the
embayments are morphologically consistent with that of terrestrial glacial cirques, and
the ridges or crests that border the embayments resemble terrestrial arêtes [e.g. Benn and
Evans, 1998; Ritter et al., 2002; Kargel, 2004]. The above interpretation is supported by

the location of these features on the edges of topographic highs and their association with
other potential glacial landforms, such as lineated grooves and streamlined hills,
discussed below.

2.2.

Lineated Grooves
Long grooves or striations are observed in several HiRISE images from both the

western (Figure 4) and eastern (Figure 5) Charitum Montes. The grooves are linear,
locally parallel to subparallel, and range in size up to several meters wide and hundreds
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of meters long. They are primarily located on slopes (Figures 4A and 5) although some
grooves are observed on relatively flat surfaces on topographic highs (Figure 4B). The
grooves are oriented approximately in the downhill direction and crosscut hundred meter
scale bedrock features that may have tens of meters of local relief (Figure 5B). Many of
the larger grooves are mapped on image AEB_000001_0150 (Figure 6A) and overlain
onto a MOLA elevation map (Figure 6B). From this it can be seen that grooves trend
down the local topographic slope rather than following a larger-scale regional pattern.
Similar grooved surfaces may be present as far north as 35º S in the Nereidum Montes
(Figure 7).
The lineated grooves are oriented in the approximate downhill direction indicating
that they most likely formed from a down-slope erosional process such as fluvial or
glacial flow, or mass wasting. However, the grooves are not constrained within obvious
channels and override intermediate-scale topographic features making erosion from icerich flows, such as glacial flow, more likely than fluvial flows. Mass wasting processes
are also less likely to form grooves that override intermediate-scale features rather than
being diverted around them, or to form grooves located on topographic highs where slope
angles are well below the angle of repose. In addition, grooves trend down the local
topographic slope rather than following a larger-scale regional pattern as would be the
case if their formation were due to strong regional winds (Figure 6). Another possible
erosional agent is katabatic slope winds [e.g., Magalhaes and Gierasch, 1982; Silli, 1996,
1998; Howard, 2000], although similar features have not been noted elsewhere on Mars
where slope winds are believed to be present.
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Glacial processes such as grooving and erosional fluting form elongated features
with characteristics consistent with those of the Argyre grooves. Terrestrial glacial
grooves are parallel to subparallel and typically oriented in the average ice flow direction,
which is generally the same as the average downhill direction [e.g. Prest, 1968; Ehlers
and Stephan, 1979; Drewry, 1986; Hart, 1995; Benn and Evans, 1998]. They also

commonly override intermediate-scale topographic features and are observed on
relatively flat surfaces. Altogether, the lineated depressions are most likely glacial
grooves formed by ice-related erosion.

2.3.

Streamlined Hills
HiRISE images reveal streamlined hills extending from semicircular embayments

onto a proximal valley floor in the western Charitum Montes (Figures 2 and 3). The hills
have irregular shapes but are generally streamlined, are oriented in the approximate
direction of maximum slope, commonly have grooves on their surface, and often have
wider uphill and more tapering downhill ends (Figures 3 and 8). The streamlined hills
vary in dimensions with widths up to hundreds of meters and lengths of more than a
kilometer. Results from a preliminary analysis using MOLA PEDR data show that the
streamlined hills have convex and generally symmetrical transverse and longitudinal
profiles and one streamlined hill was measured at ~60 meters in height (Figure 9).
However, none of the MOLA profiles used in the analysis follow the longitudinal axes of
the hills and thus these results could be misleading. Streamlined hills are mapped on
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image AEB_000001_0150 along with many of the large grooves (Figure 6A), and
overlain onto a MOLA elevation map (Figure 6B).
Similar to the grooves, streamlined hills trend down the local topographic slope
rather than following a larger-scale regional pattern as would be the case if their
formation were due to strong regional winds (Figure 6). The streamlined hills are also
less likely to have a fluvial origin as streamlined landforms formed by fluvial processes
have thinner upstream ends and wider downstream ends. Altogether, the orientation and
morphology of the streamlined hills are consistent with that of glacially sculpted bedrock
or subglacial till deposits. For example, the streamlined hills may represent glacial
erosional features such as roche moutonnée or whalebacks, which commonly form on
Earth by glaciers eroding bedrock in high alpine areas. The large dimensions and
symmetrical shape (from preliminary analysis) suggest that the streamlined hills are more
representative of terrestrial whaleback-like landforms than roche moutonnée which are
characteristically smaller and asymmetric with a quarried down-ice lee face [e.g. Benn
and Evans, 1998]. On Earth, glacially formed drumlins, or smooth, elongated, rounded

hills with a high, wide, up-ice end and gentler sloping, thinner, down-ice end [Ritter et
al., 2002], occur in similar swarms and form similar morphologies to the streamlined hills

in the Charitum Montes. However, terrestrial drumlins typically form in low-gradient
valley floors and plains [e.g. Benn and Evans, 1998] while the streamlined landforms in
the Argyre region are primarily observed on steeper sloeps. Alternatively, the streamlined
hills could be the peaks of subglacial deposits exposed by sublimation. Future analysis of
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high resolution stereo imaging should reveal more diagnostic details, such as shape,
symmetry, and relief, in these landforms.

2.4.

Large Boulder Deposit
A large boulder-rich deposit blankets much of the valley floor in the center of

image AEB_000001_0150 (Figures 2 and 10). The deposit appears to be unsorted and
includes many large, angular boulders, some more than 10 meters long. Significantly
lower densities of boulders are observed on the topographic highs and on slopes. Day and
night infrared (IR) images from the Mars Odyssey Thermal Emission Imaging System
(THEMIS), indicate that the material on the valley floor is cooler during the day and
warmer during the night than the surrounding surfaces (Figure 11), consistent with a
relatively high thermal inertia. Differences in thermal inertia are generally related to
differences in composition, particle size, and/or packing state/induration of surface
material. The differences in thermal inertia observed here most likely indicate that the
surfaces surrounding the valley floor are covered with finer unconsolidated material and
that the materials on the valley floor are relatively coarse-grained, which is consistent
with the observations of boulder abundances (Figure 10). The THEMIS images also
indicate that the high thermal inertia boulder-rich deposit extends along the valley well
beyond the borders of the HiRISE image.
The scattering of large boulders across the valley floor may represent pervasively
fractured bedrock material or a deposit of boulder-rich material transported by debris
flows, high velocity fluvial flows, or glacial flow. Small mass wasting events could be
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responsible for accumulating large boulders at the base of the slopes but are less likely to
scatter boulders across a relatively wide valley. Large landslides, such as those in Valles
Marineris, may transport boulders many kilometers, [e.g., Lucchita, 1979; McEwen,
1989; Quantin et al., 2004] although the landslide outline should be visible unless it has
been extensively modified. A fluvial flow of sufficient volume and velocity to transport
large boulders in a valley that is 10s of kilometers wide also seems unlikely and a source
for such a flow is not apparent. The boulder-rich deposit, however, is consistent with
accumulations of glacially transported and deposited debris called ground moraine.
Terrestrial ground moraine forms when glacial ice stagnates and drops till that is
embedded in or on the ice as the ice melts or sublimates. The resulting deposit is an
unsorted mixture of boulders, sand, silt, and clay that forms gently rolling hills or plains
[e.g., Ritter et al., 2002]. We interpret this boulder-rich deposit to be ground moraine
transported by a glacier and deposited as the ice stagnated in a widespread ablation zone.

2.5.

Lobate Debris Aprons
Several examples of lobate debris aprons have previously been observed in

images from the Argyre region [e.g., Squyres, 1978; Kargel and Strom, 1990; 1992;
Kargel, 2004]. Again, HiRISE imagery and MOLA data enable a more detailed look at

these landforms. Here, we discuss HiRISE images from the Charitum Montes showing
lobate debris aprons issuing from semicircular embayments (Figure 12) and from the wall
of a crater (Figure 13). The lobate debris aprons are masses of material that extend from
high relief slopes and terminate in lobate forms. MOLA data reveal that the lobes can be

107

more than 250 meters thick (Figure 12C and 13E). In several locations, the edges of the
lobes are bordered by ridges of material and in some cases, multiple parallel ridges or
several generations of ridges are apparent (Figures 12B and 13C-D). Where they are
observed on the crater wall, lobes often have pits and ridges on their surface (Figure 13BD), and several lobes appear to overlap (Figure 13B).
Martian lobate debris aprons were first defined and mapped globally by Squyres
and Carr [1986]. They are generally found flanking steep topography and have been

identified in many locations on Mars poleward of 35º north and south latitude [e.g.,
Squyres and Carr, 1986; Sugden et al., 1995; Baker, 2001; Mangold and Allemand, 2001;
Whalley and Azizi, 2003; Chuang and Crown, 2004; Mahaney et al., 2007]. Studies

comparing measured profiles of lobes with profiles calculated from rheological laws have
shown that these features may be formed by the solid state deformation of ice [Mangold
and Allemand, 2001] and have interpreted the features to be dust/debris covered glaciers

or rock glaciers [e.g., Sugden et al., 1995; Baker, 2001; Mangold and Allemand, 2001;
Whalley and Azizi, 2003; Mahaney et al., 2007]. Recent results from the SHAllow

RADar (SHARAD) instrument on MRO, indicate that lobate debris aprons in
Deuteronilus Mensae, Martian mid-northern latitudes, and the eastern Hellas region,
Martian mid-southern latitudes, are primarily composed of ice-rich material [e.g., Holt et
al., 2008; Plaut et al., 2008].

Due to their similarities to other lobate debris aprons in the Martian mid-latitudes,
the lobate debris aprons observed in the Charitum Montes may be interpreted as remnant
dirty glacier ice covered with a protective soil lag [e.g., Kargel and Strom, 1990; 1992;
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Baker, 2001; Kargel, 2004]. Several Martian lobate debris apron studies have also
interpreted ridges of material bordering lobes, similar to those observed in the Argyre
region, to be moraine deposits (push, drop, and/or terminal moraines) that form when
forward flow of the ice transports and deposits debris at the margin of a glacier. The
presence of multiple ridges may indicate different periods of advance and retreat of the
ice front (Figures 12B and 13C-D) [e.g., Head and Marchant, 2003; Garvin et al., 2006].
The pits and ridges on lobe surfaces in Figure 13, particularly those on the leading edge
of the lobes, may be the result of sublimating ice. Ridges on the lobes also potentially
formed along crevasses or fractures in the lobe due to tensile stresses within the ice or
may be crevasse-fill ridges in which subglacial till was squeezed up into a crevasse at the
base of the ice [Benn and Evans, 1998] . Alternatively, prominent ridges on the lobes
could be large dunes.
The lobate debris aprons could also be interpreted as rock glaciers with a glacial
origin in which the ice is derived from glacial sources, or rock glaciers with a periglacial
origin that formed from permafrost in which slope-derived debris is cemented by ground
ice [e.g., Wahrhaftig and Cox, 1959; Barsch, 1996; Baker, 2001; Whalley and Azizi,
2003]. In many subpolar alpine mountain ranges on Earth, Holocene rock glaciers
commonly represent reactivated masses of ice and rock (sometimes reactivated ice-cored
glacial moraines) produced on mountain sides and in cirques eroded by formerly larger
Pleistocene-age glaciers. However, the topography of large, rapid landslides/rock
avalanches, such as Sturzstroms, is similar to rock glacier forms as well [e.g., Luchitta,
1979; Whalley and Azizi, 2003] and the possibility that the lobate landforms in the

109

Charitum Montes may be the result of mass wasting processes should also be investigated
further. If the lobate landforms in the Charitum Montes are indeed rock glaciers or debris
covered glaciers, they provide further evidence for the occurrence of glacial and/or
periglacial processes that may have been responsible for the formation of other landforms
discussed in this study [Baker, 2001; Whalley and Azizi, 2003; Mahaney et al., 2007].

2.6.

Valleys
Where grooves and streamlined hills in the Charitum Montes are located on mesas

or buttes (as opposed to crater walls), they are also associated with U-shaped valleys with
stepped longitudinal profiles. Figure 14 shows several cross-sectional and longitudinal
profiles from the main valley in image AEB_000001_0150 and several surrounding
tributary valleys. Cross-sectional profiles of the valleys have a symmetrical, parabolic Ushape (Figure 14B); quadratic (parabolic) and power-law equations are fit to a crosssectional profile from the main valley for comparison of the cross-profile to a true
parabola (Figure 14C, profile 2). The longitudinal profile for the main valley (Figure
14D, profile 4) exhibits a stepped decrease in elevation with a descending series of
scalloped concave forms. Each concave curve segment is separated from the next by a
subtle pinnacle or ridge or abrupt change in slope. The longitudinal profiles for nearby
tributary valleys (Figure 14D, profiles d and e) also show a stepped decrease in elevation
along much of their length with a steep drop in elevation where they intersect with the
main valley.
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Profiles of valleys in the Charitum Montes (Figure 14) are consistent with those
of typical terrestrial glaciated valleys; mature river valleys on Earth characteristically
have V-shaped cross-sectional profiles and smooth concave longitudinal profiles while
formerly glaciated valleys and fjords are parabolic in cross-section and have stepped
longitudinal profiles (Figure 14) [Benn and Evans, 1998; Hiesinger and Head, 2002;
Kargel, 2004]. U-shaped profiles are observed in almost any random transect across

glaciated alpine landscapes on Earth. In Figure 14C, the data for the southern side slope
of profile 2 has been fit to a power-law equation of the form:
y = axb

(1)

where x and y are horizontal and vertical distances from the center of the valley floor
[Harbor and Wheeler, 1992]. Previous studies have shown that, for profiles drawn across
valleys orthogonal to the down valley direction, typical terrestrial valleys with little or no
glacial modification have b values close to 1 while glaciated valley side slopes have b
values that range from 1.5 to 2.5 [Graf, 1970; Doornkamp and King, 1971; King, 1974;
Hirano and Aniya, 1988]. The b value of 2.4 found for the side slope of the main valley

in AEB_000001_0150 (Figure 14C) is therefore consistent with that of terrestrial
glaciated valleys. Such landforms by themselves are not diagnostic of glacial processes
since immature valleys formed from erosion by water or valleys formed by lava flow can
have similar cross-sections [Benn and Evans, 1998; Kargel, 2004]. However, channels
formed by water and lava on Earth typically occur on much smaller scales. Catastrophic
floods on Mars may form channels on this scale [e.g. Irwin et al., 2002] although a source
for such a flood in this area is not apparent. Stepped longitudinal profiles are also
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characteristic of terrestrial glaciated valleys and are a product of zones of compressional
and extensional flow within the glacier. However, stepped longitudinal profiles are also
not diagnostic of glacial processes since similar profiles can be formed by immature
rivers [Benn and Evans, 1998]. The steep drop-off in elevation observed in the
longitudinal profiles of two small valleys (Figure 14D, profiles d and e) suggests that
these may be hanging valleys. Hanging valleys are tributary valleys with a floor well
above the main valley floor and a steep escarpment at the junction. They are commonly
formed when small glaciers flow into a glacier with a larger volume [Benn and Evans,
1998]. The slopes of the steep escarpments in profiles d and e (Figure 14D) match the
average slope of the main valley side wall which is consistent with a large glacier in the
main valley truncating smaller glaciers in the tributary valleys. While hanging valleys can
form from differential erosion and in over-steepened fluvial valleys, they are most
commonly found in formerly glaciated terrain and offer strong support for the glacial
hypothesis.

2.7.

Aligned Boulders
HiRISE images reveal several examples of aligned angular boulders in the Argyre

region (Figures 15 and 16). On some slopes, boulders appear to be organized into linear
stripes that are locally parallel and oriented in the approximate downhill direction. In
some locations, the boulders appear to line up along the edges of grooves. Individual
boulders are up to several meters in length (Figures 15 and 16). The aligned boulders
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seem to be consistently associated with slopes and are not present on top of topographic
highs or on valley floors.
Large boulders are also observed in islands (clusters of boulders) and polygonal
patterns, often in close proximity to aligned boulders (Figure 16B). The boulder
polygons and islands appear to be associated with shallower slopes than the aligned
boulders, and in some instances the aligned boulders appear to transition into islands and
polygonal patterns as slopes decrease (Figure 16C). Although boulder polygons and
aligned boulders are sometimes found in close proximity to each other within the same
HiRISE image, they are not always found in the same region together and may or may
not be related.
The origin of the angular aligned boulders is unclear at this time and several
possible formation mechanisms are plausible. For example, the aligned boulders may be
the product of mass wasting processes such as debris flows, dry rockslides, or rock
avalanches which may have produced levees of boulders. Aligned boulders could also
represent glacial flutes or flutings . Glacial flutes are elongate, subparallel ridges of
sediments or subglacial till that are generally straight or gently curving and are oriented
parallel to former glacial flow [e.g. Benn and Evans, 1998]. In each location, the aligned
boulders in the Argyre region are oriented approximately downhill which is the presumed
direction of former glacial flow. However, fluted boulder fields on Earth are typically
found on relatively flat ground moraine surfaces [e.g., Hoppe and Schytt, 1953] while the
Martian examples appear to be associated with relatively steep slopes. Bedrock fluting,
on the other hand, is a hallmark of alpine glacial erosion. The grooves associated with
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some of the aligned boulders may be linear depressed surfaces formed from the removal
of finer sediments between the boulders; perhaps by eolian processes. Aligned boulders
could also represent a “boulder train” or “dispersal train.” Terrestrial boulder trains are
typically a line or series of boulders that are transported and deposited by a glacier. They
can extend up to several kilometers from a distinct bedrock source in the direction of the
glacier’s movement [e.g., Benn and Evans, 1998]. Alternatively, they may develop in situ
from erosional degradation of bedrock ridges originally formed by glacial erosion.
Both aligned boulders and boulder polygons may also be periglacial features
called patterned ground. Patterned ground in the form of circular, labyrinthine, polygonal,
and striped patterns of stones and soil is common in polar and high alpine environments
on Earth. When rocks are present in sufficient abundance, sorted stripes of large stones,
similar to the aligned boulders observed in the HiRISE images, can form on hillslopes
greater than 10º, while islands and polygonal patterns form on flatter surfaces [Kessler
and Werner, 2003] (Figure 17). The patterned ground hypothesis is further supported by

the appearance of polygons formed by networks of cracks similar in scale to terrestrial
permafrost thermal-contraction polygons, also a type of patterned ground, on surfaces
surrounding both aligned boulders and boulder polygons (Figure 15). Sorted stone stripes
on Earth can also transition to polygonal patterns as slopes decrease [Kessler and Werner,
2003] which appears to be happening in Figure 16C. In polar and high alpine terrestrial
environments, patterned ground is most commonly believed to form from the selforganization of rocks and soil due to freeze-thaw convection and frost heave in the upper
layers of soil [e.g., Hallet and Prestrud, 1986; Kessler and Werner, 2003; Mellon et al.,
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2007]. Self organization of boulders may also result from the same processes that form
polygonal patterns of soil troughs such as thermal contraction of ice-rich soil
(permafrost), the desiccation of clays, or tectonic stresses, [e.g., Mellon, 1997; Kargel,
2004; Mangold et al., 2004; Langsdorf and Britt, 2005; Buck et al., 2006; Hardgrove et
al., 2007; Noe Dobrea et al., 2007] In addition, the redistribution of boulders is similar to

Antarctic sand wedge polygons where rocks are convected to the surface and creep into
polygon troughs [Sletten et al., 2003; Mellon et al., 2007]. The morphology of many
Martian polygonal troughs is most consistent with terrestrial permafrost polygons and
thus their presence most likely indicates that ice-rich permafrost is present or has been
present geologically recently [Mellon et al., 2007]. Patterned ground in the form of
polygonal troughs has been observed in many other areas of Mars, particularly poleward
of ±45º [e.g., Mellon, 1997; Seibert and Kargel, 2001; Mangold et al., 2004; Mangold,
2005; Mellon et al., 2007], and boulders congregated in polygon centers or accumulated
in surrounding troughs have been observed in other early HiRISE images [Mellon et al.,
2007].
One difference between the Martian organized boulders and terrestrial examples
of patterned ground, is scale. The Martian boulder polygons are on the order of 20 m in
diameter and individual boulders in the polygons and stone stripes are up to 5 m in scale.
(Figure 16B). Terrestrial sorted stone circles are typically smaller with diameters of ~1-3
m and are composed of boulders up to ~1 m in scale. Generally, the horizontal length
scale of patterned ground forms can be related to the depth scale of the processes
responsible for the features [e.g., Hallet and Prestrud, 1986]. For example, a 20 m
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diameter boulder polygon suggests the same magnitude depth scale of seasonal freezethaw. However, the seasonal freeze-thaw depth implied here is quite deep for terrestrial
thaw and may not be reasonable on Mars thus suggesting that a different formation
mechanism for the patterned ground, such as thermal contraction of ice-rich soil, may be
more appropriate.
Altogether, the origin of the aligned boulders remains unclear. However, the close
association of the aligned boulders with steep slopes, boulder islands and polygons, and
polygonal patterns of troughs suggests that they are most likely the result of periglacial
processes that occurred post-glacially; although the possibility that some of the aligned
boulders formed due to glacial processes also cannot be eliminated at this time.
Formation of the aligned boulders by a periglacial process does not weaken or conflict
with the glacial hypothesis; on Earth, various types of patterned ground commonly form
in till deposited on previously glaciated terrain. If indeed representing patterned ground,
the aligned boulders most likely indicate that ice-rich permafrost is present in portions of
the Argyre region or has been present geologically recently. Patterned ground can be
preserved beneath cold-based ice and thus, if the glacial ice in this region was cold-based,
the patterned ground could have formed either before or after the period of glaciation
[Benn and Evans, 1998]. However, as indicated by the types of erosion observed in the
Charitum Montes (i.e. lineated grooves, streamlined hills, cirque-like embayments, and
U-shaped valleys), glaciers in this region were most likely wet-based at one time and the
presence of patterned ground indicates that the landscape has been modified postglacially by periglacial processes.
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3.

Discussion
Landforms discussed in this study may individually be explained by various

different processes as described above, but can collectively be interpreted as the products
of past glacial erosion and deposition and possibly subsequent periglacial processes
(Table 1). Few processes other than glacial processes can generate similar large-scale Ushaped valleys or deep semicircular embayments in the sides of mountains [Kargel,
2004]. When considered as a whole, the suite of morphologies observed in this region
support the hypothesis that the Argyre basin has been extensively modified by glacial
accumulation and flow. By combining smaller-scale details and morphologies revealed in
HiRISE imagery with larger surrounding landforms, we interpret the Argyre Planitia to
be an ancient impact basin modified by a period of ice accumulation, glacial flow,
erosion, and sediment deposition, ice stagnation and ablation, and perhaps subsequent
periglacial processes. This interpretation is in general agreement with several previous
studies of the Argyre region using lower resolution data [e.g., Hodges, 1980; Kargel and
Strom, 1990; 1992; Kargel, 2004; Hiesinger and Head 2002]. Melting may be a key

aspect of the ablation process in some, but not necessarily all areas. Evidence of grooving
found in this study suggests that the ice may have been present as far north as 35º S.
Continued imaging by HiRISE will provide more comprehensive constraints on the
extent and distribution of past glacial processes.
The relatively small number of craters observed on proposed glacially resurfaced
areas within the Charitum Montes indicates that these surfaces were exposed or modified
geologically recently, most likely in the Amazonian epoch. Over the past 3.4 Ga, the
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number of primary craters ≥300m/km2/Ma is expected to be ~3.5 x 10-5 via both the
Hartmann and Neukum production functions [Hartmann, 1999; Hartmann and Neukum,
2001; Neukum, 2001]. From this, one primary crater ≥300 m is expected over the area
covered by image AEB_000001_0150 (~2250 km2) (Figure 2) every ~15 My. Within the
area of AEB_000001_0150, 26 craters ≥300 m were measured indicating a crater
retention age of ~400 My. Although this estimate does not necessarily indicate the timing
of actual glacial resurfacing, it does indicate that glacial resurfacing of exposed surfaces
was completed by ~400 Ma and thus provides an approximate minimum age. This
approximation suggests somewhat older glaciation or less active subsequent resurfacing
than in other mid-latitude Martian regions with crater retention ages of ~10 – 300 My
[e.g., Mangold, 2003].
The deep cirques and U-shaped valleys identified in the Charitum Montes suggest
a deeper level of glacial erosion over a longer time period than usually seen on Earth.
Common glacial erosion rates on Earth are ~10-3 m yr-1 [Drewry, 1986], and typical
terrestrial glacial valleys require ~105 years of cumulative glacial erosion to form
[Harbor et al., 1988]. With a depth of ~3000 meters in the broader portion of the valley
in AEB_000001_0150 (Figure 2), this same valley on Earth would take over a million
years to form assuming that the glacier is wet-based and sliding. However, Martian ice at
approximately 50º S latitude was most likely colder for much of the time, more viscous,
and deformed more slowly over longer time scales than typical ice on Earth. Ice has a
strongly non-Newtonian rheology with an effective viscosity that is strongly dependent
on applied differential or shear stress as well as temperature. Due to the lower gravity, ice
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would flow slower on Mars for comparable temperatures, slopes, and ice thickness;
hence, the rate of glacial erosion would be much lower and the timescale for the
formation of the deep cirques and valleys seen in the Charitum Montes would be
considerably longer, probably more than 10 million years [Kargel, 2004]. This does not
take into account the amount of pre-glacial topography and several factors that may also
influence the erosion rate such as bedrock properties, the availability and amount of
meltwater, and weathering rates.
The significant amount of bedrock erosion, streamlined hills, grooving and
potentially coeval gullies suggest that the glaciation in the Argyre region was at one time
wet-based. This was previously proposed by Kargel and Strom [1992] and Kargel [2004]
and is further supported by new details observed in HiRISE imagery. Larger
morphologies observed in the Argyre region, such as concave embayments and U-shaped
valleys, are also associated with vigorous erosion from wet-based glaciers on Earth.
Sliding is typically negligible below cold-based ice due to the high adhesive strength of
ice and rock below the pressure melting point, making abrasion an ineffective erosive
mechanism [Benn and Evans, 1998]. Abrasion marks, such as grooves, that do form
beneath terrestrial cold-based glaciers are typically variable in shape and size, unlike the
relatively uniform and parallel grooves found in this study and on terrestrial bedrock
abraded by warm-based sliding ice [e.g., Benn and Evans, 1998; Atkins et al., 2002].
Assuming Martian glaciation involves similar processes to glaciation on Earth, the
features observed in the Argyre region indicate that, at least at one time, liquid water was
present at the base of the ice.
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Proposed ideas for forming meltwater at the base of ice on Mars include shifts in
climatic conditions due to obliquity changes and/or modification of the melting point due
to impurities such as dust, salt, clathrates, or a proportion of carbon dioxide ice mixed
with the water ice [e.g., Greve et al., 2004; Greve and Mahajan, 2005]. In addition, basal
melting could occur due to warmer temperatures at the base of the ice potentially
resulting from the insulation provided by a thick glacier, a general increase in geothermal
flux, or a temporary heat source under the ice such as a volcanic eruption or a tectonothermal event [e.g., Fishbaugh and Head, 2002; Greve et al., 2004; Greve and Mahajan,
2005; Head et al., 2007]. An alternate idea is that a combination of a low-conductivity
surface layer and impermeable subsurface layers allows liquid water to exist in the
shallow (few hundred meter) subsurface [Mellon and Phillips, 2001]. Thick glaciers that
form on the surface layer could serve to mobilize this pre-existing ground water. The
discovery of fractured mounds, interpreted as pingos, concentrated at the same latitudes
as the mid-latitude gullies supports the Mellon and Phillips model [Dundas et al., 2008].
Esker-like features, which on Earth are associated with subglacial runoff from
warm-based glacial flow, have been identified in the southern Argyre basin and provide
additional support for wet-based and highly erosive glaciers [e.g., Metzger, 1992; Kargel
and Strom, 1992; Hiesinger and Head, 2002; Kargel, 2004]. However, similar esker-like

features or other glaciofluvial landforms have not been identified near many of the glacial
features described here. Perhaps additional landforms diagnostic of wet-based glaciation
have simply not yet been identified in available Martian data sets. It is also possible that
additional glaciofluvial landforms have been erased by a later glacier advance and
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subsequent transition to cold-based conditions. It is certainly plausible, and not
uncommon in terrestrial glacial environments, that the Argyre region has experienced
both wet and dry-based glaciation, perhaps even spatially, as paleo-conditions and
climate have changed through time.
Other common glacial landforms missing from the Argyre landscape are obvious
terminal and/or lateral moraines. The huge eroded volumes implied by the size of
landforms interpreted as cirques and U channels, should have formed sufficient amounts
of till to result in moraine deposits. HiRISE imagery, however, is revealing landforms
that may be able to account for at least some of the glacial till. For example, features on
the main valley floor in AEB_000001_0150 may represent lateral moraines and ridges at
the edges of lobate debris aprons could be terminal or drop moraines. Much glacial till
may also have been deposited during a period in which ice was ablating faster than it was
flowing forward scattering till over large areas in widespread ablation zones rather than
accumulating till into distinct moraine ridges. An example of this may be the large
boulder-rich deposit, interpreted as ground moraine, observed on the floor of the valley in
AEB_000001_0150 (Figures 10 and 11). The thickness and volume of the proposed
ground moraine is currently unclear, but deposits such as these may account for
significant amounts of till. Like potential glaciofluvial deposits, terminal and lateral
moraines may also have been destroyed, buried, or incorporated into ground moraine
deposited during a later glacial advance and subsequent period of rapid ablation. Various
processes such as eolian, periglacial, and mass wasting processes could have eroded,
buried, or modified moraines subsequent to deposition as well. Altogether, the current
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HiRISE coverage of the Argyre region represents only a small piece of what is
presumably a much larger glacial landscape. Although we have not conclusively
identified a volume of deposits proportionate to the inferred eroded volumes, we do
indeed see moraine-like boulder fields and logically infer that additional deposits must
exist elsewhere. Presumably, additional erosional debris exists farther in the basin where
we could expect there to be boulders, sand, clay, and other ice-related clastics;
glaciofluvial deposits; and reworked eolian deposits. Future imaging and analysis will
hopefully reveal more insight into potential locations of glacially eroded debris.
The inferred presence of glaciers in this region and the hypothesized presence of
ice in other mid-latitude Martian regions during perhaps the same or a more recent time
period [e.g. Kargel and Strom, 1992; Mangold, 2003; Kargel, 2004; Head et al., 2005],
suggests that significant amounts of ice may have been present on the surface of Mars
geologically recently and provides important climatic implications. Conditions in the
geologic past appear to have favored accumulation of ice in the mid-latitudes for a
sustained period of annual net mass balance in ice accumulation zones. This period was
sustained long enough for sufficient ice accumulation to create flowing ice masses. The
presence of enough ice to form extensive glaciers also indicates a much greater supply of
moisture in the Martian atmosphere than is available today. This in turn implies that there
was a substantial source for the moisture and that appropriate climatic conditions existed
in which the moisture could be released from the reservoir and, if necessary, transported
to the mid-latitudes [e.g., Baker et al., 1991]. As has been discussed, extensive erosion
and the nature of landforms observed in the Argyre region also indicate that at some time,
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conditions were conducive to the presence of liquid water at the base of the ice. The
current absence of the large surface ice masses over most of the proposed glaciated
Argyre landscape indicates that the conditions for their formation do not currently exist
and that there was a transition to the present day environment. Continued research and
analysis of relic landforms in the Argyre region will help provide a better understanding
of the history of water and climate on Mars.

4.

Conclusions
HiRISE images of the circum-Argyre Planitia highlands reveal small and large-

scale landforms that can be collectively interpreted as the products of past glacial erosion
and deposition and possibly subsequent periglacial processes. Large grooves,
semicircular alpine embayments, and streamlined hills are interpreted as glacially eroded
grooves, cirques, and glacially streamlined bedrock features such as whalebacks or roche
moutonnée, respectively. Large boulders scattered across the floor of a valley may be
ground moraine deposited by ice ablation and lobate debris aprons issuing from alpine
embayments and the wall of a crater are interpreted as remnant debris covered glaciers or
rock glaciers. The glacial hypothesis is further supported by the association of these
features with other landforms typical of glaciated landscapes such as broad valleys with
parabolic cross-sections and stepped longitudinal profiles, and possible hanging valleys.
Large aligned boulders observed on slopes may have formed from mass wasting
processes or may also indicate glacial processes such as fluting. Alternatively, boulders
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aligned on slopes and organized in clumps and polygonal patterns on flatter surfaces may
indicate periglacial processes, perhaps post-glaciation, that form patterned ground.
The results of this study indicate that at least portions of the Argyre region have
been heavily modified by processes of ice accumulation, glacial flow, erosion, and
sediment deposition, ice stagnation and ablation, and perhaps subsequent periglacial
processes. Glacial resurfacing probably occurred over a period of several million years
and the number of superposed craters on resurfaced areas indicates a geologically recent
time for the glacial activity or for subsequent modification. Evidence of grooving found
in this study suggests that ice may have been present as far north as 35º S. Future work
and continued imaging by HiRISE should provide more comprehensive constraints on the
extent and distribution of the groove forming flows. The inferred presence of large ice
masses, if this inference is accurate, indicates that there was once a larger amount of
moisture available in the atmosphere than today and that past climatic conditions were
conducive to an annual net accumulation of ice in the mid-latitudes for a sustained period
of time. The nature and significant amount of bedrock erosion apparent in images also
suggests that the glaciers were, at times, wet-based. Future work will focus on testing the
glacial hypothesis with further analysis of available imagery and proposed glacial
landforms to provide additional insight into the nature of the processes that modified the
Argyre landscape.
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Figures

Figure 1. A Mars Orbiter Laser Altimeter (MOLA) elevation map of the Argyre Planitia
and adjoining mountainous ring ranges, Charitum Montes and Nereidum Montes, in the
southern hemisphere of Mars (available at http://jmars.asu.edu). Labeled black boxes
indicate the locations of High Resolution Imaging Science Experiment (HiRISE) images
discussed in this study. The black boxes do not represent actual HiRISE image footprints
but show the approximate area of image coverage.
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Figure 2. (a) The location of HiRISE image AEB_000001_0150 (outlined in dark gray)
on a Thermal Emission Imaging System (THEMIS) daytime IR mosaic (available at
http://jmars.asu.edu). AEB_000001_0150 is centered at 52.2°S, 300.8°E and shows part
of the mountainous Argyre basin rim in the western Charitum Montes. (b) Image
AEB_000001_0150. This image was acquired from a highly elliptical orbit a few days
after Mars orbit insertion in March 2006 and has a pixel scale of 1.47 m pixel – 1. The
image, illuminated from the top right, reveals topographic highs in the top left and bottom
portions of the image and a valley floor in the center. The total relief is ~4 km based on
MOLA elevation maps [Smith et al., 2001]. Circled numbers and corresponding white
boxes indicate the locations of Figures 3a, 4, 8a, 9a, and 10.
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Figure 3. (a) Close-up view of a semicircular embayment on the side of the topographic
high in the southern half of image AEB_000001_0150 (Figure 2). Geomorphic features
within the embayment include lineated grooves and striations, streamlined hills, large
gullies (or ravines), and lobate debris aprons. The white line indicates the location of the
profile in Figure 3b. The circled number in the top left corner indicates the location of the
image in Figure 2b. (b) A profile of the semicircular embayment from MOLA Precision
Experiment Data Records (PEDR) data. The profile reveals that the basin is concave,
relatively deep, and has a relief of ~3 km. The maximum slope measured for this profile
is ~26.5°.
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Figure 4. Close-up views of lineated grooves in the western Charitum Montes observed in
image AEB_000001_0150 (Figure 2). Circled numbers in the top left corner of each
image indicate their location in Figure 2b. The grooves are linear, locally parallel to
subparallel, and are up to several meters wide and hundreds of meters long. (a) Two
examples of linear grooves observed on slopes. Grooves are oriented in the approximate
downhill direction (indicated by white arrows). (b) Grooves observed on a relatively flat
surface on a topographic high in the southern half of image AEB_000001_0150.

140

Figure 5. Lineated grooves in the eastern Charitum Montes on the wall of Wirtz crater.
(a) Image PSP_001349_1310 (centered at 48.6°S, 335.3°E; pixel scale 0.50 m pixel– 1).
The rim of Wirtz crater is near the bottom right corner of the image. The location of the
image in Figure 5b is outlined in dark gray. (b) Close-up view of lineated grooves.
Grooves are oriented in the approximate downhill direction (indicated by the white
arrow) and can be seen overriding a bedrock feature in the top left corner.
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Figure 6. (a) Image AEB_000001_0150 with large grooves highlighted with black lines
and streamlined hills outlined in white. (b) Grooves and streamlined hills from Figure 6a
overlaying a MOLA elevation map (available at http://jmars.asu.edu). Both grooves and
streamlined hills trend down the local topographic slope indicating that they most likely
formed from a downslope erosional process. Groove and streamlined hill orientations do
not follow a larger-scale regional pattern as would be expected if their formation were
due to strong regional winds.
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Figure 7. Grooved/lineated surface in the northern Argyre region. (a) The wall of an
unnamed crater in the Nereidum Montes (image PSP_005991_1445; centered at 35.2°S,
328.4 °E; pixel scale 0.25 m pixel– 1). The rim of the crater is located just above the
center of the image. The location of the image in Figure 7b is outlined in white. (b)Closeup view of the crater wall showing a surface with grooves similar to those observed in the
Charitum Montes (Figures 4 and 5). Grooves are oriented in the approximate downhill
direction (indicated by the white arrow). The grooves/lineations in Figure 7a and 7b are
similar in form, scale, and organization to eolian erosional features and glacially scoured
bedrock.
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Figure 8. Streamlined hills in the western Charitum Montes. (a) Streamlined hills located
in a semicircular embayment in image AEB_000001_0150 (Figure 2) have irregular
shapes but are generally streamlined and oriented in the approximate direction of
maximum slope (indicated by the white arrow). The streamlined hills vary in dimensions
with widths up to hundreds of meters and lengths of more than a kilometer; several
streamlined hills have wider uphill and more tapering downhill ends. The circled number
in the top left corner indicates the location of the image in Figure 2b. The location of the
image in Figure 8b is outlined in black. (b) A close-up view of a streamlined hill from
Figure 8a with grooves apparent on portions of its surface (image PSP_003711_1275;
centered at 52.3°S, 300.9°E; pixel scale 0.25 m pixel–1).
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Figure 9. Profile of a streamlined hill derived from MOLA PEDR data. (a) Image from
AEB_000001_0150 (Figure 2) showing streamlined hills. The white line indicates the
location of the profile in Figure 9b. The black arrow (arrow 1) indicates the location of a
streamlined hill in both Figures 9a and 9b. The circled number in the top left corner of the
image indicates its location in Figure 2b. (b) Profile of a streamlined hill. The gray box
outlines the part of the profile seen in Figure 9c. (c) Close-up view of the profile of a
streamlined hill. The streamlined hill appears to have a height, h, of ~60 m and a
generally symmetrical convex profile. It should be noted that the MOLA profile does not
follow the longitudinal axis of the streamlined hill and thus these results are preliminary.
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Figure 10. A large boulder-rich deposit observed on the floor of a valley in the western
Charitum Montes (image PSP_003711_1275; centered at 52.3°S, 300.9°E; pixel scale
0.25 m pixel–1). From a preliminary visual analysis, the deposit appears to be unsorted
and includes many large boulders, some more than 10 m in length. Significantly lower
concentrations of boulders are observed on topographic highs and on slopes. The circled
number in the top left corner indicates the location of the image in Figure 2b.
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Figure 11. Partially overlapping THEMIS (a) day (I07867004) and (b) night (I06987006)
IR images show that the material on the valley floor is cooler during the day (dark) and
warmer during the night (bright) than the surrounding surfaces, consistent with a
relatively high thermal inertia. This most likely indicates that the surfaces surrounding
the valley floor are covered with finer unconsolidated material and that the dark materials
on the valley floor are coarse grained, which is consistent with observations of boulder
abundances (Figure 10). The THEMIS images also show that the high thermal inertia
boulder deposit extends for a considerable distance along the valley floor.
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Figure 12. (a) Lobate debris aprons issuing from semicircular embayments in the western
Charitum Montes (image AEB_000001_0150). The location of the image in Figure 12b is
outlined in dark gray. The white line indicates the location of the profile in Figure 12c.
Black and light gray arrows, arrow 1 and arrow 2, respectively, mark the edges of lobate
features apparent in Figure 12a and in the profile in Figure 12c. (b) Close-up view of the
edge of a lobate debris apron. The white arrow points to a ridge of boulder-rich material
that borders the lobe. (c) A profile from MOLA PEDR data of two overlapping lobate
debris aprons on the slope of a semicircular embayment. The edges of the lobes in this
particular profile do not appear to have a crisp lobate form indicating that they may have
been eroded or, if primarily composed of ice, have experienced considerable sublimation.
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Figure 13. Lobate debris aprons within a crater in western Argyre. (a) Image
PSP_002023_1275 (centered at 51.9°S, 304.9°E; pixel scale 0.50 m pixel–1) shows the
wall of an unnamed crater in the western Charitum Montes. The rim of the crater is just
above the center of the image and lobate debris aprons are located within the crater in the
bottom half of the image. Note that there is differential frost cover on the interior side of
the rim and down the crater wall. White boxes indicate the locations of the images in
Figures 13b–13d. The white arrow indicates the approximate downhill direction. (b)
Close-up view of lobate debris aprons. There appear to be several overlapping lobes in
this scene, some of which have pits and ridges on their surface. (c) A view of multiple
sets of parallel ridges that border the lobes (indicated with gray arrows) and a profile
from MOLA PEDR data of the edge of one of the lobate debris aprons. The lobe in this
profile is more than 250 m thick. The location of the profile is indicated by the white line.
(d) Close-up view of ridges of material bordering one of the lobes (indicated with a gray
arrow) and pits and ridges on the leading edge of the lobe surface.
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Figure 14. Cross-sectional and longitudinal profiles of the main valley in the center of
image AEB_000001_0150 (Figure 2) (profiles with numbers) and several smaller
surrounding valleys (profiles with letters). (a) Locations of profiles on a MOLA elevation
map (available at http://marsoweb.nas.nasa.gov). (b) Cross-sectional profiles of the main
valley and other nearby valleys show a symmetrical, parabolic U shape. The flat shape of
the valley floor observed in a profile from a wide section of the main valley (profile 3)
may be the result of infilling processes or the presence of a resistant bedrock layer on the
valley floor. (c) Quadratic equation and power law function fits (black curves) for profile
2 (red curve) for comparison of the cross profile to a true parabola. The power law
function has been fit to the southern half of profile 2 and is consistent with power law
function fits for cross-sectional profiles of terrestrial glaciated valleys [Graf, 1970;
Doornkamp and King, 1971; King, 1974; Hirano and Aniya, 1988]. Formulas for the
black curves are indicated on the plots. (d) Longitudinal profile of the main valley
(profile 4) and other nearby tributary valleys (profiles d and e). Profile 4 exhibits a
stepped decrease in elevation with a descending series of scalloped concave forms, each
separated from the next by a subtle ridge or abrupt change in slope rather than the smooth
concave longitudinal profile of a mature stream-eroded valley. Profiles d and e also show
a stepped decrease in elevation along much of their length. In addition, profiles d and e
reveal a steep drop in elevation of the valley floor where these smaller valleys intersect
with the main valley suggesting that they may be hanging valleys, landforms commonly
found in formerly glaciated terrain. Note that the vertical exaggeration differs for each
plot.
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Figure 15. (a) Image PSP_003289_1280 (centered at 51.9°S, 300.6°E; pixel scale 0.25 m
pixel–1) provides a close-up view of a slope observed in image AEB_000001_0150.
Black numbers indicate the locations of images in Figures 15b and 15c. (b) Aligned
boulders observed on slopes appear to be organized into linear stripes. The aligned
boulders are consistently associated with slopes, are locally parallel, and are oriented in
the approximate downhill direction (indicated with white arrows). (c) Polygonal patterns
of soil troughs cover surfaces in the vicinity of the aligned boulders.
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Figure 16. (a) Image PSP_003711_1275 (centered at 52.3°S, 300.9°E; pixel scale 0.25 m
pixel–1) provides a close-up view of part of a semicircular embayment observed in image
AEB_000001_0150. The top of image PSP_003711_1275 shows the edge of the valley
floor and the bottom shows the upper portion of the embayment. The slope of the surface
is greatest at the bottom of the image (near the top of the embayment) and decreases
rapidly near the top of the image (near the edge of the valley floor). (b) Boulders appear
to be organized into linear stripes where the slope is steep (top) and in clumps and
polygonal patterns on shallower slopes at the edge of the valley floor (bottom). (c)
Aligned boulders appear to transition to clumped and polygonal patterns as the slope
decreases. White arrows in Figures 16b and 16c indicate the approximate downhill
direction.
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Figure 17. Terrestrial examples of patterned ground. (a) A rounded mountain top in
Bering Land Bridge National Preserve (Alaska). Dark stone stripes on steeper slopes can
be seen transitioning to polygonal patterns on shallower slopes. The location of the image
in Figure 17b is outlined in black. (b) Close-up view of sorted stone stripes transitioning
to polygonal patterns. Stripe spacing is a few meters. (c) Boulders and cobbles sorted into
stone stripes by periglacial processes on an ice cored beach in Yukon Delta National
Wildlife Refuge (Alaska). Note rock hammer for scale (photos by J. S. Kargel).
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Argyre
Landform:

Characteristics:

Semicircular
Embayments
Lineated
Grooves

Bordered by ridges, concave
profiles, deep, steep
headwalls, contain grooves
and streamlined landforms
Linear, locally parallel to
subparallel, located primarily
on slopes but also observed on
relatively flat surfaces,
oriented in approximate
downhill direction, crosscut
bedrock features
Streamlined, oriented in
approximate downhill
direction, some have wider
uphill and thinner downhill
ends, convex profiles
Located on floor of large,
wide, and U-shaped valley,
unsorted, contains high
density of large boulders, high
thermal inertia
Located on and at the base of
slopes, some bordered by
parallel ridges, some have pits
and ridges on their surface

Streamlined
Hills

Boulder
Deposit

Lobate
Debris
Aprons

Valleys

Aligned
Boulders

U-shaped cross sectional
profiles, stepped longitudinal
profiles
Linear, parallel, oriented
approximately downhill,
located on slopes, transition to
clumped/polygonal patterns as
slopes decrease, surrounded
by polygonal patterns of soil
troughs

Table 1: Summary of results.

Periglacial
Processes

Comments:

No

Glacial
Processes
Yes

No

Maybe

Maybe

Yes

No

Maybe

No

Maybe

Yes

No

No landslide outline is visible. Morphology is consistent
with glacial cirques. Glacial interpretation supported by
association of embayments with other potential glacial
features (i.e. grooves, streamlined hills).
Fluvial and mass wasting processes less likely to form
grooves that override intermediate scale bedrock
features. Mass wasting less likely to form grooves on
relatively flat topographic highs. Grooves consistently
trend down local slopes unlike a regional wind
direction. Grooves are consistent with glacial processes
(i.e. grooving, erosional fluting).
Consistently trend down local slopes unlike a regional
wind direction. Wider uphill ends are not consistent
with fluvial streamlined landforms. Streamlined hills are
consistent with glacially sculpted bedrock landforms.

Maybe

Maybe

No

Yes

No

No

Yes

No

Yes

Yes

Maybe

No

No

Yes

No

No

Maybe

No

Yes

Yes

Fluvial
Processes
No

Mass
Wasting
Processes
Maybe

Maybe

Eolian
Processes

Fluvial flow of sufficient size and velocity to transport
boulders in a valley of this size is unlikely; source for
such a flow is not apparent. No landslide outline is
visible. Deposit is consistent with glacial ground
moraine.
Previous studies have found similar lobate features
consistent with debris covered glaciers or rock glaciers;
may represent remnant glacial ice or debris cemented by
ground ice. Formation by mass wasting processes needs
further investigation.
River valleys are typically V-shaped with a smooth
concave longitudinal profile. Profiles are consistent with
those of terrestrial glaciated valleys.
Aligned boulders may be the product of debris flows or
dry rockslides which may have formed levees of
boulders. Aligned boulders may indicate glacial
processes such as fluting or may be glacier boulder
trains. Characteristics of aligned boulders are also
consistent with patterned ground formed by periglacial
processes.
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Abstract
A suite of sinuous ridges with branching and braided morphologies forms an
anastomosing network in southern Argyre Planitia, Mars. Several modes of origin have
been proposed for the Argyre ridges. Imagery from the High Resolution Imaging Science
Experiment (HiRISE) and Context Camera (CTX) aboard Mars Reconnaissance Orbiter
(MRO), and Mars Orbiter Laser Altimeter (MOLA) topographic datasets from Mars
Global Surveyor (MGS), are used to constrain processes involved in formation of the
Argyre ridges. We find the characteristics of the ridges and associated layered deposits
consistent with glacio-fluvial-lacustrine processes, and conclude that the ridges are most
likely eskers. In particular, variations in ridge height appear to be related to the
surrounding surface slope; ridge height increases with descending slopes and decreases
with ascending slopes. This characteristic is observed in terrestrial eskers and is related to
sub-ice flow processes. The nature of some eroding beds in the ridges suggests
induration. If the Argyre ridges are indeed eskers, the southern Argyre basin was once
covered by the margin of a large, thick, stagnating or retreating ice deposit that extended
for 100s of kilometers or more. During ridge formation, water flowed on top, within or
beneath the ice deposit; the continuity and preservation of the ridges suggests that flow
was primarily at the base of the ice. The dimensions (100s of meters tall and several
kilometers wide), aspect ratio, and extent (100s of kilometers) of the ridges, as well as
preliminary calculations of discharge, suggest that a significant amount of water was
available.
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1.

Introduction
Argyre Planitia is located within one of the most prominent impact basins on

Mars. The Argyre impact basin has a diameter in excess of 1500 km and is located in the
southern hemisphere of Mars centered at 51º S and 317º E (Figure 1). The basin is
surrounded by mountainous ring ranges: Charitum Montes on the basin’s southern side
and Nereidum Montes on the basin’s northern side. This region appears to have been
heavily modified by multiple processes since the formation of the Argyre impact
structure leading to many differing interpretations of the geological history of the region.
Hodges [1980] interpreted the Argyre basin to be modified primarily by large-scale

erosion and deposition associated with eolian processes, with possible fluvial and glacial
processes playing a minor role. In their geologic map of the Argyre region, Scott and
Tanaka [1986] proposed significant volcanic activity and deep erosion from wind,

periglacial, and fluvial processes. According to Jöns [1987; 1999], large portions of the
Argyre Planitia have been modified by extensive mud deposits due to melting of the
south polar cap. Several studies have interpreted major landforms in the Argyre Planitia
and the Charitum Montes as the products of glacial erosional and depositional processes
[e.g., Kargel and Strom, 1992; Metzger, 1991; 1992; Baker, 2001; Hiesinger and Head,
2002; Kargel, 2004; Banks et al., 2007; 2008]. Parker [1996a; 1996b] attributed the
“fresh” appearance of the Argyre basin to erosional enhancement from mass wasting,
eolian, fluvial, and lacustrine processes, and suggested that much material in the
Charitum and Nereidum Montes has been removed, possibly by fluvial and lacustrine
erosion. Layered deposits on the floor of the Argyre basin support hypotheses of a large
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lake in the basin fed with water which entered the basin through three main large valley
networks, Surius, Dzigai, and Palacopas Valles (Figure 1b) [e.g., Kargel and Strom,
1992; Parker 1989; 1994; Parker et al., 2000; 2003; Kargel, 2004], possibly originating
as meltwater from a Hesperian aged melting of the south polar cap [Head, 2000a; 2000b;
2000c; Head and Pratt, 2001].
A suite of ridges with sinuous, branching, and braided morphologies forms an
anastomosing network around the southern edge of the Argyre basin (Figure 2). Due to
the complex geological history of the Argyre region, several formation mechanisms have
been proposed for the sinuous ridges. For example, the Argyre ridges have been
interpreted as wrinkle ridges [Tanaka and Scott, 1987], exhumed igneous [Carr et al.,
1980] and clastic [Ruff and Greeley, 1990] dikes, lava flow features [Tanaka and Scott,
1987], linear sand dunes [Parker et al., 1986; Ruff and Greeley, 1990; Ruff, 1992],
lacustrine spits or barrier bars [e.g., Parker et al., 1986; Parker and Gorsline, 1992;
Parker, 1994; 1996a; 1996b], glacial moraines [Hiesinger and Head, 2002; Kargel,

2004], inverted stream topography [Howard, 1981], frozen waves in a large scale
mudflow [Jöns, 1992], and eskers or infilled river channels formed from meltwater
flowing on top, within, or beneath a large ice mass [e.g., Carr et al., 1980; Howard,
1981; Ruff and Greeley, 1990; Metzger, 1991; 1992; Kargel and Strom, 1992; Hiesinger
and Head, 2002; Kargel, 2004; Lang, 2007]. Understanding the origin of the Argyre

ridges is important because it provides insight into the geological history of this region
and perhaps the global history of water on Mars. Analysis of similar sinuous ridges in the
Dorsa Argentea Formation, near the South Pole of Mars, has led several workers to
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conclude that the Dorsa Argentea ridges are eskers [e.g., Kargel, 1993; Head, 2000a;
2000b; Head and Hallet, 2001a; 2001b; Head and Pratt, 2001; Ghatan and Head, 2004].
This hypothesis has important climatic implications as eskers are associated with water
flows under or within large ice deposits, and their presence suggests past glaciations on
Mars. Based on their similarities to terrestrial eskers, the Argyre sinuous ridges have also
been interpreted as Martian eskers [e.g., Howard, 1981; Ruff and Greeley, 1990; Metzger,
1991; 1992; Kargel and Strom, 1992; Hiesinger and Head, 2002; Kargel, 2004; Lang,
2007], but this interpretation remains controversial.
Images with a scale as small as 0.25 m/pixel from the HiRISE camera aboard
MRO, are revealing previously undiscerned details of the Martian surface [McEwen et
al., 2007]. Here we use HiRISE and CTX imagery (pixel scale of ~6 m/pixel) and MOLA

topographic datasets [Smith et al., 2001] to characterize the Argyre sinuous ridges more
definitively, and to further constrain the processes involved in their formation. We review
past Argyre sinuous ridge research and reassess several of the proposed formation
hypotheses, focusing specifically on linear sand dunes, lava flow features, exhumed
igneous dikes, wrinkle ridges, lacustrine spits and barrier bars, glacial moraines and
crevasse-fill ridges, inverted streams, and eskers, using characteristics of the ridges from
observations discussed in previous literature and confirmed here with HiRISE, CTX, and
MOLA data, as well as several new observations. Topographic analyses of the Argyre
sinuous ridges were previously completed by Hiesinger and Head [2002] who looked at
only one main ridge, and Lang [2007]. Here we take an in depth look at the morphology
of the ridges and their relationship to the surrounding terrain, and extend our topographic
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analysis to include multiple ridges to determine whether they consistently exhibit the
same characteristics. We conclude that the characteristics of the ridges are most
consistent with terrestrial sub-ice fluvial processes, and that the ridges are most likely
eskers. Based on this interpretation, details revealed in HiRISE and CTX imagery and
MOLA data are used to investigate the environment in which the ridges formed.

2.

Sinuous Ridge Characteristics
In planform, the Argyre sinuous ridges vary from solitary sinuous ridges with an

average sinuosity of ~1.2 [Kargel, 1993], to branching and braided patterns of ridges
(Figures 2 and 3). Although they are primarily solitary sinuous forms, some sections of
the ridges exhibit complex braided patterns, low and high tributary junction angles, and
confluent and diffluent branches (Figures 2 and 3). Ridges have also been diverted
around large obstacles such as the massif Oceanidum Mons (Figures 2 and 3b). HiRISE
and CTX images show ridge crests ranging from smooth, curved surfaces to flat-topped,
relatively sharp-crested (inverted-v), or multiple crested forms (Figure 4). Cross sectional
profiles derived from MOLA Precision Experiment Data Records (PEDRs) (available at
http://pds-geosciences.wustl.edu/missions/mgs/pedr.html) confirm ridge crest shapes and
show that ridges also vary in symmetry along their extent (Figure 5). Width and height
vary along the length of each ridge as well; widths typically range from ~1 to 4 km and
heights typically range from ~10 to 300 m (Figure 5). Although each ridge consists of
several discontinuous segments ranging in length from less than 1 km to more than 120
km, the ridges have a high continuity (the ratio of the length of an individual ridge

162

segment to the total length of a series of ridge segments) of approximately 97% [Metzger,
1992].
Layers or beds are observed in portions of several ridges (Figure 6) [e.g., Parker
1986; Hiesinger and Head, 2002; Kargel, 2004; Lang, 2007]. In some locations layers
are laterally continuous for several kilometers (Figure 6b), while in others the layers
appear to be discontinuous and pinch out (Figure 6c). In close up views from HiRISE
images, layers of material more resistant to erosion, possibly indurated material, appear
to alternate with more easily eroded layers (Figure 6c). In at least two locations, layers
observed on either side of a ridge and can be traced across the width of the ridge (Figures
6d-e). A 1m/post digital elevation model (DEM) showing a portion of Cleia Dorsum
(Figure 7), was produced from a stereo pair of HiRISE images. The DEM was created
using the area-based automatic matching package of the commercial stereo software
SOCET SET (® BAE Systems) and a preprocessing method developed by Kirk et al.,
[2008]. The vertical precision of the DEM is ~20 cm [Kirk et al., 2008]. Cross sectional
profiles of Cleia Dorsum, acquired from the DEM, show that individual layers occur
within ~1 m of the same elevation on both sides of the ridge (Figure 7g). Profiles tracing
layers along the length of the ridge show that the layers have slight undulations and
slopes but, at least in this portion of this ridge, are essentially horizontal (Figure 7h). In
the same section of Cleia Dorsum, layers in the lower portion and on the western side of
the ridge extend into the surrounding topography (Figure 8a). Layers extending from the
ridges into the surrounding topography in southern Argyre were also observed and
discussed by Parker [1994; Parker et al., 1986]. However, this continuity of layering is
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observed in only portions of the Argyre ridges. Also observed in this part of Cleia
Dorsum (where it trends in a northwesterly direction) is a secondary ridge that crosscuts
the main ridge and trends in a northeasterly direction (Figure 8). Large, U-shaped
grooves have been carved into the secondary ridge (Figure 8d).
HiRISE images resolve large boulders, some greater than 8 m in scale, in layers
and on the surfaces of ridges (Figure 9). The boulders tend to be angular in shape and are
generally not observed in the same abundance on the surrounding terrain. Close-up views
of ridge surfaces and layers reveal that many of the large boulders, particularly angular
ones, appear to be interlocking and form geometric patterns. This suggests that these are
not discrete boulders that were transported, but rather are a lag produced by fracturing
and erosion of indurated or cemented layers of smaller, relatively fine-grained material.
Most likely, predominantly gravel to sand sized, or smaller, sediments were transported
and deposited in the ridges. The sediments appear to have become indurated through
secondary processes, and have subsequently fractured and eroded into boulder sized
material. Whether some of the large boulders may have been transported, perhaps those
that are more rounded, is unclear.
In several locations, sinuous ridges lie within a shallow trough (Figure 10).
Troughs appear to be mantled with finer sediments and can extend laterally for several
kilometers. MOLA data reveals that some troughs are more than 10 meters in depth
below the elevation of the surrounding surface. Only portions of some of the Argyre
ridges are observed in troughs.
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A topographic analysis of the Argyre sinuous ridges was completed using three
main ridges: Cleia Dorsum, Pasithea Dorsum, and Charis Dorsum (Figure 11). These
ridges were chosen because they have been imaged most extensively by HiRISE (Figure
2). Multiple cross sectional profiles were derived from MOLA PEDR tracks along the
extent of the three ridges (Figure 5). The cross sectional profiles show that in several
locations, the adjacent surface elevation differs, sometimes by 10s of meters, on either
side of the ridges suggesting that ridges may be oriented across slopes rather than
consistently downslope. The elevation of the surrounding surface was then averaged at
each profile location and plotted as a function of distance along the extent of each ridge
(Figure 11b). For each of the ridges, the overall elevation at which they occur varies
along trend with a difference between the maximum and minimum elevation of the
surrounding surface of ~110 m for Pasithea and Charis Dorsum, and ~200 m for Cleia
Dorsum (the surrounding surface exhibits slopes of up to ~5 degrees along the length of
the ridges); this suggests that the Argyre sinuous ridges cross topography. The elevation
of the ridge crest in each MOLA track was then measured and plotted as a function of
distance along the same three ridges revealing that the height of each ridge also varies
along its extent; the difference between the maximum and minimum height for the ridges
is ~95 m for Pasithea and Charis Dorsum, and ~260 m for Cleia Dorsum (Figure 11b). To
understand the relationship of ridge height to the surrounding terrain, the change in ridge
height between successive MOLA tracks was plotted against the slope of the surrounding
surface along the length of each ridge (Figure 11c). For slopes greater than 1º, ridge
height generally increases with descending slopes and decreases with ascending slopes.
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Further analysis of cross sectional profiles also reveals that ridges tend to have sharper
crested shapes on descending and flat slopes, and low, broad, and more rounded shapes
on ascending slopes.
MOLA PEDR tracks were used for the topographic analysis due to their coverage
along the full extent of the ridges. At the time of this writing, the limited number of
HiRISE and CTX stereo pairs in the southern Argyre basin provided insufficient
coverage for a large scale topographic analysis. A comparison of MOLA PEDR tracks
with profiles acquired from the HiRISE DEM (Figure 7f) showed that elevations from
both datasets differed by a maximum of ~10 m and usually differed by only a few meters
(Figure 7i).

3.

Discussion
Argyre sinuous ridges have been interpreted as linear sand dunes [Parker et al.,

1986; Ruff and Greeley, 1990; Ruff, 1992], lava flows features [Tanaka and Scott, 1987],
exhumed igneous dikes [Carr et al., 1980], wrinkle ridges [Tanaka and Scott, 1987],
lacustrine spits and barrier bars [e.g., Parker et al., 1986; Parker and Gorsline, 1992;
Parker, 1994; 1996a; 1996b], glacial moraines [Hiesinger and Head, 2002; Kargel,

2004] and crevasse-fill ridges, inverted stream topography [Howard, 1981], and eskers
[e.g., Carr et al., 1980; Howard, 1981; Parker et al., 1986; Ruff and Greeley, 1990;
Metzger, 1991; 1992; Kargel and Strom, 1992; Hiesinger and Head, 2002; Kargel, 2004;
Lang, 2007]. Here we review past sinuous ridge research and reassess several formation

hypotheses using our current understanding of ridge characteristics.
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An eolian origin for the Argyre ridges is supported by the appearance of dunes on
all geological units associated with the Argyre basin [Hiesinger and Head, 2002]. Linear
or longitudinal sand dunes exist as elongated, sharp crested ridges that extend parallel to
the net wind direction [e.g., Ritter et al., 2002], and are usually separated by a sand free
surrounding surface (Figure 12) [e.g., Easterbrook, 1999]. Terrestrial linear sand dunes
commonly occur in long parallel chains with regular spacing but, like the Argyre ridges,
can be oriented in more than one direction within the same region [Ritter et al., 2002].
Typical terrestrial linear dunes [Mainguet, 1984], as well as typical Martian dunes
[Greeley et al., 1992], are usually shorter, thinner, and lower in height than the Argyre
ridges [Ruff, 1992; Hiesinger and Head, 2002] and more closely spaced [Ruff, 1992,
Ritter et al., 2002], but seif dunes, a type of longitudinal dune, can be up to 300 km long

and 200 m high [Easterbrook, 1999]. While terrestrial linear sand dunes can also be
sinuous and bifurcate [Mabbutt and Sullivan, 1968], they do not match the higher
sinuosity [Kargel, 1993] and complex intersecting and bifurcating patterns of the Argyre
ridges [Ruff and Greeley, 1990]. Although not diagnostic, HiRISE images reveal that
Martian dunes usually have ripples superposed on their surface (Figure 12), something
not observed on most Argyre ridge surfaces. Linear sand dunes also do not typically
occur within troughs. Layers are not commonly observed in Martian sand dunes as well;
linear sand dunes would have to erode in a very unusual way to expose layers that appear
to be horizontal. Even if layering were exposed in a linear dune, it would not extend into
the surrounding topography.
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The morphology and braided and branching patterns of the Argyre sinuous ridges
vary considerably from typical lava-flow related features such as basaltic pressure ridges
or flow lobes [Theilig, 1986; Ruff and Greeley, 1990; Head, 2000a; Heisinger and Head,
2002]. Although the ridges could represent an unusual lava-flow feature, Hiesinger and
Head [2002] inspected MOC images covering the geologic unit on which the Arygre

ridges occur and found no evidence for source vents, flow fronts, or other volcanic
constructs, making a volcanic origin for the ridges less likely. The braided patterns and
sinuosity of the ridges are also atypical of dike propagation patterns suggesting the
Argyre ridges are not exhumed igneous dikes [Pollard, 1987; Head et al., 2006].
Examples of inclined igneous dikes, such as those in the Karoo Basin in South Africa and
the Whin Sill in the UK [e.g., Goulty and Schofield, 2008], exhibit similar sinuous forms,
but any layering present in these features, in the form of cooling joints, should also be
obviously inclined [Grossenbacher, 1995], and layering would not be continuous with
surrounding plains.
Wrinkle ridges are linear to arcuate positive relief features that have been
identified on the Moon, Mars, Mercury, and Venus. Martian wrinkle ridges are typically
tens to hundreds of kilometers in length, up to a few kilometers in width, and a few
hundred meters in height [Golombek et al., 1991; 2000]. Although the dimensions of the
Martian wrinkle ridges and the Argyre sinuous ridges are similar, their cross sectional
profiles generally differ in shape [Hiesinger and Head, 2002]. For example, cross
sectional profiles of wrinkle ridges are typically more asymmetric than profiles of the
Argyre ridges. Wrinkle ridge profiles also commonly exhibit a superposed hill or smaller,
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steep ridge on a broad rise or arch (Figure 13) [e. g., Golombek et al., 1991; 2000],
something not commonly observed in the Argyre ridge profiles (Figure 5) [Hiesinger and
Head, 2002]. Cross sectional profiles of both the Argyre ridges and wrinkle ridges often

show offsets in elevation on either side of the ridge. However, offsets in the Argyre
examples are smaller, up to ~75 m [Hiesinger and Head, 2002], than offsets observed in
Martian wrinkle ridges, up to 225 m [Golombek et al.,1991]. Although there is
considerable overlap, Kargel [1993] found the sinuosity of the Argyre sinuous ridges
slightly higher than that of wrinkle ridges [Hiesinger and Head, 2002]. Wrinkle ridges
also have a much lower lateral continuity, commonly form en echelon patterns
[Golombek et al., 1991], and generally occur in more linear and orthogonal patterns in
comparison to the braided and branching patterns formed by the Argyre ridges. Wrinkle
ridges are most commonly believed to form from horizontal compression or shortening of
the crust due to faulting [Golombek et al. 1991; 2000] and thus any layering in the ridges
would be tilted. Hiesinger and Head [2002] argued that the undisturbed, continuous
layering observed in the Argyre ridges is also inconsistent with a tectonic origin. In
addition, HiRISE images of wrinkle ridges reveal that these features are not typically
observed in troughs and vary from the Argyre ridges in their detailed structure and
surface texture (Figure 13).
The association of the ridges with layered plains material on the basin floor,
supports the hypothesis that the Argyre ridges represent long spits or bars of channel
sediments deposited by wave-generated drift currents in a large shallow lake [e.g., Parker
et al., 1986; Parker and Gorsline, 1992; Parker, 1994; 1996a; 1996b]. Terrestrial spits
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and bars form by longshore transport of sediment; most form close to the shore and
parallel the coastline. While spits are barriers that are connected to the shore at one end,
barrier bars are not connected to the shore at either end. Terrestrial barrier bars, in
particular, have dimensions similar to the Argyre ridges and can extend for long distances
(typically up to 100 km) and have widths up to several kilometers [Easterbrook, 1999].
Parker [1994] notes that ridges radial to Surius Vallis appear primarily east of the

channel mouth, and form counterclockwise arcs across the basin floor roughly paralleling
the southern edge of the basin. If the basin was filled with water at the time of ridge
formation, the distribution of the ridges suggests that there was a dominant paleowind
direction toward the southeast and sufficient wave energy to deflect channel outwash
sediments, entering the basin through Surius Vallis, eastward along the basin margin
[Parker, 1994]. However, this hypothesis does not explain the formation of ridges that
trend north and northwest, such as Cleia Dorsum and the ridges north and west of
Oceanidum Mons (Figure 2). The hypothesis also does not explain the occurrence of the
northeast trending ridge that crosscuts the northwest trending Cleia Dorsum (Figure 8).
Terrestrial spits and bars associated with a single river mouth are typically much shorter
than the Argyre ridges as well, although this scale difference may be partly due to lower
Martian gravity [Parker, 1986]. In addition, terrestrial spits and bars do not typically
occur as sets of multiple ridges (especially with differing orientations) and typically do
not form branching and braided patterns like those observed in the Argyre ridges.
Whereas lacustrine spits and bars are a possible analog for Argyre from the perspective of
expected wave and current energy, marine barrier islands constitute another possible
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analog at an extreme high energy range. Exemplified by the Outer Banks of North
Carolina, barrier islands are characteristically arcuate in plan view, and individual
cuspate barrier islands link together to form cuspate or scalloped chains of islands, with
cuspate segments oriented so that they are convex toward the shore. Whereas the spatial
scales are comparable, this is not the observed geometry of the sinuous ridges in Argyre,
which are indeed sinuous, not cuspate or scalloped. Other types of coastal ridges include
coastal dunes and ridges formed by sea ice interactions with the shore [Forbes and
Taylor, 1994].

The Argyre sinuous ridges are also similar to glacial moraine deposits such as
terminal or end moraines. End moraines form at the ice margin as symmetric and
asymmetric ridges that may be sinuous, arcuate, or lobate in plan view, and can merge
and bifurcate [Benn and Evans, 1998]. While the height and width of some terrestrial end
moraines is similar to the Argyre ridges [Benn and Evans, 1998; Hiesinger and Head,
2002], terrestrial moraines are typically much shorter in length and are frequently broken
by gaps giving them a much lower continuity [Benn and Evans, 1998]. Moraines are also
typically composed of unstratified glacial sediments and thus most do not have layers
[Benn and Evans, 1998]. A related possibility is that the Argyre sinuous ridges could
represent crevasse fillings, or debris that accumulated in the crevasses of stagnant ice and
lowered to the surface by ablation [Kargel, 1993; Martini et al., 2001]. However,
terrestrial crevasse-fill ridges are typically much lower in height (up to 10 m) than the
Argyre ridges, and are relatively short in length (a few tens of meters long) [Martini et
al., 2001].
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Altogether, the characteristics of the Argyre sinuous ridges are most consistent
with landforms that have a fluvial origin, such as inverted streams or eskers. For
example, using comparisons of sinuosity, Kargel [1993] found the Argyre ridges best
resembled terrestrial river channels and eskers as opposed to terrestrial linear sand dunes
or wrinkle ridges. Inverted stream topography on Earth forms when a former valley floor
is protected or becomes more resistant to erosion than the surrounding surface. Over
time, erosion of the less resistant adjacent material exposes the former valley floor as a
sinuous ridge. Wind action appears to be the most common erosive process on Mars
capable of producing relief inversion [Pain et al., 2007]. If the Argyre ridges represent
inverted stream topography, a significant amount of wind erosion is necessary to expose
these landforms as they are today (at least 300 meters of vertical erosion). Although not
conclusive, the Argyre ridges exhibit several characteristics that would not be expected in
typical inverted channels such as very low and high tributary junction angles [Pain et al.,
2007], branching V’s that open in opposing directions rather than a single upstream
direction [Ruff and Greeley, 1990], and longitudinal discontinuities [Pain et al., 2007].
The topographic analysis indicates that the elevation at which the ridges occur
varies along trend for all three of the ridges analyzed. In open river channels, water flow
is driven by gravity to follow topographic gradients and flow downhill. Assuming that the
regional topographic gradient has not changed since the formation of the ridges, the fact
that the ridges cross topography indicates that they were formed by pressure-driven flow
rather than gravity-driven flow, which is not consistent with open terrestrial river
channels. On the other hand, terrestrial eskers commonly climb and cross topographic
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divides. Eskers are ridges composed of stratified glacial drift deposited by a supraglacial,
englacial, or subglacial stream of flowing water, or by water flowing within an ice-walled
canyon near a glacier margin (Figure 14). As the ice retreats, deposited sediments are
exposed as a long, winding ridge (esker) on what was previously the subglacial floor
[e.g., Benn and Evans, 1998; Easterbrook, 1999; Brennand, 2000]. Eskers deposited by
meltwater flowing in an englacial or subglacial ice tunnel or sub-ice stream bed, can
cross topography because the water is under hydraulic pressure. Flow in eskers is dictated
by glacier surface topography and internal structure with only a small component
contributed by the gradient of the bed. Ice thickness, or the weight of overlying ice,
influences water pressure at the base of the ice and enables sub-ice streams to cross
topography [e.g., Röthlisberger, 1972; Shreve, 1985]. Hiesinger and Head [2002] and
Lang [2007] also found that the Argyre ridges cross topography leading them to favor the

esker interpretation, as did topographic analyses of similar sinuous ridges in the Dorsa
Argentea Formation [e.g., Head, 2000a; 2000b; Head and Hallet, 2001a; 2001b; Head
and Pratt, 2001; Ghatan and Head, 2004].

The relationship of ridge height and crest shape to the slope of the surrounding
surface is also consistent with observations of terrestrial eskers. In descending ice
tunnels, viscous heat produced by flow of meltwater causes melting of the tunnel walls
increasing the height of the tunnel and the resulting esker ridge. Meltwater flowing in
ascending tunnels has less viscous heat resulting in freezing of water onto the walls of the
tunnel and, consequently, the formation of shorter ridge heights [Shreve, 1985]. In a
similar way, the surface slope also influences the shape of the esker. Strong melting in
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descending or level tunnels forms sharp-crested eskers while weaker melting can form a
multiple-crested esker. In ascending tunnels, water usually freezes to the top of the tunnel
first thus forming a lower, broader, and more rounded esker shape [Shreve, 1985]. This
relationship between ridge height and shape to the surrounding surface slope was
observed by Shreve [1985] in the Katahdin esker system of Maine. A similar relationship
between the shape of the sinuous ridges in the Dorsa Argentea Formation and the slope of
the surrounding topography was observed by Head and Hallet [2001a; 2001b]. Hiesinger
and Head [2002] also noted that the majority of the profiles for one of the main Argyre

ridges revealed a single relatively sharp crested ridge shape, which is consistent with the
primarily flat surrounding surface in the southern Argyre basin.
Our interpretation of the topographic analysis assumes that the regional
topographic gradient has remained stable since formation of the ridges. Our interpretation
also assumes that differential erosion since ridge formation has not created all of the
undulations observed in the surrounding surface or significantly altered ridge crest shape
and height along the extent of the ridges. The lack of tectonic structures in the Argyre
Planitia suggests that this region has not been subjected to tectonic processes relatively
recently [Zuber et al., 2000; Hiesinger and Head, 2002]. Changes in ridge height and
shape also appear to be consistently related to the slope of the surrounding topography.
This would not necessarily be the case if changes to the slope of the surrounding
topography had taken place subsequent to ridge formation, or if the ridge shape and
height had been significantly altered by differential erosion. This characteristic is also
difficult to explain within the context of the other formation hypotheses.
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The results of the topographic analysis, along with several other characteristics of
the ridges mentioned above, indicate that the sinuous ridges resemble terrestrial eskers
more closely than terrestrial examples of inverted stream topography. Like the Argyre
ridges, terrestrial eskers are extremely variable and can range in form from single,
continuous ridges to complex braided and dendritic systems with confluent and diffluent
branches [e.g., Benn and Evans, 1998], and have undulating crests which vary in shape
due to flow processes [Shreve, 1985; Benn and Evans, 1998]. The Argyre ridges are also
similar to terrestrial eskers in their sinuousity, branching patterns, and very low and high
tributary junction angles which, in terrestrial examples, can occur due to control of
stream flow by crevasses, pressure ridges, and when present, medial moraines, and other
glacial structures [Kargel and Strom,1992; Kargel, 1993]. Although the troughs
surrounding portions of the Argyre ridges may be the result of erosion subsequent to
formation of the ridges, the appearance of the ridges in troughs is also consistent with the
esker hypothesis; terrestrial eskers sometimes occur within larger valleys or troughs,
often referred to as Nye channels (N-channels) or tunnel valleys, that form from abrasive
subglacial meltwater discharge that erodes into bedrock or sediments [Benn and Evans,
1998; Shreve, 1985].
Terrestrial eskers may contain horizontal or near horizontal beds or layers (Figure
14b) [e.g., Benn and Evans, 1998; Huddart et al., 1999]. These layers can be continuous
for considerable distances or taper out quickly [Easterbrook, 1999], and can form
alternating or cyclic sequences as do layers observed in the Argyre sinuous ridges [Benn
and Evans, 1998]. Variations in the layers of terrestrial eskers are often attributed to
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fluctuations in discharge due to seasonal and/or annual changes [Bannerjee and
McDonald, 1975; Brennand, 1994; Benn and Evans, 1998]. Likewise, alternating patterns

of layers observed in portions of the Argyre ridges (Figure 6) may be the result of
fluctuations in meltwater discharge and availability and/or sediment availability on Mars.
The esker hypothesis is favored by the location of the Argyre ridges in the
Martian middle latitudes (>50º S). Several studies have interpreted landforms in the
Martian midlatitudes to be the result of large accumulations of ice [e.g. Kargel and
Strom, 1992; Kargel, 1995; Mangold, 2003; Kargel, 2004; Head et al., 2005]. Recent

results from the Shallow Radar (SHARAD) instrument onboard MRO, have detected
large accumulations of water ice in lobate debris aprons in the eastern Hellas region
(~33.7-47.4º S, 90.8-114.3º E), supporting the hypothesis that the lobate debris aprons are
debris covered glaciers [Holt et al., 2008]. The SHARAD results imply that previous
climatic conditions on Mars were conducive to the accumulation of large ice masses in
the middle latitudes. Sets of sinuous ridges are observed in different locations on Mars
and may plausibly have varying formation mechanisms; on Earth there are plentiful
examples of both sinuous ridges that represent inverted fluvial streams and ridges that are
eskers. Most sinuous ridges on Mars interpreted as inverted streams occur between 40º N
and 50º S [Pain et al., 2007].
The esker hypothesis is further supported by evidence of past glaciation identified
in the surrounding Argyre region. Landforms in the Argyre Planitia and adjacent
Charitum Montes have been interpreted as a glacial suite of cirques, horns, U-shaped
valleys, drumlins, kettles, and outwash plains formed by glacial erosion and deposition
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[e.g., Kargel and Strom, 1992; Baker, 2001; Hiesinger and Head, 2002; Kargel, 2004;
Banks et al., 2008]. HiRISE imagery has recently revealed additional landforms in the

surrounding Charitum and Nereidum Montes that are potentially glacial in origin
including long linear grooves, streamlined hills consistent with glacially sculpted
bedrock, and large, unsorted, boulder-rich deposits interpreted as morainal material
[Banks et al., 2007; 2008].
Some characteristics of the ridges however, remain partially inconsistent with
those of typical terrestrial eskers. For example, the Argyre ridges differ from most
terrestrial eskers in continuity and total length. Terrestrial eskers have an average
continuity of roughly 60% while the Martian sinuous ridges have a continuity closer to
97%. [Metzger, 1992]. Gaps in terrestrial eskers are partly due to post-glacial erosion
[e.g., Metzger, 1992] and the higher continuity of the ridges on Mars could be a partial
result of lower erosion rates. Discontinuous terrestrial eskers also often indicate englacial
or supraglacial flow in which the esker form is disrupted as the esker settles to the valley
floor during retreat of the ice [Brennand, 2000]. The continuous nature of the Argyre
ridges could indicate that they formed primarily by flow at the base of the ice rather than
englacial or supraglacial flow [Metzger, 1992]. This is also supported by the preservation
and lack of deformation in the layers observed in HiRISE images (Figure 6). However, it
should be noted that within an individual terrestrial esker or esker system, water can flow
via supraglacial ice-walled channels, englacial/subglacial conduits, and ice-walled
canyons, and thus some combination of these is possible [e.g., Benn and Evans, 1998;
Huddart et al., 1999].
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Another concern regarding the esker hypothesis is the large dimensions of the
Argyre ridges and their aspect ratio. Although typical terrestrial eskers are smaller, the
dimensions of the Argyre ridges correspond to the upper limit of terrestrial eskers: up to
roughly 300 m high, 3 km wide, and 500 km long (with breaks) [Ritter et al., 2002;
Hooke, 2005]. For example, Mangold [2000] found the dimensions of giant paleoeskers

in Mauritania to be on the same order of magnitude as those of the Argyre sinuous ridges.
Typical terrestrial eskers also differ from the Argyre ridges in their aspect ratio; terrestrial
eskers tend to be taller relative to their widths and have steeper side slopes than the
Argyre ridges. However, the aspect ratio of the Argyre ridges is consistent with what is
expected for a very large discharge; as discharge increases in terrestrial streams, the
streams preferentially become wider as opposed to deeper, or in the case of eskers, wider
as opposed to taller. In addition, the aspect ratio of the Argyre ridges is consistent with
that of the large eskers in Mauritania whose heights measure up to 150 m with widths of
~1.5 km [Mangold, 2000].
In a terrestrial ice marginal environment, one might also expect to find outwash
fans and terminal or end moraines [Brennand, 2000]. These features have not been
conclusively observed in the area of the Argyre sinuous ridges. The lack of end moraines,
however, may be due to the way in which the ice retreated. Two common types of ice
terminus retreat are active-retreat and stagnant-retreat. In active retreat, continuous
forward flow of the glacier builds moraine ridges, such as end moraines, but typically
degrades or distorts and even destroys esker deposits. In stagnant-retreat, stagnation of
the ice minimizes the formation of end moraines and enhances preservation of an esker
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system [Metzger, 1992; Benn and Evans, 1998; Head, 2000a]. If the ridges in the
southern Argyre basin represent an esker system, their preservation as long, continuous
sections with well defined and continuous layers indicates that they formed during
extensive stagnant retreat of an ice terminus and thus, large end moraines may simply not
have formed. Possible outwash fans may be heavily mantled and remain undetected in
currently available imagery or perhaps, like end moraines, did not form. Metzger [1992]
found that eskers in New York state rarely terminated in deltaic fans and were rarely seen
in close association with terminal moraines.

4.

Environmental Implications
The map patterns and morphology of the Argyre ridges, their occurrence in

troughs, ability to cross topographic divides, the relationship of their height and crest
shape to the slope of the surrounding surface, location at >50º S latitude, and the
occurrence of other potential glacial landforms in the surrounding region, support the
esker hypothesis and indicate that the ridges are most likely eskers formed by glaciofluvial processes. Table 1 summarizes our analysis. Using terrestrial eskers as an analog,
several aspects of the environment in which the Argyre sinuous ridges formed can be
inferred.
On Earth, eskers form at the margins of large deposits of retreating or stagnating
ice. Thus, the presence of ridges interpreted as eskers suggests that the southern Argyre
Planitia was once covered by a large ice deposit. From the distribution of the Argyre
ridges, it can be inferred that this ice extended for 100s of kilometers or more within the
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basin and reached northward to a latitude of at least ~52º S. The height of the ridges
indicates that the ice covering was once more than 300 meters thick and probably much
thicker. Hiesinger and Head [2002] estimated the ice thickness to be on the order of
~2000 m. During the period of ridge formation, the ice was stagnating or retreating, its
margin was located in the southern portion of the Argyre basin near the area of ridge
exposure, and water was flowing within or beneath the ice. This ice may have been part
of an ice sheet [Kargel, 1993; 2004], a glacier or multiple glaciers that entered the basin
from the south [Kargel and Strom, 1992], or a frozen lake in the basin [Hiesinger and
Head, 2002]. Hiesinger and Head [2002] proposed a model in which meltwater from a

Hesperian meltback of the south polar ice sheet entered the basin through channels to the
south and southeast and partly filled the basin to form a lake. In their model, the lake
froze to the ground, at least in the shallow marginal regions, and meltwater from the
frozen lake and/or incoming water from the south, formed channels at the base of the ice
in which the ridges were deposited. Several of the ridges appear to radiate from the
mouth of Surius Vallis, a valley that opens into the Argyre basin from the south (Figure
2), suggesting that water may have entered the frozen Argyre basin through this channel
and flowed beneath the ice in primarily north and northeastly directions.
In comparison to average Earth esker analogs, the Argyre sinuous ridges are
larger in width, height, and extent. Assuming similar processes were involved in esker
formation under Martian conditions, this may indicate that sediments and meltwater were
available in larger quantities and/or available for longer periods of time on Mars than
during typical esker formation on Earth. Metzger [1991; 1992] estimated the duration of
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glaciation required to form eskers of this size as longer than that of the late Wisconsin
deglaciation. Evidence of substantial glacial erosion in the surrounding Charitum and
Nereidum Montes (lower limit for the volume of eroded material on the order of ~4 x 103
km3, see Chapter 1) has also led to estimates of a period or periods of glaciation that
lasted for potentially several million years or longer [Kargel, 2004; Banks et al., 2008].
Assuming the sinuous ridges were formed by sub-ice fluvial processes, HiRISE
imagery and MOLA data can be used to make predictions of the velocity and discharge
involved in their formation. Available constraints are insufficient to define the problem
uniquely, especially since so much depends on processes and key parameters, not all of
which are definitively resolved or defined. For example, to what degree were channelfull conditions involved, and what was the hydraulic head going into the channel and that
at the nozzle? Could flow have been river-channel like at times, either in a tunnel that
was not filled completely or which was, in places, open to the sky? What was the
geometry of the channel? Observations indicate that pressurized channel-full conditions
were most likely involved (e.g., to drive flow up undulations of the bed, as documented
above), and so we focus on this condition, without rejecting a situation more akin to
terrestrial river flow or unfilled channel-flow conditions. Of course, if the ridges are
eskers formed in sub-ice tunnels, pressurized channel-full conditions were involved at
least for some period of time.
Here we calculate the approximate velocity and discharge using a reduced form of
the Darcy-Weisbach equation, where head loss and pipe length are removed as terms
[Lorang and Hauer, 2003]. This equation is appropriate for estimating the velocity of
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past potential water flows on Mars and is used here to estimate flow in a sub-ice conduit
under marginally pressurized (i.e. water fills the sub-ice channel) conditions [Komar,
1979; Lorang and Hauer, 2003]:

u=

8
gRS f
fr

(1)

where u is the mean velocity, fr is the dimensionless Darcy-Weisbach friction coefficient,
g is the acceleration due to gravity, R is the hydraulic radius, and Sf is the friction slope

with the channel bottom slope, S, being used as a first order approximation to Sf [Lorang
and Hauer, 2003]. S is used here as a rough lower limit approximation of the hydraulic

gradient of the ice using an assumption that the ice surface slope roughly mimics the bed
topography. The hydraulic radius, R, is the cross sectional area, A, divided by the wetted
perimeter, P (R = A/P). In this study, the cross sectional shape of the channel is simplified
as a low, broad triangle. A representative width of 2 km was chosen based on the
dimensions of the ridges. Flow depths (h) of 1 m and 10 m were chosen based on
comparison to terrestrial proglacial streams in which water depths are typically up to
several meters over a bed of coarse sand and gravel (grain sizes commonly observed in
terrestrial eskers [Benn and Evans, 1998]). The lower value of h, 1 m, would appear less
than the likely depth given the great width of the system, whereas the upper value, 10 m,
would likely not be much exceeded according to typical terrestrial examples; hence, we
probably bracket the actual value, but there is no certainty of this. The values of width
and flow depth were used to determine A (1 x 103 m2 (h = 1 m); 1 x 104 m2 (h = 10 m)),
and P (4 x 103 m). For channel full flow, values of 0.25 and 2.5 m were calculated as
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approximate lower and upper estimates for R. An overall change in elevation of ~300 m
over the extent of the Argyre ridges, ~300 km, was determined using MOLA interpolated
data and used to estimate a slope of 0.001. Using 3.72 m/s2 for g, fr was determined using
the relationship [Leopold et al., 1964]:

1
fr

0.5

= 2 log(h / D84 ) + 1.0

(2)

where h is the flow depth (1 m and 10 m), and D84 is the grain diameter of the channel
bed sediments of which 84% of the total grain-size distribution is finer. As terrestrial
eskers are commonly composed of gravel and sand sized particles [Benn and Evans,
1998], minimum and maximum values of 0.5 mm and 64 mm are used for D84 to
represent medium sand to very coarse gravel grain sizes respectively [Wentworth, 1922].
Equation (2) is comparable to equations for friction factors for pipe flow with a large
range of relative roughnesses. Also, the f coefficient of this relationship, unlike the Chezy
and Manning-n coefficients, does not have to be corrected for the gravity field and thus
can be employed to evaluate drag coefficients for water flows on Mars as well as Earth
[Komar, 1979]. Using h = 1 m and 10 m, and D84 = 0.5 mm and 64 mm, values ranging
from 0.01 to 0.087 were calculated for fr. Mean velocities ranging from 0.29 m/s to 2.6
m/s were then calculated using equation (1) with an average of ~1.3 m/s. The above
calculations assume fluid flow as opposed to matrix supported debris flow. An average
velocity of ~1.3 m/s is slightly lower than the velocity of the Mississippi River (2 to 3
m/s) [Komar, 1979], and is comparable to paleovelocities calculated for the Bridgenorth
esker (0.05 to 3.5 m/s) located in Ontario, Canada [Jackson, 1995]. Because of the lower
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gravity, the same bottom stress values on Mars can move larger grain diameter material
than on Earth and flows of this velocity on Mars would most likely be very erosive and
able to transport considerable amounts of material [Miller and Komar, 1977; Komar,
1979].
The discharge (Q) of flow along the ridges is given by [e.g., Komar, 1979]:
Q = uA

(3)

and is on the order of ~1 x 104 m3/s. It should be noted that a highly pressurized flow
would have a steeper velocity gradient and thus an increased velocity of flow and
discharge; therefore a discharge of ~1 x 104 m3/s should be considered a lower limit.
Considering the number and length of the ridges (100s of kilometers), and assuming that
they formed contemporaneously, the discharge was most likely substantial [Metzger,
2002], and large quantities of ice and subsequent meltwater would have been necessary to
deliver sufficient water to the sub-ice drainage network to form the ridges. When
considering the characteristics of the ridges as a whole, the large dimensions (hundreds of
meters tall and several kilometers wide), aspect ratio, extent (100s of kilometers), and
other characteristics of the eskers, are all also consistent with a large discharge. This adds
support to the Hiesinger and Head [2002] model in which meltwater flows into the
Argyre area from the south, through valleys such as Surius Valley, as opposed to
originating as meltwater derived from melting of ice in the Argyre area only.
Several assumptions and approximations were used in the above calculations
regarding factors such as channel bed grain size (D84) and overall frictional forces,
average surface slope/hydraulic gradient of the ice, and the average cross sectional area
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of the sub-ice channel. In particular, the hydraulic gradient of the ice was most likely
greater than the gradient of the bed topography and thus the velocity of the flow was most
likely higher under pressurized conditions. Noting that possible water sources of the
ridge-forming flows occur outside Argyre in the highlands, the total topographic drop is
several kilometers. Depending on where the water enters an englacial or subglacial tube,
the potential exists for very large hydraulic pressurization. Therefore, the above
calculations should be viewed as approximate lower limits only. Clearly there is a
potential for flow conditions comparable to those of large terrestrial rivers, which
presumably would have to operate over very long periods of time (centuries at least,
maybe many millennia) to deposit ~100 m thick bed sequences. Or it is possible that
more rapid flow processes occurred under high hydraulic pressure, which could have
driven flow of highly erosive and sediment-rich channel fluid and could have deposited
the bed sequences rapidly once pressure was relaxed. The available constraints,
unfortunately, do not permit us to better constrain the solution at this time.
The preservation of long, continuous ridges and the lack of obvious moraine
deposits indicates that extensive stagnant-retreat of the ice terminus is more likely than
active-retreat. The continuous nature of the ridges and the preservation of distinct layers
also suggests that the ridges primarily formed in tunnels at the base of the ice; eskers
deposited in englacial or supraglacial streams are much more likely to become disrupted
and broken from settling to the ground as the ice retreats [Brennand, 2000]. The
appearance of eskers in troughs may indicate synchronous patterns of deposition and
erosion at the glacier bed or, more likely, a period of erosion followed by deposition and
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tunnel infilling; possibly a result of falling discharges [Benn and Evans, 1998]. Either
way, eskers lying within eroded channels provide further evidence that the conduit was
subglacial rather than englacial or supraglacial, at least in places, and was a relatively
stable part of the glacier bed [Benn and Evans, 1998].
The secondary northeast trending ridge that crosscuts Cleia Dorsum (figures 2 and
8) may have formed due to a shift in the flow of water within or beneath the ice or
perhaps a subsequent phase of glaciation. Shifts in the direction of esker flow in
terrestrial glaciers can occur due to changes in the flow of the ice or changes in the
surface of the ice which alter the hydraulic gradient. The U-shape of the large grooves
carved into the secondary ridge is a typical morphology for landforms eroded by flowing
ice masses, and offers further support for the past presence of ice at this location. The
occurrence of U-shaped grooves in the crosscutting ridge indicates a period of erosion
subsequent to the shift in water flow direction.
Layers in terrestrial eskers, similar to those observed in portions of the Argyre
ridges, can arise from subtle changes in the basal hydrology of the ice and may indicate
fluctuations in meltwater discharge and availability, and/or sediment availability [Benn
and Evans, 1998]. Patterns of alternating layers suggest that the layers formed in a cyclic

manner; this could be related to seasonal, annual, or potentially even obliquity changes
[Bannerjee and McDonald, 1975; Brennand, 1994; Benn and Evans, 1998]. The nature of
some eroding layers also suggests induration of the ridge sediments. Examples of
cementation and/or induration have been observed in many locations on Mars [Pain et
al., 2007]. Pain et al. [2007] suggest that the most likely cementing agents for surface
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induration are iron oxides, silica, sulfates, and perhaps halide salts. Possible cementation
mechanisms include evaporation, sublimation, surficial seepage or movement of moisture
films [Chavdarian and Sumner, 2006; Pain et al., 2007].
Layers that extend into the surrounding topography along the west side of a
portion of Cleia Dorsum (Figure 8a), may have formed due to large cavities at the base of
the ice; water flowing in a sub-ice tunnel would also flow into other surrounding cavities
beneath the ice forming similar layers to those deposited in the tunnel. Layers extending
beyond the margins of the sinuous ridges may also represent an accumulation area at the
edge of the ice that is just outside of the ice but continuous with features under the ice,
potentially an ice marginal lake. Subglacial and ice-marginal lakes and eskers are all
commonly observed in terrestrial ice marginal environments and are commonly
associated together. It should also be noted that the continuous layers are observed near
the base of the sinuous ridge in this location and may have been emplaced in a
depositional setting that existed at an earlier time, such as a pre-glacial lacustrine setting
in the basin [e.g., Parker 1989; 1994; Kargel and Strom, 1992; Parker et al., 2000; 2003;
Kargel, 2004]. In this scenario, once the lake froze or the area became covered with ice,

the esker sediments would be deposited over the lacustrine sediments. Although the
stratification observed in this area may not be typical of most terrestrial subglacial
sediments, its formation is consistent with a glacial setting and does not conflict with the
esker hypothesis.
The occurrence of Argyre's ridges amongst layered deposits, and the crude
parallelism of ridges with topographic contours allows for the possibility that lacustrine
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shore or near-shore processes were involved. Potentially, glacial/ice sheet esker
deposition occurred penecontemporaneously, in the same large process system, with
proglacial lacustrine and ice-contact moraine depositional processes. In this context,
sedimentary deposition occurred in interfingering and perhaps oscillating masses of ice,
lake water, and glacial stream water in a manner similar to that which affected final major
glacial depositional episodes involving the last lobes of decaying Pleistocene ice sheets
(such as the Superior Lobe of the Laurentide Ice Sheet in northern Minnesota, and the
Cordilleran Ice Sheet in central British Columbia). In such systems, moraines, eskers,
kames, thermokarst, layered lake plains, and glaciolacustrine deltas overlap and
interfinger in complex ice stagnation terrains; it is not always possible to isolate, with
rigor and with idealized geomorphological definitions, one landform component from the
others because they all are formed together as parts of the same large-scale process
system.

5.

Summary and Conclusions
A suite of sinuous ridges with branching and braided morphologies forms an

anastomosing network around the southern Argyre basin in the southern hemisphere of
Mars. Past research has led to several proposed modes of origin for the ridges. Using
HiRISE and CTX imagery and MOLA topographic datasets, we re-examine the
characteristics of the ridges and revaluate several proposed formation mechanisms. The
map patterns and morphology of the ridges, their ability to cross topographic divides,
their occurrence in troughs, the relationship of their height and crest shape to the slope of
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the surrounding surface, their location at >50ºS latitude, and the occurrence of other
possible glacial landforms in the surrounding region, indicate that the ridges are most
likely eskers formed by glacio-fluvial processes. The occurrence of Argyre's ridges
amongst layered deposits allows for the possibility that lacustrine processes were
involved. The nature of some eroding beds in the ridges suggests induration of ridge
sediments. Alternating patterns of layers may also reflect the influence of cyclic
fluctuations in meltwater and sediment availability. If the ridges were indeed formed by
sub-ice fluvial processes, this formation mechanism implies that the area of ridge
exposure in southern Argyre was once covered by the margin of a large, thick, ice deposit
that was stagnating or retreating, extended for 100s of kilometers within the basin, and
reached at least ~52ºS latitude. During the period of ridge formation, water flowed on
top, within, or beneath the ice deposit; the continuity and preservation of the ridges
suggests that flow was primarily at the base of the ice. The size (100s or meters tall and
several kilometers wide), aspect ratio, and extent (100s of kilometers) of the eskers, as
well as preliminary calculations of discharge (lower limit on the order of ~104 m3/s),
suggest that a significant amount of water was available.
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Figures

Figure 1 Location of the study area. a) MOLA shaded relief map of Mars
[http://mola.gsfc.nasa.gov/images.html] showing the location of Argyre Planitia in the
southern hemisphere (centered at 51º S and 317º E). b) Close up view of Argyre Planitia.
The black outline indicates the general location of the sinuous ridges on the basin floor
and the location of Figure 2.
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Figure 2: a) Mars Odyssey Thermal Emission Imaging System (THEMIS) daytime IR
mosaic [http://jmars.asu.edu] of the southern Argyre basin (Figure 1). A suite of sinuous
ridges with branching and braided morphologies forms an anastomosing network in this
portion of the basin. Lettered white outlines mark the approximate footprints of HiRISE
images discussed in this study: (A) PSP_001904_1245; (B) PSP_003816_1245; (C)
PSP_003183_1235; (D) PSP_007007_1235; (E) PSP_006875_1255; (F)
PSP_001640_1240; (G) PSP_001508_1245. Numbered white outlines mark the
approximate footprints of CTX images discussed in this study: (1)
P02_001904_1244_XI_55S045W_06122; (2) P02_001640_1240_XI_56S041W_061202;
(3) P03_002339_1249_XI_55S041W_070125. b) Blacks lines have been added to the
mosaic from Figure 2a to mark the locations of sinuous ridges. The three main ridges
discussed in this study are labeled: Cleia, Pasithea, and Charis Dorsum.

202

Figure 3. Although they are primarily solitary sinuous forms, some sections of the Argyre
sinuous ridges exhibit complex braided and branching patterns. a) CTX image
P02_001640_1240_XI_56S041W_061202 shows details in the planform patterns of
Argyre sinuous ridges. b) The ridges appear to divert around large obstacles such as the
massif, Oceanidum Mons, seen here in CTX image
P03_002339_1249_XI_55S041W_070125.
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Figure 4. Variations in the shape of ridge crests can be clearly seen in HiRISE images. In
the upper ridge, the crest varies from a smooth curved surface to a more relatively sharpcrested shape. The lower ridge exhibits both smooth, curved surfaces and multi-crested
forms (HiRISE image PSP_001640_1240).
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Figure 5. Cross sectional profiles from three Argyre sinuous ridges derived from MOLA
PEDR tracks. Sinuous ridges are outlined in black on a THEMIS daytime IR mosaic
[http://jmars.asu.edu]. The locations of profiles on the ridges are indicated with white
lines. Plots of cross sectional profiles show that ridges vary in symmetry along their
extent and that ridge crests range in shape from smooth, curved surfaces to flat topped,
relatively sharp-crested (inverted-v), or multiple crested forms. Profiles often show
offsets in the elevation of the surrounding surface (sometimes over 50 m) on either side
of the ridges. Width and height also vary along the length of each ridge with widths up to
several kilometers and heights up to 100s of meters.
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Figure 6. Examples of layering in Argyre sinuous ridges. a) Layering in Pasithea Dorsum
seen in HiRISE image PSP_007007_1235. b) CTX image
P03_002339_1249_XI_55S041W_070125 shows layers that are continuous for 10s of
kilometers. c) A close up view of the ridge in HiRISE image PSP_006875_1255 reveals
layers of material resistant to erosion, perhaps indurated sediments, alternating with less
resistant layers. One of the layers visible in the left side of the image appears to pinch out
(white arrow), although the apparent pinching out could be due to mantling. Layers can
be traced across the width of ridges in d) HiRISE color image PSP_001904_1245 and e)
HiRISE image PSP_006875_1255.
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Figure 7. A 1m/post DEM, showing a portion of Cleia Dorsum, was created using
HiRISE stereo pair: PSP_003816_1245 and PSP_004106_1245. The vertical precision of
the DEM is ~20 cm [Kirk et al., 2008]. a) Cleia Dorsum as seen in HiRISE image
PSP_001904_1245. The white box marks the area covered by the DEM. Products
produced from the DEM (Figures 7b-e), such as b) an anaglyph c) colorized shaded relief
map, d) contour map (contour interval is 25 m), and e) perspective views, all clearly
show that the layers in this portion of the ridge are horizontal or near horizontal. The
white box in 7b shows the outline of the contour map in 7d. The white arrow in 7d shows
the approximate vantage point and angle of the perspective view in 7e. The perspective
view in 7e has 5x vertical exaggeration. f) An orthophoto of HiRISE image
PSP_003816_1245. White lines mark the locations of profiles in 7g-i derived from the
DEM. g) An example of a cross sectional profile showing that individual layers occur
within ~1 m of the same elevation on both sides of the ridge. Three prominent layers
have been marked (1a-b, 2a-b, and 3a-b). h) An example of a profile tracing a layer along
the length of the ridge. Layers, such as the one seen here, exhibit slight undulations and
slope gently downward to the north, but are essentially horizontal. The slope seen here is
~0.87º. i) Examples of two MOLA PEDR tracks (red) compared with profiles acquired
from the HiRISE DEM (blue). Elevations from the two datasets differ by a maximum of
~10 m and usually differ by only a few meters.
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Figure 8. A portion of Cleia Dorsum where it lies at the edge of a depression (to the east).
a) In a CTX image of Cleia Dorsum (P02_001904_1244_XI_55S045W_06122), layers
appear to extend into the surrounding topography on the west side of the ridge. The white
box outlines the location of the subimage (right). The black box outlines the location of
the image in Figure 8b. b) HiRISE image PSP_001904_1245 showing a portion of the
same ridge in 8a (black outline). The white outline marks the area covered by a DEM
created using HiRISE stereo pair PSP_003816_1245 and PSP_004106_1245 (see Figure
7), and the location of the orthophoto in 8c. This portion of Cleia Dorsum is crosscut by a
secondary ridge that extends to the northeast. c) Orthophoto of PSP_003816_1245. The
white line marks the location of the profile in 8d. d) A profile, derived from the HiRISE
DEM, across a secondary ridge that crosscuts Cleia Dorsum. Large grooves carved into
the secondary ridge are U–shaped.
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Figure 9. Large boulders, some greater than 8 m in scale, are observed in layers and on
ridge surfaces. The boulders tend to be angular in shape and are generally not observed in
the same abundance on the surrounding terrain. a) Close up view of the surface of
Pasithea Dorsum (HiRISE image PSP_003183_1235). b) Close up view of layers in Cleia
Dorsum (HiRISE image PSP_003816_1245). c) Close up view of layers in Pasithea
Dorsum (HiRISE image PSP_007007_1235). Many of the large boulders, particularly
angular ones, appear to be interlocking and eroding out of indurated or cemented layers.
Most likely these are not discrete boulders that were transported, but rather are a lag
forming from fracturing and erosion of indurated layers of smaller, relatively fine-grained
material that was transported and deposited in the ridges. Whether some of the large
boulders may have been transported, perhaps those that are more rounded, is unclear.
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Figure 10. Portions of Argyre sinuous ridges are observed within shallow troughs. a)
HiRISE image PSP_001508_1245 shows a section of Pasithea Dorsum lying within a
trough. b) A profile derived from MOLA PEDR data showing another portion of Pasithea
Dorsum where it occurs within a trough. The location of the profile is indicated with a
white line in the THEMIS daytime IR mosaic (left) [http://jmars.asu.edu].
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Figure 11. Topographic analysis of the Argyre sinuous ridges. a) The locations of the
three ridges used in the topographic analysis are marked in green (Cleia Dorsum), red
(Pasithea Dorsum), and blue (Charis Dorsum) on a THEMIS daytime IR mosaic
[http://jmars.asu.edu]. Multiple cross sectional profiles were derived from MOLA PEDR
tracks along the extent of the three ridges. White lines extending across each of the ridges
in the mosaic indicate the locations of the MOLA tracks used in this analysis. The
direction along each ridge in which the data was plotted in 11b, is indicated by colored
arrows next to the three ridges. b) The elevation of the surrounding surface was averaged
at each profile location in 11a, and plotted as a function of distance along the extent of
each ridge (blue lines). For each of the ridges, the overall elevation at which they occur
varies along trend indicating that the Argyre ridges cross topography. The height of each
ridge was also plotted (red lines), and found to vary along the extent of each ridge. The
vertical exaggeration differs for each plot. c) The change in ridge height between
successive MOLA tracks was plotted against the average slope of the surrounding surface
along the length of each ridge. For slopes greater than 1º, ridge height generally increases
with descending slopes and decreases with ascending slopes. This is a characteristic
observed in terrestrial eskers that is related to flow processes.
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Figure 12: Linear sand dunes and barchan dunes in a crater in the Hellespontus region of
Mars (left: HiRISE image PSP_007676_1385). Wind direction is approximately east to
west. Typical terrestrial linear dunes, as well as typical Martian dunes, are shorter,
thinner, and lower in height than the Argyre ridges and more closely spaced. Subimage
(right): The linear dunes seen here, like most Martian dunes, have ripples superposed on
their surface, do not show layering, and are not lying within troughs.
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Figure 13: A wrinkle ridge in Lunae Planum, Mars (left: HiRISE image
PSP_007614_2005). Wrinkle ridges tend to be slightly lower in sinuosity compared to
the Argyre ridges. Subimage (right): This wrinkle ridge exhibits a smaller, steep hill on
top of a broad arch. This morphology is common for Martian wrinkle ridges but is not
commonly observed in the Argyre ridges. HiRISE images of wrinkle ridges also reveal
that these features vary from the Argyre ridges in their detailed structure and surface
texture, do not contain horizontal layers, and are not typically observed in troughs.
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Figure 14: Terrestrial eskers. a) Aerial view of an esker on the Waterville Plateau, eastern
Washington, USA (photo by V. Baker). b) Variations in layering in a small esker within
the much larger Devil's Track esker complex near Grand Marais, Minnesota, USA (photo
by J. Kargel).
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Hypothesis

Planform Morphology
Patterns and
and
Dimensions
Sinuosity

Horizontal
Bedding

Location
within a
Trough

Sand Dunes
Wrinkle
Ridges
(tectonic
ridges)
Lava Flow
Features
Igneous
Dikes
Lacustrine
Spits and
Barrier
Bars
Glacial
Moraines
and
Crevasse-fill
ridges
Inverted
Fluvial
Channels
Eskers

No
No

Yes
Maybe

No
No

No
No

Cross
Topography,
Increasing Ridge
Height on
Descending
Slopes and
Decreasing
Height on
Ascending
Slopes
Yes
Yes

No

Maybe

Yes

Maybe

Maybe

Maybe

Yes

No

Maybe

Yes

No

Yes

Yes

Maybe

No

Maybe

No

Maybe

Maybe

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Table 1: Summary of analysis. The first column on the left side of the table lists the
different formation hypotheses and the top row of the table lists the characteristics of the
Argyre sinuous ridges discussed in this study. A “yes,” “no,” or “maybe” is used to
indicate which formation mechanisms are consistent with the observed ridge
characteristics. The only formation mechanism consistent with all of the observed ridge
characteristics is the esker hypothesis.

