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Radar observations in the Deuteronilus Mensae region by Mars Reconnaissance Orbiter have constrained
the thickness and dust concentration found within mid-latitude ice deposits, providing an opportunity to
more accurately estimate the rheology of ice responsible for the formation of lobate debris aprons based
on their apparent age of �100 Myr. We developed a numerical model simulating ice flow under martian
conditions using results from ice deformation experiments, theory of ice grain growth based on terrestrial
ice cores, and observational constraints from radar profiles and laser altimetry. By varying the ice grain
size, the ice temperature, the subsurface slope, and the initial ice volume we determine the combination
of parameters that best reproduce the observed LDA lengths and thicknesses over a period of time com-
parable to the apparent ages of LDA surfaces (90–300 Myr). We find that an ice temperature of 205 K, an
ice grain size of 5 mm, and a flat subsurface slope give reasonable ages for many LDAs in the northern
mid-latitudes of Mars. Assuming that the ice grain size is limited by the grain boundary pinning effect
of incorporated dust, these results limit the dust volume concentration to less than 4%. However, assum-
ing all LDAs were emplaced by a single event, we find that there is no single combination of grain size,
temperature, and subsurface slope which can give realistic ages for all LDAs, suggesting that some or
all of these variables are spatially heterogeneous. Based on our model we conclude that the majority
of northern mid-latitude LDAs are composed of clean (64 vol%), coarse (P1 mm) grained ice, but regional
differences in either the amount of dust mixed in with the ice, or in the presence of a basal slope below
the LDA ice must be invoked. Alternatively, the ice temperature and/or timing of ice deposition may vary
significantly between different mid-latitude regions. Either eventuality can be tested with future
observations.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction unit (Mustard et al., 2001), gullies (Malin and Edgett, 2000), and
Lobate Debris Aprons (LDAs) surrounding plateaus, massifs, and
valley walls at mid-latitudes are a present-day reservoir of ice in
the martian near-surface (Holt et al., 2008; Plaut et al., 2009). Since
they were identified in Viking images, LDAs have been interpreted
as ice-related features produced from the viscous flow of a mixture
of debris and ice similar to rock glaciers on Earth (Squyres, 1979;
Carr and Schaber, 1977; Squyres and Carr, 1986; Carr, 1996). How-
ever, the recent findings from the Shallow Radar (ShaRAD) instru-
ment on board Mars Reconnaissance Orbiter suggest LDAs contain
relatively pure ice with thicknesses ranging from 300 to 700 m
(Holt et al., 2008; Plaut et al., 2009). These mid-latitude ice
reservoirs are found in geographic association with other young,
water- and ice-related features such as a mid-latitude mantling
ll rights reserved.
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viscous flow features (Milliken et al., 2001). Examining the past
climate conditions responsible for LDA formation may provide
insight into the formation of these other mid-latitude features
(Head et al., 2010).

Taken together, these late Amazonian (�100 Myr old) features
record a significant episode of widespread hydrologic activity on
Mars. Episodic climate variations resulting from changes in the tilt
of Mars’ rotation axis can potentially redistribute water ice be-
tween the poles and lower latitudes over 105–106 yr timescales
(Laskar et al., 2002; Fanale et al., 1986; Mellon and Jakosky,
1995). The lack of present-day ice accumulation in regions where
LDAs are found suggests that past episodes of climate change are
responsible for forming these massive ice deposits (Madeleine
et al., 2009).

Before data from ShaRAD was available, quantitative study of
LDAs was limited to the analysis of topography and visual data
to determine the rheology of LDA ice based on profile shape (Li
et al., 2005; Mangold and Allemand, 2001; Pierce and Crown,
2003), to determine if sub-surface ice was present at all (Ostrach
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et al., 2008; Kress and Head, 2008) and to constrain the age of LDAs
based on crater counts (Mangold, 2003; Baker et al., 2010). Below
we will argue that the availability of ShaRAD data constraining
both the thickness and dust concentrations of LDAs (Holt et al.,
2008; Plaut et al., 2009), combined with experimental results from
deformation of ice/ice–rock mixtures (Goldsby and Kohlstedt,
2001; Durham et al., 1992; Mangold et al., 2002) and theory of
ice grain growth in the presence of solid particulates (Durand
et al., 2006; Barr and Milkovich, 2008), place additional constraints
on LDA ice rheology based on numerical models of ice flow. In par-
ticular we make use of ShaRAD’s recent observations and LDA age
constraints from crater density measurements to better constrain
the rheological parameters that produce LDA lengths and thick-
nesses that are in agreement with observations.

The rest of the paper is organized as follows: first, we will
address topographic, visual, and radar observations pertaining
to LDAs and how these observations place constraints on the
rheology, age, and evolution of LDAs. Next, in Section 3, we dis-
cuss the rheology of ice and ice–dust mixtures constrained by
recent experimental, theoretical, and observational work, and
how the rheology used in our model differs from previous work.
A description of our model is given in Sections 4 and 5, and re-
sults from our simulations are given in Section 6. Finally, a dis-
cussion of our results and conclusions from this study are given
in Sections 7 and 8.
2. Observations

Debris apron complexes consisting of a single apron or, more
commonly, a laterally extensive mass of multiple, coalesced aprons
derived from a common source are found in several distinct re-
gions on Mars (Pierce and Crown, 2003). In the southern hemi-
sphere, a relatively small population of LDAs are found in the
Argyre basin, and a more abundant population of at least 90 debris
apron complexes are found to the east of Hellas impact basin
(Squyres and Carr, 1986; Squyres et al., 1992; Pierce and Crown,
2003). The region with the highest abundance of LDAs on Mars is
the fretted terrain in the northern mid-latitudes (�40�N) where
at least 191 LDAs can be found (Kochel and Peak, 1984; Crown
et al., 2006). In total, these deposits may contain �105 km3 of ice,
or about 10% of the volume of the northern polar cap (Crown
et al., 2006).

The fretted terrain is a region along the highland–lowland
boundary containing angular mesas separated by flat floored val-
leys (Sharp, 1973). Debris aprons up to 800 m thick and 30 km long
emanate from the 1 to 2 km high scarps surrounding these mesas
(Lucchita, 1984). Studies using Mars Global Surveyor (MGS) data
sets have described the geometry and distribution of aprons as
well as providing spatially averaged crater-age dates and con-
straints on the rheological parameters of the ice (Mangold and
Allemand, 2001; Pierce and Crown, 2003; Li et al., 2005). Mars
Orbiting Laser Altimeter (MOLA) profiles of LDA surfaces show that
they are gently sloping at �1�–4� with distal margins that steepen
to up to 7� (Pierce and Crown, 2003).

The presence of a buried reflector in published radargrams (Holt
et al., 2008; Plaut et al., 2009) suggests deposits of massive ice
�400 m thick have flowed outward from adjacent massifs to form
LDAs. In addition to the ice thickness, the low (<13 dB/ls) one-way
attenuation rate suggests the ice is contaminated by no more than
a few tens of percent dust by volume (Plaut et al., 2009; Heggy
et al., 2007).

Neutron spectroscopy observations by Feldman et al. (2004),
as well as thermal emission observations by Bandfield (2007)
indicate near-surface ice is present poleward of ±50� latitude.
These methods sample the uppermost meter of regolith and
suggests the surface layer of LDAs is ice-poor. A lack of near-sur-
face ice on LDAs, together with a lack of an observed near-sur-
face reflection from radar limits the thickness of an overriding
ice-poor regolith deposit to between �1 and 30 m thick (Boyn-
ton et al., 2002; Feldman et al., 2004; Plaut et al., 2009). Such
a layer is likely sufficient to halt the loss of ice by sublimation
(Jakosky et al., 2005; Chevrier et al., 2007; Bryson et al., 2008).
An additional constraint on the surficial ice-depleted layer is
provided by the change in crater morphology on LDAs in Deuter-
onilus Mensae between crater diameters of �400 and 500 m
(Ostrach et al., 2008) implicating the influence of ice in the cra-
tering process when impactors penetrate to a depth of a few
tens of meters.

A regional crater age dating study covering many LDA surfaces
in Deuteronilus Mensae by Mangold (2003) gave an average age of
several 100 Myr based on the largest (few 100 m) diameter craters.
Other studies suggest younger ages for LDA surfaces, but fall within
the late Amazonian between the last 50 to 300 Myr (Mangold,
2003; Li et al., 2005; Hartmann, 2005; Morgan et al., 2009; Baker
et al., 2010). Mangold (2003) also observed the preferential re-
moval of craters less than 175 m over �10 Myr timescales, perhaps
due to a combination of sublimation pitting, small scale mass
wasting, and dust removal/deposition. A lack of deformed craters
on LDA surfaces may suggest that deformation is slow, or has
stopped at the present time (Carr, 2001).

Due to the small areal extent of individual LDAs, these studies
needed to integrate crater counts over several LDA surfaces in or-
der to generate the good statistics needed to generate an age esti-
mate. Because debris aprons generally form a continuous,
coalesced unit along the perimeters of massifs and plateau mar-
gins, it is reasonable to assume LDAs share a common age. How-
ever, there are some examples of small (�5 km) upland valleys
containing viscous flows that superpose existing LDA surfaces
(Morgan et al., 2009; Baker et al., 2010) suggesting either pro-
longed ice accumulation in valley cold traps (Dickson and Head,
2009), or episodicity in ice deposition.

If LDA ice was deposited during a sustained period of high
obliquity, then scenarios for the martian obliquity history deter-
mined by Laskar et al. (2004) suggest LDAs are most likely older
than 50 Myr, and probably older than 100 Myr based on the likeli-
hood of Mars having an obliquity of 50� or more. There is some evi-
dence for very old (>1 Gyr) LDAs at lower latitudes (25–30�N) that
have since been removed leaving shallow depressions around the
massifs and plateau walls they used to occupy (Hauber et al.,
2008). These features may represent an earlier generation of LDA
formation, or may have formed concurrently with the LDAs we ob-
serve today. To place tighter constraints on their age and evolution,
we must turn to numerical models (see below).

In a study analyzing the topographic profiles of 36 LDAs in
Mareotis Mensae, Deuteronilus Mensae and Protonilus Mensae
(all at northern mid-latitudes), Li et al. (2005) found differences
in the shape of LDA profiles and classified LDAs into types I, II
and III. In the absence of erosion or processes that remove ice
from within LDAs, the shape of LDA topographic profiles is
determined by the rheology of the ice or ice–dust mixture that
make up these deposits. In the classification presented by Li
et al. (2005), which will be referred to later in this paper, type
I most closely matches the convex topographic profile expected
from a simple plastic rheology (n ?1, see next section) and is
most consistent with the presence of ice; type II has a convex
shape, but is less pronounced than type I and type III LDAs have
profiles that are only slightly convex. Li et al. (2005) suggest
that LDAs of type II and III may have different ice concentrations
or sublimation rates than type I LDAs which results in the shape
differences. A further discussion of new observations in regard
to this study is given in Section 7.
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3. Ice rheology

3.1. Previous work

Previous efforts to investigate the evolution of ice-rich deposits
on Mars generally fall within two categories: observation-based
models that attempt to constrain the rheology based on the shape
of topographic profiles of the ice-rich deposit, and experiment-
based models that assume a rheology based on deformation
experiments and/or terrestrial observations of ice flow and use a
time-dependent flow model to constrain other variables such as
the age, temperature, precipitation rate, or dust fraction.

Using the shape of an ice-rich deposit to determine the rheology
assumes that erosion and ice removal processes have not signifi-
cantly influenced the shape of the ice deposit, and that the topog-
raphy data used to constrain the rheology does not sample
convergent or divergent flow. Although Winebrenner et al.
(2008) fit topography from the northern polar layered deposits to
a model that accounts for the aggradation and ablation of ice as
well as flow divergence, prior models applied to LDAs do not ac-
count for these effects (Mangold and Allemand, 2001; Li et al.,
2005; Bourgeois et al., 2008). Comparing model-derived profiles
to observations requires a careful selection of observational data.
This is especially true near the toe of the ice-rich feature where
topography is most sensitive to differences in rheology (see Wine-
brenner et al., 2008, Figs. 6–8), but, unfortunately, the toe is where
slopes are steepest and where modification by mass wasting, sub-
limation, and erosion is most likely.

The alternative method using a time-dependent flow model to
form the observed ice-rich deposit requires that an applicable,
experiment-based ice rheology is used, and that reasonable
assumptions are made regarding the initial and boundary condi-
tions. Also, determining when the simulation is completed requires
a justifiable criterion. The first attempt to model LDAs in this fash-
ion was made by Colaprete and Jakosky (1998) using an ice rheol-
ogy based on Patterson (1994) and Glen’s flow law. Glen (1955)
used laboratory experiments on (260–273 K) ice to derive a flow
law in which the strain rate of ice is proportional to the stress
raised to the third power (n = 3). The model developed by Colapr-
ete and Jakosky (1998) accounted for the viscous effect of incorpo-
rated dust and also considered the accumulation of ice from
precipitation. They assumed a flow distance of 5 km represented
the distance LDA and lineated valley fill deposits had advanced,
but the model was only run for a maximum of 2 Myr – assuming
that these were very young features. This assumption is not sup-
ported by more recent crater counts (see Section 2). Colaprete
and Jakosky (1998) suggested that these ice deposits were likely
formed by clean (less than 20% volume fraction dust) ice, but at
the time of this study there were no independent constraints on
the dust content nor on the basal slope (which they assumed
was 0.2�). In general, endeavors to model the time-dependent flow
of LDAs have attempted to place constraints on the ice tempera-
ture, precipitation rate, timescale, ice content, and/or ice rheology
needed for LDA formation. However, in order to constrain one of
these parameters these studies had to make assumptions about
the remaining, unconstrained parameters in addition to assuming
a particular subsurface geometry. Recent observations (such as
from ShaRAD (Plaut et al., 2009; Holt et al., 2008)) and discoveries
regarding the climate history of Mars (such as the recent obliquity
history (Laskar et al., 2002)) have led to better constraints on many
of these parameters.

These findings prompted Fastook et al. (2008) to go a step fur-
ther and use climate model-predicted precipitation rates from dif-
ferent obliquity histories together with an ice flow model including
observed martian topography to constrain the climate history that
best reproduced the relict ice flow features on the Tharsis Montes.
However, this model (and many others) uses Glen’s flow law to
model ice flow rather than using a rheology consistent with more
recent ice and ice–dust mixture deformation experiments (Goldsby
and Kohlstedt, 2001; Durham et al., 1992; Mangold et al., 2002).
Although implementing this more complex ice rheology in a
numerical model introduces more variables, such as the grain size
of the ice, simplifications regarding deforming ice in the presence
of dust can be made (Barr and Milkovich, 2008; Kieffer, 1990) to
make numerical models of martian ice deposits more realistic
without introducing more uncertainty. Models implementing a
more complex rheology for ice and ice–dust mixtures have already
been developed and applied to the martian polar layered deposits
(Pathare et al., 2005) and the shells/mantles of icy satellites (Barr
et al., 2004; Barr and McKinnon, 2007); here we extend these types
of models to LDAs.

Deciding what ice rheology to prescribe in our model is a chal-
lenge because ice rheology constraints from laboratory experi-
ments depends on the temperature, grain size, applied stress, and
dust content of the ice sample. The deformation rate of ice is
unreasonably slow for experimental study at grain sizes >1 mm
and at temperatures relevant to Mars (<250 K). Therefore, experi-
ments must either be conducted at higher temperatures, or use
smaller grain sizes and then be extrapolated. Fundamental changes
in the deformation behavior of polycrystalline ice at temperatures
in excess of 255 K (due to premelting at the ice grain boundaries
(Dash et al., 1995)) makes extrapolations in grain size, rather than
temperature, the most reasonable choice. Therefore, the ice rheol-
ogy which is described in the following section relies on experi-
mental results which have used ice grain sizes ranging from 3 to
90 lm (Goldsby and Kohlstedt, 1997) and have been extrapolated
to �1 mm grain sizes.

3.2. Our approach

An applied differential stress associated with ice thickness vari-
ations and/or the presence of a basal slope drives the flow of ice at
a rate that depends on the ice grain size(s), temperature, and the
magnitude of the applied differential stress. First, the differential
stress (s) and strain rate ( _�) in the interior of an ice sheet of thick-
ness h are:

sðzÞ ¼ qgðh� zÞ @h
@x
þ sin h

� �
ð1Þ

2 _� ¼ @v
@z
¼ 2Asnd�p ð2Þ

where v is velocity in the x direction, n is the stress exponent, d is
the ice grain size, q is the ice (or ice–dust mixture) density, g is
gravity, and h is the basal slope. The quantities z and x are the
slope-perpendicular and downslope coordinate directions, respec-
tively, and z = 0 at the base of the ice. The dependence of strain rate
on the applied stress and grain size through the values of n and p is
a function of the creep regime. A is a temperature- and dust frac-
tion-dependent flow parameter defined below.

As discussed in Goldsby and Kohlstedt (2001), polycrystalline
ice can deform via diffusion, grain size sensitive (GSS), or disloca-
tion creep depending on the applied stress and the ice grain size.
The total strain rate is calculated by combining the strain rates
from these three contributing mechanisms (Goldsby and Kohl-
stedt, 2001, Eq. (3)). Because a single deformation mechanism is
generally dominant at any particular combination of stress and
grain size, we explore different ice rheologies by using a value of
either n = 2 or n = 4 depending on the process that controls the
ice grain size (grain boundary pinning or dynamic recrystallization,
respectively, see Sections 3.3 and 3.4). The creep rate in the GSS



Fig. 1. Ice viscosity g ¼ s= _� versus differential stress s using the composite flow law
from Goldsby and Kohlstedt (2001) (thick curving dotted, dashed, and solid lines)
and our model approximation (thin dotted, dashed, and solid lines) for the indicated
temperatures and grain sizes. In our pure ice simulations we use a rheology
indicated by the line labeled ‘‘dynamic recrystallization’’ (Barr and Milkovich, 2008)
in which grain size ranges from 50 mm at s = 10 kPa to 1.3 mm at s = 100 kPa. The
shaded region corresponds to the range of differential stress experienced at the base
of an ice sheet 500 m thick in our simulations.

Table 1
Definitions and measured or theoretical values (or range of values) for parameters
used in the numerical simulations.

Description Symbol Disl. value (s) GSS creep value (s)

Activation energya Q 60 kJ mol�1 49 kJ mol�1

Flow coefficientb A0 4 � 10�19 Pa�4 s�1 5 � 10�15 Pa�2 s�1

Stress exponentb n 4 2
Grain size d 1.3–50 mm 0.25–5 mm
Grain size exp.b p 0 1.4
Dust fraction / �0.03% 0.03–4%e

Dust frac. coeff.c b 2.9
Density of creep layer q 0.90 g cm�3 0.90–0.94 g cm�3

Density of solid
particlesd

qs 3.0 g cm�3

Dust particle sized rd 100 lm (1 lm for d = 0.25)
Slope h 0.1�
Gravity g 3.7 m s�2

a Goldsby and Kohlstedt (1997).
b Goldsby and Kohlstedt (2001).
c E.g. Mangold et al. (2002).
d Barr and Milkovich (2008).
e This study; assuming rd = 1 lm for d = 0.25 and rd = 100 lm for other grain

sizes.
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regime (n = 2) depends on ice grain size (d) with an exponential of
p = 1.4, whereas deformation via dislocation creep (n = 4) is grain
size independent (p = 0) (Goldsby and Kohlstedt, 2001). The equa-
tion for the rheological parameter, A, is

Ai ¼ A0ie
�Qi
RT �/b
� �

ð3Þ

where i = disl, gss denotes the coefficient for dislocation creep and
grain size sensitive (GSS) creep, respectively, and A0 is the tempera-
ture independent flow parameter. A0 is equal to 4 � 10�19 Pa�4 s�1

(Goldsby and Kohlstedt, 2001) and 5 � 10�15 Pa�2 s�1 (fitted to
Goldsby and Kohlstedt, 2001, see Fig. 1) for dislocation and GSS
creep, respectively. Q is the activation energy, T is the ice tempera-
ture, / is the dust volume fraction, and b = 2.9 is a constant
(Goughnour and Andersland, 1968; Durham et al., 1992; Mangold
et al., 2002) at / < 55% where the rheology of the dust–ice mixture
is not dominated by interactions between dust particles (Durham
et al., 1992). The values or range of values for these parameters
are listed in Table 1.

3.3. Constraining the ice grain size

Ice deformation via GSS creep is grain size dependent, and we
must therefore attempt to constrain the ice grain size in order to
determine the ice rheology. Deformation via dislocation creep is
grain size independent, but only dominates ice deformation under
high differential stress (>1 MPa) at temperatures relevant to Mars.
To better constrain the ice rheology, we invoke two processes that
limit the ice grain size: deformation-driven dynamic recrystalliza-
tion and grain boundary pinning by incorporated dust grains.
Dynamic recrystallization provides an upper limit on the ice grain
size within LDAs, whereas grain boundary pinning may better rep-
resent ice grain sizes in dusty ice deposits (Durand et al., 2006).

3.4. Dynamic recrystallization and GSS creep

A deforming, extremely clean ice deposit reaches a steady-state
grain size when the rate of ice grain growth from grain boundary
diffusion is equal to the grain-disruption rate resulting from
dislocation creep deformation (DeBresser et al., 1998; Barr and
Milkovich, 2008). Therefore, the equilibrium ice grain size for dy-
namic recrystallization is the grain size at which the strain rate
from grain boundary diffusion creep is equal to the strain rate from
dislocation creep. This dynamic recrystallization grain size is inver-
sely proportional to the applied differential stress, resulting in a
range of ice grain sizes that vary with the differential stress within
an ice deposit. In the case where the ice is extremely clean, the to-
tal strain rate _� ¼ _�disl þ _�diff ¼ 2 _�disl and the grain size will range
from a value of 50 mm at s = 10 kPa to 1.3 mm at s = 100 kPa.

The various ice rheologies used in our model are illustrated in
Fig. 1 where the differential stress (s) is plotted against effective
viscosity ðg ¼ s= _�Þ using Eqs. (2) and (3). The thick solid, dashed,
and dotted lines give the ice rheology for the indicated ice temper-
ature and ice grain size based on the composite flow law of
Goldsby and Kohlstedt (2001). These experiments characterize
ice deformation via a composite flow law consisting of contribu-
tions from diffusional flow, GSS creep, and dislocation creep. The
slope of these lines changes at high stress due to a change in the
dominant deformation mechanism from GSS creep to dislocation
creep. The unlabeled thin lines represent our model approximation
to these rheologies at stresses relevant to �500 m thick ice sheets
(shaded region) of between 10 and 100 kPa using Eq. (2) with n = 2.
Except for the 0.25 mm, 205 K case, these thin lines give a good
approximation to the composite flow law of Goldsby and Kohlstedt
(2001) because GSS creep is the dominant creep mechanism at
stresses relevant to LDAs on Mars. The dislocation creep rheology
(n = 4) sustained by dynamic recrystallization at low (<100 kPa)
stress requires extremely clean ice, and follows the line labeled
‘‘dynamic recrystallization.’’ Note that the slope of these lines in
log-space is given by 1 � n because we are plotting g instead of _�
versus stress.

Within the GSS creep deformation regime, we use three differ-
ent rheologies based on ice grain sizes of 5, 1, and 0.25 mm (Fig. 1).
A discussion of the grain boundary pinning effect of incorporated
dust grains and the concentration/sizes of dust grains necessary
to produce ice grains of this size will be presented in Section 7.2.
4. Model

We developed an ice flow model simulating changes in ice
thickness, h, as ice flows outward over a flat or sloping surface.



250 R.A. Parsons et al. / Icarus 214 (2011) 246–257
Our approach is based on Nimmo and Stevenson (2001) who de-
scribe the viscous flow of a non-Newtonian fluid driven by pres-
sure gradients associated with thickness variations. We modify
their work by making some simplifying assumptions described be-
low. The derivation that follows is similar to previous ice flow
models by, for example, Colaprete and Jakosky (1998), Mahaney
et al. (2007), Pathare et al. (2005), and Patterson (1994).

Combining Eqs. (1) and (2) and integrating in the z-direction
gives the depth-dependent velocity of ice as it flows outward in
the x-direction:

vðzÞ ¼ 2A gq
@h
@x
þ sin h

� �� �n Z h

0
ðh� zÞn dz ð4Þ

where the constant of integration is determined assuming that
there is no basal slip (v = 0 at z = 0). To insure mass conservation,
we utilize the 2D, Cartesian continuity equation:

@h
@t
¼ � @

@x

Z h

0
v dz ð5Þ

Finally, combining Eqs. (2)–(5) gives the rate of change in ice thick-
ness for both GSS creep (n = 2) and dynamic recrystallization-sus-
tained dislocation creep (n = 4) deformation regimes:

@h
@t n¼2

¼ 1
2

A0gssd
�pq2g2 @

@x
h4 @h

@x
þ sin h

� �2
" #

e
�Q
RT�b/ ð6aÞ

@h
@t n¼4

¼ 2
3

A0dislq
4g4 @

@x
h6 @h

@x
þ sin h

� �4
" #

e
�Q
RT�b/ ð6bÞ

In our model we assume that T and / (and therefore q) are spa-
tially homogeneous and are taken out of the derivative with re-
spect to x whereas h and the local slope are kept inside. The
simplifying assumption of a laterally and vertically constant tem-
perature is appropriate because we are most concerned with the
basal portion of the LDA deposit where most of the deformation
takes place, and a thermal conduction temperature profile will re-
sult in little temperature variation over this basal layer. For the
purposes of this paper, our model assumes T is also constant over
time in order to constrain the average temperature over the life-
time of LDAs (�300 Myr) that results in LDA profile dimensions
consistent with the observations. Table 1 lists the values (or range
of values) we use in our simulations for the parameters above.

5. Numerical scheme

Our one-dimensional model simulates changes in ice thickness
(h) of an assumed initial ice deposit using Eqs. (6a) and (6b) as ice
flows outward over a flat or sloping surface assuming no ice accu-
mulation or loss. The model domain consists of 350 discrete ele-
ments, each 100 m in length. The thick portion of the initial ice
deposit starts at the right-most end of the profile, and the horizon-
tal velocity is set to zero at both the right and left boundaries to
prevent flow in or out of the domain. As previously mentioned,
the horizontal velocity at the base of the ice is also set to zero
(no basal sliding). We incorporate a variable time-step calculated
using the Courant criterion to insure that fast flow (thick ice) is
associated with a short time step, but the time step is allowed to
increase as the ice deposit thins and flow velocities decrease. The
shape of the initial profile is given by a monomial of the form
h = ax01/4, where x0 is the distance from the toe of the initial ice
sheet, and a ¼ 1000

l1=4 , where l is the length of the initial LDA in meters.
This initial shape is more realistic for ice flow than some other
arbitrary geometry (i.e. rectangle or triangle), and it reduces com-
putation time by minimizing the high flow rates that can result
from the relaxation of large gradients or thicknesses. Because the
shape evolves towards a similarity solution, initial profile shapes
will become more similar over time as flow takes place (Huppert,
1982), so our initial profile choice will not influence our results
(see Section 6).

Our simulations are based on five assumed initial ice deposits
with different total ice volumes, although the initial maximum
thickness is set equal to 1 km for all cases based on the estimated
ice sheet thickness during regional glaciation in the Amazonian
(Dickson et al., 2008, 2010). The initial length of the ice sheet
was l = 1, 2.5, 5, 7.5, or 10 km for the five cases. These initial
lengths correspond to a total cross sectional area of: 0.83, 2.0,
4.0, 6.0, and 8.0 � 106 m2 when these deposits overlie a flat surface.
For simulations over a 1� sloping surface, rather than change the
profile shape of the initial deposits, we decrease the total volume
of ice by removing the 1� wedge occupied by the sloping ground
surface from the bottom portion of the initial deposit resulting in
total areas of: 0.82, 1.95, 3.8, 5.5, and 7.1 � 106 m2 for the five ini-
tial lengths given above.

For each of the five initial ice thickness profiles, we ran 24 sim-
ulations. The ice grain size was assigned values of 0.25, 1, or 5 mm
for the GSS creep simulations, and a separate run for the disloca-
tion creep rheology simulated flow of an ice deposit containing a
distribution of ice grain sizes ranging from <1.3 to 50 mm as deter-
mined by dynamic recrystallization. Temperatures of 195, 205, and
215 K were used based on the current, 205 K, mean annual surface
temperature at 40� latitude (Mellon et al., 2004), and the modeled
variations from 205 and 195 K over the past 5 Myr (Schorghofer,
2008). The 215 K temperature case assumes a sustained period of
elevated temperatures prior to the 5 Myr period modeled by Scho-
rghofer (2008). The final variable was the basal slope, which was
either 0� or 1�. By running simulations with different combinations
of ice temperatures, dust volume fractions and slope we can deter-
mine the values for these parameters that produce LDAs that most
closely match the observed length, thickness and age. Due to the
non-linear dependence of g on T, the warmest periods are likely
to have controlled the flow timescale of LDAs over the past
�100 Myr. Therefore, the temperature used in the simulations that
best reproduce the observed LDA length, thickness, and age will re-
flect the warmest periods in recent martian history.
6. Results

Fig. 2 illustrates the effect of different model parameters on the
ice flow rate in the GSS creep regime. Fig. 2a shows a 1 Gyr simu-
lation of ice flow for an initial ice deposit 5 km long using an ice
temperature of 205 K and d = 5 mm. The initial profile is shown
by the thick, solid line and the thin, solid lines indicate the topo-
graphic profiles at 200 Myr time intervals. A MOLA profile of an
LDA at 38.6�N, 24.3�E (dashed line) is shown for comparison. Sha-
RAD data at this location suggests that this particular LDA lies on a
flat surface (Plaut et al., 2009).

In our simulations, flow is initially fast due to the large ice
thickness, but significantly slows as the ice sheet thins, due to
the increase in viscosity at lower differential stress (see Fig. 1).
Panel b of Fig. 2 is identical to part a, except we have only plotted
the end-state of the simulation, and have included the final profiles
for simulations with ice temperatures of 195 and 215 K to illustrate
the effect of temperature on the ice run-out distance. As expected,
lower temperatures result in higher viscosities and a reduction in
the flow rate whereas higher temperatures result in an accelerated
flow rate. Part c gives results for a simulation with a grain size of
1 mm with an initial deposit that is 10 km long. Note that the sim-
ulation time is now 100 Myr, and flow occurs �10 times as fast as
the 5 mm grain size simulation shown in part a (see Eq. (2)). For
comparison, the dashed line represents MOLA data from 42.0�N,
18.4�E – a location where ShaRAD data indicates the presence of



Fig. 2. (a) An example of a 1 Gyr simulation of ice flow for an initial ice deposit length of 5 km (thick line) using the indicated ice temperature, basal slope, and grain size for a
GSS creep (n = 2) rheology. The thin, solid lines indicate the topographic profiles at 200 Myr time intervals. Dashed line is MOLA profiles for LDA #24.5 at 38.6�N, 24.2�E. (b) is
the same as (a) plotting only the final profiles for simulations using the indicated temperatures. (c) Results from a more massive initial ice deposit are compared to a MOLA
profile (dashed line) for LDA #15 at 42.0�N, 18.4�E. (d) is same as (c) for a 7.5 km long initial ice deposit flowing over a sloping surface.
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a basal slope below the LDA of about 0.5� (Fig. 1 in Plaut et al.
(2009) after migrating time to depth).

Lastly, model profiles from a 7.5 km long initial ice deposit last-
ing 1 Gyr using d = 5 mm and a slope of 1� are shown in part d. The
presence of a basal slope in this simulation produces model profile
shapes more similar to the shape of the MOLA profile (dashed line)
than simulations over a flat surface shown in part c.

We tested whether the shape of our assumed initial profile had
any influence on the results by running simulations with same ice
volume, but with different initial profile shapes. We tested a rect-
angular initial profile with the same initial length as our monomial
profile, but with a thickness that gave the appropriate ice volume
(800 m for the 10 km long initial profile). We also tested a triangu-
lar initial profile with an initial length 50% longer than the mono-
mial case, and a height that gave the appropriate ice volume
(1070 m high and 15 km long for the 10 km long monomial pro-
file). Simulations of the shape of the ice deposit using the rectangu-
lar and triangular initial profiles matched that of the monomial
case after 1 Myr and 5 Myr, respectively, for flow at 205 K and
d = 1 mm. Compared to the timescales relevant for this study
(�100 Myr), these short response times indicate that our results
will not be influenced by our assumption of the initial profile shape
(as expected from the similarity solution argument).

We ran simulations involving the upslope flow of ice over a 1�
surface in consideration of prior episodes of upslope ice flow seen
by Dickson et al. (2008, 2010). However, these simulations resulted
in the proximal portions of LDA profiles being nearly horizontal
while the distal portions were very steep. Since these simulations
produced LDA profiles that did not match any observed profiles,
we did not continue to simulate upslope flow, as it does not seem
to apply to martian LDAs.
LDA thickness and length observations from Li et al. (2005) are
shown in Fig. 3 by the circles and stars. The filled circles represent
LDAs with the most convex topographic profiles (type I in Li et al.
(2005)). The MOLA profile shown in Fig. 2a and b (indicated by the
hexagram in Fig. 3) has a slightly convex, topographic profile and
falls under the type II classification as defined by Li et al. (2005).
The MOLA profile shown in Fig. 2c and d falls under the same, type
II, classification and corresponds to the right-most star in Fig. 3. The
open circles in Fig. 3a–d are LDAs of type II or III (even more linear in
shape). These less convex LDAs were interpreted by Li et al. (2005)
as evidence for the loss of interstitial ice to sublimation, although
the existence of a sloping substrate may also explain the shape of
some LDAs on Mars (see Figs. 2d and 3). The hexagram and starred
points are LDAs whose topographic profiles are given in Fig. 2a, b
and c, d, respectively, and represent locations where ShaRAD data
has constrained the subsurface slope (Plaut et al., 2009).

The 36 thickness and length measurements from LDAs in the Li
et al. (2005) study used MOLA tracks that were not always parallel
to the flow direction, or were locations where LDA flow is either
convergent or divergent. Although these measurements were suf-
ficient for their study, the locations of some of these observations
may not be consistent with the assumed Cartesian flow geometry
used in our simulations. Nonetheless, we make use the data set
from Li et al. (2005) to make comparisons with our model because
the thickness measurements are accurate and the apparent LDA
length measurements made along MOLA tracks in Li et al. (2005)
are <30% longer than the true length.

Lines showing how the ice sheet thickness and length evolves
with time for the five different initial ice deposits are overlain on
the observations in Fig. 3a–d. Four of the 24 sets of simulations
are shown in Fig. 3a–d, illustrating the variation in the ice flow



Fig. 3. (a) Time-varying ice sheet thicknesses (vertical drop) and lengths for five different initial ice deposits (solid lines) using the indicated model parameters overlain on
LDA observations from Li et al. (2005) of convex (filled circles) and more linear (open circles) topographic profiles. Time contours are plotted on top of the simulations (dashed
lines). The starred points indicate locations where ShaRAD data has constrained the basal slope with the hexagram representing a measurement made in this study. (b) is
same as (a) using d = 0.25 mm, (c) is same as (a) using T = 215 K, and (d) is same as (a) except that flow occurs over a 1� sloping surface.
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timescale with regard to ice grain size, temperature, and slope. Our
reference simulation using T = 205 K, d = 5 mm on a flat slope is
shown in Fig. 3a. Results of simulations using clean ice are not
shown because the very high viscosity (Fig. 1) results in an unreal-
istically long timescale (>4 Gyr) for LDA formation. All the simula-
tions shown in Fig. 3 have a large initial ice flow velocity resulting
in a rapid decrease in ice thickness as indicated by the steeply slop-
ing solid lines at the top of each plot. Eventually the velocity slows
as the ice deposits thin and lengthen resulting in the slightly
curved trajectories given by the solid lines. Time contours are plot-
ted as dashed lines. In Fig. 3a–c, the slope of these time contours
roughly trend with the length and thickness observations made
by Li et al. (2005) despite errors in measuring LDA length and com-
plications from divergent and convergent flow. The fact that LDA
thickness and length are positively correlated with a slope compa-
rable to the model’s time contours indicates that these LDAs share
a similar time of formation.

In the simulations where flow occurs over a surface with a 1�
slope (Fig. 3d), the vertical drop along the length of the LDA de-
creases less rapidly over time, and actually begins to increase again
for larger initial ice deposits. Although the ice deposit is still thin-
ning as it flows downslope, the change in elevation acquired from
progressing further down the sloping surface compensates (and
begins to overcome) the thinning effect for the larger initial ice
deposits. This effect results in a more tightly curving trajectory
shown by the solid lines in Fig. 3d. The time contours in Fig. 3d give
predicted ages for the thickest LDAs that are more consistent with
the 90 to �300 Myr crater age-dating estimates by Baker et al.
(2010) and Mangold (2003). If we assume these crater age-dates
are accurate, then our model predicts the presence of a basal slope
below the thickest LDAs in the survey by Li et al. (2005) – a predic-
tion confirmed by ShaRAD for the two starred points in Fig. 3 based
on published radargrams (Plaut et al., 2009).

Using plots like Fig. 3a–d, we can determine the model-
predicted age of the aprons assuming a particular ice temperature,
grain size, and slope. Our set of initial conditions allow us to repro-
duce most of the LDA observations, but some LDAs are too long/
thick or too short/thin to be reproduced by our simulations. In
these cases, we have extrapolated the time contours beyond the
size range bounded by our simulations in order to determine the
age of these deposits. Plots of these predicted ages for 37 LDAs
using the dynamic recrystallization model, and the GSS creep mod-
el for d = 5, 1, and d = 0.25 mm for ice at different temperatures and
basal slopes are shown in Fig. 4a, b, c, and d, respectively.

These northern, mid-latitude LDAs are divided into regional
groups by the solid vertical lines (covering the longitude range
indicated at the top of the figure) and the LDA # corresponds to
the designation given by Li et al. (2005). We have included our
additional measurement at LDA number 24.5 based on the location
of adjacent measurements in Li et al. (2005). The lower-most MOLA
profile shown in Fig. 2 corresponds to this additional measure-
ment. The LDAs labeled with an arrow (# 15, 16, and 24.5) are loca-
tions where the ShaRAD radar instrument has constrained the
basal slope as indicated in the parenthesis (see Section 7.1). The
color-coded symbols located at LDA #0 give the median ages for
each set of simulations with the ‘x’ indicating the median age for
the 205 K, 1� simulations.

The predicted age for a given LDA changes by a factor of about
4 for the clean ice simulations on a flat surface when the
temperature changes from 215 to 205 K, and again from 205 to



Fig. 4. (a) Model-derived ages of individual LDAs (numbering scheme is from Li et al. (2005)) using the indicated ice temperature and assuming the LDA rheology is governed
by dynamic recrystallization of ice grains. The color-coded points at LDA #0 give the median ages for each set of simulation parameters (‘x’ corresponds to the 1� slope
simulations). LDA observations by Li et al. (2005) were made between 35 and 50�N latitude and over the range in longitudes indicated at the top of the figure. The shaded
region gives the range in LDA age determined from crater counts (Baker et al., 2010; Mangold, 2003). The arrows highlight locations where the basal slope has been
determined by ShaRAD observations (Plaut et al., 2009). Panels (b), (c), and (d) are the same as (a) for simulations using the indicated values for d using a GSS creep rheology
for ice.
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195 K. Also, the model-predicted ages decrease by roughly an order
of magnitude when the ice grain size changes from the dynamic
recrystallization simulations to simulations with d = 5 mm, from
5 mm to 1 mm, and again from 1 mm to 0.25 mm as expected from
Eq. (2).

Of the different rheologies we implement, GSS creep with a
grain size of either 5 mm or 1 mm (Fig. 4b and c) produce LDAs
with ages most consistent with the crater density measurements,
whereas dislocation creep and GSS creep with d = 0.25 mm rheolo-
gies tend to over- and under-predict, respectively, the crater age
dates (we discuss this more below). For a given ice temperature
and slope, the model-predicted age varies by 4 orders of magnitude
for the clean ice (dynamic recrystallization) simulations, and by 2
orders of magnitude for the GSS creep simulations for the different
LDAs included in this study. This large discrepancy in age between
different LDAs is not in agreement with crater age date estimates
that suggest LDAs are between 90 and few hundred Myr old (Baker
et al., 2010; Mangold, 2003) (shaded region in Fig. 4). Therefore, we
suggest that no single basal slope-ice temperature combination
can give an appropriate age for all LDAs, and that regional climate,
local topography, and/or LDA rheology (e.g. ice grain size) must
vary between different LDAs in order to give ages that are more
in agreement with one another. Based on the results shown in
Figs. 2 and 3, the presence of a basal slope may provide the sim-
plest explanation for both the age and shape discrepancies among
LDAs. Alternatively, different LDAs could be of different ages – we
discuss these issues further below.
7. Discussion

As mentioned previously, our numerical model of ice flow relies
on two major assumptions: (1) the ice grain size and temperature
in the basal portion of the ice sheet (where the majority of defor-
mation occurs) is spatially and temporally homogeneous, and (2)
the size of the ice grains within LDAs is controlled by either dy-
namic recrystallization for clean ice or by grain boundary pinning
due to the presence of dust. We assume a constant basal ice tem-
perature because, although obliquity variations are likely to drive
temperature changes at the equatorial and polar regions, obliq-
uity-induced, mid-latitude temperature variations are subtle be-
cause the annually averaged insolation at mid-latitudes is nearly
independent of obliquity (Schorghofer, 2008; Mellon and Jakosky,
1995).

In Eq. (2), the two assumptions mentioned above give values of
n = 2 and n = 4 for GSS creep in the presence of dust and dislocation
creep of clean ice, respectively. However, the value of n for ice in
mid-latitude deposits on Mars is a matter of some debate. Compar-
ison of theoretical topographic profiles of ice flow with MOLA topo-
graphic profiles of LDAs in the Deuteronilus Mensae region by
Mangold and Allemand (2001) and Li et al. (2005) suggest that
LDAs deform according to simple plastic rheology (n ?1 with
no basal sliding and a yield stress of 0.6–1.3 bar (Squyres, 1978)).
However, this conclusion does not agree with ice deformation
experiments by, e.g., Goldsby and Kohlstedt (2001) which would
generate a profiles like those given by our simulations.
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In our view, it is likely that the �20� ice flow fronts seen in our
simulations would be modified by mass wasting and/or sublima-
tion during ice flow to produce shapes more similar to the ob-
served LDA profiles. Therefore, instead of relying on the
(potentially modified) shape of LDAs to constrain the rheology of
these deposits, we assume an ice rheology more consistent with
experimental results.

Before the recent discovery of ice deformation via grain bound-
ary sliding and basal slip (Goldsby and Kohlstedt, 2001) experi-
mental work suggested that ice should deform via diffusion
creep (n = 1) under martian stresses and temperatures (Duval
et al., 1983). However, a n = 1 rheology would require buried ice
within LDAs to have a grain size of 10 lm or less – otherwise
power law creep would be predicted to occur (Russell-Head and
Budd, 1979; Durham et al., 1992; Goldsby and Kohlstedt, 2001).
Even if the ice consisted of 10 lm grains, as long as the dust vol-
ume concentration is <30% as suggested by Plaut et al. (2009),
the viscosity would be �1014 Pa s (based on Goldsby and Kohlstedt
(2001)) and would flow very rapidly over 100 kyr timescales.

Our model implicitly assumes that LDAs should still be actively
flowing at a rate of �10 m Myr�1. A lack of deformed craters has
been proposed as evidence against LDAs flowing at the present-
day (Carr, 2001), but a special set of circumstances must take place
in order for a superposed crater to be deformed on an LDA. First,
the crater must be large relative to the underlying LDA in order
to span parts of the LDA with different ice thicknesses such that
the flow velocity changes between different parts of the crater.
Secondly, in order to maximize deformation, the crater should
form soon after LDA formation because flow will significantly slow
as the ice deposit thins (Eqs. (6a) and (6b)). Finally, the crater
should remain relatively fresh so that recognition of its modified
character is possible. Given the paucity of large craters found on
LDAs and considering the degree to which they have been resur-
faced, one might not expect to find or identify deformed craters
on LDAs, even if the latter are presently flowing.
7.1. Spatial variations in basal slope and ice rheology

Based on our simulations we can reach one of two possible con-
clusions: either LDAs are all composed of ice with similar temper-
ature, grain size, and basal slope, but differ in their time of
formation, or LDA’s share a common time of formation, but are
composed of ice with different rheologies, or have different basal
slopes.

Focusing on the median ages derived from our model, d = 5 mm
grain size, 205 K ice flowing on a flat surface gives the most reason-
able results. However, assuming that mid-latitude LDAs in the
northern hemisphere of Mars are all composed of ice with
d = 5 mm at 205 K flowing over a flat surface (Fig. 4b) would re-
quire a large range in age – from 10 Myr to more than 1 Gyr. The
morphology of LDAs and stratigraphic relationships indicate that
LDAs share a similar age (Morgan et al., 2009; Baker et al., 2010),
so rather than assume that a particular basal slope and ice temper-
ature is appropriate for all LDAs, we should consider the influence
of local topography and regional climate in determining the age of
a given ice deposit.

Some evidence for variations in basal slope are evident in Sha-
RAD data corresponding to LDA numbers 16 and 24.5 (Plaut et al.,
2009). LDA # 24.5 has a flat basal surface if a dielectric constant
appropriate for clean ice (3.3) is used to migrate the subsurface sig-
nal. However, if the same dielectric constant is applied to the
reflection from LDA #16, the migrated signal has a regional slope
of about 0.5�. Note that the predicted ages for LDA #16 at 205 K
on a 1� slope (dashed line) and LDA #24.5 at 205 K on a flat surface
(line marked with +) provide consistent values of �108 yr, but
assuming the slope and temperatures are the same at both loca-
tions would give predicted ages that differ by about a factor of 5.

Alternatively, differences in LDA rheology, such as differing ice
grain sizes, could give LDA ages that are more consistent with
one another. Incorporating differing amounts of dust in LDA ice
could result in different ice grain sizes because the pinning of ice
grain boundaries by dust depends on the dust concentration. We
discuss this issue further below.

7.2. Grain boundary pinning

Under martian polar conditions, polycrystalline water ice grains
will grow over time in order to lower the free energy at the grain
boundaries in a process known as sintering – reaching at least
200 lm in the upper meter of the northern polar ice cap based
on modeling by Kieffer (1990). However, if solid particulates are
dispersed within the polycrystalline ice, further migration of a
grain boundary is hindered when it intersects the location of a dust
grain (Alley et al., 1986). Although the presence of clathrates or
bubbles may also impede ice grain growth (Durand et al., 2006),
we assume that dust grains are primarily responsible for pinning
the grain boundaries of polycrystalline ice. This grain boundary
pinning effect of incorporated dust limits the ice grain size (d) to
a value of

d ¼ 40 lm
rd

1 lm

� �
1%

/

� �1
2

ð7Þ

where rd is the dust particle radius and / is the dust volume fraction
(Poirier, 1985; modified from Barr and Milkovich, 2008). The grain
sizes predicted by Eq. (7) are very similar to ice grain sizes in the
dustiest portions of ice cores from Greenland and Antarctica (Thor-
steinsson et al., 1997; Delmonte et al., 2004), but Eq. (7) is only true
for a single specified dust grain size. In these cores, an observed dust
grain radius of between rd = 0.5 lm (Durand et al., 2006) and
rd = 1.5 lm (Ruth et al., 2003) at concentrations of �5 mg kg�1 by
mass (0.0002% by volume) (Durand et al., 2006; Ruth et al., 2003;
Steffensen, 1997) are associated with ice grains 3 mm in diameter
(Durand et al., 2006). Eq. (7) predicts ice grain sizes of 1.4 and
4.2 mm for rd = 0.5, 1.5 lm, respectively. Note that the ice grain size
limited by grain boundary pinning is proportional to the size of the
incorporated dust grains (Eq. (7)) because, for a given volume frac-
tion of dust, the concentration of particles decreases with increasing
particle size.

In order to determine the appropriate dust grain size for Mars
we rely on infrared spectroscopy and in situ measurements from
lander/rover missions. LDAs in the northern hemisphere of Mars
lie within a region of high thermal inertia (90–320 J m�2 K�1 s�1/

2) and moderate albedo (0.2–0.26) suggesting the surface is com-
prised of a duricrust with some sand, rocks and bedrock (Mellon
et al., 2008). Although LDAs are found in high thermal inertia re-
gions, the surfaces themselves have an anomalously low thermal
inertia compared to their surroundings. A thermophysical unit
similar to LDA surfaces was studied by the Phoenix Lander where
grain size measurements using microscopic imaging of soils found
the dust grain size distribution has two peaks: one at �100 lm,
and another at <10 lm (Goetz et al., 2010). Atmospheric observa-
tions by Mars lander missions (Pollack et al., 1995; Tomasko
et al., 1999; Lemmon et al., 2004) suggest dust particles entrained
in the martian atmosphere have a radius of 1 lm, although sand-
sized particles (�200 lm) deposited by winds have been observed
on the decks of the MER rovers (Goetz et al., 2010). We assume a
large dust particle diameter of 100 lm in order to place an upper
bound on the dust volume fraction (Eq. (7)).

Using rd = 100 lm and ice grain sizes of 5 and 1 mm gives dust
volume fractions of 0.16% and 4%, respectively, using Eq. (7).
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Because a dust particle radius of 50 lm gives a dust fraction be-
yond the limits placed by ShaRAD for the 0.25 mm ice grain size
case, we assume a dust grain radius of 1 lm (giving a dust fraction
of 0.03%) in the d = 0.25 mm simulations. These dust fraction con-
straints are similar to the / 6 5% constraints placed on the north
polar layered deposits by ShaRAD (Grima et al., 2009) and the /
� 15% estimate for the south polar layered deposits based on grav-
ity measurements (Zuber et al., 2007).

In our simulations dust fractions of less than 5% have little influ-
ence on the flow timescale either through viscosity enhancement
from particle-particle interaction in the ice–dust mixture (Eq. (3))
or through flow enhancement due to the increased density of the
ice–dust mixture. At dust fractions between roughly 20% and
55%, prior simulations by Pathare et al. (2005) and our own simu-
lations show that the increased density of the ice–dust mixture
compared to clean ice dominates over the viscosity effect resulting
in increased flow rates. An additional effect, which is not addressed
in our model, is the increase in deformation rate at small solid frac-
tions associated with the formation of crystal lattice dislocations
observed in experiments by Hooke et al. (1972) and Song et al.
(2005). We did not consider the dislocation enhancement effect
because the composition of the solid particulates has been shown
to influence the rheology of ice–solid mixtures (Durham et al.,
1992). Nevertheless, assuming a factor of 2 faster creep rates at
small dust fractions (Song et al., 2005), our constraint on the ice
grain size would have to increase by a factor of 1.6 (from 5 mm
to 8 mm) in order to give the �100 Myr flow timescale assumed
in this work.

Given the uncertainty in the dust grain size, and the dust frac-
tion within LDAs from remote sensing data, a meaningful con-
straint cannot be placed on the ice grain size using observational
data alone. However, one could argue that ice deposits on Mars
are unlikely to be cleaner than terrestrial ice sheets given the prox-
imity of dust sources to ice deposits on Mars compared to Green-
land and Antarctica. Assuming the dust grain size is comparable
between the two planets (rd � 1 lm), one might expect martian
ice deposits to be composed of grains 65 mm in diameter with
/ P 0.0001% (using Eq. (7)). Rather than assuming a particular dust
fraction to determine the ice grain size, we instead use the viscous
flow model to provide constraints on the ice grain size. These re-
sults can then be used to estimate the dust fraction based on a
upper limit of rd = 50 lm for the dust grain size using data col-
lected from lander missions.

Based on the model-predicted ages of LDAs (Fig. 4) an ice
grain size of 5 mm at 205 K provides the best agreement with
crater age dates. If grain boundary pinning is responsible for
limiting the ice grain size to 5 mm, a dust fraction of 60.16%
would be required assuming a dust grain radius of 650 lm
(Eq. (7)). Assuming these ice deposits were formed from the pre-
cipitation of ice, then we can constrain the precipitation rate if
we know the dust deposition rate. Using a dust deposition rate
of 20–45 lm per Earth year based on Pathfinder data (Johnson
et al., 2003) as a proxy for past dust deposition rates, we can
constrain the precipitation rate required to generate an ice sheet
with a given dust concentration by simply dividing the dust
deposition rate by /. Using / = 0.16% as a maximum dust frac-
tion in this calculation gives a lower bound of 1.2 cm yr�1 for
the precipitation rate – in agreement with climate models pro-
posed for LDA formation in Deuteronilus Mensae (Madeleine
et al., 2009). A smaller precipitation rate would result if we as-
sumed a slightly larger dust particle radius, or a slightly smaller
ice grain size. We should note that LDA formation via coeval ice
accumulation and deformation would only change our results if
precipitation occurs in discrete events which are separated by
several tens of Myr because our model relies on a relatively
loose age constraint varying from 90 to 300 Myr.
7.3. Variations in age

Because the morphology of LDA complexes generally consist of
a continuous, coalesced unit along the perimeters of massifs and
plateau margins, it is reasonable to assume LDAs share a common
age. Collapse of a more regional ice sheet which once covered Deu-
teronilus Mensae during the mid to late Amazonian has been in-
voked for the formation of LDAs and lineated valley fill in this
region (Head et al., 2010; Madeleine et al., 2009; Fastook et al.,
2010).

Despite the above arguments, we cannot currently rule out the
possibility that there are different populations of LDAs with differ-
ent ages. Because crater age dating of LDA surfaces requires inte-
grating crater counts over many LDA and lineated valley fill
deposits to get a statistically significant crater population
(Mangold, 2003; Baker et al., 2010), we cannot determine the age
of individual LDAs within the area studied. Unpublished data in
work by Baker (personal communication) shows spatial differences
in crater densities, which may reflect age variations. The most den-
sely cratered portions of LDAs (0.06 craters >250 km in diameter
per km2) in his study area in Ismeniae Fossae give an age less than
1 Gyr.

In order to test whether there are real age variations between
LDAs, crater counts integrated over LDAs which have systemati-
cally older model-predicted ages from Fig. 4 could be compared
with those with systematically younger model ages. By integrating
over the area of all LDAs in each of these two populations, good
crater statistics could be attained. It could then be determined
whether the crater age dates from these two groups support the
age differences predicted by our model. If not, then we would have
to turn to variations in basal slope or ice rheology.
8. Conclusions

Using laboratory experiments, observations from terrestrial ice
sheets, radar and topography data of martian LDAs, and theory
regarding the rheology and grain interactions of ice–dust mixtures,
we have attempted to better constrain the rheology of LDA depos-
its. Our simulations assume no precipitation or ablation of ice and
that the basal portion of LDAs have a spatially and temporally
homogeneous dust fraction and temperature. By varying the tem-
perature, ice grain size, and initial ice volume used in these simu-
lations we find that LDA length and thickness measurements are
best reproduced over a �100 Myr period by an ice rheology corre-
sponding to an ice grain size d = 5 mm and an ice temperature
T = 205 K (Fig. 4) under these idealized simulation conditions. If
incorporated dust grains with a diameter of 650 lm limit the ice
grain size due to grain boundary pinning, then an ice grain size
of 5 mm corresponds to a dust volume fraction of / 6 0.16% (Eq.
(7)), consistent with ShaRAD observations.

However, the rheology of d = 5 mm, T = 205 K ice does not pro-
vide reasonable age estimates for all the LDAs in this study, and we
must invoke regional or temporal heterogeneity in some or all of
the variables in our model to explain this variability. One likely
source of regional variability is the basal slope. Simulations of ice
deposits flowing down a sloping surface provide better fits to the
observed topography over �100 Myr timescales (see Figs. 2d and
3d) for certain LDAs than simulations over a flat, horizontal surface.
In order to give LDA ages that are consistent with crater age esti-
mates, and in order to generate topographic profiles similar to
the observations, our simulations require the presence of a basal
slope �1� below about one-fourth of the 37 LDAs analyzed in this
study (Fig. 4b). Basal slopes of 0.5� below LDA numbers 15 and 16,
and 0� below LDA 24.5 measured using radar (Plaut et al., 2009)
correspond to the slopes we would expect at those locations by
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comparing an assumed LDA age of �100 Myr (based on crater
counts) with the ages predicted from our model for different ice
temperatures and basal slope (Fig. 4). This validation suggests
our model can predict which other LDAs should have basal slopes.

If, however, differences in LDA rheology rather than the pres-
ence of a basal slope are responsible for the variability in the mod-
el-predicted ages, the most likely candidate is variations in dust
fraction and/or dust particle size. Our results suggest that the
majority of LDA deposits are composed of coarse grained ice
(d > 1 mm) assuming LDAs deform via GSS creep (Eq. 6a and
assuming an LDA age of �100 Myr and a temperature of 205 K).
The dust fraction required to limit ice grain grown to this size de-
pends on the dust particle size. Assuming d > 1 mm and a dust par-
ticle radius less than 50 lm, limits the dust fraction in LDAs to less
than 4% (Eq. (7)), again consistent with ShaRAD’s constraints. Inter-
nal layering within LDAs associated with variations in ice grain size
and/or dust concentration would result in a more complex flow
behavior than what is produced in our simulations – which assume
a homogenous ice-rich deposit. However, even if internal layers are
present, our model results would still apply to the basal portion of
LDAs where most of the deformation occurs.

Alternatively, rather than variations in basal slope or rheology,
there may be real age variations between LDA deposits. Our model
predicts where LDAs should be systematically older or younger,
and these predictions can be tested by future crater count studies.
While temperature differences among different LDAs due to either
insolation or geothermal variations could result in LDAs with dif-
ferent predicted ages, we deem this hypothesis less likely because
we do not find a trend in the model-predicted ages with either lat-
itude or facing direction.

Based on the range of ice rheologies used in our model, we find
that ice deformation within LDAs is possible under current condi-
tions which would result in the slow advance (�10 m Myr�1) of
these deposits over time. The formation of massive ice flows at
martian mid-latitudes, therefore, does not depend on higher tem-
peratures in the past which, indeed, are not expected based on cal-
culations by Schorghofer (2008). Instead, conditions which
permitted the regional accumulation of ice at mid-latitudes circa
�100 Myr ago are needed, followed by a period in which no accu-
mulation occurs. Atmospheric precipitation of snow and ice at a
rate of �1 cm yr�1 (Section 7.2, Madeleine et al., 2009) during a
period of high obliquity in the Deuteronilus Mensae province
may explain the formation of LDAs in our study region. If multiple
episodes of precipitation are responsible for building LDA deposits
over time, then our results will still hold as long as the bulk of the
ice is deposited within a �10 Myr period.
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