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Abstract We investigate the importance of viscous flow in shaping topography at the north polar layered
deposits (NPLD) of Mars by using finite element modeling to calculate the distribution of stresses and flow
velocities. Present-day impact craters on theNPLDare too small and cold for viscous relaxation tohavebeen an
important mechanism in controlling their current dimensions; this effect may be ignored when analyzing
crater size-frequency distributions. Scarps at the NPLDmargins, where avalanches of dust and carbon dioxide
frost occur, are sufficiently steep, high, andwarm to experience significant viscous flow.We find flow velocities
at the base of these steep scarps on the order of tens to hundreds of cm/yr, which are fast enough to
significantly affect their slopeover kiloyear timescales. Alternatively, the scarps could be close to steady state in
which observed block falls provide a competing effect to viscous flow.

1. Introduction

Topography may be significantly altered by viscous flow over sufficiently long timescales. Viscosities of sili-
cate rocks are generally too high for viscous relaxation to be an important modifier of rocky topography
on terrestrial planetary surfaces [e.g.,Melosh, 2011], but the viscosity of water ice is much lower. Viscous flow
of terrestrial glaciers has been well documented, with observed flow velocities typically on the order of one to
tens of m/yr [e.g., Cuffey and Paterson, 2010]. The rates of similar processes on other planets are less certain.
There is topography on icy moons that was likely modified in part by viscous flow, such as lobate features on
Europa [Miyamoto et al., 2005] and shallow craters on Enceladus [Bland et al., 2012]. However, predictions of
smooth and geologically young surfaces due to complete viscous relaxation of impact craters coupled with
contradicting observations of heavily cratered surfaces are a recurring theme in studies of the outer solar
system (e.g., Ganymede [Thomas and Schubert, 1988; Dombard and McKinnon, 2000]). Thus, while viscous
relaxation at a global scale [e.g., Nimmo, 2005] is likely important in planetary histories, the efficiency of
viscous flow in shaping topography at regional or local scales is uncertain.

Viscous flow was first proposed as important in shaping Martian landforms based on Mariner 9 spacecraft
imagery of midlatitude regions [Squyres, 1978], an idea confirmed by subsequent observations and modeling
[e.g., Milliken et al., 2003]. Here we focus on the poles, where there are kilometers thick layered sedimentary
deposits first observed by Mariner 9 [Murray et al., 1972] composed of dusty ice. Water ice is by far the largest
constituent by mass or volume of these north and south polar layered deposits (NPLD and SPLD, respec-
tively); CO2 and clathrate hydrate have been shown to be negligible in the NPLD from studies of thermal
properties [Mellon, 1996] and bulk strength [Nye et al., 2000], although soundings by the Mars
Reconnaissance Orbiter Shallow Radar (SHARAD) instrument reveal ~104 km3 of CO2 ice overlying parts of
the SPLD (~1% of the SPLD by volume) [Phillips et al., 2011]. Dust volume is no greater than 5% in the
NPLD [Picardi et al., 2005; Grima et al., 2009] and 10% in the SPLD [Plaut et al., 2007] on the basis of
SHARAD data, while gravity analyses suggest higher values of ~15% in the SPLD [Zuber et al., 2007;
Wieczorek, 2008]. Snow and firn are common in the upper decameters of terrestrial ice sheets and have
important effects on flow [e.g., Zwinger et al., 2007] but are not expected here because under recent climatic
conditions water ice forms by direct deposition, not precipitation. Low porosities are predicted [Arthern et al.,
2000] and supported by observations [Langevin et al., 2005].

Whether the NPLD flow as a whole structure has been debated [Byrne, 2009]. Mechanical models have shown
that the shape of the whole PLD could be consistent with flow over large regions, with the flow magnitude
dependent upon the assumed heat flux [Nye, 2000]. However, topographic measurements suggest that
slopes at the margins may generally be too steep to be primarily controlled by viscous flow. Flow features
could be preserved from a higher-obliquity era [Zuber et al., 1998; Greve, 2000]. Analysis of the surface of
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Gemina Lingula (an NPLD lobe) showed that its shape and slopes are consistent with a flowing ice mass
[Winebrenner et al., 2008], but SHARAD data revealed that the internal stratigraphy is inconsistent with an
ice sheet that has undergone significant flow [Karlsson et al., 2011].

While the PLD are generally smooth with gentle slopes [Zuber et al., 1998], they both contain icy topographic
features, including troughs, craters, and scarps. Even studies that rule out flow as important in shaping the
PLD as a whole [e.g., Karlsson et al., 2011] allow for flow of topography locally, and indeed some of these fea-
tures are expected to experience enhanced flow relative to smoother parts of the deposits [Hvidberg, 2003].
These features include spiraling troughs that cut into the PLD, exposing them. Troughs likely form as a result
of positive feedback between slope and ablation [e.g., Howard, 1978] and migrate poleward through the PLD
by wind transport as cyclic steps [Smith et al., 2013]. However, a study that used the finite element method
(FEM) to model viscous creep found that flow of subsurface ice may be the dominant mechanism in control-
ling NPLD trough morphology [Pathare and Paige, 2005].

Pathare et al. [2005] applied FEM simulations to the SPLD, focusing on impact craters. Impact craters on the
PLDs are sparse relative to ancient rocky Martian terrain but exist in the NPLD [Banks et al., 2010] and SPLD
[Koutnik et al., 2002]. Pathare et al. [2005] found that SPLD craters undergo extensive relaxation during their
lifetime, and their distribution and depths are more likely to be controlled by viscous flow than by any other
single modification mechanism. However, a complex history involving a combination of depositional and
erosional processes could not be ruled out. Their study concluded that the SPLD were older (hundreds of
megayears) than previously assumed and must be mostly water ice based on rheological constraints.

The NPLD surface is particularly young, with fewer and smaller craters than the SPLD. Searches of MRO
Context Camera and High Resolution Imaging Science Experiment (HiRISE) [McEwen et al., 2007] imagery
have yielded 38 observed impact craters on the NPLD with diameter larger than 44m (e.g., Figure 1a)
[Banks et al., 2010; Landis et al., 2015]. When combined with a newly estimated production function of small
impact craters on Mars based on HiRISE imagery [Daubar et al., 2013], this yields a surface age on the order of
kiloyears [Landis et al., 2015]. The young surface age, smaller crater size, and lower dust content raises the
question as to whether viscous relaxation of craters is as important on the NPLD as it is on the SPLD
[Pathare et al., 2005].
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Figure 1. Results for a 200 m diameter impact crater at 170 K in the NPLD, such as the one observed in (a) HiRISE image
PSP_009773_2675. (b) Total, (c) horizontal, and (d) vertical flow velocities do not exceed μm/yr (positive directions are
up/right). See text for model parameters. Nodes/elements plotted on Figure 1b.
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Steep scarps of ice have been observed at the fringes of the NPLD (e.g., Figure 2a). The scarps have a maxi-
mum slope of 60°–70° over a baseline of ~300m, with sections as thick as ~100m approaching 90° slopes
[Russell et al., 2008]. These slopes are far steeper than troughs in the NPLD interior, which are typically
<15° [Ivanov and Muhleman, 2000]. The scarps experience relatively warm annual average temperatures
due to their locations at the margins and steep equatorward facing slopes. The bases of these scarps are
in contact with the basal unit (BU), a unit with gentler-sloping exposures of alternating bright and erosionally
resistant layers with sandy and weakly consolidated layers that underlay the NPLD [Herkenhoff et al., 2007].
The importance of gravity-driven viscous flow increases with slope, thickness, and temperature; thus, the
morphology and location of the scarps make them a prime candidate for viscous relaxation.

Monitoring by HiRISE has revealed seasonally active avalanches occurring on these scarps [Russell et al., 2008].
Such avalanches are likely primarily composed of dust and CO2 frost sourced from the seasonal CO2 ice cap.
Although evidence exists that the events may contribute to mass wasting in the BU layer by triggering block
fall of previously fractured BU bright layers [Herkenhoff et al., 2007], there is no indication that avalanches
directly transport mass from the NPLD. However, avalanches do redistribute volatiles and dust and could
have indirect effects on scarp evolution. We suggest that these events may have important effects on poten-
tial viscous flow, as scouring of dust from scarp faces can alter their thermal properties (see section 3).

In this paper, we use a FEM (Elmer/Ice) to model viscous flow of topographic features in the NPLD. This fol-
lows the technique of previous work that assessed the importance of flow in NPLD troughs [Pathare and
Paige, 2005], in SPLD craters [Pathare et al., 2005], and along a line of longitude for the entire NPLD
[Hvidberg, 2003]. Here we model NPLD craters [Banks et al., 2010] and steep NPLD scarps that experience
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Figure 2. Results for a scarp 800m high and 400m wide, with a maximum slope of ~70°. (a) One scarp at the NPLD margin
is shown, HiRISE image PSP_007140_2640; red dashed line traces an example 2-D profile as seen in the other panels. (b–d)
Components of the deviatoric stresses. (e) The distribution of ice temperature. (f–h) Flow velocities. Positive directions are
left/down. See text for model parameters. Nodes/elements are plotted on Figure 2e.
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avalanches [Russell et al., 2008]. We quantify stresses, temperatures, and flow velocities to learn about
timescales over which the topography flows, constraints on the age of the features, and the importance of
viscous flow at the Martian poles.

2. Methods

We use the FEM code Elmer/Ice [Gagliardini et al., 2013], which was developed specifically for glaciological
and ice dynamics problems. The code solves the Navier-Stokes equations for the conservation of linear
momentum and mass over a volume of ice. For simulations that are not isothermal, the code solves the heat
equation, and the simulation is thermomechanically coupled. Elmer/Ice was largely developed for problems
in terrestrial glaciology, but we adapt the model for Mars by changing the rheology laws and other
important parameters.

Rheology is important to reconsider because the relative importance of various types of ice deformation may
be different compared to the case of glaciers on Earth. Studies of terrestrial ice sheets often use the non-
Newtonian Glen-Nye flow law [Glen, 1955], in which strain rate is proportional to stress raised to an exponent
n. Here we instead separately calculate strain rate due to different modes of deformation: dislocation creep,
grain boundary sliding (GBS), and basal slip. Each strain rate has the form

_ε ¼ Ae"2nϕe"
Q
RTτndm (1)

where A is thematerial parameter, R is the gas constant,Q is activation energy, T is temperature, τ is deviatoric
stress in megapascals, d is grain size in meters, ϕ is dust volume fraction, and _ε is strain rate in s"1. Dislocation
creep involves movement of irregularities through the crystal structure causing deformation of individual
crystals and has n=4 and m= 0 [Durham et al., 1992], although some field studies yield n=3 [Cuffey and
Paterson, 2010]. GBS involves movement of individual ice grains and has n=1.8 and m="1.4 [Goldsby and
Kohlstedt, 2001]. Basal slip (sometimes called basal glide) involves movement of dislocations along crystallo-
graphic planes and has n= 2.4 andm= 0 [Goldsby and Kohlstedt, 2001]. Diffusion creep [Raj and Ashby, 1971]
is negligible for the stresses that control viscous flow in our simulations (~0.1–1.0MPa). Our values for A and
Q for each deformation mechanism are from Goldsby and Kohlstedt [2001]. The NPLD are not pure ice; for a
particular dust volume fraction, the strain rate is exp("2nϕ) that of pure ice as in equation (1) [Durham and
Stern, 2001]. Overall, strain rates for dislocation creep, GBS, and basal slip are, respectively,

_εdis ¼
32:5

2
#400; 000e"8ϕ"60;000

RT τ4 (2)

_εgbs ¼
31:4

2
#0:0039e"3:6ϕ"49;000

RT τ1:8d"1:4 (3)

_εbasal ¼
31:7

2
#55; 000; 000e"4:8ϕ"60;000

RT τ2:4 (4)

These equations are applicable for temperatures below ~250 K, which is suitable for the Martian poles, and
combined to obtain the total strain rate as [Goldsby and Kohlstedt, 2001]

_εtotal ¼ _εdis þ
1

1
_εgbs

þ 1
_εbasal

(5)

Equations (2)–(4) contain a correction factor of 3(n+1)/2/2 as the material parameter is typically measured
under uniaxial stress in the laboratory [Cuffey and Paterson, 2010]. For stresses applicable here, the
Glen-Nye flow law (where n= 3) and the flow laws of equations (2)–(5) yield strain rates on the same order
of magnitude but different by up to ~40%.

Important rheological parameters for our models include ice grain size, dust fraction and distribution, and BU
viscosity. Grain size affects GBS, with increasing grain size causing lower flow velocities. If the NPLD are ~2%
dust by mass, grain sizes are expected to be ~1mm for the bulk of the NPLD, though estimates between 1
and 5mm are possible for lower dust fractions [Barr and Milkovich, 2008]. This is consistent with spectral
observations of grain size at the surface of the overlying residual cap [Langevin et al., 2005], although as
we discuss later this is not necessarily indicative of grain size at depth. We vary grain size between 1 and
5mm as an input parameter. We consider a uniform dust fraction of 2% as our nominal case according to
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the upper limit found by Picardi et al. [2005] but vary dust fraction in the NPLD between 0 and 5%, according
to limits given by another SHARAD-based study [Grima et al., 2009]. BU rheology is not well known, but it is
sandier than the PLD [Herkenhoff et al., 2007]. We thus consider two end-members: one where the BU is
immobile and one where the BU is allowed to flowwith the same rheology as the PLD. The true flow velocities
likely lie between the two sets of resultant flow velocities for any given model.

We base our inputs for the topography on HiRISE imagery. Analyses of images have revealed that impact
craters on the NPLD do not exceed hundreds of meters in diameter [Banks et al., 2010; Landis et al., 2015].
We model impact craters in 3-D, assuming a 200m diameter and calculating depths according to the
relations of Garvin et al. [2000]. We use the findings of Russell et al. [2008] to approximate the scarps in 2-D
as an 800m tall quarter-sine wave with a maximum slope of ~70° at their base.

Our models are more sensitive to ice temperature than other parameters. Annual average temperatures for
flat NPLD terrain at current Martian obliquity range from ~155 K at the pole to ~170 K at the margins [Pathare
and Paige, 2005] but are ~200 K for a 70° southwest facing slope at themargin [Byrne et al., 2013]. We consider
our nominal case to be an annual average temperature of 170 K for craters and 200 K for the maximum slope
at the base of a scarp whose annual average temperature varies as a function of slope according to Byrne et al.
[2013] but vary annual average temperatures over tens of kelvins. Initial modeling suggested a significant
thermal gradient with depth for the NPLD [Larsen and Dahl-Jensen, 2000] but underestimated the purity of
PLD ice and thus the thermal conductivity. Even with this overestimate of the thermal gradient, the ice layer
containing a 200m diameter crater is expected to vary by <1 K with depth, and thus our crater simulations
are isothermal (see supporting information for the effects of lateral temperature variability). However, the
effect may be important for an 800m tall scarp. For the scarp modeling, we impose a 30mW/m2 basal heat
flux [Clifford, 1987]. We use the following equations for temperature-dependent heat capacity, c, and thermal
conductivity, k, [Petrenko and Whitworth, 1999]

c ¼ 146:3þ 7:253T (6)

k ¼ 651
T

(7)

These are estimates for pure ice. PLDs may have enough dust to alter c and k, but we will see that effects from
heat flux, thermal conductivity, and heat capacity are very small compared to the effect of the annual average
surface temperature. Diurnal and seasonal cycles cause the near-surface ice temperature to oscillate about
the annual average. While the amplitude of this thermal wave is large (~40 K), it only penetrates ~10m into
the ice [Byrne et al., 2013], and these scarps are hundreds of meters in scale. Since the thermal wave affects the
scarp face, we are likely not capturing complexities in seasonally varying flow, but because of the shallow
wave penetration, only a small percentage of ice is affected.

We use a domain size in our model runs of 2 km in all dimensions for a 200m wide crater and 5 km long and
2 km high for a 2-D 800m tall scarp. Our results do not significantly change with doubling the domain size.
We mesh these domains with nodes every 25m, and our results do not significantly change with doubling
the node density. We set a boundary condition such that the top surface of our models is a free surface with
temperature equal to the annual average appropriate for the slope at each point and, for cases of scarps atop
an immobile BU, no sliding at the base. For cases atop a mobile BU, the bedrock 1 km under the BU
is immobile.

3. Results and Discussion

The impact crater shown in Figure 1 is a 200m diameter crater with temperature 170 K, dust fraction 2%, and
grain size 1mm. We additionally show flow velocities in a cross section of ice through the crater’s center.
Pathare et al. [2005] modeled larger craters in the SPLD due to the lack of observed craters in the NPLD at
the time, but our flow velocities are consistent with theirs when one takes into account the difference in para-
meters between the two studies, most importantly crater size (see supporting information). Flow velocities of
impact craters are maximized at the center of the structure, causing the floor to raise and the walls to shallow.
However, these velocities do not exceed μm/yr for any reasonable combination of parameters. Even in the
impossible scenario that craters are as old as the maximum age of the whole NPLD (~5Myr) estimated by
thermal modeling while considering orbital variations [Levrard et al., 2007], an NPLD crater at 170 K would
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not shallow by more than a few meters
over its lifetime. The actual crater reten-
tion age of the NPLD surface is 2–3
orders of magnitude less than the
5Myr constraint [Banks et al., 2010;
Landis et al., 2015], so flow velocities
are far too small for viscous relaxation
to appreciably modify the NPLD craters
presently observed. This is in contrast
to the SPLD, where larger and older
craters likely experience significant vis-
cous relaxation [Pathare et al., 2005].
Our NPLD result lends credibility to
model ages derived from observed size-
frequency distributions, which imply that
the NPLD surface is only approximately
kiloyears old [Landis et al., 2015]. This
young surface cannot be due to crater
removal from viscous relaxation. Instead,
ice accumulation (resulting in crater infill)
is likely responsible for the young NPLD
surface model age.

Steep scarps at NPLD margins with dust
fraction of 2%, grain size of 1mm, and
immobile BU have stresses, flow veloci-
ties, and temperatures as shown in
Figure 2. Maximum flow velocities are
near the lower face of the scarp and
are of order 1m/yr for an annual aver-
age surface temperature of 200 K, and
higher if the BU can flow as pure ice.
Because the BU is much sandier than
the PLD [Byrne and Murray, 2002;
Fishbaugh and Head, 2005], we expect
that models with an immobile BU repre-

sent the flow more accurately. Flow is primarily outward at the scarp base and primarily downward at the
scarp top, meaning that the scarp slope is shallowing over time. Our flow velocities are higher than those
found by Hvidberg [2003], which calculated velocities on the order of cm/yr for troughs and scarps, but that
study considered scarps with shallower slopes (~15°), so our faster modeled flow of newly discovered steeper
scarps is not inconsistent.

Figure 3 shows sensitivity of the flow to various input parameters. As expected, flow velocity is most sensitive
to ice temperature. For a given set of other parameters, an increase in annual average surface temperature of
10 K corresponds to an increase in the maximum flow velocity of a topographic feature by approximately an
order of magnitude (Figure 3a). Because we model a relatively low basal heat flux (30mW/m2), the thermal
gradient away from the surface is also low and the temperature of the ice that experiences flow is very close
to the annual average surface temperature. Another study that analyzed lithospheric deflection from NPLD
and BU loading concluded a lower heat flux of ~8mW/m2 [Phillips et al., 2008]. Therefore, while the heat flux
has high uncertainty, it is not a large factor in controlling flow; we performed model runs with an unrealisti-
cally high basal flux of 60mW/m2 and found that the resulting temperatures were at most ~1.5 K greater
compared to the runs with 30mW/m2, and even these temperature increases occurred where flow velocities
were minimal far from the scarp face.

Unknown parameters with potential for greater control of flow are dust content and ice grain size (Figure 3b).
Here we have assumed a uniform grain size. For models with a grain size of 1mm (Figure 2), we find that
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dislocation creep accounts for ~85% of the strain rate and GBS accounts for the remaining ~15%. Dislocation
creep is independent of grain size (equation (2)), and strain rate due to GBS decreases with increasing grain
size (equation (3)), so the flow velocity due to dislocation creep can be interpreted as a minimum. Although
the exact grain size distribution is unknown in the PLDs, it generally increases with depth in terrestrial ice
sheets [e.g., Thorsteinsson et al., 1997; Durand et al., 2006], and thus we can conclude that this uncertainty
is not changing the order of magnitude of our results. Even if sharp transitions in grain size exist as in some
terrestrial ice sheets [e.g., Duval and Lorius, 1980], large effects are unexpected if grain size is >0.1mm
(Figure 3b). Even for cases where dust content and grain size values are likely too high, our results still show
flow on the order of tens of cm/yr.

Our results imply that observed steep scarps would have taken approximately kiloyears to flow into their
present shape if they began as a nearly vertical cliff and are not currently in a steady state. However, this
timescale is only valid if there are no other factors that modify the topography. An alternate possibility is that
the scarps are older and have a steady state shape, where other effects compete with viscous flow by
steepening the slope. Observed avalanches [Russell et al., 2008] and block falls [Russell et al., 2012] and their
possible effects on the thermal properties and mass wasting of the PLD should be considered.

A key observation from HiRISE imagery is that mass wasting of meter-scale ice blocks is common, as evi-
denced by basal debris [Russell et al., 2012]. However, the avalanches are composed of dust and CO2 frost
and are thus not directly responsible for block falls [Russell et al., 2008]. Instead, avalanches may have an
important indirect effect on the thermal properties of the scarps by scouring away their dust cover that accu-
mulates as a sublimation lag. Dust deposits are an important mechanism in shielding ice from ablation on
Mars [e.g., Toon et al., 1980] and elsewhere [Schorghofer, 2008; Spencer and Denk, 2010; Hayne and
Aharonson, 2015]. Without a dust cover, the equatorward facing scarps experience large thermal stresses that
easily exceed the tensile stress of ice, causing fractures [Byrne et al., 2013]. These fractures can lead to mass
wasting that steepens the slope to counteract the shallowing that occurs from viscous flow. We estimate
based on integrating our results forward in time 1 year that such mass wasting would (when combined with
ablation) need to transport hundreds of m3/yr for each meter along the scarp to maintain steady state. In the
absence of flow, enough blockfalls and ablation would be occurring to cause a scarp retreat rate of tens of
cm/yr. One note of importance in thermal modeling is that the Martian poles experience high-amplitude
changes in insolation, mostly as a result of a quasiperiodic obliquity cycle with period ~120 kyr [Laskar
et al., 2002]. If the scarps had a comparable age to this period, their steady state topography would likely
change over time, as rates of viscous flow and thermally induced block fall would both change.

4. Conclusions

Present-day impact craters on the NPLD experience insufficient stresses and temperatures for viscous relaxa-
tion to be an important modification mechanism in shaping their topography. Studies that analyze NPLD cra-
ter morphology or derive model ages for NPLD surfaces using impact crater size-frequency distributions do
not need to consider viscous relaxation of craters as an important effect. In contrast, scarps at the margins of
the NPLD are comparatively high relief, steep, and warm. Modeling that considers scarp geometry, surface
temperature, basal heat flux, ice grain size, and dust content shows that viscous flow must be an important
mechanism acting upon the scarps over the lifetime of the NPLD, with flow rates on the order of tens to hun-
dreds of cm/yr. If there were no other processes shaping topography, scarps would flow into their presently
observed shape from an initial vertical cliff in kiloyears and continue flowing. However, given observations of
dust/frost avalanches, ice block falls, and thermal modeling that shows thermal stresses on the scarps exceed
the tensile strength of the PLD, it is more likely that scouring of dust off the scarps leads to thermal stress-
induced mass wasting which steepens the scarps in a competing effect to that of shallowing viscous flow.

A tantalizing prospect is the possibility of observing active viscous flow. Our favored model (Figure 2) yields a
maximum flow velocity of ~1m/yr. Even if viscous flow and block falls provide competing effects as described
above, the discrete nature of block falls means that a steady state is not achieved perfectly, and the contin-
uous viscous flow may still be observable. Additionally, flow would decrease the elevation of the scarp top,
which would not be countered by block falls. SHARAD analysis is implausible for steep scarps due to compli-
cations in observing the subsurface close to even moderately sloping features [Christian et al., 2013].
However, HiRISE images have resolutions of ~30 cm/pixel, and HiRISE observations of scarps began in 2008
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[Russell et al., 2008]. Our modeling predicts that scarps flow several pixels in an image over the lifetime of the
instrument, and therefore analyses of future digital elevation models of the same scarp may be able to
observe ice flow. Such observations would allow us to constrain parameters with our models; lower flow rates
than predicted could indicate higher dust content or colder ice than expected.
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