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Introduction: The north polar layered deposits 

(NPLD) of Mars are composed of nearly pure [1,2] 
water ice layers with a minor dust constituent.  The 
NPLD are hypothesized by many researchers [e.g., 3–
6] to contain a record of climate history linked to or-
bital variations of Mars, but the complex processes 
acting on the NPLD, especially those leading to a non-
linear time-depth relationship, complicate the identifi-
cation of an orbital signal in the stratigraphy [7, 8].   
     One such process that may be important in under-
standing the history and evolution of the NPLD is vis-
cous flow.  While radar data have revealed that the 
NPLD are unlikely to have experienced flow as a 
whole structure [9], topographic features may flow 
locally.  Previous papers have modeled flow along a 
line of longitude in the NPLD [10], in troughs in the 
NPLD [11], and in craters on the south polar layered 
deposits (SPLD) [12].  In this study [13], we use a fi-
nite element method (FEM) approach to model recent-
ly discovered NPLD topography (craters and steep 
scarps, described below).  We quantify stresses, tem-
peratures, 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. 
      Methods: We use the FEM code Elmer/Ice [14], 
which was developed specifically for glaciological and 
ice dynamics problems.  The code solves the Navier-
Stokes equations for the conservation of linear momen-
tum and mass over a volume of ice.  For simulations 
that are not isothermal, the code solves the heat equa-
tion, and the simulation is thermo-mechanically cou-
pled. Elmer/Ice was developed for problems in terres-
trial glaciology, but we adapt the model for Mars by 
changing the rheology laws and other important pa-
rameters. 
     Studies of terrestrial ice sheets often use the non-
Newtonian Glen-Nye flow law, in which strain rate is 
proportional to stress raised to an exponent.  Here, we 
instead separately calculate strain rate due to different 
modes of deformation [15].  We take into account ef-
fects such as dust fraction [16], grain size [17], and the 
composition of the underlying basal unit (BU) [18].  
We use a thermal model [19] to estimate surface tem-
peratures. 
      Craters: Impact craters on the NPLD [20] were 
discovered by searches of Context Camera (CTX) and 
High Resolution Imaging Science Experiment 
(HiRISE) [21] images (Fig. 1a).  Analysis of crater 
size-frequency distribution has yielded a crater reten-
tion age of ~kyrs for the NPLD [22], but this young 

age will not represent the true age of the ice if viscous 
relaxation is important as it is for SPLD craters [12]. 
      We show results of (Fig. 1b) a 3D model of a 200-
m-diameter NPLD crater with temperature 170 K, dust 
fraction 2%, and grain size 1 mm.  We also show flow 
velocities in a cross-section of ice through the crater’s 
center (Figs 1c,d).  Flow velocities are maximized at 
the center of the structure, causing the floor to rise and 
the walls to shallow.  However, these velocities do not 
exceed µm/yr for any reasonable combination of pa-
rameters, and are too small for viscous relaxation to 
appreciably modify NPLD craters presently observed.  
We ran models with other realistic values for tempera-
ture, crater diameter, dust content, and grain size and 
found this result to be robust. 
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Figure 1.  Results for a crater at 170 K on the NPLD, such as 
the one observed in HiRISE image PSP_009773_2675 (a).  
Total (b), horizontal (c) and vertical (d) flow velocities do 
not exceed µm/yr (positive directions are up/right). 
 

Steep scarps: Scarps of ice (Fig. 2a) far steeper 
than typical troughs have been observed at the periph-
ery of the NPLD [23].  HiRISE monitoring has re-
vealed seasonally active avalanches composed of dust 
and CO2 frost which do not directly transport signifi-
cant mass but may have important indirect effects on 
scarp evolution [23].  The steep, equatorward slopes 
cause the scarps to experience relatively warm temper-
atures compared to the rest of the NPLD [19] and thus 
make them a prime candidate for viscous flow. 

We show results of a 2D model run of a steep scarp 
with scarp height 800 m, scarp width 400 m, dust frac-
tion 2%, grain size 1 mm, and immobile BU (Fig. 2b–
h).   Flow is outward at the scarp base and downward 
at the scarp top, implying the slope is shallowing with 
time.  Flow velocities are high, with maximum veloci-
ties on the order of ~1 m/yr.  We quantify the sensitivi-
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ty of flow velocity to various input parameters; results 
for a few parameters are shown in Fig. 3.  We find that 
ice flow is an important factor in scarp evolution for 
any realistic combination of input parameters.  
     Conclusions:  NPLD craters are smaller and 
younger than SPLD craters, and our models show these 
factors are sufficient to cause viscous flow to be unim-
portant in the modification of present day NPLD cra-
ters.  We conclude that infilling is the primary modifi-
cation mechanism of NPLD craters. 
     In contrast, the comparatively high-relief, steep, and 
warm scarps that host avalanches at the NPLD margin 
experience ice flow fast enough (10s–100s cm/yr) to 
be a critical factor in scarp evolution.  If there were no 
other processes shaping topography, scarps would flow 
into their presently observed shape from an initial ver-
tical cliff in kyrs and continue flowing.  However, giv-
en observations of dust/frost avalanches [23], ice block 
falls [24], and thermal modeling that shows thermal 
stresses on the scarps exceed the tensile strength of the 
PLD [19], it is perhaps more plausible that scouring of 
dust off the scarps leads to thermal stress-induced mass 
wasting which steepens the scarps in a competing ef-
fect to that of shallowing viscous flow.   
     A tantalizing prospect is the possibility of observing 
active flow.  Our favored model (Fig. 2) yields a max-
imum flow velocity of ~1 m/yr.  Even if viscous flow 
and block falls provide competing effects, the discrete 
nature of block falls means that a steady-state is not 
achieved perfectly, and the continuous viscous flow 
may still be observable.  Additionally, flow would de-
crease the elevation of the scarp top (~40 cm/yr for the 
case in Fig. 2), which would not be countered by block 
falls. HiRISE images have resolutions of ~30 cm/pixel.  
We predict that scarps flow several pixels in an image 
over the lifetime of the instrument, and therefore anal-
yses of future images and DEMs of the same scarp 
may be able to observe ice flow.  Such observations 
would allow us to constrain parameters with our mod-
els; lower flow rates than predicted could indicate 
higher dust content or colder ice than expected. 
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Figure 2.  Results for a scarp 800-m-high and 400-m-wide, 
with a maximum slope of ~70°, such as the one in HiRISE 
image PSP_007140_2640 (a); red dotted line traces an ex-
ample 2D profile as seen in the other panels.  Positive direc-
tions are left/down. 
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Figure 3.  Sensitivity of scarp results to parameters. (a) 
shows maximum flow velocity as a function of the annual-
average surface temperature on the steepest slope of the 
scarp. (b) shows maximum flow velocity as a function of ice 
grain size and dust content in the NPLD for an immobile BU; 
our nominal case is marked with an ×.   
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