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Introduction:  It has long been stipulated that the 
Martian polar deposits, like their terrestrial 
counterparts, represent a record of the climatic history 
of the planet. Since the days of Mariner 9 [1,2], the 
fine layering seen at the edges of the polar deposits 
served as an observational basis to this belief: orbitally 
driven variations in insolation and climate control the 
proportion of dust and ice, and thus albedo, over time, 
leading to the characteristic observed pattern. 
Understanding the history of the Martian climate, and 
its transition from a warmer and wetter past to the 
currently cold desert conditions, is paramount, so 
determining the relationship between climate history 
and the stratigraphy of the polar layered deposits 
(PLD) is a topic of intense work.  

Here we focus on the possibility of deformation of 
the PLD ice near polar chasmata (such as Chasma 
Boreale), which should act as centers of deformation 
due to the fact their steep slopes induces large 
differential stresses. We model the temperature field 
and the flow of the PLD and concentrate on the 
comparison between the surface deformation predicted 
by the models for the area near a chasma and the shape 
of the PLD as determined by the Mars Orbiter Laser 
Altimeter (MOLA). 
Approach:  We employ the finite element method to 
model the thermal and mechanical aspects of the 
Martian PLD. The surface relief of the model domain 
is defined by h(r) = HC cos(πr/2RC), where HC = 3 km 
is the maximum height of the cap, RC = 500 km is the 
radius of the cap, and 0≤r≤RC. This shape is a good 
approximation to that observed by MOLA at the more 
pristine portions of the Martian northern cap [3]. This 
shape is truncated at r = 300 km by a 40° slope, which 
is the average slope of Chasma Boreale, also obtained 
from MOLA. The base of the model cap is flat, and is 
supported observationally by strong subsurface 
reflections from the MARSIS [4] and SHARAD [5] 
radar sounders. The interface between the PLD and 
basal unit (BU) follows the shape of the surface and at 
a depth of 1/3 the local PLD surface height. This is a 
good approximation to SHARAD data, which shows 
the BU to largely control the surface shape of the main 
lobe of the NPLD and to extend to the location of 
Chasma Boreale [5]. The surface boundary condition 
consists of constant temperature (Ts) and is 
mechanically free, while the basal boundary condition 
consists of uniform basal heat flow (qb) and is 
mechanically fixed in both the vertical and horizontal 
directions. A symmetry boundary condition is applied 

to the center of the model (r = 0 km) and the solutions 
are obtained in 2-D (plain strain) space. 

All materials in the model posses a constant 
thermal conductivity and elastoviscoplastic behavior 
(i.e., the sum of the strains: εtotal = εelastic + εcreep + 
εplastic). Physical properties of the BU remain largely 
unconstrained, but based on its platy appearance, dark 
albedo, and association with mass wasting and dunes, 
it is believed that the material in the BU consists of 
ice-cemented sand. Consequently, the sand rich BU 
should likely creep at much slower rates than the 
overlying PLD. As such, I have adopted rheological 
properties of crustal rocks for the BU as an 
approximation.  We also approximate the thermal 
conductivity of the BU to that of ice. The viscous 
rheology of ice in our model includes the three 
dominant creep processes for Martian polar conditions 
[6], that is, dislocation-creep (DC), grain-boundary 
sliding (GBS), and easy-slip (ES): 

€ 

˙ ε creep = ˙ ε DC + 1/ ˙ ε ES( ) + 1/ ˙ ε GBS( )[ ]−1
, 

where the strain rates are stress and temperature 
dependent. Finally, plastic strains occur when stresses 
in the model exceed the yield value determined by a 
Drucker-Prager envelope. Values for thermo-
rheological parameters are found in [6, 7, 8, 9]. 
Modeling Results: Determination of the temperature 
field in the model occurs first, via a steady-state 
computation for assumed values of Ts and qb, which 
define the thermal parameter space. We adopt Ts 
values of both 140 K and 170 K, which represent 
annual averages for obliquity cases of 15º and 34º, 
respectively [10]. In response to the finding of [11] 
that Mars may have undergone periods of obliquity 
values as high as 60º in the last 100 Myr, Ts = 200 K is 
included as an end member case. Values of qb range 
from 5 to 30 mW m-2; while the upper limit is the 
canonical value often cited in the literature, the lower 
limit is a worst-case scenario and bounds with some 
margin the relatively low heat flow (25 mW m-2) 
derived by [5] from the lack of lithospheric 
displacement beneath the NPLD load in the SHARAD 
data. 

The mechanical solutions incorporate as a 
boundary condition the temperature field produced by 
the steady-state thermal models. Deformation occurs as 
a result of the load imposed by gravity and variations 
in relief. As expected, creep strains concentrate along 
the PLD/BU interface, where the ice is warmest, and 
near the chasma slope, where differential stresses are 
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greatest (Fig. 1). Creep strains are also the greatest 
contributors to deformation over plastic and elastic 
strains. Though the rate with which creep strains 
accumulate over time vary greatly depending on the 
thermal parameters adopted, the εcreep distribution 
remains largely the same as that show in Fig. 1. 

 
Fig. 1 – Edge of the model domain showing the 
chasma slope at the left. In addition to model 
discretization and the PLD/BU interface, contours for 
cumulative creep strains are shown for one of the 
tested cases (Ts = 200 K, qb = 30 mW m-2) at 200 kyr. 

Though our simulations so far represent thermal 
equilibrium only, they demonstrate that Ts exerts much 
greater effect on the rate of creep than qb (Fig. 2) and 
that transient solutions incorporating possible obliquity 
histories need to be adopted. Further, they show that 
under high obliquities, deformations on the order of ~ 
200 m are plausible over 105 yr (comparable to the 
surface age of the northern cap). Brittle strains are 
predicted to be less than 10% and located within a few 
kilometers from the chasma slope. 

 
Fig. 2 – History of vertical displacement near the edge 
of the chasma, shown for Ts = 140 and 200 K, qb = 5 
and 30 mW m-2. The solutions shown here derived from 
the PLD/BU model. 

In order to assess the mechanical effect of having the 
BU present beneath the NPLD, we conducted 
simulations where the entire model domain consists of 
ice. Our results show that the BU places the base of the 
ice at a depth where temperatures are colder than in the 

case without the BU, slowing creep deformation 
accordingly (Fig. 3). These results can also serve as a 
baseline to the southern PLD and the Gemina Lingula 
of the NPLD, in which the ice contacts the crustal 
surface directly. We also find that the gentle long-
wavelength slope of the BU does not considerably 
contribute to the stress state in the PLD. 

 
Fig. 3 – History of vertical displacement near the edge 
of the chasma, shown for Ts = 200 K, qb = 5 and mW 
m-2, and cases with and without the BU. 

Discussion: Our preliminary modeling results indicate 
that deformation of the PLD surface due to the flow of 
ice adjacent to polar chasmata can reach hundreds of 
meters between 100 kyr and 2 Myr, depending on the 
temperature of the ice (the latter being more consistent 
with current Martian conditions). Such intervals are 
comparable to the surface age estimated for the polar 
deposits (10 Myr in the south and 100 kyr in the north, 
[12]), and it is safe to assume that the age of the 
deposits themselves is greater. As such, it is likely that 
deformation should have occurred in the PLD near 
steep slopes, but preliminary analysis of MOLA data 
near Chasma Boreale does not show the type (shape 
and amplitude) of deformation predicted. We interpret 
this incongruence as an indication of ablation (or a 
combination of mass wasting and ablation) having 
removed the deformation. If so, an estimate of mass 
loss can be placed between ~ 0.1 and 2 mm yr-1 (0.09 
to 1.8 kg m-2 yr-1) for the past 100 kyr to 2 Myr.  
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