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Introduction: Answering questions about the me-

chanical state of the Martian polar caps is a necessary 
step in developing our understanding of their evolution 
and the recent climatic and heat flow histories of Mars 
[e.g., 1]. Several authors have reported features in the 
northern polar cap (NPC) that are suggestive of past 
deformation [e.g., 2, 3]. Others have conducted model-
ing studies that support the possibility of viscous de-
formation over timescales comparable to the surface 
age of the NPC [e.g., 4, 5]. [6] and [7], however, newly 
reported on a number of lineaments occurring at polar 
undulations on the NPC, which have been interpreted 
as recent normal faulting on the residual ice. Here we 
present preliminary modeling results that assess the 
contribution of surface topography to the stress field 
and confirm that timescales required to producing such 
surface faulting, shorter then the NPC surface age of 
100 kyr [8], support the interpretation of recent activ-
ity.  

 
Fig. 1 – Shaded relief of MOLA 512 pixel/° polar grid 
showing lineaments following undulations on the northern 
residual ice cap. Yellow arrows denote illumination direc-
tion and point toward the different lineament occurrences, 
which consist of negative relief atop undulation crests. 

Observations: [6] and [7] first reported the observa-
tion of lineaments occurring at the crests of some polar 
undulations on the Martian northern residual ice cap 
(or the Api unit of [9]), using Mars Global Surveyor’s 
(MGS) Mars Orbiter Laser Altimeter (MOLA) and 
Mars Orbiter Camera (MOC), and Mars Odyssey’s 
Thermal Emission Imaging System (THEMIS) 
datasets. These lineaments, seen in Fig. 1, consist of 
depressions approaching 10 m in depth and 100 to 300 
m across, the latter being near the lateral resolution of 
the 512 pixel/° MOLA topographic grid. Each linea-
ment is 10’s of km long, but their collection ap-

proaches 100 km. Their boundaries are somewhat ir-
regular (Fig. 2A) and some large pits are present along 
their length; the large pits appearing deeper than the 
lineaments. Mars Reconnaissance Orbiter’s (MRO) 
High Resolution Imaging Science Experiment 
(HiRISE) imagery reveals numerous small pits of 10-m 
or lesser diameters connected by small fractures in 
some cases – these pits concentrate at the edges of the 
lineaments and clearly alter the pre-existing residual 
ice surface (Fig. 2B).  

 
Fig. 2 A) MOC imagery showing a couple of lineament 
segments. Note the large (~100 m) pit near the center of 
the image. B) HiRISE imagery showing a lineament sec-
tion in greater detail. Numerous small (~10 m) pits occur at 
the edge of the main depression, which occupies the 
lower left ½ of the image. Illumination is from the lower left 
in both panels. 

Modeling: We make use of the finite element model 
with large-strain Lagrangian formulation and incorpo-
rate the full elastic-viscous-plastic (EVP) rheological 
response. The model domain consists of a plain-strain 
section defined by an immobile horizontal base, a cen-
tral axis of symmetry, and a cosine-shaped free surface 
that is similar to that utilized by [10] – Fig. 3. Super-
posed on the surface is a synthetic sinusoidal trough 
that has depth and slopes similar to the average north-
ern polar trough in the survey of [5]. The trough has a 
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steeper equator-facing slope and its position on the 
model cap is relatively the same as the radial position 
of the lineaments found on the NPC. Pressure and 
temperature conditions expected to exist in the NPC 
fall in the Ih locus of the ice phase diagram, and we 
adopt values for the relevant properties of ice accord-
ingly. Canonical values for the elastic parameters come 
from [11]. Cohesion and angle of internal friction, 
which define the Mohr-Coulomb yield envelope, de-
rive from the laboratory experiments of [12]. Viscous 
response is characterized by several solid-state creep 
mechanisms that can act concurrently, albeit at differ-
ent rates: easy slip (ES), grain-boundary sliding (GBS), 
and dislocation (DIS). The effective strain rate follows 
the experimentally based constitutive relation of [13]. 
Given that GBS is grain-size (d) sensitive, we adopt d 
= 1 mm. This is estimated to be the size of ice grains in 
the northern residual ice cap according to [14]. Be-
cause viscous creep is temperature dependent, a 
steady-state thermal solution is calculated at first, and 
the resulting temperature field is then applied into the 
mechanical problem as an initial condition. We take 
the estimated average Martian heat flow (qM) of 30 
mW m-2 as the basal boundary condition for the model, 
while we vary the surface temperature (Ts) from 140 K 
to 200 K, which are values consistent with those ob-
served at the Martian NPC [15]. 

 
Fig. 3 – Initial Shape of the FEM models and portion of a 
MOLA section passing over one of the lineaments (indi-
cated by arrow). 

Results: The steady state thermal solution leads to 
the expected increase in temperature over depth, 
whereas the basal temperature is highest beneath the 
center of the model where the thickness of the ice is 
greatest. However, the basal temperature is locally 
depressed by several degrees (from 187 K to 182 if Ts 
= 170 K) beneath the polar trough due to the surface 
topography. Gravity loading leads to differential 
stresses in response to the lateral variation of overbur-
den imposed by the broad cap and the trough topogra-
phy. The combination of these initial stress and tem-
perature fields leads to a concentration of creep strains 
at the base, beneath the trough slopes. Differential 
stresses concentrate at the surface and shallow subsur-

face in response to viscous flow at depth, and reach 
maximum values within 103 yr in most cases. While 
the peripheries of the trough reside under tension, the 
floor of the trough lies in compression. Differential 
stress magnitudes remain in the range of several hun-
dreds of kPa, which is not sufficient to cause brittle 
failure. The addition of an undulation next to the 
trough, shown in Fig. 4 and intended to simulate the 
local topography of the NPC where the lineaments are 
found, leads to a focusing of tensile differential 
stresses at the crest of the undulation. When Ts = 200 
K, differential stresses at this location reach the 1 MPa 
mark at ~10 yr, which places the surface at the brink of 
normal faulting. Lower Ts and shallower troughs slow 
down and reduce the magnitude of the stress focusing 
process, making faulting less probable. 

 
Fig. 4 – Portion of the FEM model solution showing the 
section of the cap containing the synthetic trough and 
undulation. Cap radius is 300 km, surface temperature is 
200 K, and differential stress and creep strain values are 
given at 10 yr, simulated time. 

Discussion: The overall behavior of the trough-
undulation topography to gravity loading is compatible 
with the lineament observations. The surface adjacent 
to the trough is under tension, and differential stresses 
are focused on the crest of the model undulation. The 
main issue remaining is that even under the case that is 
most propitious to brittle failure (Ts = 200 K), the sur-
face ice comes to the brink of but does not produce 
faulting. This suggests that our models are not address-
ing some aspect of the physics at this point. Such ar-
gument is reinforced by the fact that the models also 
predict high stresses on the northern side of troughs, 
but the majority of lineaments so far mapped occur on 
the southern sides of troughs. The apparent contrast 
between models and observations hint on a possible 
mechanism operating locally. If, for example, the base 
of the cap in the region of the trough were to have a 
slope or were partly decoupled, it would likely lead to 
higher stresses and faulting. Other possible contribu-
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tors are thermal stresses caused by variations in surface 
temperature [e.g., 5] or a vertical variation in mechani-
cal strength due to compositional layering [e.g., 3]. In 
any case, the system is so close to yielding at the sur-
face as modeled that only a relatively minor contribu-
tion (~ 300 kPa) to stresses in the shallow subsurface is 
necessary to prducing faulting.  

Stress focusing timescales are substantially shorter 
than the 100-kyr surface age of the Api, so any result-
ing faulting would have to have happened more re-
cently. The fact that the lineaments were detected by 
MOLA (1999-2001) through HiRISE (2006) indicates 
that they have existed for the span of time represented 
by these datasets, placing a lower bound of 5 yr to the 
lineament age. A cursory look at Viking Orbiter im-
agery suggests the presence of the lineaments at the 
same location 30 years ago, but noisy, low-resolution 
data precludes unambiguous identification.  

The multitude of small pits and their fresh appear-
ance suggests very recent activity. Their location 
above candidate faulting and morphology is similar to 
collapse pits found in other geologic settings, such as 
above subsurface faults in lava flow fields in Hawai’i 
[16]. It is plausible that the polar faults arise at some 
depth and propagate to the surface. If this is the case, 
the age of the faulting may exceed the age of the Api, 
but continuous fault displacement over time or recent 
reactivation would produce the recent surface expres-
sion. 

Continued monitoring of the faults and pits by 
HiRISE should reveal the degree of current activity, if 
any. Viewing the subsurface stratigraphy as well as the 
basal topography with MRO’s Shallow Radar 
(SHARAD) [e.g., 17] at this location should provide 
greater insight on the nature of the faulting and any 
possible genetic link of the faults to the undulations on 
which they rest. 
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