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Introduction: Within the northern residual polar cap of Mars 
are dark lanes or troughs; on the walls of these exposures are lay-
ered deposits.  These deposits consist of laterally extensive layers 
of ice and dust and are found throughout the polar cap.  They were 
first identified in Mariner 9 images [1, 2] and later studied in detail 
with Viking orbiter data [e. g. 3, 4, 5, 6, 7] and with the Mars Or-
biter Camera (MOC) data from the Mars Global Surveyor (MGS) 
[e. g., 8, 9, 10, 11].  The polar layered deposits are thought to con-
tain the record of recent climate change and polar history [e.g., 5, 
7, 10, 11]. An understanding of the processes at work shaping the 
polar cap can help to interpret this climate record. 

It is well-documented that terrestrial ice sheets of sufficient 
thickness can flow [e.g., 12, 13, 14]; if the martian northern polar 
cap is thick enough and the geothermal gradient at the base of the 
cap is high enough, it should flow as well [15, 16, 17, 18, 19, 20].  
However, the strength of the cap material is not known due to the 
unknown proportion of dust in the polar layered deposits internal to 
the cap; the presence of dust can strengthen or weaken the cap 
material, depending on the amount of dust [21, 22]. The presence 
of layers deformed by flow would provide insight into the strength 
and behavior of the northern cap as well as the conditions and style 
of deformation. 

In this abstract, we review the current efforts to model flow of 
the northern cap and outline predictions of the resulting geomor-
phology of the polar layered deposits.  In a companion abstract, we 
examine the evidence for deformation and flow of the polar layered 
deposits. 

 
Figure 1.  Behavior of material in a simple domed ice cap.  Developed 

from an actual cross section of Greenland.  From [16]. 
Ice Flow Models: In a simple symmetric terrestrial ice cap in 

temporal steady state, accumulation of ice in the center of the cap 
and ablation of ice at the edges are constant.  Mass balance requires 
that ice flows from the accumulation zone to the ablation zone.  Ice 
and other material deposited in the accumulation zone moves 
downward and is thinned by compression and shear flow (Figure 
1).  Thus, layers internal to the ice cap (for instance, dust or tephra) 
also get thinner and experience more shear as they get closer to the 
ice bed.  In addition, the ice towards the very base of an ice sheet 
must flow over the ground surface that underlies the ice sheet; the 
topographic relief of this surface may distort the layers [summa-
rized in 16]. 

A major difference between the simple ice cap described 
above and the martian north polar cap is the presence of spiraling 
troughs cutting into the martian cap, exposing layers of ice and 
dust.  The walls of these troughs are much darker than the ice-

covered polar flats between troughs, which has led to the theory 
that ablation in the form of sublimation occurs on the equator-
facing slopes while deposition occurs on the bright flat areas [4, 5, 
7, 16, 17].  This process may cause the troughs to migrate poleward 
in a conveyor-like fashion [7, 16, 17, 18].  Thus, the troughs may 
be moving inward on top of the ice which is moving outward [16].   

 
Figure 2. Fisher’s model of cap flow.  A) Proposed particle paths 

through migrating scarps.  As the scarp migrates, some sublimated water 
vapor moves to the polar flats between troughs.  Some layers have origi-
nated near troughs farther north and moved down from flow.  B) Schematic 
cross section through the cap.  A given trough wall is fed by ice laid down 
on the polar flat immediately above it and by ice from higher up the cap.  
This results in a temporal discontinuity in the layers exposed in any given 
trough wall.  The troughs lower in elevation tend to have more layers origi-
nating from the interior of the cap.  From [16]. 

The behavior of internal layers in such a cap is quite complex 
and open to several interpretations.   Fisher [16] calculated the 
behavior of internal layers in an ice sheet with idealized trough 
topography assuming that the ice thickness was much thicker than 
the trough depth, in effect, that the trough system only involved the 
very uppermost section of ice cap (Figure 2).  In this model, the 
uppermost layers in the trough walls are young layers formed from 
material recycled from the retreat of the trough wall; as material is 
removed from the trough wall, a portion is redeposited on the 
nearby polar flat and a new layer is formed.  The troughs at the 
lower elevation and outer margin of the cap contain older layers 
which are from material deposited towards the center of the cap 
which has flowed out, similar to the behavior of a simple ice sheet.  
In effect, there is a simple ice sheet with internal layers underlying 
a complex ice sheet with trough topography; layers from the simple 
sheet are exposed at the edges of the cap and at depth.  A disconti-
nuity is expected between layers from different source regions.  
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Fisher [17] expanded on this theory, adding the prediction that the 
upper layers formed by local recycling of polar volatiles will be 
more disorganized and non-homogenous than the older, deeper 
layers.  Waves in the layers are expected at depth due to the pres-
ence of the troughs; the wavelength and amplitude of these waves 
are a function of the rate of trough migration compared to the rate 
of outward ice flow. 

 
Figure 3.  Hvidberg’s model of cap flow.  Particle paths along a topog-

raphic profile of the cap.  A) An enlargement of a part of the flow line, and 
B) the full flow line.  The presence of troughs on the surface affects the 
motion of the cap material all the way to the base; thus, the troughs divide 
the cap into discrete dynamic units.  From [19]. 

Modeling work by Hvidberg [19] leads to another model of 
flow in the cap (Figure 3).  Hvidberg [19] used a finite element ice 
flow model to calculate flow rates and trajectories assuming pure 
ice in the northern cap using the topographic profile of the cap 
measured by MOLA.    She found that rather than allowing ice to 
flow below the trough system, the troughs separate the cap into 
distinct units.  In this model, there is no flow between the major 
troughs.  This is due to the fact that ice exposed in the pole-facing 
slopes of the troughs will either not flow at all or flow slowly 
towards the pole. Indeed, flow alone should smooth the troughs in 
less than 106 years; this implies that other forces such as sublima-
tion or erosion by katabatic winds are actively keeping the troughs 
open. 

Predictions:  What kind of evidence should we be looking for 
to determine where, when, and how much the ice flows, in order to 
test these different models? Ice flows by creep, or movement 
within or between individual ice crystals.  The rate of ice creep is a 
function of shear stress and is affected by impurities such as the 
presence of dust within the ice [20, 21, 22, 23, 24, 25].  Most creep 
occurs in the lower region of an ice cap or glacier where the shear 
stress is greatest.  When the ice cannot creep fast enough to allow 

the ice cap or glacier to adjust its shape under stress, the ice can 
undergo brittle failure or fracture [13, 14, 26, 27].   

Extensional zones within the ice can cause individual layers to 
thin (in the case of a ductile layer) or fracture (in the case of a 
brittle layer).  A brittle layer surrounded by ductile layers will 
break apart, and the surrounding ductile material will flow around 
and into the gaps to form boudinage structures. 

Compression zones within the ice can cause fold-and-thrust 
features similar to those found at compressive plate boundaries on 
the Earth [27].  Folded ductile ice can also be detatched from the 
underlying substrate along a bedding plane known as a décolle-
ment.  The folded ice can be further deformed by overthrusting 
reverse faults. 

The state of stress (compressional vs extensional) at the base 
of an ice sheet depends on whether the ice is accelerating or decel-
erating.  This in turn depends on the thickness of the ice, the basal 
temperature of the ice, and whether the ice is located beneath an 
accumulation zone or an ablation zone.  For a simple domical ice 
sheet, the interior regions experience extension while the marginal 
regions undergo compression (Figure 4) [23].   

 

 
Figure 4.  Location of extension and compression within a simple ice 

sheet.  After Figure 7-1 in [23]. 
This simple model of ice cap dynamics (Figure 4) offers a 

framework for assessment of evidence for flow.  We should look 
for evidence of flow in the northern polar cap by searching for 
deformation in layers near the base of the cap.  The troughs which 
cut the deepest into the cap are located towards the cap margins; 
based on terrestrial experience [23], we expect that any deforma-
tion present will be due to compression. 
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