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Introduction:  The current large scale surface 
profile of the northern polar layered deposit (PLD) 
appears to be controlled mainly by mass balance. 
Ivanov and Muhleman [1] found that the current, 
large-scale surface profile could be approximated by 
a sublimation model alone. Indeed, Greve and 
Mahajan [2] considered the effects of ice flow by a 
thermo-mechanical ice sheet model of the north PLD, 
and found very low flow rates of 0.1-1 mm/yr. Near 
troughs, however, flow rates may be higher, up to 
cm/yr [3], and the effect of flow be more pronounced.  

The visible stratigraphy of the PLD is due to past 
variations in deposition of ice and dust. Layers are 
isochrones, and their shape reflects the history of 
mass balance and possible flow. For the southern 
PLD, Byrne and Ivanov [4] traced a layer over 150 
km, and concluded that the shape of the layer was not 
consistent with typical shapes produced by flow.   

We have correlated individual layers exposed in 
trough walls across the north PLD using MOC 
images and MOLA data, thus obtaining PLD-wide 
stratigraphic information [5] of the upper ~500 m of 
the PLD. We compare the resultant stratigraphy with 
model predictions to assess whether large-scale flow 
has significantly affected the upper layers. 

Correlating Layer Sequences: We have 
identified an Upper Layer Sequence (ULS) and a 
Lower Layer Sequence (LLS) lying stratigraphically 
below the ULS. Our layer correlations are not based 
on being able to identify individual layers from one 
image to the next but rather on being able to match 
the sequence of individual reference layers. A 
separate layer cannot be identified by our methods.  
We have identified sequences by noting the presence 
of particular layers and ancillary features such as 
fine-scale laminations above or below particular 
layers, occurrences of sets of two layers 
stratigraphically close together (a double layer), 
prominent layers, and the apparent albedo of layers.   

Stratigraphy: The layer structure derived from 
our correlations is shown in Fig. 1.  Layer dips along 
troughs are similar to the PLD surface slope; layers 
are not flat-lying, even though slopes are extremely 
shallow.  Ignoring variation between them, the ULS 
and LLS slope downwards between the images 
closest to the pole and those at lower latitudes.  The 
downward slope is close to the overall slope of the 
cap surface between the images which comprise the 
closest approximations to true cross-sectional views 

in this data set.  However, the observed variations in 
layer height indicate that the layers of the ULS and 
LLS likely do not smoothly curve downwards in 
cross-section. On a vertical scale, these height 
variations are significant compared to the ~3000 m 
combined thickness of the PLD and basal unit.  

Flow Model: We compare the derived 
stratigraphy with model predictions of the effects of 
large-scale flow on layer structure. We assume a 
northern PLD deposition history, and use an ice flow 
model to simulate the evolution until present. We 
simulate layers within the PLD by keeping track of 
past PLD surfaces at specific time intervals as they 
are buried and gradually begin to be affected by flow. 

We have adapted a simple two-dimensional flow 
model [6], which is based on the flow law of ice 
(simplified to shear stress) where strain rate = A(T) · 
stressn. A(T) is a temperature dependent flow rate 
parameter, T is the temperature measured relative to 
the pressure melting point, and n is a constant, 
usually set to 3 for glacial ice. The flow law is 
adjusted to Martian temperature conditions. The 
model assumes a basal temperature of 225 K, no 
deflection of the lithosphere beneath the PLD, that 
the entire thickness of the PLD as measured by 
MOLA consists of water ice, and solves the equation 
of continuity.  

We assume that deposition of the northern PLD 
began at 5 My ago in order to avoid high obliquities 
before 5 My, which might have increased 
sublimation rates and caused major erosion [7]. We 
have run the model with several mass balance 
scenarios: 1) We use a positive accumulation rate 
everywhere (deposition), which decreases with 
distance from the center of the PLD. The 
accumulation rate is equal to the present surface 
elevation as defined by MOLA (smoothed to remove 
the troughs) divided by 5 My. 2) We impose a 
sinusoidal variation on this accumulation rate to 
simulate a spatially varying mass balance pattern. 

Model results:  Our model results for run 1 and 2 
are plotted in Fig. 2.  Each shows the results after 5 
Myr of evolution. Under a mass balance scenario 
with decreased accumulation rates near the margin 
(Run 1, Fig. 2a), flow tends to smooth away the mass 
balance signature on layers, made clear by Fig. 2b. 
Even the signature of an oscillating deposition pattern 
(Run 2, Fig. 2c) may be almost completely erased by 
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flow (Fig. 2d), and at 5 My, the PLD have built up to 
almost the same smooth profile as in Fig. 2b.   

Our data show that the heights of the ULS and 
LLS layers are not smoothly varying.  Thus, the ULS 
and LLS do not exhibit evidence of having been 
significantly affected by large-scale flow under the 
conditions modeled for this study. Flow rates have 
been slow compared to mass balance rates.  
However, it should be emphasized that the effects of 
flow on layers can be less pronounced at shallower 
depths (like those of the ULS and LLS) than at 
deeper depths, where flow may have acted for a 
longer time.  

Several factors could imply slower flow rates than 
predicted by the model runs above. Additional runs 
using a lower basal temperature of 200 K, and thus 
slower flow rates, exhibit less smoothing than those 
with 225 K.  Also a high dust content of the PLD 
could have a hardening effect and thereby change the 
flow law rate factor compared to pure ice, resulting in 
slower flow rates.  There is no obvious evidence on 
the PLD surface of a basal topographic relief, but if 
part of the apparent thickness of the PLD is occupied 
by the Basal Unit [8,9,10], the ice thickness could be 
smaller than the ~3 km we assume in our models, 
resulting in slower flow rates.  
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Fig. 1. Elevation of the ULS (grey) and LLS (black) as a 
function of latitude (°N).  We estimate a maximum vertical 
positioning error of about ±5 m, about the size of a data 
point in the plot.  Each vertical stack of points comprises an 
exposure of the ULS or LLS in one MOC image.  Note that 
this figure does not represent a true cross-section since the 
MOC images used are scattered across the PLD. 

 

 
Fig. 2. Flow model runs illustrating the effects of flow on 
large-scale layer structure.  All runs show a snapshot in 
time of the layers after 5 Myrs of PLD build-up.  Simulated 
internal layers (i.e. former PLD surfaces) are labeled by 
their age.  (a) PLD builds up to present shape as measured 
by MOLA (smoothed) but does not flow. (b) PLD build up 
to present shape but are allowed to flow as they build up.  
Flow smoothes the mass balance signature. Grey lines 
represent the no-flow case. (c) Here we impose a sinusoidal 
variation on the mass balance pattern used in (a) but do not 
allow the PLD to flow. (d) The PLD builds up with the 
varying mass balance pattern but is allowed to flow as it 
builds up.  Flow smoothes the mass balance pattern. 
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