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Introduction: Recent observations of the Martian North 
Polar Layered Deposits (NPLD) suggest that glacial flow 
may govern its large-scale evolution [1]. There are two basic 
glaciological questions of climatological importance: (1) 
How fast is the NPLD presently flowing? (2) And does the 
NPLD experience “ice ages”: i.e., episodes of glacial ad-
vance and retreat at other orbital epochs? To address these 
fundamental questions, we are developing the first truly orbi-
tally-dependent model of north polar glacial flow on Mars. 
What will distinguish our modeling from previous NPLD 
flow models [2-5] is our ability to let NPLD topography vary 
freely in response to obliquity-driven variations in sublima-
tion rates and subsurface rheology.

Greenland Flow Model: We are adapting the terrestrial 
three-dimensional thermomechanical ice sheet model devel-
oped by Marshall and Clarke [6] and used by Marshall and 
Cuffey [7] to simulate the paleoclimatic forcing of the 
Greenland ice sheet over the last glacial cycle. Marshall and 
Cuffey [7] started their simulations with present-day 
Greenland ice sheet topography and climatology (i.e., surface 
temperatures and mass balance), and then introduced a 6C 
cooling across the grid to reflect the colder glacial conditions 
prevalent circa 160 ka, integrating forward until ice thick-
nesses and subsurface temperatures attained equilibrium.  
Simulations were then run from 160 ka to the present, with 
time-varying climate conditions derived from the ice core 
isotopic record updated at 100 yr intervals. Fig. 1 shows 
snapshots of the resulting evolution of surface topography 
predicted by Marshall and Cuffey [7]: note the dramatic re-
duction of the Greenland ice sheet during the last interglacial 
warming (Fig. 1a), which provided a substantial contribution 
to the contemporaneous rise in mean sea-level [8].

NPLD Flow Model: We will compute paleoclimatic 
NPLD topographic histories analogous to Fig. 1 by explicitly 
calculating the effects of orbitally-induced insolational varia-
tions upon the surface mass balance and subsurface rheology 
of the NPLD. Fig. 2 shows the dependence of sublimation 
rate upon obliquity, as calculated by Pathare and Paige [9]
for “nominal” NPLD conditions corresponding to: eccentric-
ity e = 0, argument of perihelion  = 0, surface slope α = 0°, 
and latitude = 85N.  For our NPLD flow modeling, we will 
consider the effects of plausible variations to these and other 
input parameters upon predicted sublimation rates [9].

Pathare and Paige [9] implemented a diurnal advection 
efficiency parameter adv equal to the rate at which an atmos-
pheric column of water vapor is removed by horizontal ad-
vection. As seen in Fig. 2, maximum water ice sublimation 
rates result from total instantaneous advection (adv = ∞), 
since in this idealized scenario the relative humidity is al-

ways zero. Regardless of diurnal advection efficiency, NPLD 
sublimation rates at near-maximum obliquities ( = 45) are 
approximately two orders of magnitude greater than the cor-
responding present-day ( = 25.2) loss rates. Hence, pre-
dicted high-obliquity ablation rates (and, by extension, po-
tential accumulation rates) are sufficient to drive substan-
tially faster glacial flow rates—provided that the NPLD sub-
surface is sufficiently mobile during such orbital epochs to 
enable such enhanced flow, which is consistent with the 
high-obliquity rheological modeling of Pathare et al. [10].

Surface Mass Balance: A basic characteristic of glacia-
tion is the partitioning of the surface into zones of net abla-
tion and accumulation (thereby driving lateral flow), which 
for the NPLD will be dominated by water ice sublimation 
and condensation, respectively [1].  NPLD ablation rates can 
be constrained by Viking Orbiter Mars Atmospheric Water 
Vapor Detector (MAWD) observations [11]. However, the 
spatial distribution of NPLD accumulation is not well 
known, particularly with regards to the depositional role of 
polar troughs. Therefore, for our glacial flow modeling we 
will consider a variety of surface accumulation patterns, in-
cluding: (1) uniform condensation across the entire NPLD, 
resulting in net accumulation over most of the interior as in 
terrestrial glaciers; (2) “accublation” involving multiple 
trough-centered zones of accumulation and ablation [3]; and 
(3) “vacuuming” of water vapor into a small accumulation 
zone at the very center of the NPLD where troughs are ab-
sent, via repeated recondensation in the retreating seasonal 
CO2 frost cap [12]. We will present the preliminary model 
results for present day flow rates resulting from each of these 
mass balance scenarios, and consider the implications for the 
three-dimensional stratigraphy of the North PLD.
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Figure 1 Snapshots of Greenland Surface Topography.. (a) Eemian interglacial minimum configuration, 
127 ka. (b) Last glacial maximum, 21 ka. (c) Present day. (d) Present day, observed. Taken from Marshall 
and Cuffey [7].

Figure 2 Obliquity Dependence of NPLD Sublimation. Dependence of annual sublimation rate upon 
obliquity, for three different diurnal advection efficiencies and typical North PLD surface and atmos-
pheric conditions (i.e., albedo a = 0.38; thermal inertia Ith = 900 J/m2/s1/2/K; emissivity  = 1; dust opac-
ity  = 0.1; atmospheric pressure P = 700 Pa; wind speed w = 10 m/s) at 85N. Taken from Pathare and 
Paige [10].
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