
Figure 1. An idealized cross section of the polar crust illus-
trating the possible time evolution of basal melting [4,5]. 
The sequence depicts (a) a time prior to the deposition of 
any dust and ice, (b) the onset of deposition and basal 
melting at the base of the cryosphere, and (c) melting at 
the actual bas of the deposits. 
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Introduction:  A recent analysis of MARSIS or-

bital radar sounding data suggests that there is at least 
one location at the base of the present-day Martian 
south polar layered deposits (SPLD) where the combi-
nation of mean annual temperature, polar deposit 
thickness, thermal conductivity, and local geothermal 
heat flow, are sufficient to raise the basal temperature 
to the melting point [1].  During the Late Noachi-
an/Early Hesperian (LN/EH), the conditions for basal 
melting of the SPLD are thought to have been signifi-
cantly more favorable, including a denser atmosphere, 
warmer climate, thicker and more extensive polar de-
posits, and a ~2-3x higher geothermal heat flow [2-5].  

Polar basal melting has been proposed as the pri-
mary mechanism for the recharge of a Martian sub-
permafrost groundwater system (Fig. 1), which is 
thought to have contributed to the potential replenish-
ment of an early, ice-covered northern ocean and the 
development of the outflow channels [4,5].  To inves-
tigate this potential, we have integrated a Mars Global 
Climate Model (GCM) [6,7] with a dynamical model 
of the evolution of large ice sheets [8,9] and a model of 
subpermafrost groundwater flow, to calculate the 
amount of water that may have been introduced into a 
subpermafrost aquifer by polar recharge, based on con-
sideration of a range of planetary water inventories 
(200-500 m GEL), atmospheric surface pressures (0.5- 
1 bar CO2), obliquities (15o, 25o, and 45o), geothermal 
heat flow (45, 55, and 65 mW m-2) and Martian crustal 
properties.  We find that, given a reasonable range of 
these values, up to ∼0.1-50 km3 of H2O may have been 
introduced into the subsurface each year by basal melt-
ing – equivalent to a global ocean ∼6-3,500 m deep 
over 107 years. 

Possible evidence of LN/EH basal melting is found 
in association with the Dorsa Argentea Formation 
(DAF), an ancient and highly eroded sedimentary unit 
that has been interpreted as a remnant of a once more 
extensive south polar deposit.  This evidence consists 
of a network of sinuous and braided ridges that resem-
ble terrestrial eskers, features formed by the deposition 
of fluvial sediments in subglacial rivers and streams 
created by the discharge of basal meltwater [1, 10-12].  

Model Descriptions: Our investigation of the for-
mation of LN/EH ice sheets, under a variety of atmos-
pheric and climatic conditions, was conducted with the 
aid of the Laboratoire de Meteorologie Dynamique 
(LMD)  GCM,  which employs a 1D radiative convec- 

 

tive model with a 3D dynamical core.  This model has 
been used in a number of previous studies of the Mar-
tian water cycle [e.g., 6,7].  In our present application 
it was used to calculate both the surface mass balance 
and geographic variation in mean annual surface tem-
perature as a function of obliquity and atmospheric 
pressure.  For an atmosphere composed of 0.5 bars of 
CO2, mean annual polar surface temperatures averaged 
~30K higher than present. At 1 bar, mean annual tem-
peratures averaged ~60K higher. 

These GCM results, as well as our investigated 
range of H2O surface inventories and geothermal heat 
flow, were then used as input for the ice sheet model 
SICOPOLIS (Simulation Code for POLythermal Ice 
Sheets) which was developed by Ralf Greve at the 
Institute of Low Temperature Science, Hokkaido Uni-
versity, Japan (www.sicopolis.net). SICOPOLIS is an 
open-source, 3D finite difference model of ice dynam-
ics, thermodynamics, and evolution whose output was 
used to predict ice sheet extent and thickness, flow  
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Figure 2. Predicted distribution of basal melting for a 
south polar ice sheet at 1-bar atmospheric pressure, 25o 
obliquity, with a 55 mW m-2 heat flux and a planetary 
inventory of 500 m GEL H2O.   

Figure 3. Groundwater mound development beneath a 
south polar ice sheet under the conditions illustrated in 
Figure 2.  Elapsed time is 107 years.  

velocity, basal temperature and melt rate (Fig. 2). In 
terrestrial applications, the results of this model are in 
good agreement with observations of these same prop-
erties for both the Greenland and Antarctic ice sheets 
[8,9]. 

The SICOPOLIS predictions of the geographic oc-
currence of basal melting, as well as the basal melting 
rate, were then used as input into our model of sub-
permafrost groundwater flow, to determine the impact 
of the influx of basal meltwater on the evolution of the 
underlying polar water table (Fig. 3) and its implica-
tions for global groundwater flow.  The model is based 
on an unstructured grid implementation of the USGS 
groundwater modeling software, MODFLOW, consist-
ing of 6 crustal layers whose porosity and permeability 
decline with depth.  Our model domain consists of a 
south polar stereographic projection of Mars extending 
down to 52o latitude that covers an area of ~1.8x107 
km2 (~4800 km in diameter) with a resolution of ~25 
km2.   

Results: Given the reasonable estimates of LN/EH 
atmospheric pressure, crustal heat flow, obliquity, and 
H2O surface inventory considered here, we find that 
polar basal melting may have introduced as much as 
~0.1- 50 km3 H2O into the subsurface each year –
equivalent to a global layer ~6 - 3500 m deep in 107 
years.  Melting at the base of the cryosphere (Fig. 1b), 
in response to the deposition of ice at the surface, may 
have increased the introduction of meltwater into the 
subsurface by a factor of several.  

The resulting pole-to-equator gradient in hydraulic 
head appears sufficient to have prolonged the survival 
of ice-covered ocean in the northern plains by both the 

subsurface replenishment of ocean water with ground-
water and the subsequent release of latent heat, as the 
ocean water froze. 

Potential Complications: Martian obliquity varies 
chaotically, with a period of ~1.2x105 yrs over a poten-
tial range of from 0o to >60o (Laskar et al., 2004) – 
causing significant changes in surface temperature and 
local mass balance.  For the cold climate conditions 
and H2O inventories considered here, the obliquity 
changes more rapidly than the polar ice can equilibrate, 
complicating interpretations of what conditions gave 
rise to the geographic distribution of basal melting 
landforms.  Further complications are likely to arise 
from the spatial variability of crustal heat flow and 
hydraulic properties. 
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