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Introduction: Estimates of the global inventory of water 
on Mars based on a determination of the amount of water 
required to erode the outflow channels suggest that a 
quantity equivalent to a global ocean 0.5 to 1 km deep 
may be stored in the planet’s subsurface [1, 2]. As this 
inventory post dates the timing of the most efficient 
processes that may have lead to its removal, the majority 
of this water is expected to survive to the present day as 
subsurface ice and groundwater (e.g. [3, 4]). 
In this work, we examine the impact of climatic insolation 
variations on the extent of the Martian cryosphere – with 
particular regard to the occurrence of thawing in both the 
deep- and near-subsurface that could promote hydrous 
alteration.  
Recent calculations show that the globally averaged 
depth of the cryosphere of Mars may be twice as deep as 
previously estimated [5], although spatial heterogeneities 
in crustal heat flow, thermal conductivity, and freezing 
point depression may result in substantial local 
variations in cryosphere thickness about this mean. 
Here we demonstrate that climatic variations in insolation 
may result in km-scale variations in cryosphere thickness 
at high latitudes over the past 20 million years. We also 
demonstrate that extensive thawing of the near-subsurface 
may occur at mid- to high-latitudes at time of high 
obliquity. Implications on the aqueous processes of the 
subsurface of Mars and on the presence of subpermafrost 
groundwater are examined. 
 
Model description: the evolution of the Martian 
cryosphere with time is described by the refinement and 
extension of a one-dimensional finite difference thermal 
model [6]. Our recent revisions take into account the 
surface temperature variation due to astronomically 
induced variations in insolation, the temperature-
dependent conductivity of rock and ice, the potential 
effect of the presence of methane hydrate, an exponential 
decline in porosity with depth and a potentially lower 
Martian geothermal heat flow. 
The porosity of the subsurface of Mars is assumed to 
follow an exponential law as 
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" 0( ) is the surface porosity, conservatively assumed to be 
0.2, and D is the gravitationally scaled porosity decay 
constant of about 2.82 km for Mars [4]. The thermal 
conductivity of a mixture of porous basalt and ice is 
obtained with the geometric mixing rule. Finally, the 
numerical model has been adapted for the simulation of 
various layers of different thermal conductivity and 
porosity laws.  
 
Surface insolation: Over the timescale considered, the 
diurnal variation of the insolation at a given latitude is 
not taken into account. A mean annual insolation value 
following the approximate function by Hoffert et al., [7] 
has been assumed.  
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with l the latitude considered for the calculations, S0 the 
solar constant at the semi-major axis orbital distance, i, 

the obliquity of the planet, e, the eccentricity of the 
Martian orbit. The variations of the orbital parameters of 
Mars have been taken from the work of Laskar et al. [8]. 
The calculated insolation at the equator over the last 20 
million years and for the next 10 million years is shown in 
Fig. 1. The polar caps are assumed to be stable over this 
time period with a mean albedo of 0.25 over the surface of 
Mars and an albedo of 0.65 where polar caps are present 
(latitude of about 70º or larger). 

 
Figure 1: calculated insolation at the equator as a function of time over 
the last 20 million years and for the next 10 million years with the 
assumed obliquity and eccentricity variations of Laskar et al. [8].  

 
Heat flow: The mean Martian crustal geothermal heat flow 
is assumed to vary between 15 and 45 mW.m-2 based on 
rheologic estimates of lithospheric thickness [9 – 11] 
with a higher probability for lower range of values (~8 – 
25 mW.m-2). 
While these estimates are specific to regions like Tharsis 
[9 – 10] and the North polar plains [11], they suggest that 
the ‘mean’ global heat flow of Mars may have been 
overestimated by a factor of two – which, if true, would 
double the expected thickness of frozen ground.  
Numerical simulations are presented here for a Martian 
crustal heat flow of 15 mW.m-2. 
 
Thermal conductivity: Except for the high latitude zones 
(above 40º) where there is evidence that water ice persists 
year-round at shallow depth (e.g. Boynton et al. [12]), the 
Martian subsurface is assumed to have a thermal structure 
consisting of several layers. Within the latitude range of 
±40º, the diffusive instability of ground ice is expected to 
have led to the progressive desiccation of the regolith to a 
maximum equatorial depth that, for the purposes of this 
discussion, reaches a maximum of 180 m. The uppermost 5 
m of this desiccated region is assumed to have a thermal 
conductivity of 0.05 W.m-1.K-1 consistent with the 
thermal inertias measured by mini-TES [13] and 
characteristic of a high-porosity granular material. 
Underlying this initial surface layer is a second layer of 
basalt or cemented sedimentary rock that is assumed to 
have an ice-free thermal conductivity of 0.1 W.m-1.K-1. 
Where ice is stable in the subsurface (at latitudes >40º, 
and at depths below the sublimation front at latitudes 
<40º) the thermal conductivity of both ice and rock is 
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given by the temperature-dependent expression 
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K =
488.19

T
+ 0.4685 where K is the thermal conductivity 

and T the temperature [14]. Finally, the methane recently 
detected in the Martian atmosphere [15 - 17] could 
originate from the cryosphere where it would be a major 
component. In its pure state, the thermal conductivity of 
gas hydrate is about 0.5 W.m-1.K-1 [18].  

 
Figure 2: Evolution of the depths for the isotherms of 205 K, 252 K and 
273 K over 30 million years for a heat flow of 15 mW.m-2. 

 
Results: Fig. 2 shows that over millions of years, the 
astronomically induced variation of insolation can modify 
the position of the cryosphere base over more than 2 km. 
The depths of the isotherms at 205 K, 252 K and 273 K, 
corresponding respectively to the freezing-point 
boundaries of salt saturated ice (e.g. perchlorates seen by 
Phoenix), of chloride saturated ice (e.g. Na-Cl seen by 
Viking) and of pure water ice are presented. The mean 
depths of the isotherms over 30 Man as a function of the 
latitude is shown in Fig. 3. 

 
Figure 3: Mean depths for the isotherms of 205 K, 252 K and 273 K 
over the 30 million years for a heat flow of 15 mW.m-2 as a function of 
the latitude. 

Simulations using gas hydrate instead of water ice as the 
main component of the cryosphere show that the expected 
depth of the cryosphere base is higher by more than 1.1 
km due to its lower thermal conductivity as shown in Fig. 
4. 

 
Figure 4: Mean depths for the isotherms of 205 K, 252 K and 273 K for 
the gas hydrates icy material over the 30 million years for a heat flow of 
15 mW.m-2 as a function of the latitude. 

 
Conclusions and Implications: Based on these revised 
estimates of heat flow, thermal conductivity, porosity and 
freezing-point depression isotherms, we have calculated 
that the effects of the astronomically induced variations in 
insolation are significant – resulting in km-scale 
variations in the depth of the cryosphere at high latitude. 
The presence of gas hydrates can reduce the thickness of 
the cryosphere by a similar amount. The most important 
parameter is the estimation of the Martian geothermal heat 
flow.  
The averaged thickness of the cryosphere on Mars is 
likely to exceed 7 km at the equator and 20 km near the 
poles. However, variations in crustal heat flow, thermal 
conductivity and porosity may result in significant 
departures from these predicted values.  
Moreover, the large variations in insolation over time can 
result in extensive thawing of the near-subsurface, for 
example above 60º latitude, promoting hydrous 
alterations of the near-surface.  
Considerations of the evolution of the cryosphere over 
larger periods of time may have important implications for 
the occurrence of aqueous processes in both the near- and 
deep-subsurface – a potential that will be discussed in 
greater details at the meeting. 
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