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Introduction: One of the most compelling pieces of 

evidence that liquid water was abundant on Mars during 
the Noachian is the presence of the valley networks 
(VN) in the southern hemisphere of Mars. In light of the 
faint young-sun paradox, the formation mechanism of 
VN is hotly debated. The debate can be divided into two 
distinct factions: (i) studies that suggest VN formation 
under prolonged warm, wet conditions [e.g., 1] and (ii) 
studies that assume that the planet was mainly frozen, 
with aquifer discharge or episodic/seasonal melting of 
snow and ice deposits providing the necessary liquid 
water for VN formation [e.g., 2, 3]. These hypotheses 
have profoundly different implications for early Martian 
climate, hydrology, and habitability.  

While basal melting of thick ice deposits can pro-
vide a novel solution to the faint young sun paradox, it 
requires specific constraints on the thickness of the ice 
and geothermal heat flow. A major unknown is whether 
the geothermal heat flow in Noachian Mars was suffi-
cient for basal melting of thick ice deposits. Here, we 
utilize surface temperature estimates from 3-D climate 
models of Mars [3] and determine the surface heat flow 
required to melt putative ice and snowpack of various 
thicknesses during the Noachian eon. We then use the 
available geophysical and geochemical datasets to as-
certain if the surface heat flow on Mars would have ex-
ceeded this threshold during the Noachian.  

Methods: (1) Thermal Model: To investigate the 
thermophysical evolution and basal melting of hypo-
thetical Martian ice sheets, we constructed a one-dimen-
sional finite difference model capable of simulating 
their deposition, densification, and conduction of geo-
thermal heat. Deposition of the ice sheet is assumed to 
occur uniformly over the Martian surface at a steady 
rate, until the ice reaches a critical thickness. We simu-
late ice sheets as being in contact with an atmosphere of 
constant temperature and which are subject to the con-
stant basal heat flux. In its current state, the model is 
capable of simulating the accretion, densification, and 
thermal evolution of Martian ice sheets, including the 
ability to predict the presence and quantity of basal melt.  

(2) Constraints on Noachian heat Flow: Once the 
thickness of the ice cap and surface heat flow required  
for basal melting are estimated from the thermal models, 
we utilize the approach described below to assess if sur-
face heat flow necessary for basal melting would have 
been available in Noachian Mars.  

Post accretion and differentiation, the major source 
of heat in the interior of planets is the decay of long-
lived heat producing elements (HPE) with half-lives of 
billions of years (e.g. 238U, 235U, 232Th, and 40K) in the  

 
crust and the mantle. The crustal heat flow (qc) depends 
on the crustal heat production rate, density, and the 
thickness of the crust. We estimate the crustal heat pro-
duction rate using the chemical mass fraction maps of K 
and Th provided by the Gamma Ray Spectrometer 
(GRS) and techniques outlined in Hahn et al (2011) [4] 
during the Noachian. We make several simplifications 
to compute the Noachian crustal heat flow: (1) we ex-
plicitly model that the bulk regolith chemistry repre-
sents the respective crustal columns. (2) We bound the 
crustal density of Mars ranges between 2700 and 2900 
kg m-3. (3) We use the lateral heterogeneities in Bouguer 
anomaly to represent differences in crustal thickness 
and derive a crustal thickness map of Mars. A detailed 
justification of modeling will be presented at the confer-
ence.  

The surface heat flow of a planet also has a signifi-
cant contribution from the mantle. Assuming the Mar-
tian interior to have a chondritic concentration of heat-
producing elements and 40% of the bulk HPE to be frac-
tionated in the crust, Grott and Breuer (2010) [5] esti-
mated that the mantle heat flow would have likely ex-
ceeded 40 mW m-2 around 3.8 Ga ago, which converges 
with the Noachian mantle heat flow constraint by Hauck 
and Phillips (2002) [6]. Due to the lack of directly meas-
ured mantle heat flow, we first estimate the crustal flow 
during the Noachian using the approach described 
above. If the heat flow generated by crust alone is insuf-
ficient for basal melting (as will mostly be the case), we 
add contribution from the mantle treating 40 mW m-2 as 
the absolute upper limit on the Noachian mantle heat 
flow. We also run a few thermal models in which we 
ascribe mantle heat flow of 20 – 40 mW m-2 globally to 
constrain the amount of melt water produced.  

Results: Assuming a mean annual surface tempera-
ture of 230 K, we find that the basal melting of ice de-
posits thinner than 1 km requires geothermal heat flow 
in excess of 100 mW m-2, irrespective of the snow accu-
mulation rate or the time elapsed since their deposition, 
consistent with previous work by ref [7]. If a lower sur-
face temperature of 200 K is assumed, then, no melt is 
generated over 1 Ma even with surface heat flow of 100 
mW m-2. If the thickness of the ice cap in the southern 
highlands exceeded 1.5 km, then, geothermal heat flow 
in excess of 60 mW m-2 could have produced a substan-
tial volume of meltwater over a few hundred thousand 
years to a million-year timescale (Fig. 1). 
 Combining the gravity derived crustal thick-
ness estimates with GRS derived crustal heat production 
rate estimates, we find that the crustal heat flow in No-
achian Mars could have ranged between 5 – 45 mW m- 
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2, not enough to induce basal melting of thick ice depos-
its on its own. As expected, for basal melting to occur, 
a notable contribution from the mantle heat flow would 
be required. Assuming that the mantle heat flow did not 
exceed 40 mW m-2 during the Noachian [ref 5], we ask 
how much contribution from the mantle would be re-
quired for the surface heat flow to have exceeded 60 
mW m-2 during the Noachian. We find that mantle heat 
flow contribution between 20 and 40 mW m-2 could 
have provided enough heat enough for basal melting to 
have occurred in most places in the southern highlands 
(Fig. 2).  
 

The putative Noachian surface heat flow maps from 
Figure 2 were used as boundary conditions to estimate 
how much melt water could be produced from ice slabs 
of various thicknesses over a million years. The Martian 
water budget during late Noachian is unknown with es-
timates anywhere between 640m  to 5000 m GEL [8,9]  

. The distribution of these water inventory estimates 
above the predicted ice stability line would have re-
sulted in ice sheets with an average thickness of 14  - 
116 km. However, it is unlikely for the entire global 

inventory of water in ancient Mars to have been depos-
ited in the southern highlands alone. Since our goal is to 
ascertain if basal melting could have occurred on Mars, 
we follow a conservative approach and assume that the 
mean thickness of ice deposits on the southern high-
lands did not exceed 2 km. No melt is produced from 
ice slabs thinner than a kilometer. Over 0.5 – 1 Ma, a 
considerable amount of melt water can be produced by 
basal melting from the surface heat flow range that we 
have constrained here (Fig. 3).  

Figure 3. Melt water produced assuming crustal heat 
flow from Figure 2 and 30 mW m-2 contribution from the 
mantle over a million years. A mask has been applied to 
remove areas that are younger than Noachian. The dots 
show the location of VN on Mars.   
For example, per m2 of a column of thick ice deposit, 
melt exceeding 700 m is predicted in some parts of Mars 
over 1 Ma (Fig. 3). Within the limits of the models de-
scribed here, melt is only observed in locations with 
high surface heat flow, which either corresponds to ar-
eas on Mars with high concentration of the HPE, thick 
crust, or both. Given the caveats of the model presented 
here and uncertainties associated with the surface heat 
flow estimations, we do not attempt to glean any statis-
tical correlations between the spatial distribution of the 
VN and surface heat flow estimates. To first order, these 
maps illustrate that liquid water from basal melting of 
ice is entirely possible with what we currently know 
about Martian geochemistry and geophysics. Thus, ba-
sal melting of thick ice deposits can provide a possible 
solution to the faint young sun paradox on Mars. 
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Figure 1. (A) – (B) Basal melt expected as a function of 
the geothermal heat flux for a variety of ice accumula-
tion rates, and total thickness (Htot) of the ice sheet. 
 

Figure 2.  Crustal heat flow during the Noachian. An 
H2O mask has been applied to filter out areas with 
high H content. 
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