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Introduction: The ancient Noachian highlands of 
Mars are host to the valley networks, an extensive popu-
lation of valleys [e.g. 1] interpreted to have formed by 
fluvial erosion [e.g. 2]. The widespread distribution [1] 
and dendritic nature [3] of the valley networks have 
been interpreted to represent a more intense period of 
diffuse, precipitation-derived (either rainfall [2], or 
snowfall with subsequent melting [4]) fluvial activity on 
early Mars. As a result, the presence of the valley net-
works in the Noachian-aged terrains has frequently been 
cited as evidence for a relatively warm and wet climate 
during the Noachian period [e.g. 2,3], requiring a verti-
cally integrated hydrologic system [5].  

However, these interpretations conflict with the pre-
dictions of recent climate modeling studies [6-8], which 
suggest that early Mars was characterized by a cold and 
icy climate exhibiting adiabatic cooling and an icy high-
lands, with mean annual surface temperatures almost 50 
°C below the melting point of water (~225 K). Precipita-
tion-derived valley network formation is therefore gen-
erally inconsistent with the background cold and icy 
climate. Several mechanisms, invoking episodic melting 
of ice deposits in the highland terrains, have been pro-
posed to account for valley network formation under 
these cold and icy climate conditions including: transi-
ent warming from volcanic greenhouse gas emissions 
[10], melting of ice under peak daily and seasonal tem-
peratures [9], and ice melting through glaciovolcanic in-
teractions [12].  

How might the nature of fluvial processes and the 
formation of valley networks [5] have been influenced 
by such cold and icy conditions? Head and Cassanelli 
[13] proposed a conceptual model for channel incision 
and evolution under cold and icy conditions with a sub-
strate characterized by the presence of an ice-free dry 
active layer and subjacent ice-cemented regolith, similar 
to that found in the Antarctic McMurdo Dry Valleys [5] 
(Fig. 1). In this scenario, the structure of the cold and 
icy substrate is predicted [13] to cause a dichotomy in 
erosional efficiency during channel incision, leading to 
preferential lateral erosion when the channel reaches the 
more coherent ice-cemented material (Fig. 1). 

Here we explore this conceptual framework through 
a quantitative assessment of the influence of cold and 
icy climate conditions, and the associated substrate 
structure, on the formation of valley networks. We out-
line predictions for: 1) the nature and structure of the 
substrate, 2) mechanical erosion and incision rates, 3)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Conceptual model for channel evolution and valley 
network formation under cold and icy conditions (adapted 
from [13]). The fluvial substrate is comprised of an ice-free 
dry active layer (DAL) and ice-cemented soil (ICS), with the 
interface between them being the ice table (IT) [5].  
 
thermal erosion rates of the ice-cemented substrate, and 
4) the resulting geomorphic channel characteristics. 

Substrate Structure: The primary factor predicted 
to affect valley network channel evolution under cold 
and icy conditions is the presence of an erosionally re-
sistant ice-cemented regolith within the substrate [13]. 
The depth at which the substrate becomes ice-cemented 
(the ice table) is governed by the diffusive equilibrium 
of water vapor with the atmosphere. We estimate equi-
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librium ice table depths (following Mellon et al. [14]) 
under typical predicted Late Noachian climate condi-
tions (1 bar CO2 atmosphere and 45o obliquity; [6-9]) 
using temperature and atmospheric water abundance da-
ta from recent global circulation model studies [9]. Re-
sults of this analysis predict that the valley networks oc-
cur in areas with equilibrium ice table depths of ~50-
100 m, averaging ~80 m. 

Mechanical Erosion: The rate of channel growth in 
the ice-free substrate will be governed by the mechani-
cal erosion rate produced by the fluvial flow. In order to 
estimate the mechanical fluvial incision rates, we im-
plement a simple stream power based estimate [15] (fol-
lowing Hurwitz et al. [16]), with the vertical erosion 
rate given by: 

              (1) 

where K (Pa-1) is a substrate erodibility factor express-
ing the efficiency of the incision process, and the re-
maining terms define the stream power [15,16]. Esti-
mates of the mechanical erosion rate produced by equa-
tion (1) are very sensitive to the value of the erodibility 
factor K [16], which is a poorly constrained parameter 
aggregating the effects of many factors [15] (e.g. sub-
strate strength, sediment supply, grain size, incision 
mechanism and others). Therefore, in this analysis we 
tentatively adopt erodibility factor values of 10-7 (for the 
ice-free substrate) and 10-8 (for the ice-cemented sub-
strate) based on approximate values utilized by Hurwitz 
et al. [16]. Adoption of these values allows for order-of-
magnitude comparisons between mechanical and ther-
mal erosion rates. The remaining parameters related to 
the stream power are calculated using estimated valley 
network flow data from Hoke et al. [17] and therefore 
the results presented here are representative only for 
very large valley network systems (with lengths of sev-
eral 103 km and interior channel widths greater than 1 
km). We find mechanical incision rates of ~5 x 10-6 m/s 
in the ice-free substrate and ~5 x 10-7  m/s in the ice-
cemented substrate. 

Thermal Erosion: Once the incising channel has 
reached the interface between the ice-free and ice-
cemented substrate, vertical mechanical erosion will be-
come more difficult as a result of the increased strength 
of the underlying material. However, at this point, the 
underlying ice-cemented substrate is subjected to both 
mechanical and thermal erosion. If the thermal erosion 
rates are lower than the mechanical erosion rates, verti-
cal erosion may be less efficient than lateral erosion, 
causing preferential channel widening (Fig. 1(3)). In 
contrast, if thermal erosion rates are higher than the me-
chanical erosion rates, the ice-cemented regolith will 
have little influence on channel incision and evolution.  

The rate of thermal erosion is governed by the flux 

of heat transferred into the substrate by the overlying 
fluid flow. In a turbulent flow regime (representative of 
the valley networks considered here), this heat flux is 
given by [18]: 

               (2) 
where h is a heat transfer coefficient dependent upon 

the Nusselt number, which is calculated with an empiri-
cal relation [18]. Thermal erosion rates of the ice-
cemented regolith are assessed through the implementa-
tion of a simple 1-D finite difference heat conduction 
model (with the phase-change of the pore-ice accounted 
for by the heat integration method; [19]). A constant 
heat flux, equal to that given by equation (2) is applied 
at one end of the model with an insulating boundary 
condition at the other, and any thawed material is as-
sumed to be instantaneously removed from the system. 

We find that after the flow initially reaches the ice 
table, melting is delayed for ~0.02 yr (~7 days) as the 
pore-ice is warmed to the melting point. After melting 
begins, thermal erosion proceeds at an average rate of 
~2 x 10-5 m/s, with a total long-term average (including 
the transient warming period) of ~9 x 10-6 m/s. 

Conclusions: Initial results suggest: 1) Ice-table 
depths in the valley network forming regions are on the 
order of ~50-100 m, averaging ~80 m. Therefore, only 
valley networks which have incised beyond these depths 
should have been influenced by the presence of the ice-
cemented substrate. 2) Thermal erosion rates predicted 
using channel dimension data for large valley network 
systems [17] are comparable to the rates of mechanical 
incision in the ice-free substrate, and are greater than the 
rate of mechanical incision in the ice-cemented sub-
strate (though results are subject to uncertainties in the 
erodibility factor expressing incision efficiency). 3) 
Given the rates determined by these preliminary anal-
yses, channel incision is not predicted to be limited by 
thermal erosion, and therefore channel evolution and in-
cision into the ice-cemented substrate are predicted to 
proceed without any major influence. 
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