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Introduction.  Martian valley networks appear to be cut by
liquid water and have characteristics suggestive of both
groundwater sapping and surface runoff.  Irrespective of
which process dominated, precipitation is required either to
provide runoff directly or to recharge the groundwater sys-
tem.  While most valleys are ancient, the less common young
valleys indicate that valley formation continued, at least epi-
sodically, throughout martian history.  Because of their likely
formation by liquid water, the valleys have been taken as
evidence that early Mars was warm and wet and possibly
experienced warm episodes subsequently.  This perception is
being increasingly questioned because of failure to detect
weathering products from orbit [1], the widespread presence
of the easily weathered mineral olivine [1], the vulnerability
of the early atmosphere to losses by impact erosion [2], the
likely rapid scavenging of CO2 from the atmosphere under
warm conditions [3] and climate modeling studies that show
that Mars cannot be warmed sufficiently by a H2O-CO2 at-
mosphere to allow rainfall [4].  On the  other hand, evidence
for widespread water erosion has been strengthened by recent
MGS and Odyssey data, particularly identification of unam-
biguous delta deposits and cut-off meanders [5].  The possi-
bility explored here is that the valley networks formed as a
result of melting of snow precipitated at low latitudes during
periods of high obliquity.

Dissection by valley networks.  While the evidence for
formation of valley networks by water erosion is compelling,
the pattern of dissection is very different from the Earth s.
Although new data show more mature and integrated drain-
age systems [6], further analysis of the patterns show distinc-
tive variations from Earth [7].  From MOLA topography, the
planet can be divided into six drainage basins (Chryse, Ama-
zonis, Hellas, Isidis, Argyre, Utopia).  However, no valleys
(except for the Ladon-Uzboi outflow system) extend all the
way from the basin divides to the basin lows, as is the usual
case on Earth.  Large integrated drainage systems did not
develop.  Despite the 3-5 km elevation drop across the
plains-upland boundary, few valleys extend more than 1000
km into the uplands. Similarly, no major valleys formed on
the eastern wall of Hellas despite 9 km of relief. Only one
valley network (Evros Vallis) can be traced for over 2000
km, although there are, of course longer outflow channels.
For compar ison, the Earth, with a land area one and a half
times the area of the cratered uplands, has 46 rivers longer
than 2000 km.  In addition, in the cratered uplands, most
drainage is into local closed depressions.  Most of these are
impact craters, but a significant fraction are not.  Many val-
leys enter a closed depression and another valley emerges
from the pour point of the depression,  suggesting that lakes
were formerly present in many of the depressions.

On Earth, lakes tend to be eliminated as the lake outlet is
lowered by erosion.  Lakes are common only in places such
as the Canadian shield where non-fluvial processes such as
glaciation have recently sculpted the landscape.  In the mar-

tian uplands closed depressions are common at all scales.
Erosion has not been sufficiently sustained to develop large
drainage basins and eliminate local depressions despite a
topographic record that probably extends well into the Noa-
chian.  If the valleys were cut by liquid water then water
would have likely pooled in these local depressions and then
subsequently seeped into the ground or sublimated.  One
possibility is that during the Noachian conditions amenable
for water erosion occurred only sporadically, such as during
periods of high obliquity, so that development of large drain-
age systems, comparable to such systems as the Mississippi
and Amazon on Earth, could not keep pace with the regen-
eration of the topography by impact and tectonic activity.

Melting of a snowpack during periods of high
obliquity.  During periods of high obliquity water is driven
off the polar caps and deposited as snow at low to mid lati-
tudes [8,9].  Such snowpacks could be melted either by solar
heat from above or by internal heat from below or from a
combination of the two [10].  Clow [11] concluded that small
amounts of snowmelt could be generated by solar melting
even with surface temperatures well below freezing.  The
melt is produced within a few tens of centimeters of the sur-
face as a result of a solid state greenhouse.  Only small
amounts of water can be generated in this way because melt-
ing is restricted to the within the annual skin depth of a few
tens of centimeters and the meltwater refreezes as it trickles
down through the snow pack into the underlying cold snow
or ground.  In addition to this near-surface melting, the snow
pack could melt at its base if it was thick enough and if the
heat flow was high enough [12].

The depth at which a snow pack will melt as a result of inter-
nal heating depends on thermal conductivity of the snow, the
internal heat flow and the surface temperature.  The thermal
conductivity of snow depends on its density.  Density in-
creases with depth as a result of pressure sintering.  Thermal
conductivities were estimated for martian snowpacks using
experimental data on snow conductivity and assuming that
the pressure-density relations for martian snow are the same
as for terrestrial snow.  Thermal conductivies are low near
the surface and increase to values close to solid ice at depths
of a few hundred meters.  Estimates of the heat flows on
Mars at the end of heavy bombardment have been recently
revised downward from the range of 0.1-0.15 W m-2 to 0.05
to 0.1 W m-2 [13], but there is considerable uncertainty, and
it is likely that at this time the heat flow was rapidly declin-
ing and locally variable. Estimates of surface temperature are
even more uncertain, in part because of not knowing how
thick the atmosphere was and what the effects of clouds were
[14].  Figure 1 shows the estimated depths to melting as a
function of surface temperature and heat flow.  The results
suggest that for heat flows of around 0.1 W m-2 [8] and sur-
face temperatures in the 230-240K range [14] snow packs
greater than 200-300 m thick would melt at their base.
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The present on-the-surface inventory of water is only about
the global equivalent of 20-25 m, almost all of which is in
the polar caps.  An unknown, and possibly large amount of
water may, however, be in the upper few kilometers of the
ground.  On early Mars, when the heat flows were higher and
the cryosphere thinner, a much larger fraction of the total
near surface inventory would have been on the surface. Thick
ice/snow deposits are, therefore more likely for this time.
Melting of extensive, thick ice deposits on early Mars may
thus have provided runoff to cut the valley networks and
locally recharge the groundwater system.  Subsequently, as
more water became incorporated in the cryosphere and the
heat flow declined, ice deposits thick enough for basal melt-
ing became rare, and restricted mostly to volcanoes where
heat flows were anomalously high (e.g. [15]).

The rate of supply of water by the mechanism would be
modest.  With a heat flow of 0.1 W m-2 only the equivalent of
1 cm depth of water would be generated in a year over the
area of the snow pack.  However, the liquid water could ac-

cumulate at the base of the snowpack over periods of many
years and be released episodically to cut the valleys.
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Figure 1.  Depth at which a martian snowpack will melt at its base as a func-
tion of the heat flow and the surface temperature.
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