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Introduction:  High resolution imaging and global 
topographic mapping demonstrate that valley networks 
dating to the Noachian are ubiquitous in the Martian 
highlands and that these valleys record substantial 
erosion [1-5].  The source, magnitude, and persistence 
of flows carving these valleys remain uncertain.  Were 
the flows of low magnitude, perhaps due to episodic 
melting of snow accumulating during high obliquity 
excursions or to emergent groundwater seeps?  Were 
they high magnitude but of local extent, analogous to 
summer convective storms in terrestrial deserts?  Or do 
they record episodic, multi-year intense rainfall events 
perhaps due to basin-scale impacts or intense volcanic 
eruptions [6, 7]?  Clues as to the prevailing hydrologic 
environment are recorded in the degree of valley 
network integration, the depth of valley incision, the 
presence or absence of basin overflows, and the 
hydraulic geometry of preserved channels.  

We utilize several approaches, including 1) 
modeling the magnitude and pattern of channel flows 
across the Martian surface, the depth of predicted 
lakes, and basin overflows as a function of relative 
precipitation and lake evaporation; 2) mapping the 
distribution and depth of incision of highland valley 
networks and of basin overflows; 3) simulating 
landform evolution of cratered landscapes under 
different hydrologic conditions [8-12]; and 4) 
estimating the magnitude of flows in preserved 
channels through their width, depth, sinuosity, and 
sedimentary characteristics [13-19].  We discuss only 
the first two approaches here 

Hydrologic Modeling:  We report here on the 
development of an areally explicit hydrologic routing 
model balancing runoff, evaporation, and lake 
overflow and its preliminary application to Mars.  

A Hydrologic Balance.  Consider an enclosed 
drainage basin of total area AT (Figure 1) with an 
included lake of area AL. We consider a multi-year 
water balance with the average precipitation depth P 
over the basin. On the uplands the fractional runoff 
yield is RB.  Yearly evaporation rate on the lake is E.  
With sufficient precipitation the lake may overflow at 
a yearly volumetric rate VO, and overflow from other 
basins may contribute to the present basin at a rate VI. 
A yearly water balance for the basin is thus: 

 ( )O I T L B L LV V A A PR A P E A= + − + − . (1) 
If the lake does not overflow (VO=0), then (1) can 

be solved for the requisite size of the lake.  Each basin 
has a maximum lake area ALM at which overflow into 
an adjacent basin occurs, which depends upon the 
basin topography.  If the solution assuming VO=0 and 

VI=0 indicates a lake area AL>ALM, then VO is 
determined by substitution of ALM for AL into (1).   

In order to determine the water balance for a large 
basin with multiple enclosed sub-basins an iterative 
approach must be used, because the output from 
several overflowing enclosed sub-basins can serve as 
inputs for the next sub-basin downstream.  The 
solution for given input parameters P, RB, and E starts 
by  routing water through the channel network to the 
low point of the basin assuming no en-route 
evaporation losses.  In addition, the basin area AT and 
maximum lake area ALM are determined.  Then the lake 

area AL is calculated for each basin from (1) assuming 
VI=0. If AL>ALM then VO is calculated and this is used 
as an input, VI for the next sub-basin downstream 
during the next iterative calculation cycle.  Iterations 
continue until there is no change of VI into any sub-
basin.  Additional complications arise since two or 
more overflowing basins may mutually drain, and 
filling of a downstream basin may submerge the outlet 
for an upstream basin.  In such occurrences the basins 
are combined into a new sub-basin for subsequent 
iterations. 

The model has been validated through application 
to spatially-explicit prediction of modern and 
Pleistocene lake levels in the Great Basin region of the 
United States [20, 21].  Data on precipitation, runoff, 
temperature, and evaporation parameterized estimating 
equations for yearly runoff and evaporation as 
functions of elevation, mean annual temperature, 
latitude, and precipitation.  Using a 1 km2 DEM, the 
distribution and size of modern lakes is well predicted, 
and reasonable predicted increases in precipitation and 
decrease in temperature results in large lakes that 
replicate the location and size of late Pleistocene lakes 
such as Bonneville, Lahontan, and Manly. 

Application to Mars. In the general case P, RB, and 
E may have areally-varying values.  For example, in 

Seventh International Conference on Mars 3224.pdf



mountainous terrain these parameters are generally 
strong functions of elevation and latitude.  For initial 
model application we assume that all of these 
parameters are spatially invariable.  We define a 
parameter X which is the ratio of net lake evaporation 
rate to runoff depth: 

 ( ) / BX E P PR= − , (2) 
so that, for a basin without inflows or outflows, the 
lake area is given by: 

 /( 1)L TA A X= + . (3) 
All lakes overflow as X→1, and lakes become 

indefinitely small as X→∞.   

 Figure 2 shows the application of the model to the 
region between 120ºE to 230ºE and 20ºN to 80ºS for 
an evaporation ratio, X=1.5.  Relative elevation is 
indicated by dark to light red, the location of ponded 
water by blue, and green indicates flowpaths, with 
thicker and brighter lines for greater discharge.  

Straight lines connect inflows to a lake to the lake 
overflow (if there is one) so that flowpaths can be 
readily traced.  Post-Noachian craters have been 
cosmetically excised from the DEM using the 
“healing” tool of Photoshop®.  Under this relatively 
low evaporation large southern hemisphere lakes 
overflow into Ma’adim Vallis as suggested by [22, 23], 

including overflow from the Hellas Basin. Figure 3 
shows the more fragmented drainage network that 
results for the higher evaporation ratio X=3.5, such that 
no overflow to Ma’adim occurs from the southern 
highlands. In this figure the elevation and lake 
coloration are not shown. Note that the predicted 
drainage networks to the upper right and upper left are 
on post-Noachian volcanic terrain and are thus 
specious products of the routing procedure. Networks 
along the top portion of Figures 2 and 3 are on the 
post-Noachian northern lowlands and are also 
specious. 

Simulating lake distribution and surface flows for a 

range of values of X provides an assessment of 
conditions for lake overflow and relative discharges.  
Figure 4 shows the discharges for three valleys on the 
highlands as a function of X. Flows are normalized 
such that for X=0 the flow equals the maximum 
upstream contributing area.  If there were no upstream 
depressions (craters, intercrater basins, etc.) the 
relative discharge would be independent of X (no lake 
evaporation), and simulations for typical terrestrial 
drainage networks with no lakes or reservoirs show no 
dependence of relative discharge upon X.  The Martian 
networks, however, all show strong decreases of 
discharge with increase in evaporation ratio (Fig. 4).  
The Samara Valles system is a relatively maturely 
dissected drainage system, and exhibits a gradual 
decline in relative discharge with X.  By contrast Uzboi 
is sampled just downstream from possible overflow 
into this valley from Argyre and Ma’adim is sampled 

near its head at the possible overflow into the valles 
from the southern highlands.  These show an abrupt 
drop in relative discharge when X increases such that 
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Argyre and the highlands, respectively, do not 
overflow into the basin. 

Similarly, lake surface elevation within basins can 
be estimated as a function of X (Figure 5).  As X 
decreases lake elevation increases, but then remains 
constant after the basin overflows. 

Valley Network Mapping:  A complementary 
effort is being directed towards mapping Martian 
highland valley networks utilizing a combination of 
moderate resolution imaging and MOLA topography.  
Although drainage networks can be automatically 
extracted from the MOLA DEM ([2, 24, 25] and 

Figures 2&3) resolution limits and post-flow 
topographic changes (particularly post-Noachian 
impact craters) create ambiguities and errors.  In 
addition, automatic extraction programs can either 
over- or under-estimate the actual valley network 
depending upon extraction criteria.  Mapping 
procedures are discussed in [13].  Figure 6 shows the 
well-graded profile of the Samara Valles mainstem and 
the level of the surrounding uplands. Most of the low 
points are superimposed craters and most of the 
irregularities are due to wrinkle ridges or ejecta from 
nearby craters.  The peak near the lower end of the 
profile has been interpreted as a post-flow 
hydrophreatic volcanic cone [26]. 

About one-third of the highlands has been mapped 
to date.  A preliminary map of valleys within the range 
of 30°W to 100°E and 30°S to 45°N is shown in blue 
in Figure 7. MOLA data and high-resolution imaging 
demonstrate that the valley network system was 
considerably better integrated than Viking-based 
mapping by [27] (shown in yellow in Fig. 7) 
suggested.  The mapping confirms the observations of 
[27] of the paucity of normal valley networks below 
about -1500 m, particularly in the Meridiani Planum 
and northwest Arabia regions. 

Estimation of Hydrologic Conditions on Early 
Mars:  The approaches outlined above can be utilized 
in a variety of ways to estimate late Noachian 
hydrologic conditions.  In the scattered cases where 
channels on depositional landforms or in valleys have 
been preserved and exposed formative discharges can 
be estimated directly.  As discussed in [13-19], 
determinations made to date suggest flows equivalent 
in magnitude (although not necessarily in frequency) to 
mean annual floods in terrestrial river networks of 
equivalent contributing drainage area. 

The hydrologic modeling does not provide absolute 
discharge estimates but it can provide estimates of the 
relative amounts of runoff versus lake evaporation (the 
evaporation ratio, X).  Such estimates can be obtained 
in a number of ways: 

1.  In cases where craters or basin rims have been 
breached by exiting channels, the hydrological model 
can be used to provide an estimate of the maximum X 
value that permits overflow.  This can be referred to 
the estimated initial elevation of the overflow or to the 
extant sill level at the breach.   

2.  In cases where basins show no evidence of exit 
breaches, the hydrological model provides a minimum 
value of X that does not result in overflows.   

3.  Valleys entering into large basins typically do 
not continue as a deeply incised valley to the center of 
the basin; the valley either terminates or the depth of 
incision diminishes abruptly.  The topographic level of 
such terminations, if consistent along the periphery of 
the basin, may indicate an effective lake elevation 
which can be used to estimate X. 

4.  Abrupt lateral changes in thermal properties 
occur at a fairly consistent elevation in some basins, 
typically manifested as darker basin interiors in 
daytime TI and lighter interiors in nighttime IR.  The 
high TI, sharp boundaries, and uniform interior TI 
suggest the signature of intrinsic floor materials rather 
than superficial deposits. In other cases the transition is 
from rough to smooth surface textures (at ~200m/pixel 
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resolution). These might indicate paleo lake levels.  
The basin in Figure 8 exhibits examples of both 
consistent valley terminations and textural/thermal 
properties contacts near the indicated contour level of 
1800 m, which is also close to the overflow level for 
this basin. 

5.  In a few craters and basins well-defined benches 
and shelves might represent the edge of shoreline 
platforms. 

None of these estimates are free from 
complications.  Firstly, estimates of X depend upon a 
generalized DEM that is not hydrologically perfect, so 
that, for example, MOLA tracks may not pass across 
critical basin exit sills.  In these initial model 
applications runoff rates and evaporation potential are 
assumed to be areally uniform, which is unlikely for 
basins with large elevation or latitude ranges.  In 
addition, the several estimation methods have potential 
pitfalls.  For example, exit breaches could have been 
created by groundwater piping (i.e. dam failure) 
through the narrow crater rims at lake elevations 
considerably lower than the original rim height [5, 28].  
Valley terminations and surface texture transitions 
might reflect lake levels, transitions to fan complexes 
that do not imply lakes, or infilling of basin floors by 
lava or airfall deposits.  Hydrological estimates will be 
given greatest confidence if multiple and independent 
estimation methods for X within a given region 
converge to a narrow range. 

Example values of extimated evaporation ratios, X, 
and the area ratio, AR, for several basins on Mars are 
given in Table 1.  The values of X in the table bracket 
conditions without overflow and conditions permitting 
overflow. Mädler and the unnamed basins have incised 
exit breaches.  For these basins the X values represent 
the terminal conditions after rim incision.  Presumably, 
lower X values would have been required to have 
initially filled the basins to overflowing.  Hellas does 
not have a demonstrated overflow, so effective values 
of X less than about 2.0 probably did not occur on 
Mars.  The basin shown in Figure 8 has a complicated 
response such that the basin overflows into an adjacent 

basin at an X value of about 5-7.5 but the combined 
basins then overflow if X lowers to 2-2.25. 

These values are consistent with X values for the 
terrestrial Great Basin under modern and Pleistocene 
conditions.  For simulations replicating the late 
Pleistocene size of mega-lakes Bonneville, Lahontan, 
and Manly (in Death Valley) the values of X are 1.5, 
2.9, and 5.9, respectively, although Bonneville 
overflowed, implying that the critical overflow X is 
somewhat higher than 1.5.  Under modern arid 
conditions the corresponding X values are 4.4, 5.0, and 
406. 

Conclusions:  The integral results of these studies 
provides a consistent picture of the hydrology of early 
Mars that suggests that flows were at least episodically 
of similar magnitude to floods in terrestrial channels 
and that the flows were of sufficient duration and areal 
extent to create integrated valley networks and lakes of 
appreciable size and depth. 
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TABLE 1 
Name LAT E. LON Est. X 
Hellas -40 70 1.5-1.75 
Argyre -50 318 2.5-2.75 
Ma’adim  
Source 

-30 175 2-2.25 

Mädler -10.5 2.5 3.5-5 
--- -9.5 134.9 3.5-5 
--- -9.3 151.8 5-7.5 
--- -11.5 152.7 5-7.5 
--- -17.5 171.3 5-7.5 
--- -14.6 185.1 7.5-10 
--- -18.3 190.8 7.5-10 
--- -23.2 134.5 2.5-2.75 
Figure 8 

-8.0 56.0 
5-7.5 

(2.0-2.25) 
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