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Introduction:   Groundwater on Mars has been 

considered to have participated in global flow with 
the presence of a northern ocean an “inevitable con-
sequence” of early hydraulic and thermal conditions 
[1,2].  In contrast, we present evidence that an ocean 
is not hydrogeologically required and that groundwa-
ter flow was regional in scale at most. 

Groundwater Modeling:  We seek to test several 
hypotheses regarding the length, depth, and time 
scales of groundwater flow on Mars as functions of 
epoch and the associated porosity and permeability 
structure of the crust and boundary conditions (sites 
of recharge and discharge).  Here two simple prelimi-
nary models are presented. 

The planet’s topography influences key boundary 
conditions. We assume that the general topography of 
Mars has been largely unchanged since the late Noa-
chian.  This assumption is supported principally by 
the observation that valley networks follow slopes 
determined by Tharsis loading [3], confirming earlier 
suppositions that Tharsis is very old [4].  MOLA to-
pography [5] is represented in a Behrmann equal-area 
cylindrical projection. The current model has the 
large shield volcanoes removed but has not yet 
masked out the Valles Marineris for pre-Hesperian 
simulations. 

We use the USGS MODFLOW-2000 code [6].  
Model cells are 46-km wide, leading to a 400x170-
cell horizontal domain.  The vertical direction is dis-
cretized into 6 cells whose thickness increases with 
depth; the bottom of the model is 10 km.  Because 
MODFLOW allows cell elevations to be specified, 
the entire finite-difference mesh can be effectively 
draped on the terrain.  This also causes the bottom of 
the model to follow the terrain as would be expected 
for a compaction-limited aquifer. 

Unconfined model.  If the cryosphere was absent 
during the Noachian, groundwater recharge to an un-
confined aquifer can occur by precipitation and dis-
charge occurs if the water table intersects the surface.  
Recharge is specified as a constant rate across the 
planet and each cell at the surface is treated as a drain 
of effectively infinite conductance. The equilibrium 
heads are determined by incrementally filling the aq-
uifer and allowing a transient model to evolve to 
steady state.  In this way the water table can naturally 
assume its form as a “subdued replica” of topgraphy 
without being artificially fixed.  Results depend on 

the dimensionless ratio of hydraulic conductivity to 
recharge rate but are independent of porosity in the 
homogeneous steady-state model. 

A calculation for a permeability of 2x10-15 m2 (hy-
draulic conductivity 7x10-9 m/s) and a recharge rate 
of 6x10-11 m/s reveals the representative features of 
unconfined groundwater flow on Mars.  Hydraulic 
heads (Fig. 1) broadly track topography as expected.  
More importantly, flow lengths between recharge and 
discharge are very limited (Fig. 1); the median path-
line length is just 38 km (such a value smaller than 
the horizontal grid resolution is due to the vertical 
component of the flow path).  The corresponding 
median residence time as groundwater is 3.9 m.y.  
The longest pathlines occur around Tharsis but are 
still generally <800 km and some may be artifacts due 
to smoothing of masked topography.  The short 
length of pathlines is readily understood in terms of 
the classic theory of multiscale basin flow [7] or any 
function satisfying Laplace’s equation:  flow imposed 
by some topographic wavelength�� will be ineffective 
in the presence of smaller-scale perturbations if the 
skin depth � = �/2� greatly exceeds the aquifer depth. 

Confined model.  In the presence of a global con-
fining cryosphere, groundwater flow must be driven 
by significant recharge and discharge that pierces the 
cryosphere:  the polar caps, outflows, valleys, im-
pacts, and volcanotectonic activity [1,2].  As a pre-
liminary model we consider the steady state discharge 
into a single outflow, Kasei Valles.  The heads are 
fixed to the topography for convenience and the the 
outflow source adjacent to Hebes Chasma is treated 
as a 3x3 region of drain cells.  Discharges are ~109 
m3/s, comparable to those inferred from channel 
properties [see ref. 8 for a summary].   The capture 
zone, or subsurface drainage basin extends over a 
relatively small region covering the eastern slopes of 
the Tharsis bulge and bounded in the south by the 
Valles Marineris (Fig. 2). (Pathlines will be generated 
to constrain basin boundaries more accurately.) 

Hydraulic Heads at Outflows: The elevated 
source regions of the late Hesperian outflows com-
pared to those of early Amazonian age have also been 
considered as evidence for the interconnection and 
decline of a global aquifer [2].  We find two flaws in 
this reasoning.  First, the late Hesperian outflows are 
broadly geographically distributed but the early Ama-
zonian outflows are located solely to the northwest 
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and west of Elysium [2] and appear to have different 
modes of origin [8].  This does not inspire statistical 
confidence in global interconnectivity and mecha-
nisms.  Second, this geographical clustering around 
Elysium leads to a narrow distribution of outflow 
elevations:  again, we are uncertain whether this sam-
ple is globally relevant to the early Amazonian.  
However, the hydraulic heads required to exceed 
lithostatic pressure and form an outflow for late Noa-
chian to early Hesperian, late Hesperian, and early 
Amazonian outflows all have the same minima (Fig. 
3).  This procedure first approximates the thickness of 
the cryosphere as a function of time (assuming a 
freezing temperature of 252 K, a surface temperature 
of 211K, and other parameters given in [2]) and then 
calculates the hydraulic head above the outflow ele-
vation necessary to exceed the lithostatic pressure of 
the cryosphere [2]. Excluding the high-elevation 
Olympica Fossae, which may have formed by local 
melting of ground ice [2], the remaining Amazonian 
feature, Marte Valles, also has a source-zone hydrau-
lic head within the same bounds extending back to the 
Noachian.  

Conclusion: The topographically imposed limita-
tions to flow distance imply that groundwater under 
unconfined conditions does not naturally accumulate 
in the northern plains of Mars.  An ocean may form in 
response to long-term precipitation and runoff but is 
not “an inevitable consequence” [2] of the lack of an 
adequate groundwater confining layer such that an 
ocean would form in equilibrium with groundwater 
elevations above the polar plains.  Outflow-channel 
formation under topographically controlled confined 
conditions leads to nonuniform but still regional pat-
terns of drainage.  The hydraulic heads leading to 
outflow-channel formation have spanned a  constant 
range –2.5 to +2 km throughout geologic history 
without evidence of global decline.  Both the intrinsic 
variability and lack of secular change suggest that 
local-to-regional mechanisms dominate the genera-
tion of excess pressures, such as freezing of the 
cryosphere [9] or volcanotectonic activity.  These 
arguments point to a Mars in which local-to-regional 
scale random processes dominate groundwater evolu-
tion. 
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Figure 1 (below).  Modeled hydraulic heads (color) and 
flow paths (blue lines) in circum-Chruse region for homo-

geneous, unconfined aquifer.   Short paths indicate no net 
transfer of groundwater from southern to northern hemi-
sphere. 
 

 
 

 
Figure 2.  Velocity distribution for one-time drainage into 
Kasei Valles. 
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Figure 3.  Thickness of cryosphere (dashed) and associated 
excess hydraulic head (solid) required to exceed overbur-
den and cause outflows.  Adding the latter to the observed 
elevations of outflow source regions [2] yields the hydrau-
lic head for the outflows, which are plotted at the approxi-
mate average age of each epoch.  See text for discussion. 
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