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Introduction: Groundwater flow is widely ac-

cepted as the cause of outflow channel formation on 
Mars in the Hesperian epoch [1, 2]. Flow reaches the 
surface at locations where a confining cryosphere is 
disrupted by pore water pressures exceeding the 
lithostatic overburden pressure [e.g., 2]. Simulations 
of groundwater flow attending outflow channel forma-
tion [e.g., 3, 4, 5] generally assume a priori that super-
lithostatic pressures have been reached in order for 
cryosphere disruption to occur. However the validity 
of this assumption has not been fully explored. Re-
charge in specific locations has not been shown to 
produce superlithostatic pressures at outflow channel 
source regions. Nor has it been demonstrated whether 
such pressures are expected in other locations also. 
We address these issues with global groundwater 
models that cover a range of cryosphere disruption 
requirements, aquifer recharge configurations, hydro-
logic property distributions, and topographic assump-
tions. 

Model: We use the USGS MODFLOW code to 
simulate global groundwater flow in a multi-layer 
aquifer just below the surface of a sphere of mean 
Mars radius. Topography determines aquifer depth, 
and Amazonian volcanic constructs are removed to 
better approximate Hesperian conditions. Flow is con-
fined by a cryosphere with thickness varying between 
3 and 5 km according to latitude. Model layers repre-
sent depth-decreasing permeability (210-13 to 210-17 
m2) and porosity (0.02 to 0.002), and reach 19 km 
below the Martian topography. Specific storage is 
based on a rock matrix compressibility of 5  10-10 Pa-

1 [6]. Hydrologic properties are laterally homogene-
ous. Modeling begins with uniform hydraulic head 
near the bottom of the aquifer. Recharge at a single 
location of regional extent causes a groundwater 
mound to develop with lateral flow occurring radially 
outward. Instead of selecting predetermined surface 
discharge locations corresponding to outflow channel 
sources, we allow discharge to occur wherever pore 
pressures exceed a predetermined breakout pressure. 
Our nominal model has a breakout pressure equal to 
the lithostatic overburden of the cryosphere. This as-
sumes that thermal anomalies or zones of structural 
weakness have negligible effect on cryosphere disrup-
tion. Nominal model recharge occurs over the Tharsis 
rise, a probable locus of precipitation and infiltration 
during high planetary obliquities [3, and references 

therein]. The areal extent of recharge is set to coincide 
with that of south polar basal melting [7] which we 
simulate as an alternative recharge source. A final 
nominal assumption is that the Valles Marineris (VM) 
and circum-Chryse chaotic terrains and channels 
(CCs) existed prior to outflow channel formation. 

Nominal Results: The growing groundwater 
mound causes early breakouts in the VM and later 
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Figure 1. Hydraulic head at different times is shown in color 
over shaded topography (head range is -10 to 5 km). Black 
pixels denote recharge. (a) Near the start of the simulation a 
groundwater mound forms. Breakout (white pixels) first 
occurs in the VM (b) and eventually in Amazonis and Hellas 
Planitiae (c). 

VM1
VM2

VM3
A H

VM1
VM2

VM3
A H

 
Figure 2. Discharge rate at breakout locations. VM = Valles 
Marineris, A = Amazonis, H = Hellas. 
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breakouts in Amazonis and Hellas Planitiae (Figure 
1). The Hellas breakout occurs over 1 Gyr after the 
start of the simulation (Figure 2), putting it within the 
early Amazonian and therefore within the broad epoch 
of outflow channel formation. However, it will not 
occur if aquifer recharge ceases before this time.  

Individual breakouts are spatially self-limiting: as 
discharge begins, drawdown of the water table pre-
vents neighboring model cells from reaching super-
lithostatic pressures. Subsequent breakouts can still 
occur in distal locations, but are notably affected by 
existing discharge. The greater the number of active 
breakouts, the lower the initial discharge rate at a new 
breakout (Figure 2). Existing breakouts are also af-
fected by new breakouts, exhibiting a temporary dip in 
discharge rate. Once a breakout has been active for a 
short period, discharge rates begin to increase gradu-
ally due to continuingly rising heads driven by aquifer 
recharge. Because discharge rates never drop to zero, 
breakout locations never reseal and cannot experience 
multiple breakout episodes. 

Model Variations: We consider four departures 
from the nominal model. In the first, recharge occurs 
at the south pole rather than at Tharsis. The only 
breakout in this model is at Hellas and it occurs 
shortly after the simulation begins. Notably, no break-
outs occur at the VM or at CCs.  

Our second model variation allows breakouts to 
occur where hydraulic heads intersect the surface. 
This represents the endmember case in which a 
groundwater path to the surface (through faults or 
cryosphere melting) already exists, with no additional 
pressure for cryosphere disruption required. As ex-
pected, breakouts are more numerous. For Tharsis 
recharge they occur in the nominal model locations, in 
northern Amazonis and Acidalia Planitiae, and to the 
west of the Argyre basin.  For south polar recharge, 
breakouts occur in Hellas, Argyre, Amazonis, and 
Acidalia Planitiae. 

Our third model variation assumes that the VM 
and CCs were not present when cryosphere disrup-
tions began. We approximate pre-VM and pre-CC 
topography using the same method applied to removal 
of Amazonian volcanic constructs (a weighted average 
of elevations bordering the affected region). With this 
modified topography, we consider the same recharge 
sources and breakout pressure thresholds as before.  
With Tharsis recharge and lithostatic breakout pres-
sure, breakouts are the same as in the nominal model 
except for the VM breakout which is replaced by a 
Chryse Planitia breakout. Breakouts occur close to 1 
Gyr suggesting that  long term recharge is required for 
cryosphere disruption in this model. South polar re-
charge with no VM and CCs produces no major 

changes from previous results. Finally, no VM and 
CCs combined with zero breakout pressure threshold 
reveals additional breakouts in the Kasei Valles region 
and Argyre Planitia, for Tharsis recharge models only. 

Our final model variation introduces stochastic lat-
eral heterogeneity in permeability and porosity. Per-
meability is made to vary with a mean length scale of 
15 and a standard deviation of half an order of mag-
nitude. 100 unique realizations were generated and 
applied to models of alternative recharge zones, to-
pographic conditions, and breakout pressure thresh-
olds. Models have single layers to meet computational 
constraints. For Tharsis recharge with lithostatic 
breakout pressure and existing VM and CC topogra-
phy, 3% of models have no Hellas breakout. About 
15% of models without VM and CC topography pro-
duce breakouts in Argyre: these in turn prevent break-
outs in the Chryse region unless zero breakout pres-
sures are used. For south polar recharge with 
lithostatic breakout pressure, 25% of models have 
breakouts in both Amazonis and Hellas. With zero 
breakout pressure, 45% of south polar recharge mod-
els also produce breakouts in the VM (when this fea-
ture is present); in some cases these occur despite 
drawdown caused by Argyre breakouts.  

Conclusions: (1) Although no breakouts occur 
where large chaotic terrains are found, Tharsis re-
charge models quickly produce breakouts in the VM 
(for both breakout pressure thresholds), suggesting 
that flow of groundwater into the canyons played an 
important role in chaotic terrain and outflow channel 
formation. South polar recharge models produce VM 
breakouts only if permeabilities are favorable and zero 
breakout pressure is used. (2) For Tharsis recharge 
models without VM and CCs, and with zero breakout 
threshold, breakouts occur at the putative outflows 
west of Tharsis (NSVs) [8] and in the Kasei Valles 
area. Pre-existing fracture systems or high crustal 
temperatures in the Tharsis region would thus result 
in breakouts where the two largest Martian outflow 
features are observed today. (4) Hellas basin breakouts 
are observed in all models, but with Tharsis recharge 
these only occur after 1 Gyr of continuous recharge.  
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