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Introduction:  The large Chryse Planitia outflow 
channels of Mars are thought to have been carved by 
flood waters released from a groundwater aquifer con-
fined beneath icy permafrost [1]. Conceptual estimates 
of aquifer pore volume are too low to accommodate the 
water required to erode outflow channels, and our 
modeling of attendant groundwater flow has focused 
on the provision of recharge at Tharsis as a means of 
replenishing the aquifer [2]. These global models as-
sumed that weak discharge produced over long time 
periods at typical terrestrial permeabilities (k  10-15

m2) could approximate the series of shorter, more in-
tense flooding episodes suggested by observed channel 
morphology [3, 4]. Here we address this issue by ex-
plicitly modeling multiple flooding events as regional 
“mesoscale” models embedded in our global Tharsis 
recharge model. Our approach is driven by constraints 
on water volumes rather than peak discharges, and is 
therefore not directly dependent on assumptions re-
garding bank-full flow and channel surface roughness.

Multiple Flood Model:  We focus here on 
groundwater flow attending Echus Chasma discharge. 
Our new, mesoscale model is comprised of a geometri-
cally idealized confined aquifer with chaos region 
(Figure 1), taken after the seminal model of [1], and 
modified to include a regional head gradient. Model 
length is twice the shortest distance from Echus 
Chasma to the recharge region and chaos diameter ap-
proximates Echus Chasma dimensions. Results from 
the global model provide boundary conditions for the 
mesoscale model: hydraulic heads match global model 
steady state values; aquifer thickness matches the top 
(most permeable) layer of the global model, which 
carries most of the flow; and permeability at the distal 
fixed head boundaries is set to ensure a background 
mass flux equal to global model values.

Simulation of a flooding event in the mesoscale 
model consists of two time periods: discharge and re-
covery. During discharge, head is fixed at the chaos 
boundary, producing declining discharge which ceases 
when refreezing of the cryosphere occurs at a prede-
termined shut-off discharge qs. During recovery, no 
discharge occurs and chaos heads are allowed to re-
cover to 5% of their initial drawdown. Thereafter it is 
assumed that a discharge period identical to the first 
can begin again: results of a single discharge-recovery 
cycle can thus be duplicated to determine the accumu-
lated effect of multiple cycles. The goal in the current 

study is to determine the number of cycles required to 
produce the same total discharge as the global model (6 
 106 km3).

Results:  For a given flooding event, heads in the 
discharge period were found to follow closely the ana-
lytic solution to discharge from a finite-radius, fixed-
drawdown well [5]. The analytic solution does not ac-
count for a background head gradient, but in our case 
this gradient is too small to produce significant differ-
ences in well discharge. More important are the differ-
ences between regional and well heads, which drive 
discharge and recovery. Analytic methods are not 
available to describe the recovery period (solutions are 
limited to constant discharge wells), and this is where 
the numerical model is most useful. Models using a 
subset of k and qs values were run explicitly and used 
to establish scaling laws allowing extrapolation to a 
greater range of values. Results indicate that for low k, 
peak discharges are low and discharge shut-off is 
reached early: recovery thus begins with head close to 
its initial state, and its duration is influenced by k alone 
(higher k yields shorter recovery time). This trend is 
apparent in a plot of total cycle time vs. k for a range of 
qs values (Figure 2). Because recovery time at low k is 
independent of qs, the same trend is followed for all 
curves. At higher values of k, however, higher dis-
charges yield longer discharge periods and more exten-
sive drawdown. Greater drawdown leads to longer re-
covery, which now depends on k and qs, yielding dis-
tinct curves. For a given qs, total cycle time will in-
crease on a relatively shallow power law at first, but 
will steepen at higher k. This transition reflects the evo-
lution from linear to radial flow, when drawdown cone 

Figure 1.  Aquifer model used to compute discharge and 
recovery behavior for a single flooding event. Blue regions 
indicate fixed hydraulic head (h). Curved surface is chaos 
boundary with head fixed at values interpolated from other 
boundaries.
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radius becomes comparable to chaos radius. In the ra-
dial regime, discharge decreases more gradually with 
time, taking longer to shut off, and total cycle time 
increases more steeply with k. The total discharge pro-
duced therefore also increases more steeply with k. 

We now connect cycles back to back to determine 
how many are needed to produce the total Echus 
Chasma discharge, and how long it takes to do so. The 
number of cycles decreases with k (Figure 3) because 
the discharge per cycle increases faster than the cycle 
duration. The decline becomes steeper at higher k due 
to the transition to radial flow. Before considering spe-
cific cycle numbers, we must ensure that the total time 
taken is reasonable. Total time decreases with k and qs

(Figure 4). For the lowest qs, the required discharge is 
produced within 1 Myr using 105 cycles at k = 3  10-11

m2. For as few as 10 cycles, however, only a modest 
increase in k is required (about 1 order of magnitude), 
since cycle number drops steeply with k in the radial 
flow regime. Models with lower k typical of most ter-
restrial situations would need considerably lower shut-
off values to meet discharge requirements in a reason-
able number of cycles. Lower qs values are, however, 
unlikely for the large modeled discharge area (Figure 
1), and would likely require warmer surface tempera-
tures to delay refreezing. While such temperatures may 
be plausible for the late Noachian or early Hesperian 
epochs, they are likely incompatible with the ice-rich 
cryosphere required for aquifer confinement.

 A further restriction lies in the “*” symbols of Fig-
ure 2. These models have dimensions greater than 
those of the nominal model in order to avoid truncation 
of the drawdown cone: they are therefore approaching 
a global scale. If flooding events are to have only a 
local- to regional influence on groundwater flow (mod-
els without the “*”), they must be relatively short and 
therefore greater in number: e.g., there must be at least 
105 events, each lasting under 100 days, even at the 
highest k. However, there is no clear evidence of such a 
large number of floods in Martian outflow channels. If, 
on the other hand, a regional- to global scale aquifer 
volume is involved in each flooding event, this entire 
volume must be at high k. We conclude that an addi-
tional mechanism such as jökulhlaup-type flooding [6, 
7] must provide the very high effective permeabilities 
required for a reasonably small number of floods. Such 
a mechanism could be supplied with water over longer 
time periods by discharge from chaos sources fed by 
groundwater flow and aquifer recharge.
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Figure 2. Single cycle duration. Each curve corresponds to a 
unique discharge shut-off value (black = 103, red = 3.16 
106 m3/s, in-between values half a decade apart). The lowest 
k shown are typical terrestrial values, although k as high as 
10-9 has been measured. Symbols explained in text.

Figure 3. Minimum number of flooding events needed to 
meet required cumulative discharge. Colors correspond to 
those of Figure 2.

Figure 4. Time taken for back-to-back floods to produce 
required cumulative discharge. Colors correspond to those of 
Figure 2.
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