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Introduction: Evidence for a Gale Crater lake 

both prior to and following the formation of the Aeo-

lis Mons sedimentary mound indicates wetter past 

climates on Mars. Deltaic deposits underlying Aeolis 

Mons suggest early hydrological activity at Gale 

Crater prior to the formation of Aeolis Mons [1], 

while younger delta deposits associated with fluvial 

dissection of both the crater rim and Aeolis Mons 

provide evidence for a Gale Crater lake after Aeolis 

Mons formation [2]. The existence of long standing 

lakes within Gale Crater raises questions regarding 

the local climate and the hydrology of this system. 

Although the evidence for lakes requires a wetter 

climate than that of the present-day, the particular 

constraints on that climate depend on the unique sur-

face and subsurface hydrology of Gale Crater that are 

best investigated through numerical modeling. In this 

work we focus on the later stage hydrology at Gale, 

using lake stands determined from fan deposits [2] 

and a hydrological model forced by Earth-based ana-

log climates to arrive at a range of potential climates 

responsible for a Gale Crater lake assuming a wet 

past Mars climate.    

Model: In this study, we used a hydrological 

model over Gale Crater that combines a finite-

difference approximation of the groundwater flow 

equation to simulate subsurface hydrology with an 

analytical surface runoff model. The model was 

forced using evaporation potential (Ep) and precipita-

tion (P) rates from Earth-based observations of ana-

log climates provided by the North American Land 

Data Assimilation Systems (NLDAS). While multi-

ple evaporation potential and precipitation datasets 

were acquired, here we focused on a semi-arid Great 

Plains and an arid Arizona climate. The model results 

are most sensitive to the mean annual ratio of Ep to P, 

referred to as the aridity index. The evaporation po-

tential and precipitation rates were then scaled to 

investigate a range of aridity indices from 1.5 to 33, 

representing climates on Earth ranging from humid to 

hyper-arid.  

The total annual aquifer recharge and surface run-

off were determined from the precipitation and evap-

oration potential using an Earth-based empirical rela-

tionship [3], which uses the aridity index to deter-

mine the fraction of precipitation that contributes to 

the surface and subsurface hydrology rather than 

evaporating immediately back into the atmosphere. 

The formulation used in this study included a free 

parameter (ω) [4], referred to as the shape parameter, 

where higher shape parameter values allow less water 

to take part in the surface and subsurface hydrologi-

cal system. While we investigated a range of shape 

parameters, here we focus on a single shape parame-

ter of ω=1.6, which has been found to be appropriate 

for barren arid regions analogous to Mars [4]. 

This model assumed a megaregolith aquifer mod-

el adapted from [5], which has a vertically averaged 

aquifer permeability from the surface to 10 km depth 

of 3×10-13 m2. GRAIL gravity data from the Moon 

found that the highly impacted lunar surface is more 

porous than previously thought [6], which may sup-

port a higher permeability for the heavily impacted 

southern highlands on Mars. Here we investigate a 

range of mean aquifer permeabilities from 3×10-14 m2 

to 3×10-11 m2, an order of magnitude lower and two 

orders of magnitude higher than the nominal 

megaregolith model. For each permeability, we in-

vestigated the full range of aridity indices in order to 

find climate capable of reproducing the observed lake 

levels at Gale Crater. 

Results: Permeability and climate influence both 

the lake distribution and lake area within and sur-

rounding Gale Crater. For the nominal and lower 

permeability aquifer models, an aridity index of 3 

(comparable to a dry Mediterranean climate) is re-

quired to match the lake stands within Gale Crater 

[2]. In these models, water ponds in the majority of 

large craters in the adjacent southern highlands as 

well as any topographic depressions present in the 

northern lowlands (Fig. 1a). Limited subsurface flow 

causes steep gradients in hydraulic head and a near-

surface water table resulting in small scattered lakes 

and localized aquifer flow. At an aquifer permeability 

10× greater than the nominal model, an aridity index 

of 5 (comparable to western Kansas) is required to 

match the observed lake levels. In this model, lakes 

are present in the northern and southern halves of 

Gale Crater and in several of the southern highland 

craters (some of which have been identified as open-

basin lakes [7]; Fig. 1b). The water table is near the 

surface at several identified fluvial channels but 

ponding in local topographic lows is less prevalent 

compared to the nominal permeability model. In con-

trast, a high permeability aquifer (2 orders of magni-

tude greater than the nominal model) under an arid 

climate (aridity index of 11, comparable to an Arizo-

na desert climate) can produce the observed lake 
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stands within Gale Crater with few lakes in the cra-

ters and lowlands surrounding Gale (Fig. 1c). In these 

high permeability models, the lake within Gale Crater 

is maintained primarily by long-distance subsurface 

flow, allowing larger lakes for more arid climates. 

 
Fig. 1. Gale topography (colormap) overlain by hy-

draulic head maps (contours) and lakes (black) for 

different permeability models. Lake maps are shown 

for permeabilities and aridity indices of a) 3×10-13 m2 

and 3, b) 3×10-12 m2 and 5, c) 3×10-11 m2 and 11. All 

models shown use a shape parameter of 1.6 and have 

a similar lake stand within northern Gale Crater. 

The nominal and low aquifer permeability models 

predict an aridity index range between 2 and 4 (Fig. 

2) or a semi-arid climate range for the observed late 

stage lake stands. Drier climates are required to 

match the inferred lake stands for an aquifer permea-

bility 10 times greater than the nominal model, with 

aridity indices ranging between 4 and 7, correspond-

ing to semi-arid to arid climates. In contrast, the 

highest permeability aquifer predicts an aridity index 

range of 7 to 15 falling in the arid climate range 

(comparable to a Great Basin climate at the highest 

aridity index).  

 
Fig. 2. Lake elevation as a function of aridity index 

for different permeability models using a shape pa-

rameter of 1.6. Horizontal dotted lines are lake stands 

from [2]. 

Conclusions: A semi-arid to arid can reproduce 

the observed lake stands [2], with climates at the wet-

ter end of the range required to match the higher lake 

stand. Arid climates are favored for high permeability 

aquifers, while a lower permeability aquifer favors a 

semi-arid climate. However, these models make very 

different predictions outside of Gale Crater. 

For the nominal aquifer permeability model [5], 

climates that match the observed lake stands within 

Gale Crater, result in ponding within the majority of 

craters in the adjacent southern highlands and scat-

tered lakes in topographic lows in the northern low-

lands. Higher (10×) aquifer permeability results in a 

reduction of scattered lakes in the northern lowlands 

and lakes present in only the largest southern high-

lands craters. At an aquifer permeability 100 times 

greater than the nominal model, Gale Crater lake is 

not accompanied by any lakes in the adjacent south-

ern highlands. Evidence for crater lakes within a lim-

ited number of nearby highland craters [7] supports 

the 10× permeability model, which in turn favors a 

climate comparable to that in central Kansas to match 

the high lake stand, and comparable to the west Tex-

as desert to match the low lake stand. With this hy-

drological model and the observed extent of other 

lake beds deposits, we will be able to further con-

strain the past climate conditions on Mars. 
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