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Introduction: While evidence exists for a warmer 

and wetter ancient Mars [1], the timing and sustaina-

bility of this past climate is still debated. Evidence 

for persistent late stage hydrology in Gale Crater over 

geologically long time periods (104-107 yrs [2]) raises 

questions regarding the nature of hydrology and cli-

mate on Mars. Mudstone layers on the crater floor 

provide evidence for a past lake with in Gale Crater 

[2] and fan deposits suggest younger surface hydrol-

ogy [3]. The Gale Crater lake has implications re-

garding the past climate and the timing and nature of 

hydrological activity. This study explores the climatic 

and hydrological conditions needed to form a Gale 

Crater lake and the implications that this may have 

for the past climate of Mars.    

Model: Remote sensing observations [4], ground-

based observations [2], and hydrological modeling 

[5] have all identified evidence for extensive hydro-

logical activity at Gale Crater. Previous hydrological 

modeling [5] identified preferential sites of ground-

water upwelling and potential sedimentary deposits 

on Mars, using a global groundwater model to under-

stand the formation of the Gale Crater mound (Mt. 

Sharp). These hydrological models identified Gale 

Crater as a region of preferential subsurface 

upwelling owing to its unique location on the dichot-

omy boundary. Here we focus on the regional subsur-

face and surface hydrology required to form the lake 

within the crater, using precipitation and evaporation 

potential rates from several Earth-based climates.    

In this study, we used a hydrological model over 

Gale Crater that combines a finite-difference approx-

imation of the groundwater flow equation to simulate 

subsurface hydrology with an analytical surface run-

off model. The model was forced using evaporation 

potential and precipitation rates from Earth-based 

observations provided by the North American Land 

Data Assimilation Systems (NLDAS). The total an-

nual aquifer recharge and surface runoff were deter-

mined from the precipitation and evaporation rates 

using an Earth-based empirical relationship [6], 

which uses the ratio of evaporation potential to pre-

cipitation to determine the amount of precipitation 

that will take part in the hydrological system. 

Here we focus on a semi-arid Great Plains climate 

from central Kansas, although models were run for 

both an arid climate from Arizona and a marine cli-

mate from Seattle. With the semi-arid climate out-

puts, we then scaled the precipitation and evaporation 

potential rates to match the average annual totals for 

a range of other North American climates under con-

trolled conditions. 

In addition to climate, we also considered the sub-

surface properties, mainly focusing on the effects of 

aquifer permeability. These models considered a hor-

izontally uniform aquifer permeability ranging from 

10-9 cm2, comparable to a consolidated bedrock aqui-

fer, to 10-6 cm2, comparable to a fractured aquifer, 

allowing permeability to exponentially decrease with 

depth due to the closure of pore space. 

Results: While a dry Arizona climate predicts no 

stable lake formation in Gale Crater, a semi-arid 

Kansas climate and an intermediate permeability aq-

uifer predicts two stable lakes to form within Gale 

Crater in the lowest elevation reaches in the north-

western and northeastern sections of the crater floor 

(Fig. 1a). The total lake area within Gale Crater is 

~800 km2 with the lake surface reaching up to 500 m 

above the crater floor. The total annual flux of sub-

surface and surface water required to stabilize these 

lakes is 1.8×109 m3/yr and 0.5×109 m3/yr respective-

ly. While only 2% of the total annual precipitation 

reaches the hydrological system as either aquifer re-

charge or runoff based on the Earth-based empirical 

relationship [6], lake formation still occurs in Gale 

Crater, driven primarily by long distance subsurface 

flow from distal recharge to the aquifer. 

 
Fig. 1. Hydraulic head contours (bottom right color 

scale) overlain on Gale Crater topography (top right 

color scale) with lakes overlain in black for an inter-

mediate permeability model (10-8 cm2) and a semi-

arid climate (a), a semi-arid climate allowing 2.4× 

(b), 5.5× (c), and 9× (d) more recharge and runoff. 
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A wetter climate (scaling the evaporation poten-

tial by 0.75 resulting in 2.4× more recharge and run-

off) predicts a single large lake in northern Gale with 

smaller lake formation occurring in the southern half 

of the crater (Fig. 1b). A large continuous lake covers 

the entirety of the exposed crater floor for the wettest 

climates (scaling the precipitation by 1.3 and 1.7 and 

the evaporation potential by 0.8 and 0.92, resulting in 

5.5× and 9× more recharge and runoff; Fig. 1c,d). 

These lakes range from 3700 km2 to 9700 km2 in 

area, reaching up to 1600 m above the crater floor. 

Saturation also occurs at low elevations and craters in 

the northern lowlands forming lakes beyond Gale 

Crater. 

Aquifer permeability also influences the distribu-

tion of lakes within Gale Crater. For a semi-arid cli-

mate at high permeability (10-6 cm2), a single large 

lake ~900 km2 in area covers the northwestern floor 

of Gale Crater (Fig. 2a) while at lower permeability 

(10-9 cm2) several smaller lakes form in the northern 

region of Gale crater ranging from 100 km2 to 300 

km2 (Fig. 2b). Lower permeability decreases the in-

fluence of subsurface flow on lake stability with a 

total annual subsurface flow volume to all Gale 

Crater lakes of 1.2×109 m3/yr, while the total annual 

volume of surface runoff was 0.8×109 m3/yr. In com-

parison, the annual subsurface flow and runoff vol-

umes for the high permeability model were 2.4×109 

m3/yr and 0.3×109 m3/yr, respectively. Although 

permeability has an important effect on the distribu-

tion of lakes in semi-arid climates, it has only a mod-

est effect on the total lake area. Thus, the lake area 

inferred from the sedimentary deposits is a strong 

indicator of the paleoclimate. 

 
Fig. 2. Hydraulic head contours overlain on Gale 

Crater topography with lakes overlain in black for a 

high permeability (10-6 cm2; a) and a low permeabil-

ity (10-9 cm2; b) aquifer under a semi-arid climate. 

Permeability also influences the stability of lakes 

during dry climatic periods. Starting with a wet mod-

el (Fig. 1b) and transitioning to a dry Arizona cli-

mate, we test the influence of permeability on the 

stability of lakes. For a high permeability aquifer (10-

6 cm2), lake area rapidly decreases to negligible sur-

face liquid ~5 Kyr after the dry climatic conditions 

begin (Fig. 3). High rates of subsurface flow in the 

high permeability models results in rapid removal of 

aquifer water to the lakes, where the water evapo-

rates. In contrast, an intermediate permeability (10-8 

cm2) has a slower subsurface response to the removal 

of liquid from lakes, while allowing enough subsur-

face flow to stabilize lakes for up to ~10 Kyr. The 

lowest permeability case does not supply liquid to the 

lake rapidly enough to offset evaporation after the 

change to arid conditions, resulting in rapid lake loss 

(Fig. 3).  

 
Fig. 3. Lake area over time for different permeability 

aquifers starting with the results for a scaled semi-

arid climate (2.4× more recharge and runoff) and 

transitioning the model to an arid climate. 

Conclusions: For a semi-arid climate, with only 

2% of the total annual precipitation recharging the 

aquifer or running off over the surface, the formation 

of a single large lake (~900 km2) for high permeabil-

ity (10-6 cm2) or several medium sized lakes (between 

300 km2 and 600 km2) for intermediate permeability 

(10-8 cm2) are predicted in Gale Crater. Permeability 

is also shown to affect the stability of lakes as Mars 

progresses to a drier climate with an intermediate 

permeability aquifer stabilizing lakes over longer 

periods of time.  

Wetter climates predict a single lake covering the 

northern part of Gale Crater, while the wettest cli-

mates predict a lake covering the entire crater floor 

outside the central mound. In contrast, the driest case, 

using an Arizona climate, predicts no lake formation 

within Gale Crater. If the lake deposits discovered by 

MSL form the basal unit of the Mount Sharp deposit, 

this indicates that the lake at one time covered nearly 

the entire crater floor. These results suggest that the 

climate at the time was substantially wetter than that 

present in Kansas today. If instead the lake deposits 

are isolated and do not extend under Mount Sharp, a 

present day Kansas climate may explain isolated 

lakes in the northern crater floor.  
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