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Gale crater is a spatially and temporally unique 

sedimentary basin on Mars, located at the dichotomy 

boundary. Crater retention ages and crater degradation 

supports an early Hesperian age, but cannot rule out a 

late Noachian age. The central sedimentary mound in 

Gale crater (Aeolis Mons or informally Mount Sharp) 

preserves one of the best records of the early Mars cli-

mate and hydrology. Aqueously altered clays and sul-

fates make up the lower portion of the mound, while 

the bulk of the upper mound is consistent with anhy-

drous aeolian sediment [1, 2, 3]. The transition from 

phyllosilicates to aqueously altered sulfates (between 

-4100 and -3900 m elevation [3]) and from aqueously 

altered sulfates to anhydrous sediment (approximately 

-3400 m) may represent a gradual climatic change dur-

ing sediment deposition within Gale crater [1, 2, 3]. 

This transition from more clay rich layers to sulfate-

bearing units is consistent with the layering observed 

in Meridiani Planum [e.g., 4]. 

Mars Science Laboratory (MSL) observations of 

the lower clay layers (approximately -4450 to -4140 m 

elevation) within Mount Sharp (the Murray formation) 

suggests that the Murray formation is consistent with 

a lacustrine depositional environment [5]. Mineralog-

ical variability within the Murray is consistent with 

varying degrees of post-depositional alteration [6], lat-

eral facies change [7], and/or differences in the depo-

sitional environments [8]. A distinct variation in com-

position was observed in the Sutton Island member (-

4375 to -4275 m), where sulfate-enrichment in the 

mudstone matrix and desiccation cracks were ob-

served suggesting markedly drier surface conditions 

and subaerial exposure [8, 9].   

However, depositional facies and inferred surface 

conditions alone do not provide a direct constraint on 

climate. In addition to climate, the depositional envi-

ronment is a function of the local and regional hydrol-

ogy, which is affected by the evolving state of the dep-

ositional basin as it is filled with sediment. In this 

study, we use a surface-subsurface hydrological model 

[10] to investigate the climatic conditions required to 

form lakes in Gale crater and its evolution over time. 

This hydrological model was coupled to a landscape 

evolution model, focusing on the deposition of sedi-

ment in sub-aqueous and sub-aerial environments, al-

lowing us to explore the influence of sedimentary infill 

on lake formation and hydrology. 

Methodology: Hydrological model. The hydrolog-

ical model included subsurface and surface compo-

nents of the hydrologic cycle [10], forced by 

evaporation potential and precipitation rates from 

semi-arid and arid regions on Earth (NLDAS-2). Pre-

vious work showed that the formation and extent of 

lakes are primarily dependent on the ratio of potential 

evaporation and precipitation (or the aridity index; 

𝜙 = 𝐸𝑃/𝑃) [10]. 

Pre-Aeolis Mons topographic model. We model 

the topography of Gale crater prior to the emplacement 

of Mount Sharp using a similar-sized complex crater, 

to restore the pre-fill geometry of the crater floor and 

central peak. 

Crater infill model. The erosion of the crater rim 

and deposition of crater fill was modeled using a land-

scape diffusion model [11] for subaerial sedimentation 

and erosion, a simple lake sedimentation model based 

on the lake depth and geometry [12] for subaqueous 

sedimentation, and an evaporite-cementation model 

based on the evaporative water column where the wa-

ter table approached the surface [13].  This simple 

model allows us to explore the influence subaerial and 

subaqueous sediment infill has on the depositional en-

vironment within Gale crater as a function of climate. 

Results: Prior to any crater infilling, under semi-

arid climates (𝜙 < 5), a single large lake forms in the 

deep, northern portion of Gale crater, embaying the 

entire northern half of the central peak (Fig. 1a). Lake 

levels are predicted to reach -4000 m elevations, at the 

level of the transition from the phyllosilicates to the 

layered sulfates [3]. Arid climates (5 < 𝜙 < 20) pre-

dict a single shallower (up to 100’s of meters in depth) 

lake within the deepest northwestern portion of Gale 

crater (over which Curiosity traversed; Fig. 1b). Hy-

per-arid climates (𝜙 > 20) predict only small, scat-

tered, and shallow lakes in northern Gale crater (Fig. 

1c), with lake formation in the deepest portion of Gale 

failing to reach the base of the Murray formation (-

4450 m). 

As sediment infills Gale, a transition in the deposi-

tional environment with elevation is observed as the 

accommodation space within Gale is decreased (Fig. 

1g-i). Above the transition from phyllosilicates to lay-

ered sulfates (-4100 to -3900 m [3]), deep lakes are 

observed under semi-arid conditions (Fig. 1d, g) in 

conflict with observations. In contrast, hyper-arid con-

ditions predict subaerial evaporite cemented material 

over elevations in which mudstones are observed 

within Mount Sharp, and thus are too dry (Fig. 1f, i). 

Interestingly, arid climates predict deep lake deposits 

at the base of the Murray formation (Fig. 1b, h), tran-

sitioning to shallow lake deposits and subaerial 
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evaporite cemented materials at higher elevations, 

compatible with observations. (Fig. 1e, h). The shal-

low lakes predicted up section for the arid case may 

represent intermittent periods of a lacustrine deposi-

tional environments and shallower playa-like settings, 

dependent on shorter-term variability in climate. This 

setting is consistent with the observed increase in sul-

fate content and desiccation cracks in the Sutton Island 

member [8, 9] and shallow redox stratified lakes [7], 

while still in agreement with the largely lacustrine set-

ting observed throughout the Murray formation. The 

model notably predicts a lateral facies change approx-

imately coinciding with the edge of the present-day 

mound, suggesting that local conditions may be very 

sensitive to horizontal position within the deposit.  

Discussion: These results suggest that the ob-

served vertical stratigraphy is compatible with a sce-

nario in which Gale crater formed after the majority of 

valley network formation, in the early Hesperian, with 

an arid climate throughout the sequence. Early lacus-

trine environments were enabled by the depth and 

unique location of Gale crater, while the transition to 

sulfate rich sediment is the result of a decrease in ac-

commodation space as sediment fills Gale. Alterna-

tively, the model results are also consistent with Gale 

forming near the end of valley network formation in 

the late Noachian, with semi-arid climates contrib-

uting to the early lacustrine deposits, and a transition 

to arid and perhaps hyper-arid climates contributing to 

the shift to sulfate deposition. Most importantly, this 

work shows that observed changes in Mount Sharp 

stratigraphy may be the result of short- or long-term 

climate change, lateral changes in the depositional en-

vironment, and/or changes in basin hydrology due to 

the infilling of the crater. Interpretation of the sedi-

mentary record requires consideration of the full hy-

drological system of the Gale crater lakes. 
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Fig. 1. Depositional environment at a)-c) the base of the Murray formation (-4450 m elevation) and d)-f) the clay / 

sulfate transition (-4000 m) in Gale crater for semi-arid (𝜙 = 4), arid (𝜙 = 9), and hyper-arid (𝜙 = 24) climates. The 

current extent of the mound is outlined in black [2]. g)-i) Profiles (transect shown in Fig 1. a) showing the depositional 

setting (shown as lake depth and water table depth) in Gale crater as a function of elevation. 
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