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Introduction:  The  Mars  Science  Laboratory 
(MSL) is currently en route to its landing site in Gale 
Crater, where it will provide in situ observations of the 
large sedimentary mound within the crater.  The Gale 
deposit  reaches  thicknesses of  ~5 km relative to  the 
crater floor.  The deposit can be subdivided into lower 
and  upper  formations,  separated by an  erosional  un-
conformity  suggesting  a  substantial  hiatus  in  depos-
ition  [1,  2].   The  lower  formation  exhibits  irregular 
bedding, with an upward progression from phyllosilic-
ate- to sulfate-rich composition, while the upper form-
ation lacks hydrated minerals. This study investigates 
the hydrologic and climatic context within which the 
Gale Crater mound formed and the implications for the 
interpretation of MSL and orbital remote sensing data. 

Potential  recharge  zones: Both  Gale Crater  and 
Meridiani  Planum host  layered  sedimentary  deposits 
rich  in  hydrated  sulfates,  suggestive  of  a  common 
formation mechanism. The deposits in Meridiani have 
been  explained  as  resulting  from  groundwater  up-
welling  and  evaporation  driven  by  long-wavelength 
groundwater flow [3-5]. However, Gale and Meridiani 
are separated by ~8000 km and may have experienced 
very different hydrologic and climatic histories. 

We first consider the potential recharge zones for 
driving hydrological activity at these two locations. A 
sequence of groundwater models [5] were run in which 
a single discrete zone of aquifer recharge spanning 7.5° 
in latitude and longitude is moved across the southern 
highlands. For each recharge locus, the mean thickness 
of the deposits formed within both Meridiani Planum 
and Gale Crater were calculated and normalized to the 
maximum predicted thickness across the full suite of 
models, in order to generate a map of the potential re-
charge areas for both Gale and Meridiani. The results 
reveal distinct potential recharge zones, divided by an 
effective hydraulic barrier stretching between the Hel-
las and Isidis impact basins (Figure 1). 

Patterns of rainfall on early Mars: Liquid precip-
itation was likely required to drive surface runoff and 
erosion  during  the  Noachian  period  and  to  recharge 
aquifers to drive sustained hydrological activity at Me-
ridiani and Gale [4]. Previous work predicted the dis-
tribution of rainfall on early Mars for a variety of con-
ditions using an Earth GCM, with the martian surface 
topography as the bottom boundary (the Mars as Earth, 
or MEarth model) [6]. Precipitation patterns for Mars 
in the presence of a northern ocean are consistent with 
the widespread distribution of valley networks, but the 

high rates and wide distribution of rainfall are incom-
patible with the decrease in erosion rates and lack of 
fluvial dissection of the Meridiani deposits. More arid 
conditions in which the atmospheric component of the 
hydrological cycle is driven by evaporation from satur-
ated soil rather than a northern ocean results in lower 
rates  of  precipitation  localized  to  smaller  areas.  The 
majority of the precipitation falls as snow in the high 
latitudes, and as orographic rain over Tharsis. Signific-
ant  zones  of  highland  precipitation  are  found at  the 
southeastern edge of Arabia Terra and east of the Isidis 
basin  (Figure  1).  These  highland  precipitation  belts 
overlap significantly with the independently generated 
potential recharge zones for Meridiani and Gale.

Figure 1. Potential recharge zones for hydrological activity 
in Meridiani and Gale (top) compared with the MEarth-pre-
dicted precipitation (middle; shaded high latitude regions ex-
perience mean annual temperatures <273 K), and predicted 
sedimentary  deposit  thickness  from  the  MEarth-driven 
groundwater model (bottom).  Meridiani is outlined.

Groundwater  hydrology  and  sedimentation: 
The GCM-predicted precipitation is  now used as the 
driver  of  groundwater  flow  in  hydrological  models. 
Aquifer recharge is limited to the mid-to low-latitude 
precipitation  belts,  as  the  high  latitude  precipitation 
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would be dominantly in the form of snow.  The precip-
itation-induced  aquifer  recharge  and  evaporation  of 
groundwater at zones of upwelling drive global-scale 
patterns of groundwater flow and sedimentary depos-
ition. The first-order predictions are in agreement with 
earlier models using a simpler precipitation belt [3, 5]. 

The global models were used as the boundary con-
ditions for regional models of the eastern equatorial re-
gion at a resolution of 0.25° per model cell (Figure 2). 
The  regional  model  predicts  widespread sedimentary 
deposits to form throughout Arabia Terra, in agreement 
with the reconstructed distribution of deposits [7]. Fur-
ther  to  the  east,  thick  sedimentary  deposits  are  pre-
dicted to form within Gale Crater, driven by the precip-
itation belt extending eastward from Isidis. The time-
evolution of the groundwater influx and deposit thick-
ness within Gale Crater reveals a high rate  of initial 
hydrological  activity  and  deposition,  as  the  unfilled 
crater  acts  as  a  deep  hydrological  sink.  The  rate  of 
groundwater  inflow decreases  rapidly as the level  of 
the sediment surface approaches the mean level of the 
lowlands  to  the  north.  After  this  time,  continued 
growth of the Gale Crater mound must be accompan-
ied by deposition in the lowlands,  which occurs at a 
much lower rate. The rate of deposition has decreased 
by  a  factor  of  0.5  by  the  time  the  deposit  surface 
reaches -2720 m elevation (relative to martian datum), 
and by a factor of 10 at -2400 m elevation. 

This decrease in hydrological activity provides an 
explanation for the transition from the hydrated lower 
formation to the anhydrous upper formation. The top 
surface of the lower formation is constrained by spec-
tral  data  in only a few locations [1,  2].  The mapped 
contact between the lower and upper formations in the 
western mound [1] has a maximum elevation of -2374 
m  in  HRSC  data.  Alternately,  the  apparent  contact 
between the dark lower unit and the light-toned upper 
unit reaches a maximum elevation of -2235 m. 

Building on previous studies,  we suggest  the fol-
lowing interpretation of the Gale Crater deposit.  The 
lower  phyllosilicate  deposits  likely  formed  under  a 
wetter  climate,  possibly  involving  lacustrine  activity. 
The drying of the climate at the Noachian-Hesperian 
boundary  led  to  the  formation  of  thick  stacks  of 
sulfate-cemented  sedimentary  deposits,  driven  by 
groundwater  flow  sourced  from  a  precipitation  belt 
east of the Isidis basin. As the deposit surface reached 
the level of the northern lowlands, the rate of ground-
water inflow and associated sedimentation would have 
dropped rapidly. The maximum elevation of the lower 
formation was likely limited by the rise of the water 
table  at  this  point.  Aqueous activity  at  higher  levels 
may require a transient hydrological response to local 
precipitation. The hiatus in deposition at the top of the 

lower formation can be explained by hydrological pro-
cesses alone, even in the absence of climate change. 
Renewed  deposition  of  the  upper  formation  com-
menced under dry conditions, likely as a result of ash 
fall associated with the Medussa Fossae Formation [1]. 

These  results  have important  implications  for  the 
interpretation  of  the  deposit.  Under  steady  climatic 
conditions, the rate of hydrological activity would be 
constant for the early filling of the crater, followed by 
an abrupt decline. Stratigraphic and geochemical sig-
nals through the bulk of the lower formation can thus 
be  attributable  to  climate  forcing.  However,  towards 
the upper levels of the lower formation, the declining 
rate  of hydrological activity  even under constant  cli-
matic conditions must be taken into account. 

Figure 2. Regional model predictions of the predicted depos-
it thickness. Meridiani is outlined and Gale labeled as 'G'.

Figure 3. Topography (a; in km) and panchromatic image (b) 
of the Gale Crater mound from HRSC. The topographic pro-
file along the contact between the upper and lower forma-
tions (c) reaches a maximum elevation of between -2.235 and 
-2.374 km. The model-predicted deposit surface elevation as 
a function of time plateaus at this same elevation (d). 
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