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Meridiani Planum and the global hydrology of Mars
Jeffrey C. Andrews-Hanna1*, Roger J. Phillips1 & Maria T. Zuber2

The Opportunity Mars Exploration Rover found evidence for
groundwater activity in the Meridiani Planum region of Mars1,2

in the form of aeolian and fluvial sediments3 composed of
sulphate-rich grains. These sediments appear to have experienced
diagenetic modification in the presence of a fluctuating water
table3–5. In addition to the extensive secondary aqueous alteration,
the primary grains themselves probably derive from earlier playa
evaporites1,2,4. Little is known, however, about the hydrologic pro-
cesses responsible for this environmental history—particularly
how such extensive evaporite deposits formed in the absence of
a topographic basin. Here we investigate the origin of these depos-
its, in the context of the global hydrology of early Mars, using
numerical simulations, and demonstrate that Meridiani is one of
the few regions of currently exposed ancient crust predicted to
have experienced significant groundwater upwelling and evapora-
tion. The global groundwater flow would have been driven prim-
arily by precipitation-induced recharge and evaporative loss, with
the formation of the Tharsis volcanic rise possibly playing a role
through the burial of aquifers and induced global deformation.
These results suggest that the deposits formed as a result of sus-
tained groundwater upwelling and evaporation, rather than pond-
ing within an enclosed basin. The evaporite formation coincided
with a transition to more arid conditions6 that increased the rela-
tive impact of a deep-seated, global-scale hydrology on the surface
evolution.

Despite its currently cold and desiccated surface, Mars exhibits
abundant evidence for a more clement climate in its early history,
with surface temperatures above the freezing point of water and
liquid precipitation in the mid-latitudes driving runoff and valley
formation7,8. Evidence from both the global mineralogy6 and the
geomorphology of valley networks9–11 points towards a transition
from conditions in which water was abundant on the surface early
in the Noachian epoch (4.55 to ,3.7 Gyr ago12), to more arid con-
ditions late in the Noachian and into the Hesperian epoch (,3.7 to
,3.0 Gyr ago12). These arid conditions facilitated the formation of
stacks of layered sediments rich in evaporitic sulphate minerals and
diagenetic haematite at Meridiani Planum and the associated etched
terrain1–5,13. The contemporaneous formation of the Meridiani
deposits with nearby valley networks14 and the continued formation
of sapping valleys10 suggest that some precipitation persisted even as
the climate became more arid, but quickly infiltrated the surface. This
precipitation was the dominant contributor to the groundwater
hydrology of early Mars, charging aquifers at high elevations15

(Fig. 1a) in the southern highlands and on the incipient Tharsis
volcanic rise.

The Tharsis rise dominates the topography of the western hemi-
sphere of Mars15, and played a key role in the global geodynamic and
hydrologic evolution16–19. Although evidence suggests that the
Meridiani deposits are ancient, their exact age and timing relative
to Tharsis remains unclear. The Noachian age for the deposits

suggested by the crater population5,20,21, coupled with their formation
contemporaneous with nearby valley networks14 (which generally
follow a trend consistent with Tharsis-induced deformation19), sug-
gests that they may have formed shortly after or towards the end of
Tharsis construction. The formation of Tharsis through a combina-
tion of extrusive and intrusive volcanism16–19 largely during the
Noachian19 would have buried any pre-existing aquifers in the region
to depths of the order of 30 km beneath the growing volcanic load19.
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Figure 1 | Topography of Mars and Tharsis-induced deformation. The
colour scale applies to all panels. a, Topography of Mars from the Mars
Orbiter Laser Altimeter, MOLA15 (Hammer projection centred on 270uE,
0uN). Major features are outlined and labelled, including Tharsis (Th),
Valles Marineris canyons (VM), Hellas (H) and Argyre (A) impact basins,
the northern lowlands (N), Arabia Terra (AT), and Meridiani Planum (MP).
The dashed line represents the break in slope separating Arabia Terra and the
southern highlands. b, Modelled topography changes due to Tharsis loading
and induced deformation (at a resolution of 5u per pixel; assumes a
lithosphere thickness of 100 km, Young’s modulus of 100 GPa, and Poisson’s
ratio of 0.25). c, Reconstructed pre-Tharsis topography.
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A limit on the maximum depth to which aquifers are stable is dictated
by the brittle–plastic transition (BPT)22 due to the loss of porosity
and permeability in the plastic regime. During the growth of Tharsis,
the BPT would have migrated upwards as the deeply buried portions
of the crust approached thermal equilibrium. As the buried aquifers
underwent the transition to the plastic regime, the water within
would have been placed under the burden of the full lithostatic pres-
sure and been expelled, resulting in a steady upwards flux of water
beneath Tharsis (Supplementary Fig. 1). This process is analogous to,
though on a much larger scale than, the ejection of water from sedi-
ments upon burial and compaction in terrestrial environments23. If
migration of the BPT lagged behind Tharsis growth, as would be
expected for plausible thermal diffusion timescales in the deep crust,
aquifers beneath Tharsis would have acted as a net hydrological sink
during growth of the rise, and then as a net source of fluid after its
completion. In addition, the global membrane-flexural deformation
of the planet in response to Tharsis loading would have depressed the
lithosphere beneath Tharsis and uplifted the antipodal Arabia
bulge19, driving a net migration of groundwater towards Tharsis14.

We represent global-scale groundwater flow using the time-
dependent, nonlinear Boussinesq equation for hydraulic head (h,
measured relative to the geoid) in an unconfined aquifer, with a
spatially and temporally varying source term (s) representing the flux
of water from both surface precipitation and BPT migration beneath
Tharsis (Supplementary equation (1)). The large horizontal length
scales relative to the aquifer thickness allow us to reduce the problem
to two dimensions, using the vertically averaged hydraulic conduc-
tivity (K) and storativity (S) over the active aquifer thickness (d), all
functions of the elevation and the hydraulic head22. The equation is
solved in spherical coordinates (h,Q), using a fully explicit finite
difference approach with a grid resolution of 5u. We assume semi-
arid conditions, in which the water table is not permitted to rise
above the surface, simulating evaporative groundwater loss rather
than runoff and the formation of large standing bodies of water.
The globally integrated evaporative loss is balanced by precipitation
distributed uniformly between latitudes of 645u, consistent with the
observed distribution of valley networks.

We consider three possible scenarios for the global hydrological
evolution. The ‘pre-Tharsis’ model assumes that the Meridiani
deposits formed before Tharsis, while the ‘post-Tharsis’ model
assumes that Tharsis was a primordial feature of the planet that
pre-dated the deposits. We also model the hydrologic evolution with
a steady rate of Tharsis construction over 500 Myr, adjusting the
hydraulic head to reflect the changing global topography and geoid.
The constructional and membrane-flexural changes in the topo-
graphy and geoid induced by Tharsis formation are calculated using
a spherical harmonic loading model19,24 and subtracted from the
present-day values to reconstruct the intermediate stages of Tharsis
growth (Fig. 1). The time-dependent migration of the BPT and ejec-
tion of water from deep aquifers (Supplementary Fig. 2) is calculated
using a one-dimensional finite difference thermal model.

At the end of the simulation in the pre-Tharsis model, the water
table intersects the surface across much of the northern lowlands and
in the major impact basins, and these are the main concentrations
of evaporative groundwater loss (Fig. 2a). There is also significant
groundwater upwelling and evaporation in Meridiani Planum and
the surrounding Arabia Terra region, and an isolated location in the
southern highlands. Similar results are found for the post-Tharsis
model (Fig. 2b), with the exception that the water table is deeper in
the Tharsis region as a result of the higher topography there, and
there is more extensive groundwater upwelling in the southern high-
lands. When the growth of Tharsis is included in the model, the lag
between Tharsis construction and BPT migration results in a low-
ering of the water table in the Tharsis region and to a lesser extent in
the surrounding southern highlands, preventing groundwater
upwelling in these regions (Fig. 2c).

The predicted locations of groundwater upwelling in the northern
lowlands and large impact basins would have been largely buried
beneath the subsequent sedimentary, volcanic and aeolian material
that forms the Hesperian plains. However, outcrops of layered
deposits have been identified in the Hellas, Isidis and Argyre basins,
and along the dichotomy boundary near Aeolis Mensa25 (Fig. 2d). In
all three models, Meridiani Planum is one of the only regions of
currently exposed Noachian-aged crust for which the model predicts
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Figure 2 | Modelled hydrologic evolution, and outcrops of layered
deposits. a–c, Depth to the water table (top) and cumulative evaporative
groundwater loss (bottom); colour scales apply to a–c. Results shown after
500 Myr for models assuming pre-Tharsis conditions (a), post-Tharsis

conditions (b) and a steady rate of Tharsis formation (c). d, The locations of
observed outcrops of ancient sedimentary deposits25 are shown for
comparison.
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groundwater upwelling and evaporation. The integrated flux to the
surface over 500 Myr is equivalent to evaporation of a 2.5-km column
of water over a broad area. Increasing the hydraulic conductivity by a
factor of 2–5, well within the uncertainty22, results in similar patterns
of upwelling, with 5.4–17 km of evaporation at Meridiani. Assuming
that evaporites account for 60% of the deposits4, their estimated 200–
800 m thickness13,21 would require evaporation of 8–32 km of terrest-
rial sea water26. Fluids deep within the Earth’s crust have greater ionic
strengths27 (by a factor of ,3), reducing the amount of water
required to ,2.7–11 km, in agreement with the model results.

Although the groundwater fluxes and evaporation rates predicted
by the models are small (,10 mm per year), they reflect averaged rates
over geologic timescales and large spatial scales. Processes such as
local tectonism, volcanic and hydrothermal activity, local-scale pre-
cipitation and groundwater flow, climatic fluctuations, variable
erosion or deposition rates, or episodic Tharsis formation could
modulate this long-term regional groundwater flux. The resulting
instantaneous local rates of upwelling could be orders of magnitude
greater. The detailed morphology of the deposits would have resulted
from the interaction of the regional groundwater upwelling with the
local topography and micro-environments at the surface, leading to
runoff, ponding, cementation or diagenesis. As the deposits thick-
ened, the water table would rise to remain at or near the surface.
Similarly, layered outcrops observed elsewhere25 may have resulted
from groundwater cementation of aeolian or pyroclastic deposits.

To understand the root cause of the groundwater upwelling at
Meridiani Planum, we note that it is located near the southern edge
of Arabia Terra (Fig. 1). In contrast to the sharp break in slope
observed elsewhere along the dichotomy boundary, Arabia Terra is
a broad bench perched at intermediate elevation, flanked by steeper
slopes leading to the northern lowlands and southern highlands15,18

(Fig. 3a). For the simplified case of steady, one-dimensional, topo-
graphy-driven flow in an unconfined aquifer, the discharge is pro-
portional to the product of the height of the water table above the
base of the aquifer and the flow velocity, which in turn is proportional
to the topographic slope. Conservation of discharge requires that a
decrease in slope, and the attendant decrease in flow velocity, will

require an increase in the height of the water table above the base of
the aquifer, possibly leading to situations in which the water table
attempts to rise above the surface. In the model, this excess ground-
water upwelling is balanced by evaporation, returning the water table
to the surface. Figure 3b presents a cross-section of the topography,
water table elevation, and cumulative evaporative groundwater loss
from the model along a great circle passing through Meridiani
Planum. Immediately below the first break in slope, at the location
of the Meridiani deposits, the water table intersects the surface,
resulting in substantial evaporative loss. A similar situation occurs
below the second break in slope leading down to the northern low-
lands. The intersection of the water table with the surface in Arabia
Terra is facilitated by its low topography relative to the highlands,
leading to scattered sites of groundwater upwelling and isolated sedi-
mentary deposits throughout this region21,25,28.

The work presented here sheds light on a previously recognized
conundrum regarding the Meridiani evaporites. Terrestrial non-
marine evaporites commonly result from the ponding and evapora-
tion of meteoric water within an enclosed or restricted basin, con-
centrating the solutes leached from rocks over the entire drainage
basin within a relatively smaller area29. However, no such basin exists
in association with the Meridiani deposits13. The present results sug-
gest that the Meridiani evaporites formed as a result of sustained
groundwater upwelling over a broad region driven by global-scale
flow. This groundwater would have leached the solutes from large
volumes of aquifer material over a range of depths, before reaching
Meridiani and concentrating the solutes at the surface to produce
thick deposits of evaporites in the absence of a topographic basin. A
small-scale terrestrial analogue is found in the Great Artesian Basin of
Australia30, in which the migration of groundwater over hundreds of
kilometres produces local evaporite deposits where the water is
released to the surface.

Global mineralogical mapping6 suggests that Mars experienced a
wet period dominated by phyllosilicate formation in the early
Noachian, followed by more arid and acidic conditions in the late
Noachian and early Hesperian in which the evaporitic sulphate
deposits formed. During the earlier wet period, surface runoff and
the shallow subsurface hydrology probably masked the signature of
the slower, global-scale deep hydrology. The resultant aqueous geo-
chemistry would have been dominated by low-temperature water–
rock reactions at the surface, consistent with the observed phyllo-
silicates. The transition to more arid conditions would have led to the
pre-eminence of the global-scale deep groundwater flow over the
waning shallow hydrology, with the water chemistry determined by
moderate- to high-temperature water–rock reactions at depth, lead-
ing to a distinct change in the chemical nature of the surface fluids.
Hydrological activity would then be focused in regions of upwelling,
with the groundwater interacting with the local surface environment
to form the deposits at Meridiani Planum.
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Figure 3 | Role of slopes in driving groundwater upwelling. a, Global slope
map of Mars measured at a resolution of 5u per pixel. b, Profile of the
topography, water table, and the cumulative equivalent column of evaporitic
groundwater loss at the end of the Noachian for the steady Tharsis formation
model along a great circle path taken parallel to the regional slope in Arabia
Terra (line A–B in a). The arrow represents the location of Meridiani Planum
along the profile. Downturn in the water table at 0 km is a result of the
proximity of the Hellas basin.
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