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Abstract

To determine plausible groundwater recharge rates on early Mars, we develop analytic and numerical solutions for an uncon-

fined steady-state aquifer beneath the southern highlands. We show that the aquifer’s mean hydraulic conductivity, $K$, is

the primary constraint on the plausible magnitude of mean steady recharge, $r$. By restricting groundwater upwelling to

Arabia Terra, using a mean hydraulic conductivity of, $K$ ${\sim}10ˆ{-7}$ m/s, and varying shoreline elevations and recharge

distributions, the mean recharge must be order of $10ˆ{-2}$ mm/yr. Recharge for other values of $K$ can be estimated as

$r$ ${\sim}10ˆ{-5}\,K$. Our value is near the low end of previous recharge estimates and two orders-of-magnitude below

the smallest precipitation estimates. This suggests that, for a steady hydrologic cycle, most precipitation forms runoff, not

groundwater recharge. It is also plausible the transient aquifer response to recharge is sufficiently slow that no upwelling occurs

prior to cessation of climatic excursions causing precipitation.
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Key Points:10

• Analytic solution for an unconfined aquifer beneath Mars southern highlands pro-11

vides first-order estimate of groundwater table elevation.12

• The key control on the steady groundwater table elevation is the ratio between13

mean recharge and mean hydraulic conductivity of the aquifer.14

• For commonly assumed values of hydraulic conductivity the steady recharge must15

be at the lower end of the estimated range of recharge.16
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Abstract17

To determine plausible groundwater recharge rates on early Mars, we develop analytic18

and numerical solutions for an unconfined steady-state aquifer beneath the southern high-19

lands. We show that the aquifer’s mean hydraulic conductivity, K, is the primary con-20

straint on the plausible magnitude of mean steady recharge, r. By restricting ground-21

water upwelling to Arabia Terra, using a mean hydraulic conductivity of, K ∼10−7 m/s,22

and varying shoreline elevations and recharge distributions, the mean recharge must be23

order of 10−2 mm/yr. Recharge for other values of K can be estimated as r ∼10−5 K.24

Our value is near the low end of previous recharge estimates and two orders-of-magnitude25

below the smallest precipitation estimates. This suggests that, for a steady hydrologic26

cycle, most precipitation forms runoff, not groundwater recharge. It is also plausible the27

transient aquifer response to recharge is sufficiently slow that no upwelling occurs prior28

to cessation of climatic excursions causing precipitation.29

Plain Language Summary30

The surface of Mars shows past evidence for liquid water at its surface, however31

the extent surface water interacted with the subsurface remains an open question. In this32

work, we derive an idealized mathematical solution for an equation often used to study33

groundwater flow on Earth and Mars. We use this solution to analyze and validate a com-34

puter model based approximation in a global configuration capable of examining sev-35

eral parameters that could act as first-order controls on recharge a possible Martian aquifer.36

We use topography data along with rover and remotely sensed observations to constrain37

the model, and find that there is a single parameter, recharge/hydraulic conductivity ∼38

10−5, that controls the amount of recharge an early Martian aquifer can plausibly sus-39

tain with these constraints. This value is far less than predicted by previous literature.40

1 Introduction41

The surface of Mars retains several planetary scale structures. One of the most strik-42

ing is the crustal dichotomy separating Mars’ northern lowlands from its southern high-43

lands via an abrupt ∼5 km topographic transition. In stark contrast to the relatively smooth44

plains in the north, the southern highlands preserve the oldest, most heavily cratered45

terrain on the planet as well as at minimum two large scale impact basins, Hellas and46

Argyre (Smith et al., 1999). These structures formed prior to ∼3.7 Ga, in the Noachian47

Era, at a time when Mars is also hypothesized to have had an active hydrologic cycle48

(Frey, 2008; Werner, 2008; Carr, 1986; Clifford, 1993a). The formation of these struc-49

tures would have impacted any possible surface and groundwater processes due to their50

associated topographic lows.51

There is ample evidence for liquid water on Mars’ surface early in the planet’s his-52

tory. The eroded remains of poorly integrated fluvial drainage systems, called “valley53

networks”, dissect the highlands (Milton, 1973; Goldspiel & Squyres, 1991; Carr, 1996;54

Hynek & Phillips, 2001). Spectral data strengthens the inference of past surface water55

processes with observations of hydrated silicates suggesting near surface aqueous min-56

eral alteration (Mustard et al., 2008; Ehlmann et al., 2009; Carter et al., 2013). Open57

and closed crater lakes have been identified throughout the Noachian terrain, providing58

further evidence of standing bodies of water on the Martian surface (Cabrol & Grin, 1999;59

Fassett & Head, 2008b; Di Achille & Hynek, 2010). In both Argyre and Hellas, obser-60

vations have been made supporting the possible presence of large standing bodies of wa-61

ter (Parker et al., 2000; Wilson et al., 2010; Dohm et al., 2015; Hiesinger & Head, 2002;62

Hargitai et al., 2018; Zhao et al., 2020). Many have also argued that an immense ocean63

once existed within the northern lowlands (e.g., Parker et al., 1989, 1993; Carr & Head,64

2003; Fassett & Head, 2008a).65
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Conclusive evidence of surface water processes and standing bodies of water nat-66

urally leads to questions regarding the formation and extent of any groundwater systems.67

A globally connected groundwater system has been inferred in numerous geomorphic and68

numeric modeling based studies (e.g., Clifford, 1993a; Andrews-Hanna et al., 2007; Di Achille69

& Hynek, 2010; Salese et al., 2019). Additionally, rover and satellite based observations70

of layered deposits in Arabia Terra (Figure 1) have been interpreted as evaporites result-71

ing from groundwater upwelling (Christensen et al., 2000; Golombek et al., 2003; Squyres72

et al., 2004; McLennan et al., 2005; Grotzinger et al., 2005; Bibring et al., 2007; Andrews-73

Hanna et al., 2007).74

To examine the effect of standing bodies of water on possible groundwater tables,75

here we use mean shoreline elevations at Deuteronilus (-3790 m), Arabia (-2090 m), and76

Meridiani (0 m) as illustrative examples (see table 1 in Carr & Head (2003)). However,77

we will show that the existence of a northern ocean, regardless of depth, is a secondary78

control on groundwater when compared to the geometry of the dichotomy. This is con-79

sequential due to the general contention regarding the existence of putative northern ocean(s)80

(e.g., Malin & Edgett, 1999; Sholes et al., 2019, 2021; Sholes & Rivera-Hernández, 2022).81

While some studies argue that the kilometer-scale deviation of equipotential shorelines82

precludes the existence of an ocean, others have suggested that true polar wander and83

deformation associated with the Tharsis rise can explain these discrepancies (Perron et84

al., 2007; Citron et al., 2018; Chan et al., 2018).85

The contention surrounding the northern ocean dictates our use of less controver-86

sial model constraints. The distribution of valley networks offers insight regarding ground-87

water table elevation. The groundwater table often sets local base level to which sed-88

imentary systems can erode. The widespread distribution of incised valley networks across89

the highlands implies any groundwater table was likely well below the surface topogra-90

phy over much of the planet. Similarly, Arabia Terra’s noticeable lack of incised valley91

networks and the presence of inverted fluvial deposits along with layered deposits sug-92

gests that the region was a depositional environment, with the groundwater table per-93

haps at or near the surface (Davis et al., 2016) consistent with rover observations in this94

region (e.g., McLennan et al., 2005; Grotzinger et al., 2005). Parameters such as basin95

hydraulic head levels and recharge distributions will be compared to these observational96

constraints.97

Published precipitation and aquifer recharge rates vary by orders of magnitude. Es-98

timates of water availability due to snow and ice accumulation give values ranging from99

10−2 to 103 mm/yr (e.g., Wordsworth et al., 2015; Fastook & Head, 2015; von Paris et100

al., 2015) and estimates associated with precipitation range from 100−103 mm/yr (e.g.,101

Kamada et al., 2020; Wordsworth et al., 2015). Geomorphic studies have constrained wa-102

ter associated with runoff production between 102 to 105 mm/yr (Ramirez et al., 2020;103

Hoke et al., 2011). However, these studies only provide an upper bound on groundwa-104

ter recharge due to the unknown partitioning between surface runoff and infiltration.105

Direct estimates of recharge from groundwater modeling studies vary between 10−2
106

to 103 mm/yr, but require the specification of unknown aquifer properties (Harrison &107

Grimm, 2009; Andrews-Hanna et al., 2007, 2010; Luo et al., 2011; Horvath & Andrews-108

Hanna, 2017). Here, we individually examine the importance of unknown aquifer prop-109

erties, the effects of possible standing bodies of water, and consequences associated with110

varying recharge distributions on the aquifer using novel analytic and numeric ground-111

water models. By comparing solutions with the inferred upwelling within Arabia Terra112

and valley network distributions, we ask: what are plausible mean recharge estimates113

for a steady-state, deep groundwater aquifer on early Mars?114
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Figure 1. Topography of Mars derived from Mars Orbiter Laser Altimetry (MOLA) aboard

the Mars Global Surveyor (MGS) mission (Smith et al., 1999). Hellas and Argyre impact basins

are labeled along with the northern lowlands. Three mean shorelines elevations are taken from

Parker et al. (1989) and Carr & Head (2003). Argyre and Hellas impact basins are outlined at an

elevation of -2090 m.

2 Methodology115

2.1 Model for the southern highlands aquifer116

Similar to other Mars groundwater studies (Clifford, 1993b; Hanna & Phillips, 2005;117

Luo & Howard, 2008), we use the Dupuit-Boussinesq model (Dupuit, 1863; Forchheimer,118

1901; Boussinesq, 1903) for the elevation, h, of the groundwater table above the base of119

the aquifer120

−∇ · [K h∇h] = r χ(θ, θr), (1)

where θ is the angle from the south pole or southern colatitude in radians and χ(θ, θr)121

is an indicator function that is one for θr ≤ θ ≤ π−θr and zero otherwise. The diver-122

gence and gradient operators take their standard from in spherical shell coordinates (Batch-123

elor, 2000). We assume the flow is steady to examine the temporally averaged mean recharge124

rates.125

The model has two physical parameters, the mean hydraulic conductivity of the126

aquifer, K, and the mean recharge rate, r. For clarity of presentation, we assume that127

K and r are spatially constant, although our analysis can be extended to variable con-128

ductivity and recharge. We assume recharge is evenly distributed across an equatorial129

band of width, ∆θr, between colatitude θr and 180◦ − θr. Unless otherwise specified,130

we assume θr = 45◦, and the head, h, is measured relative to the base of the aquifer,131

which is assumed to be at an elevation zB = −9 km as in previous studies (Andrews-132

Hanna et al., 2010; Andrews-Hanna & Lewis, 2011). For a mean elevation of the high-133

lands of zH = 1 km, the aquifer has a maximum thickness of d = zH − zB = 10 km.134

As a boundary condition, the groundwater table at the perimeter of our aquifer is135

set equal to the mean elevation, zo, of one of the proposed shorelines, h(θo) = ho =136

zo−zB. We use the three shorelines mapped in Figures 2a-2c. When present in a par-137
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ticular model, shoreline elevations in both Hellas and Argyre are set equal to the dichotomy138

shoreline being examined in that particular model run.139

2.2 Analytic solution for an idealized spherical cap aquifer140

We first investigate a one-dimensional model for an idealized spherical cap aquifer.141

To obtain analytic solutions for the groundwater table, we assume circumferential sym-142

metry so that the solution is only a function of colatitude, θ (Shadab et al., 2022). In143

this limit, equation (1) reduces to144

− 1

R sin θ

d

dθ

[
K

R
sin θh

dh

dθ

]
= r χ(θ, θr) on θ ∈ [0, θo] , (2)

where R is the mean radius of Mars, ∼ 3, 390 km (Smith et al., 1999), and θo is the south-
ern colatitude of the mean shoreline of the northern ocean. Here we choose θo so that
the surface area of the idealized spherical-cap aquifer is equivalent to the area enclosed
by the shoreline in Figure 1. We assume a simple step in topography at the shoreline,
θo, between the mean highland elevation, zH = 1 km, and the mean lowland elevation,
zL = −4 km (Figure 2a). At the south pole the groundwater table is horizontal by sym-
metry and along the shoreline the head is prescribed, h(θo) = ho. Integrating Equa-
tion (2) twice with these constraints, we obtain the following analytic solution for the
head of the aquifer

h(θ) =

√
h2
o + 2

rR2

K

[
ln

∣∣∣∣ sin θsin θo

∣∣∣∣− cos θr ln

∣∣∣∣ (cos θ + 1) sin θo
(cos θo + 1) sin θ

∣∣∣∣]︸ ︷︷ ︸
∆(θ,θr,θo)

. (3)

This solution is valid for θr ≤ θ ≤ θo and the solution for θ < θr is constant at h(θr)145

as shown in Figures 2a-2c. Note that this solution assumes that recharge extends all the146

way to the shoreline, θo ≤ 180◦ − θr, a more general solution is given in the Section147

S3 of the supplementary information (SI). The expressions for specific and total discharge148

are given in the SI (Figure S2).149

2.3 Numerical Model for southern highlands aquifer150

To investigate the effects of complex shorelines and impact basins on plausible recharge151

rates, we have developed a numerical model for the southern highlands’ aquifer. We non-152

dimensionalize Equation (1) and discretize it in spherical shell geometry. The model uses153

conservative finite differences on a tensor product grid with an operator-based implemen-154

tation (LeVeque, 1992). The resulting non-linear system of algebraic equations is solved155

with the Newton-Raphson method. The numerical implementation and benchmarking156

against the analytic solution are provided in SI Section S4.157

To obtain the locations of the shorelines in the northern lowlands and basins, MOLA158

topography is down-sampled to our grid pixel resolution of 1.2◦. By assuming an equipo-159

tential surface across a standing body of water, the shorelines are used to divide the com-160

putational domain into the southern highlands aquifer and three open water basins. The161

cells within these basins are excluded from the computations and the head in these basins162

is set to the chosen shoreline elevation. We also examine an aquifer domain that does163

not consider Hellas and Argyre basins.164

All numerical solutions presented below assume a hydraulic conductivity of K =165

10−7 m/s and assume that all standing water bodies have elevations equal to the Ara-166

bia shoreline at −2090 m. Results for other shorelines are provided in the SI Section S5.3167

and S5.4.168
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Figure 2. a-c) Analytic solution for steady unconfined aquifer on a spherical shell. Elevation

of the groundwater table for the mean Meridiani, Arabia, and Deuteronilus shoreline elevations

of Carr and Head, 2003. In each case, the groundwater table is shown for multiple values of

recharge and the region receiving recharge is shaded blue. d) Depth of groundwater beneath

mean highland elevation, zH = 1 km for the Arabia shoreline. The parameters corresponding to

solutions from panel 2b are shown by correspondingly colored circles. The maximum plausible

recharge from Equation (4) is shown in red.

3 Results169

The analytical and numerical aquifer models introduced above provide complemen-170

tary information about the plausible steady-state recharge values for Mars’ southern high-171

lands aquifer. The analytic solution gives insight into the relationship between recharge172

and hydraulic conductivity whereas the numerical results allow us to investigate the ef-173

fects of complex shoreline geometry on recharge.174

Neither the mean hydraulic conductivity nor the mean recharge of the southern high-175

lands aquifer on Mars are known. Our analysis shows that the solution for the head, given176

by Equation (3), is primarily a function of the dimensionless ratio between recharge and177

hydraulic conductivity, r/K. This ratio then allows us to estimate which values of recharge178

are plausible given any proposed value of the mean hydraulic conductivity. For exam-179

ple, Figures 2a-2c show the elevation of the groundwater table in the spherical cap aquifer180

for different shorelines and increasing values of recharge. For the hydraulic conductiv-181

ity of 10−7 m/s chosen here, the analytic model predicts values of recharge on the or-182

der of 10−3 mm/yr can raise the groundwater table to the surface using any chosen shore-183

line.184

The absence of widespread groundwater upwelling outside Arabia Terra provides
an upper bound on plausible r/K ratios. In our simplified analytic model widespread
upwelling would occur if the elevation of the groundwater table exceeds the mean ele-
vation of the highlands, assumed to be 1 km. From the analytic solution, this maximum
ratio is given by

r

K

∣∣∣
max

=
d2 − h2

o

2R2∆′(θr, θo)
, (4)
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Figure 3. Effect of complex geometry for an aquifer with a recharge rate of 10−2 mm/yr

evenly distributed between -45◦ and 45◦: a) Analytic solution from Equation (3) with mean

Arabia shoreline. b) Numerical solution with Arabia shoreline. c) Numerical solution with Ara-

bia shoreline and standing water in Hellas and Argyre basins. Water elevation in the basins is

assumed equal to the Arabia shoreline elevation.

where ∆′(θr, θo) = ∆(θr, θr, θo) is a scalar defined in Equation (3). Figure 2d shows185

the plausible combinations of hydraulic conductivity and recharge for the Arabia shore-186

line. This illustrates that dropping the mean K by an order of magnitude requires a sim-187

ilar drop in mean r to prevent widespread upwelling. The effects of varying other pa-188

rameters, such as the chosen shoreline and the recharge distribution are minor and there-189

fore presented in the SI (Section S3.3). For example, if the width of the recharge band,190

∆θr, is varied by ±20◦ around the preferred value of 90◦ for an aquifer with K = 10−7
191

m/s the maximum plausible values of mean recharge for all three shorelines vary only192

between 6× 10−3 and 1.6× 10−2 mm/yr (Figure S3).193

Analysis of the simplified spherical cap aquifer model demonstrates that the ele-194

vation of the groundwater table is primarily a function of the r/K ratio. Although the195

mean K of the southern highlands is not known, reasonable values in the range of 10−6
196

to 10−8 m/s (Hanna & Phillips, 2005) require very low rates of groundwater recharge197

to avoid widespread groundwater upwelling (Figure 2d). This conclusion is relatively in-198

sensitive to the particular shoreline chosen, the latitudinal width of the precipitation band,199

or the depth of the aquifer base. The particular value of the ratio r/K is primarily set200
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by the large surface area of the highlands relative to the cross-sectional area of the aquifer,201

as discussed in Section 4.202

To explore the effect of complex aquifer boundaries we present numerical solutions203

with the Arabia shoreline for K = 10−7 m/s and r = 10−2 mm/yr (Figure 3). First204

we explore the effect of the shoreline of the northern ocean alone and then consider the205

influence of adding Hellas and Argyre basins. Comparing the analytic solution for the206

spherical cap aquifer (Figure 3a) with the numerical solution for the Arabia shoreline207

(Figure 3b) we observe an overall drop in the elevation of the groundwater table. The208

complex shoreline generates a local maximum in the groundwater elevation at the fur-209

thest location from a shoreline within the precipitation band. The complex shoreline has210

an increased shoreline length and reduces the distance to drain into a basin which re-211

sults in more effective drainage compared to the equivalent mean shoreline. The pres-212

ence of large impact basins further lowers the head in the aquifer (Figure 3c). These basins213

provide additional shorelines within the highlands that help to drain the aquifer.214

Overall, our numerical model demonstrates that complex shorelines lower the head215

in the aquifer and therefore increase the plausible value of mean recharge. However, these216

geometric effects do not change the order-of-magnitude of the plausible range of r/K.217

As such, the unknown mean hydraulic conductivity of the highlands remains the dom-218

inant control on the mean recharge. In Figure 4, we explore the location and extent of219

groundwater upwelling in the southern highlands as function of mean recharge in an aquifer220

bounded by the Arabia shoreline at the dichotomy and shorelines of equivalent eleva-221

tion in Hellas and Argyre. Figure 4a-4c shows the depth, compared to topography, of222

the groundwater table for a succession of simulations with increasing amounts of recharge.223

Areas with blue colors are submerged while areas of incipient groundwater upwelling are224

shown in white. For r = 10−2 mm/yr the highlands do not experience significant ground-225

water upwelling outside of some deep craters (Figure 4a), suggesting r is too low. In-226

creasing recharge to 3×10−2 mm/yr a region of groundwater upwelling forms in Ara-227

bia Terra (Figure 4b), where geomorphic and geochemical observations suggest upwelling228

has occurred (e.g., McLennan et al., 2005; Grotzinger et al., 2005). A further increase229

in recharge to only 10−1 mm/yr results in large areas of the highlands becoming flooded,230

a scenario not supported by existing observations (Figure 4c), indicating that r is too231

high.232

The area of the highlands that experiences groundwater upwelling grows rapidly233

with increasing recharge (Figure 4d). The geologic observation that groundwater upwelling234

has been restricted to primarily Arabia Terra therefore places a constraint on the plau-235

sible r/K ratio on Mars. For the mean hydraulic conductivity K = 10−7 m/s, the best236

match with the inferred area of groundwater upwelling in Arabia Terra is a recharge of237

approximately 3×10−2 mm/yr, which leads to 6.3% of the highlands experiencing up-238

welling (Figure 4b). This corresponds to r/K ∼ 10−5 that can be used to estimate plau-239

sible values of r for any preferred value of K.240

4 Discussion241

Our results show that a groundwater aquifer beneath the highlands requires very242

low values of recharge to avoid groundwater upwelling occurring outside areas suggested243

by observational evidence. We show that the plausible steady-state recharge increases244

linearly with the assumed mean hydraulic conductivity of the aquifer. As such, plausi-245

ble recharge values for any preferred hydraulic conductivity can be estimated as r ∼ 10−5K.246

This relationship is evident from the analytic solution (Equation 4) and confirmed by247

numerical models of varying complexity. Whereas the geometry of the shorelines has a248

small effect on the overall magnitude of recharge, Mars’ topography requires upwelling249

to occur first in Arabia Terra as recharge rates increase, as indicated in previous work250

(Andrews-Hanna et al., 2007). If upwelling is constrained to Arabia Terra and the cho-251

–8–
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Figure 4. Groundwater upwelling as function of recharge for an aquifer bounded by the

Arabia shoreline and equal elevation shorelines in Hellas and Argyre. Recharge, r, is evenly dis-

tributed between -45◦ and 45◦ and K = 10−7 m/s. a) r = 1 × 10−2 mm/yr. b) r = 3 × 10−2

mm/yr. c) r = 1 × 10−1 mm/yr. d) Percentage of the southern highlands area experiencing

groundwater upwelling as function of recharge with estimates of water availability (Stucky de

Quay et al., 2021).
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sen K value is held constant, the range of plausible recharge rates varies by less than one252

order of magnitude (Figure 4d)253

Previous studies of global-scale groundwater flow estimate recharge rates from ∼254

10−2 mm/yr (Andrews-Hanna et al., 2007) to ∼ 10−1 mm/year (Andrews-Hanna & Lewis,255

2011) for comparable mean hydraulic conductivities, see SI Section S5.1. These estimates256

are consistent with our results and suggest that they are not strongly dependent on model257

assumptions. For example, previous models do not allow for ponded surface water and258

the resulting shorelines. In our model recharge is prescribed as an input where in pre-259

vious work it is calculated as a dynamic output. Finally, we assume a constant hydraulic260

conductivity, while previous models apply a decay of permeability with depth. Despite261

these differences, our recharge estimates are comparable.262

We suggest that these low values of mean recharge are simply due to the large sur-
face area, As, of the aquifer relative to its small cross-sectional area, Ax. This geomet-
ric control can be understood by a volume balance over a spherical cap aquifer at steady
state. The total rate of recharge is Qr = Asr and the total discharge out of the aquifer
is Qd = Axqθ, where qθ is volumetric flux from Darcy’s law. Total volume balance re-
quires that Qd = Qr, so that

r

K
=

Ax

As
qθ ∼ d∆h

R2
∼ 10−5, (5)

where R ∼ 106 m is the radius of Mars, d ∼ 104 m is the thickness of the aquifer and263

∆h ∼ 103 m is the elevation change of the groundwater table across the aquifer. Here264

we have approximated As ∼ R2 and Ax ∼ R and Darcy’s law as qθ ∼ K∆h/R. This265

simple estimate is identical to the r/K ratio obtained from the analytic solution and com-266

puted from the numerical models. For a detailed discussion of the total volume balance267

see SI Section S1.268

While previous work has computed specific values of recharge for specific model269

parameters, our contribution demonstrates the linear relation between r and K that al-270

lows estimates of plausible steady recharge for any presumed value of K. This is valu-271

able precisely because K is highly uncertain and the linear relationship allows investi-272

gation of different scenarios. For example, consider a steady hydrologic cycle where a sig-273

nificant fraction of the precipitation infiltrates and recharges the aquifer, but ground-274

water upwelling is limited to Arabia Terra. To align with published precipitation esti-275

mates, this scenario would require an increase in recharge by almost two orders of mag-276

nitude (Figure 4d). The linear relation between r and K would thus require a two or-277

der of magnitude increase in the mean conductivity of the aquifer to keep upwelling re-278

stricted to Arabia Terra.279

While local variations in K by several orders of magnitude are not unusual, the K280

in our equations is the average over the entire aquifer. This average includes rapid de-281

cay of the conductivity with depth. As such, it is much less likely that the mean K of282

the aquifer would increase to the value of 10−5 m/s, required to make recharge compa-283

rable to precipitation estimates of more than 1 mm/yr. If conductivity is lower, than as-284

sumed here and in previous work (Clifford, 1993b; Clifford & Parker, 2001; Hanna & Phillips,285

2005), the r/K-relation requires that groundwater recharge in a steady hydrologic cy-286

cle is orders of magnitude less than published precipitation estimates (Kamada et al.,287

2020; Wordsworth et al., 2015). The difference between estimates of precipitation and288

groundwater recharge requires that most precipitation becomes overland flow and run289

off. This implies that surface and subsurface hydrology are only weakly coupled in this290

particular scenario.291

All of the above considerations assume a steady hydrological system, because the292

the model presented here is at steady state. However, Mars hydrological activity is gen-293

erally thought to occur during short climatic excursions that produce conditions favor-294

able for precipitation (Grotzinger et al., 2014; Wordsworth et al., 2015). In this context,295
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our recharge estimates should be interpreted as average over hydrologically active and296

inactive periods. As such, the recharge during the active periods may exceed the steady-297

state values.298

The transient response of the groundwater table to individual ephemeral precip-299

itation events is another possible explanation for the low calculated mean recharge val-300

ues when compared to previous estimates (Figure 4d). If the transient response time of301

the aquifer is longer than the timescale of climate excursions producing larger values of302

recharge, the groundwater table may not breach the surface before the excursion ends303

and recharge declines. The transient aquifer response will be examined in future work,304

but this response is likely dependent on initial water table elevations at the beginning305

of a given climate excursion.306

One other consideration is Mars’ total water budget, and how that compares to wa-307

ter volumes in our model simulations. With the Arabia Terra shoreline, and our preferred308

recharge value of 3×10−2 mm/yr, the total volume of water contained in the Mars south-309

ern highlands aquifer is ∼ 670 m GEL (global equivalent layer) see SI Section S5.2 for310

calculation. This is a median value when compared to literature values ranging from 100311

to 1500 m (e.g., Scheller et al., 2021). If the overall water volumes of Mars are sufficient312

to form standing bodies of surface water, as reflected by the proposed shorelines, then313

our results show that even very low rates of background groundwater recharge would be314

sufficient to elevate the water table. This would result in high groundwater tables at the315

beginning of a climate excursion and may limit the amount of transient recharge pos-316

sible to avoid a wide-spread upwelling scenario.317

5 Conclusions318

Our analytical and numerical solutions for the Martian highlands aquifer show that319

the elevation of the groundwater table is controlled by the ratio of the mean recharge320

to the mean hydraulic conductivity of the aquifer. This allows estimates of plausible recharge321

rates given any preferred aquifer conductivity. For commonly assumed conductivities of322

∼ 10−7 m/s (permeability ∼ 10−14 m2) the mean groundwater recharge on the high-323

lands is ∼ 10−2 mm/yr. This value is at the low end of previously proposed estimates324

of aquifer recharge and two orders-of-magnitude below estimates of precipitation. If the325

hydrologic cycle is at steady-state and published precipitation estimates are correct, then326

our groundwater models imply that most precipitation must form runoff.327

6 Open Research328

The code is currently available on Github (https://github.com/ehiatt/Limited329

-Recharge-of-a-Deep-Groundwater-Aquifer-In1-the-Southern-Highlands-of-Early330

-Mars). The final version of the code will be uploaded to Zenodo after the review pro-331

cess has completed.332
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