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Abstract On early Mars, the integration of surface, groundwater, and climate systems into an integrated
hydrological system remains poorly understood. The partitioning of precipitation, between surface and
groundwater via infiltration, controls the Martian aquifer recharge rates and, subsequently, surface erosion
processes. We investigate infiltration at two scales, near‐surface and deep crustal. We estimate infiltration
timescales, revealing that near‐surface water loss enhances aeolian erosion over short periods (hours to days).
Deep crustal recharge, which requires decades to centuries, affects the deep aquifer response and the water
budget. Martian crustal heterogeneity influences infiltration dynamics and runoff production making them
dependent on the duration of precipitation. This interaction suggests that the responses of the aquifers to
recharge events and groundwater upwelling likely lag behind climate optimum conditions. The accommodation
space between topography and aquifer influences Mars' water budget by transiently sequestering water, thus
limiting the available water for surface evaporation and inclusion in climate dynamics.

Plain Language Summary Early Mars experienced occasional periods of active surface water and
groundwater processes. However, details on how surface, groundwater, and climate processes interact to form a
complete water cycle are still unclear. Specifically, the dynamics of the process by which precipitation either
infiltrates into the subsurface or forms surface runoff are poorly understood. This division controls the water
volume and time scales associated with the recharge of early Martian aquifers, and the surface water runoff that
forms lakes and basins. We investigated the infiltration dynamics and calculated how long it takes for water to
seep intoMars' shallow and deep subsurface.We found that heterogeneities in the subsurface lead to an evolving
infiltration rate that changes with time. It is not a static rate as assumed earlier in previous work. In addition, the
region between the surface and the deep aquifer, called the vadose zone, can transiently accommodate a
significant amount of groundwater that has not been accounted for in prior studies.

1. Introduction
In its current state, Mars is cold and arid (Haberle et al., 2017). However, remotely sensed and in situ geomorphic
observations provide clear evidence of past surface water activity (e.g., Ehlmann et al., 2011; Fassett &
Head, 2008; Grotzinger et al., 2014; Hynek et al., 2010; Manga &Wright, 2021; Squyres et al., 2004). Abundant
evidence for past surface water activity naturally implies the existence of associated groundwater systems, and
these systems have been suggested in prior studies (e.g., Andrews‐Hanna et al., 2007, 2010; Clifford, 1993;
Clifford & Parker, 2001; Hiatt et al., 2024; Horvath & Andrews‐Hanna, 2017; Luo & Howard, 2008; Malin &
Edgett, 2000; Salese et al., 2019). However, the connections between climate, groundwater, and surface water
processes, into an integrated hydrological system on early Mars, remain poorly understood.

There are multiple processes by which water is partitioned into an integrated hydrological system (Boatwright &
Head, 2019) that have been extensively studied in terrestrial hydrological systems (e.g., Cherry & Freeze, 1979;
Gee &Hillel, 1988; Scanlon et al., 2006). Infiltration is one such process that occurs when precipitation percolates
into the subsurface of a planet. Another process, runoff production, is defined as the percentage of the precipi-
tation that does not infiltrate the subsurface or evaporate into the atmosphere and acts to move water to basins
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where it can eventually be infiltrated, evaporated, or stored. Lastly, evaporation occurs when surface water is
evaporated back into a planet's atmosphere and into the climate system. Together, these processes determine the
partitioning of available water between climate, surface, and groundwater systems in an integrated hydrological
cycle. The dynamics associated with these processes are dictated by the interplay of numerous factors such as the
areal distribution of precipitation, climate conditions (aridity and temperature controls on evaporation), topog-
raphy (determines where runoff will produce basins) and elevations of the groundwater table (affects the total
volume and variable rate of infiltration).

To gain insight into the integrated hydrological cycle of early Mars, we chose to focus on infiltration rates into the
shallow and deep Martian crust. In hydrological models, precipitation rates are specified by global climate model
solutions. These models are outside the scope of this work. When a specified precipitation rate is applied to the
surface of a planet, the maximum rate of infiltration dictates the percentage of precipitation that remains to
produce runoff. This dependence on infiltration makes analyzing the dynamics of this process an attractive
method to explore the connections between surface water, groundwater, and climate systems on early Mars.

Infiltration processes would have played an important role in the hydrological processes of ancient Mars, similar
to the role of infiltration in terrestrial desert environments (e.g., Jarihani et al., 2015; Mathias et al., 2021).
However, this dynamic process is generally ignored in land evolution models (Boatwright & Head, 2019).
Similarly, dynamic infiltration is often ignored in groundwater studies on both global and regional scales (e.g.,
Andrews‐Hanna et al., 2010; Hiatt et al., 2024; Horvath & Andrews‐Hanna, 2017, 2021). When infiltration is
considered in models, it is assumed to be a constant that linearly affects runoff production (Boatwright &
Head, 2019). In this work, we will show that a constant infiltration rate defined for a homogeneous regolith is an
oversimplification, and the dependence is the converse.

Quantifying and accounting for infiltration rates as a dynamic process has important implications for the parti-
tioning of water between systems. Generally, infiltration rates become nonlinear due to decreased hydraulic
conductivity caused by permeability and porosity decay with depth, at large global groundwater scales, and at
shallow groundwater scales, heterogeneity in the vadose zone and regolith cause nonlinear changes in hydraulic
conductivity and subsequent infiltration. As groundwater infiltrates areas with lower permeability in the shallow
subsurface and deep crust, a nonlinear decrease in infiltration rates will cause a nonlinear increase in runoff
production (Beven, 1984; Green & Ampt, 1911; Kale & Sahoo, 2011; Mein & Larson, 1973; Selker et al., 1999;
Shadab & Hesse, 2022). This implies that runoff production is a dynamic function of variable infiltration rates,
which is a function of the location of the wetting front that separates relatively dry and wet regions in the sub-
surface, as well as a function of the precipitation rate and the duration of the climate conditions that produce
precipitation events. In an integrated hydrological system, variance in runoff rates would then affect the surface
water ponding by controlling the volume available to be ponded and stored. This is consequential because the
water within a basin can become a source of evaporation for the climate system, as well as a localized source for
infiltration into the groundwater system.

We demonstrate that the models (Boatwright & Head, 2019; Hanna & Phillips, 2005; Shadab et al., 2023, e.g.) for
permeability and porosity decay with depth that are commonly used in groundwater studies produce diminishing
recharge rates as the wetting front percolates downward. This diminishing infiltration rate would enhance surface
runoff that is unaccounted for, leading to inaccuracies in land evolution models. Downward percolation implies
that the depth of the groundwater table below the topography also becomes an important variable in an integrated
hydrological cycle on early Mars. On geologic time scales, it is likely that the early Mars climate would only
produce short‐duration, transient precipitation events (Salese et al., 2020; Wordsworth, 2016), and the ground-
water table would have likely been below the surface during arid intervals (Hiatt et al., 2024). The greater the
depth to the deep groundwater table, the greater the reduction in infiltration rate.

An additional implication of detached surface and groundwater systems that has not been considered in the
literature is the considerable volume of accommodation space within the empty pore space contained in the crust
between the topography and the water table. We show that the volume of water capable of being stored is sig-
nificant when compared to estimates of water availability. This has implications for the availability of surface
water to evaporate and then precipitate within the climate system. Lastly, the depth to the groundwater table
affects the time interval required to percolate from the topography to the water table. This time interval would
have delayed the response of the groundwater table to recharge, which is ignored in contemporary groundwater
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models (e.g., Andrews‐Hanna et al., 2007, 2008; Boatwright & Head, 2019; Hiatt et al., 2024; Luo &
Howard, 2008).

Infiltration clearly affects the integration of the hydrological cycle on early Mars. In this work, we examine the
dynamic processes of infiltration analytically. Quantifying the time scales associated with percolation, transient
infiltration rates, and the pore volume capable of sequestering water will allow analysis and numerical models to
incorporate infiltration as a dynamic process. This work seeks to answer two fundamental questions; What was
the dynamic role of infiltration in the early Mars hydrosphere and how can we incorporate these findings in future
work?

2. Infiltration Model
Here we consider infiltration produced by ponded water referred to as percolation‐limited infiltration (Shadab &
Hesse, 2022). We assume that a ponded layer is sufficiently thin and that the capillary effects are negligible
compared to gravitational effects, similar to Boatwright and Head (2019). This assumption is a good approxi-
mation at large spatial scales or in a low‐textured regolith, such as sand (Shadab & Hesse, 2022). However, unlike
Boatwright and Head (2019), the subsurface is assumed to be heterogeneous with a decay in conductivity with
depth. The flux of water transmitted to the subsurface is defined as infiltration rate I(t), in a porous media
(m3/m2s) with porosity ϕ and hydraulic conductivity K (m/s) decaying or remaining constant with depth z (m),
which is given by

I(t) =
zl

∫ zl0 dz/K(z)
with

dzl
dt
=

I(t)
ϕ(1 − swr − sgr)

(1)

where zl is the depth of the wetting front with respect to the surface (m) and swr and sgr are the residual saturations
(fraction occupied in the pore space) of water and gas phases respectively. The above model is non‐
dimensionalized in Text S2 in Supporting Information S1 by picking a characteristic length scale z0 and time
scale z0/ fc to provide results for a class of regolith properties with variable characteristic depths and infiltration
capacities fc. For infiltration due to a thin ponded layer in the absence of capillary forces, the infiltration capacity fc
is identical to surface hydraulic conductivity K(z = 0), which is a constant. The conversion from dimensionless
to dimensional variables provides a crucial handle to estimate time scales, given variable‐length scales and
regolith types. This allows the choice of any thickness or infiltration capacity (i.e., surface hydraulic conductivity)
of dune layers/crust that best describes the geologic conditions being studied, considering the lack of direct/
indirect measurements. For the characteristic depth z0 with an infiltration capacity of fc, the characteristic time
scale is z0/fc. In the figures, we also show the dimensionless variables for generality.

For shallow subsurface, we consider infiltration into a 10 m deep sand dune (ϕ = 0.4, Ku = fc = 10− 5 m/s)
overlying cemented sand (ϕ = 0.2, Kl = 1.56 ⋅ 10− 6 m/s), as shown in Figure 1a, that effectively simulates a

Figure 1. Near‐surface infiltration on earlyMars: (a–f) Infiltration in 10 m deep sand dunes lying on top of cemented sand due
to ponded infiltration. The volume fraction ϕα is the ratio of the volume occupied by α phase to the bulk volume where α can
be gas (g), water (w), and regolith (s). (g) Evolution of corresponding infiltration rate I (or transmission loss). The dimensionless
variables are also provided for the sake of generality.
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double‐textured, special type of regolith configuration with a coarse‐to‐fine transition at depth z0 = 10 m. The
analytic solutions for the wetting front location and infiltration rate for a two‐layer regolith configuration are
provided in Text S2.2.1 in Supporting Information S1.

On a crustal scale, the porosity and conductivity can be assumed to decay with depth (Clifford & Parker, 2001;
Hanna & Phillips, 2005; Manning & Ingebritsen, 1999) as

ϕ(z) = ϕ0(1 − z/z0)
p and K(z) = K0(1 − z/z0)pm (2)

where ϕ0 is the constant porosity at the surface, z0 is the depth to the impermeable bedrock where ϕ = 0 and p is
the empirically calculated power‐law exponent (Figure 2a).

We define a new variable, infiltration time tinf , as the time taken by the wetting front to reach the groundwater
table after entering the subsurface. Infiltration times can be calculated from Equation 1 for a homogeneous
crust as

tinf = (
zsurf − zGW

fc
)ϕ0 (1 − sgr − swr) (3)

and for a heterogeneous crust as

tinf = I(m, p,
zsurf − zGW
zsurf − zbase

)
1

mp − 1
(
zsurf − zbase

fc
)ϕ0 (1 − sgr − swr), (4)

where fc is the infiltration capacity or the hydraulic conductivity at the surface (m/s), that is, K(0), zsurf is the
elevation of the surface topographic elevation (m), zGW is the elevation of the groundwater table (m), zbase is the
elevation of the impermeable base here set at zbase = − 9000 m. Furthermore, I(m, p, zǴW) is a dimensionless

integral function defined by I(m, p, zǴW) = ∫
zǴW
0

(1 − zʹ )p − mp+ 1 − (1 − zʹ )p
zʹ dzʹ . This function can be evaluated

numerically for a dimensionless water table depth zǴW ∈ [0,1] once the power law exponents p and m are
defined. Here, the depth of the impermeable bedrock at each location is z0 = zsurf − zbase. We used the results of
the deep unconfined aquifer model fromHiatt et al. (2024) to make estimates of zGW at each raster location and the
Mars Orbiter Laser Altimeter (Smith et al., 2001) topography data to estimate zsurf . Note that unlike the
groundwater models that measure properties as a function of elevation above bedrock, this infiltration model
utilizes depth below the surface. As a result, the porosity and permeability at two different raster locations with the
same height above the bedrock will be identical only if the surface to bedrock depths are the same. In this study,
we assume the bedrock to be impermeable, which could also be considered the base of the aquifer. For the basaltic
crust with a power law decay (Manning & Ingebritsen, 1999), we pick the surface porosity to be ϕ0 = 0.5 and
extract the conductivity at the surface to be approximately K0 = 10− 6 m/s and the exponents to be p = 2.5422

Figure 2. Infiltration into 10 km deep crust on early Mars due to ponded infiltration. Here the volume fraction ϕα is defined
for each α: gas (g), water (w), and regolith (s). (g) Evolution of corresponding infiltration rate I (or transmission loss). The
dimensionless variables are also provided for the sake of generality.
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and m = 3 (Figure 2a). Text S3 in Supporting Information S1 provides the power‐law fits to the porosity using
Clifford and Parker (2001) and permeability/hydraulic conductivity with depth using Manning and Inge-
britsen (1999), instead of exponential decay because it fails to decay to zero at the bedrock (Shadab et al., 2023).
We chose swr = sgr = 0 for simple estimations of infiltration times. In addition, we used an equivalent

Figure 3. Infiltration on early Mars. (a) Difference in elevation of the topography and water table zsurf − zGW (m). The steady
groundwater table has resulted from a banded recharge of 10 μm/year in between − 45°S to 45°N (black dashed line) with
Arabia shoreline at − 2,090 m elevation, including in Hellas and Argyre, all shown with solid black lines. (b) Infiltration time for
homogeneous crust with uniform hydraulic conductivity of fc = 10− 7 m/s and porosity of ϕ0 = 0.1412. (c) Infiltration time for
heterogeneous crust with power‐law decay in porosity and permeability with surface values ϕ0 = 0.5 and fc = 10− 6 m/s. The
power law exponents are given in the main text. Infiltration time refers to the time elapsed for surface water to reach to the
groundwater table. White space on the map refers to water already present at or near surface, not considered in the present study.
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homogeneous aquifer with vertically averaged values in Figure 3b with ϕ0 = 0.1412 and K0 = 10− 7 m/s to
consider the effects of vertical heterogeneity. In the discussion section, the amount of pore space available is
calculated as a Global Equivalent Layer (GEL, in m). Text S1 in Supporting Information S1 describes the theory
and implementation used to calculate GEL equivalent that can be transiently stored in the vadose zone.

2.1. Implementation of Infiltration Dynamics in Groundwater and Geomorphological Models

Finally, we provide the steps to implement the proposed infiltration model in standard groundwater and land
evolution models. The purpose of this section is to improve the accessibility of the proposed model for future
research. The amount of water lost to the subsurface can be taken into account in geomorphic and groundwater
models. At each raster location, a new function can be implemented in existing codes to estimate infiltration. This
function tracks the instantaneous infiltration rate I(t) and the location of the wetting front zl. The infiltration rate
can be calculated (semi‐)analytically by solving Equation 1 after substituting the porosity and permeability
definitions (Equation 2) for the time‐varying infiltration rate I(t) and the location of the wetting front zl(t). These
analytic values and associated codes are provided in Text S2 in Supporting Information S1 (taken from Shadab
and Hesse (2022)) and on Github (Shadab & Hesse, 2022; Shadab et al., 2025) respectively for standard porous
media and regolith conditions, including double layer, and exponential and power law decay in porosity and
permeability with depth. The amount of water lost to the subsurface is the product of the infiltration rate, the
surface area of the raster, and the time step. Once calculated, the water volume can be subtracted from the surface
water volume in the raster until the water that can be infiltrated is exhausted. Using this method, Martian hy-
drologists and modelers could easily incorporate this first‐order estimate of water loss due to infiltration into
existing and future models.

To implement infiltration in groundwater models, there are two scenarios to consider. If the time‐step interval of
the groundwater model is greater than the calculated infiltration time, the infiltration process can be ignored.
However, if the infiltration time is greater than the duration of the time step, the delay due to infiltration should be
considered. Once the wetting front reaches the water table, the groundwater table could be set to the surface, if
recharge is still ongoing, or the elevation of the groundwater table then becomes the elevation of the surface
topography. It will lead to lateral hydraulic gradients within the aquifer and affect the heights of the water table,
thus affecting the infiltration time. Once the ponded layer becomes negligible with no infiltration, the height of the
water table could be released and allowed to numerically evolve by itself.

3. Results
The model described in Section 2 can be used to simulate infiltration on early Mars. In Figures 1a–1f, we simulate
shallow infiltration into a 10 m deep sand dune overlying cemented sand. Initially, the front propagates at a
relatively fast and constant velocity in the highly conductive top layer of the sand dune until t< 4.6 days (tʹ < 0.4)
(Figures 1a–1c). The infiltration rate I(t) remains constant during this process, due to the initial lack of hetero-
geneity in the subsurface experienced by the wetting front (Figure 1g). However, after the front reaches the
transition depth z0 = 10 m (z/ z0 = 1) at t = 4.6 days (tʹ = 0.40) , the front speed decreases sharply due to the
reduced ability of the lower layer to accommodate flow (Figure 1c). This also leads to a sharp reduction in the
infiltration rate which results in an increased ponding of water at the surface. In addition, the infiltration rate
gradually decreases according to the conditions experienced in the decelerating wetting front as the front moves
within the lower layer of cemented sand (Figure 1g). In the late stages (t ≫ 4.6 days), the dynamics are pre-
dominantly governed by the lower regolith layer with the infiltration rate gradually declining asymptotically to its
saturated hydraulic conductivity Kl (Figures 1f and 1g). For the transition depth z0 of 10 m with an infiltration
capacity of fc = Ku = 10− 5 m/s, tʹ = 1 is equivalent to z0/ fc = 11.6 days. Thus, dunes with transition
depths z0 of 1 and 20 m will take 1.2 and 23.2 days, respectively, for the transition. These time scales can
be calculated by redimensionalizing dimensionless time tʹ = 1 to dimensional time t using t = tʹz0/ fc using
corresponding characteristic depth z0 and infiltration capacity fc.

Figures 2a–2f show the deep infiltration into the Martian crust assumed to have a continuous, power‐law decay in
porosity and conductivity. At the characteristic depth of z0 = 10 km (z/ z0 = 1) , the porosity and conductivity
both decay to zero, that is, the crust becomes impermeable. The infiltration rate (Figure 2g) rapidly decays due to a
vertical heterogeneity experienced by the wetting front, leading to a decelerating wetting front. This ultimately

Geophysical Research Letters 10.1029/2024GL111939
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leads to a decreased transmission loss rate of the surface ponded water at longer times. The basaltic crust with
surface hydraulic conductivity or in this case the infiltration capacity fc = 10− 6 m/s, and the impermeable
bedrock depth z0 = 10 km, tʹ = 1 corresponds to t = z0/fc = 316.88 years. For an initial period, there is a sig-
nificant reduction in surface water lost to the subsurface. In a span of about 126.8 years (tʹ = 0.4) , the trans-
mission loss is reduced to less than 1/10th of its initial value (I ∼ 10− 6 m/s). It underscores the importance of
considering the heterogeneity in the crust. If the water table exists at about 2–5 km depth (zʹ = 0.2 − 0.5) , it will
take about 50–200 years for the wetting front to reach the global groundwater table (Figures 2b–2d).

Lastly, we study deep infiltration in the southern highlands on early Mars with a steady groundwater table
determined using a deep groundwater aquifer model (Hiatt et al., 2024). The steady groundwater model assumed a
cosine variation in the distribution of aquifer recharge. This variance was centered on the equator in a band of
− 45°S to 45°N. The assumed recharge rate was 10 μm/year. This leads to a steady groundwater table below much
of the topography (Figure 3a, see figure caption for more information). The regolith in the vadose zone, between
the topographic surface and the saturated groundwater table, is considered dry. This simplification helps make
estimates of the time required for the surface water to reach the subsurface via infiltration, referred to as infil-
tration time. Here we consider two types of crust, a heterogeneous crust with a power‐law decay (Figure 3c) and
an equivalent homogeneous crust (Figure 3b), to highlight the effect of vertical heterogeneity. For a uniform
basaltic crust, it takes almost a century (85.16 ± 37.58 years) for surface water to reach the steady water table in
most of the southern highlands (Figure 3b). The infiltration time increases to several centuries in the Tharsis
region due to its increased elevation. Here we do not assume surface flow, but we intend to make the first es-
timates of the time elapsed. For a heterogeneous crust, the average infiltration time decreases to several decades
(37.58 ± 32.07 years, Figure 3c), as estimated previously in Figure 2. This occurs as the water table is relatively
closer to the surface in the majority of highlands, that is, within about 10%–20% of the surface‐to‐bedrock depth
(Figures S3a and S3b in Supporting Information S1) where the porosity and hydraulic conductivity are higher
than that for the homogeneous crust leading to faster wetting fronts.

4. Discussion
Infiltration processes are key to understanding the dynamics associated with an integrated hydrological cycle at
both the shallow subsurface and deep crustal scales. At the deep crust scale, ignored or poorly constrained
infiltration rates would not account for a delay in the transient aquifer response due to percolation time scales nor
would it account for the effects of vadose zone pore storage space that will transiently sequester water. At the
shallow crust scale, ignoring or poorly constraining infiltration rates would lead to overestimates of water‐related
processes, misinterpretations of hydrological and climatic history, and inaccuracies in understanding the for-
mation and evolution of geomorphic features. No model incorporates a temporally dynamic infiltration rate
described in this work.

Land evolution models that ignore water loss due to infiltration will produce an overestimation of water avail-
ability and inaccurate predictions regarding the volume and duration of Martian paleolakes, rivers, and other
surface water bodies. These inaccuracies affect the models' predictions. Furthermore, overestimated runoff
volumes would suggest higher erosion rates and higher sediment transport capacities. These overestimations are
produced by sharp transitions in regolith permeability such as aeolian‐to‐megaregolith transitions, as well as
deeper megaregolith‐to‐bedrock transitions. As the wetting front encounters these sharp transitions in perme-
ability, the speed at which the front can propagate downward is diminished, which then affects the maximum rate
of infiltration at the surface. This transient rate of infiltration underscores the nature of precipitation partitioning
processes, as downward percolation of the wetting front produces increased runoff. At the shallow crust scale,
infiltration processes affect geomorphology through surface water losses, leading to reduced surface water
ponding. Models that do not account for this decrease in surface water are modeling geomorphological processes
with excess water. A regolith with decreased antecedent moisture will lead to more erosion due to lack of cohesion
and increased aeolian effects. However, there may be a concomitant decrease in erosion due to runoff because
infiltration will decrease the volume of water available for runoff processes. However, in models other than
MARSSIM, the precipitation rate is equivalent to the production of runoff (Howard, 1994; Pelletier, 2008; Tucker
& Hancock, 2010).
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Land evolution models that consider infiltration as a linear process still produce inaccuracies with a non‐
dynamical approach. The MARSSIM landform evolution model assumes either complete runoff/infiltration or
mixed infiltration‐runoff in a homogeneous regolith (Boatwright & Head, 2019). In the shallow subsurface,
MARSSIM utilizes the Green and Ampt (1911) model by assuming a constant hydraulic conductivity
K = 3.1 ⋅ 10− 6 m/s. However, its deep groundwater aquifer model assumes a heterogeneous subsurface with
hydraulic conductivity that decays exponentially with depth calculated with the Manning and Ingebritsen (1999)
method. The MARSSIM model is the only model the authors are aware of that attempts to implement infiltration
dynamics, however, MARSSIM only roughly addresses infiltration by assuming that surface water loss occurs at
a constant infiltration rate without considering the hydrology of the vadose zone. Even thoughMARSSIM is more
advanced than other models, this approach is unable to examine the effects of vadose zone hydrology and the
distribution of water within the vadose zone. As a result, MARSSIM may incur large errors in surface water
losses, basin water volume calculations, and deep aquifer recharge rates due to the use of a non‐dynamic infil-
tration rate. However, MARSSIM could be easily updated with the infiltration dynamics described in this work
and thus provides an excellent tool for future work interrogating these effects.

Effects from the climate system will also complicate the partitioning of water. As the climate conditions that
produce precipitation events evolve, the duration of the precipitation event affects the extent of fluvial erosion.
Short‐duration precipitation events allow a greater percentage of precipitated water to infiltrate the subsurface due
to the high initial infiltration rates. However, for longer‐duration storms, the infiltration, or transmission loss, rate
will decay over time due to the downward percolating wetting front interacting with the less permeable layer(s) at
depth (Figure 1g). These temporal dependencies are further compounded by partitioning variations due to
changes in precipitation rate and the timing of the rate of oscillations within the precipitation event.

This work provides a method for including dynamic infiltration in land evolution models. These rates can include
the effects of heterogeneities in the subsurface which will improve model accuracy. However, this method also
provides another valuable function. The proposed infiltration model can be a method for linking land evolution
and groundwater models. Thus, the implementation of the present infiltration model in Mars land evolution
models such as MARSSIM and groundwater models will allow for a more accurate determination of overall water
partitioning and landform evolution in future investigations.

As discussed previously, dynamic infiltration can affect the volume of water entering a basin. Paleolakes within
basins would have lost water to the subsurface orders of magnitude faster than losses to the atmosphere through
evaporation. These basins would lose water to the subsurface in the same dynamical way surface water would;
however, it could be a sustained source of recharge for the groundwater system. Paleolake studies should assume
infiltration when predicting the lifetime of surface water. This increased runoff may produce an accumulation of
surface water in basins that could act as regional point sources of increased infiltration and recharge into
groundwater systems.

For deeper infiltration into the crust (Figure 2), the time scales are on the order of several decades to centuries,
which will continuously reduce the surface water lost to the subsurface. It shows that on the decadal (or century)
scales, water can infiltrate the crust below these dunes (within hours to days depending on dune depths) and
continue to infiltrate while the ponded water increases. The time of infiltration to reach the water table is typically
less in the heterogeneous crust (Figure 3c) compared to an equivalent homogeneous crust (Figure 3b). This occurs
as the water table is within about 10%–20% of the surface‐to‐bedrock depth in most of highlands (Figures S3a and
S3b in Supporting Information S1) where the porosity and hydraulic conductivity are higher than that for the
homogeneous crust. However, the infiltration times for heterogeneous crust become longer than that of homo-
geneous crust when the water table depth is more than ∼55% of surface‐to‐bedrock depth, as the wetting front
progressively slows with depth due to a decay in the porosity and conductivity (Figure S3c in Supporting In-
formation S1). It shows that the heterogeneity of the crust will enhance the infiltration process and can transmit
more water than that of the homogeneous case for shorter infiltration processes until the wetting front reaches the
depth where the integrated hydraulic conductivity of the heterogeneous medium becomes smaller than the
average hydraulic conductivity of the homogeneous medium (see Figure S2 in Supporting Information S1). This
work can also be used to estimate the infiltration time of surface water basins, as they lose water to the subsurface
over extended periods of time. In this case, until the wetting front reaches about 40% depth of the surface to
bedrock depth (∼4 km depth when the bedrock is 10 km below the surface), the heterogeneous medium causes
more surface water loss to subsurface due to a higher infiltration rate (Figure S2a in Supporting Information S1),
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leads to a faster wetting front (Figure S2b in Supporting Information S1), and stores more water (Figure S2c in
Supporting Information S1), than an equivalent homogeneous crust.

Infiltration may reduce the amount of runoff generated and therefore affect the total water available at the surface
to be evaporated and absorbed into the climate system. The volume of water capable of being stored in the vadose
zone has never been taken into account in the Mars' literature or in Mars groundwater modeling studies. The total
amounts of water, expressed as the global equivalent layers (GEL) in the dry pore space without and with a water
table (Figure 3a) are 199.18 and 82.28 m within the latitudinal band of − 45° < θ< 45°. Throughout Mars
(− 90° < θ< 90°), the dry pore space without and with a water table (Figure 3a) comprises of a GEL of 1059.90 m
and 350.83 m, respectively. The water budget in the vadose zone and the subsurface is very significant and will
cause a significant error (7.8 − 18.8%) if left unaccounted for. This also results in prolonged water sequestration
for the duration of the time required to percolate downward. Ultimately, percolating water recharges the
dynamically evolving deep crustal aquifer. The time delay between infiltration and recharge should be considered
in existing groundwater models (e.g., Andrews‐Hanna et al., 2008; Boatwright & Head, 2019; Hiatt et al., 2024).

This work assumes a ponded infiltration in a dry regolith due to excess precipitation when compared to the
infiltration capacity fc. As a result, it leads to faster wetting fronts in the regolith that fully saturate the regolith
compared to unsaturated wetting fronts, leading to shorter infiltration times. However, the surface could remain
unsaturated even after precipitation when I < fc, leading to unsaturated wetting fronts that may completely
saturate later while percolating in the subsurface with decaying porosity and permeability with depth (see Shadab
& Hesse, 2022). The current model can be easily extended to include unsaturated wetting fronts using semi‐
analytic solutions provided in Shadab and Hesse (2022), which is a direction for future work. In addition, the
initial saturation within the subsurface may further complicate the speeds of the wetting front. Furthermore, the
model assumes that the near‐surface and deep crust of early Mars were not affected by local heterogeneities such
as impermeable layers of regolith or ice in pore spaces. If these layers are considered, the groundwater system
may include confined aquifers below the impermeable layers (or unconfined if pores are not saturated to the
elevation where the impermeable layers are formed) and unconfined above. The infiltration rates predicted in this
work apply only to unconfined regions of the groundwater system. However, the location of the wetting front and
thermal distribution could be used to estimate the formation of the ice layers due to the refreezing of percolating
water. These pre‐existing or newly formed ice layers would reduce the speed of the wetting front and increase the
infiltration time (see Colbeck, 1972; Harlan, 1973; Shadab, Adhikari, et al., 2024; Shadab, Rutishauser,
et al., 2024). Furthermore, refreezing processes may also lead to the formation of impermeable ice layers causing
overland flow (e.g., Colbeck, 1977; Shadab, Rutishauser, et al., 2024), which are assumed to be laterally
disconnected and thus neglected in the present analysis.

5. Conclusions
We investigated the dynamics of infiltration on early Mars near the surface, as well as deeper into the crust. These
two spatiotemporal scales offer key insights into the partitioning of water in an integrated hydrological cycle on
early Mars. Infiltration near the surface will lead to less ponded water in land evolution models, and this ulti-
mately supports aeolian erosion and the geomorphology observed at the surface.We found that the infiltration rate
decays with time as a result of the presence of vertical heterogeneity in the subsurface. For deeper infiltration into
the Martian crust, percolation of the wetting front takes several decades to centuries to travel from the surface to
the groundwater table. Only after infiltrated water has percolated down to the groundwater table will that water
then recharge the groundwater system. During downward percolation, the accumulation of water in pore spaces
has the ability to transiently sequester a significant portion of Mars' total available water budget. This has im-
plications for the climate system, as conditions may be favorable for continued precipitation. However, transient
sequestration may prevent water from evaporating and partitioning into the climate system for continued pre-
cipitation. Future work including dynamic infiltration in groundwater and land evolution models will help
quantify the convolved effects of water partitioning in the climate system and the integrated hydrological cycle of
early Mars.
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Data Availability Statement
All codes corresponding to each figure are archived on Zenodo (Shadab et al., 2025) and provided on GitHub:
https://github.com/mashadab/Infiltration‐on‐early‐Mars.
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