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Introduction:   

Over the past few decades, substantial geological 

evidence, such as outflow channels [1], valley net-

works [2], deltas [3], and ancient lakebeds [4], has ac-

cumulated indicating the presence of an active hydro-

logical cycle on early Mars. Those features suggest 

that liquid water once played an active role in shaping 

the Martian surface. However, the origin of liquid wa-

ter and mechanisms for the formations of those fea-

tures remain debated, with hypotheses such as liquid 

precipitation-driven erosion [5], basal melting of ice 

sheets [6], groundwater upwelling [7], and cata-

strophic flooding events [8]. 

As for the former two hypotheses, investigations 

using numerical climate and hydrological models 

have been made [9-13]. Our group have developed a 

coupled  Paleo-Mars Global Climate Model 

(PMGCM) [14] with surface river transport (CRIS: 

Catchment-based RIver Simulater) [15] and ice sheet 

evolution (ALICE: Accumulation and ablation of 

Large-scale ICE-sheets with dynamics and thermody-

namics) [16], which reproduced the surface outflow 

equivalent to the formation of observed valley net-

works [17] by precipitation and/or basal melting de-

pending on the climate scenario (warm or cool). 

Focusing on the groundwater upwelling, there are 

signs of deep aquifers and groundwater resurgence, 

particularly in northern equatorial basins such as Ara-

bia Terra and Meridiani Planum [7,12]. These regions 

not only show morphological signs of past groundwa-

ter activity but also host mineralogical evidence—

such as hematite “blueberries”—indicative of pro-

longed water-rock interaction [18]. Reproducing nu-

merically groundwater upwelling in these regions 

could help to validate or invalidate certain climatic 

scenarios, but because horizontal groundwater 

transport is such a long time scale mechanism, it has 

not been included in most works. A preceding study 

[13] used a 2D horizontal approximation of ground-

water transport to compute very large time scale evo-

lution of the water table and successfully obtained 

groundwater upwelling in Meridiani Planum region. 

That model only computed horizontal groundwater 

transport using a preset low latitude precipitation belt 

as instant aquifer recharge, not accounting for poten-

tial presence of ice. 

Now we are implementing a three-dimensional, 

planetary-scale model of groundwater evolution tai-

lored to early Martian conditions coupled with our 

PMGCM [14-16]. Here we show preliminary results 

of our ground water transport model with forced pre-

cipitation taken from the PMGCM model output. 

With the coupled model, we are aiming to explore 

where and under what conditions groundwater 

upwelling might have occurred—and what that im-

plies for the Martian water cycle and possible climatic 

scenarios. 

 

Method:   

The three-dimensional groundwater transport 

model is based on [19]. It solves at each time step the 

mixed form Richards equation using a finite volume 

scheme, fully implicit time stepping and total head as 

primary variable: 

 
𝜕𝜃

𝜕𝑡
+ 𝑆𝑠𝑆𝑤

𝜕ℎ

𝜕𝑡
= ∇(𝐾(ℎ)∇ℎ) + 𝑄 

 

where 𝜃  is moisture content [kg m-3], ℎ = 𝜓 + 𝑧  is 

total hydraulic head [m], 𝜓 is pressure head [m], 𝑧 is 

elevation head [m], 𝑆𝑠 is specific storage [m-1], 𝐾 is 

hydraulic conductivity [m s-1], 𝑆𝑤  is 0 for unsaturated 

layers and 1 otherwise, and 𝑄 is water source [s-1]. 

Moisture and conductivity functions (𝜃(ℎ) and 𝐾(ℎ)) 
are taken from the Van Genuchten - Mualem model. 

Nonlinearities of the discretized equation are solved 

with an inexact Newton method, the convergence cri-

teria is: 

 

𝑚𝑎𝑥𝑖|ℎ𝑖
𝑚+1,𝑘+1 − ℎ𝑖

𝑚+1,𝑘| < 𝜖 

 

where 𝑖 denotes layer, 𝑚 denotes time step, 𝑘 is iter-

ation step, and 𝜖 is an arbitrary threshold taken here 

to be 10-5.  

The horizontal resolution of the model is set to 

~5.6° for both in latitude and longitude (fitting to T21 

resolution of our PMGCM), and the precipitation data 

driving surface boundary condition is taken from a 

run of the PMGCM assuming the surface pressure of 

2 bar, obliquity of 40°, and H2 mixing ratio of 6% 

(warm scenario) [15]. The vertical domain is divided 

into 29 layers. The thickness of the top ground layer 

is 5 mm, and the lower boundary condition is set to be 

no transport below bedrock, whose depth is 10 km.  

For now, parameters like moisture saturation limit 

𝜃𝑠  and saturated conductivity 𝐾𝑠  are set as constant 

along depth, but we could change that in the future 

using for example models described in [20]. At the in-

itial condition, any layer located below -2.3 km of el-

evation with respect to datum (which was set to be the 

ocean shoreline in the PMGCM) is saturated so that 

there is a globally equal total head. The time step of 

calculation is set to 100 Mars Years (MYs). 
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Results and Discussions:  

The simulation reached equilibrium in ~3×105 

MYs, as shown in Figure 1. 

 

 
Figure 1: Total water mass in the soil evolution. 

 

Figures 2-4 show the moisture content in the sur-

face soil layer at the initial condition, after 105 MYs 

calculation, and after 106 MYs calculation (equilib-

rium state), respectively. Initial condition shows the 

northern ocean and Hellas bassin as fully saturated 

water columns (Figure 2). The regions where the wa-

ter table reaches the surface quickly (within 105 MYs) 

are Arabia Terra, and south of Elysium Montes in 

continuity with the initial ocean (Figure 3). At equi-

librium the water table reached the surface in several 

other localized regions, mostly in the southern high-

lands, even near Tharsis region (Figure 4). 

 

 
Figure 2: Moisture content in the surface soil layer at 

the initial condition. 

 

 
Figure 3: Same as Figure 2 but after 105 MYs calcu-

lation. 

 

 
Figure 4: Same as Figure 2 but after 106 MYs calcu-

lation. 

 

As far as we know, geological evidence of ground-

water upwelling has not been found in those regions, 

so it may indicate that we overestimate initial availa-

ble water in our model. First, the saturation limit 𝜃𝑠 is 

thought to decrease sharply with depth [20], so setting 

it constant overestimates water inventory and hori-

zontal groundwater transport in the deepest layers that 

can ultimately lead to upwelling. Also, we set the 

ocean shoreline to -2.3 km but this value is quite un-

certain while being the main driver of water inventory. 

Actually, most geological features tend towards a 

shoreline located deeper around -4 to -5 km [7,21], but 

the precipitation computations of the PMGCM were 

done with a higher standing ocean so we kept the 

PMGCM value for coherence. 

Nonetheless, the model successfully predicts 

groundwater upwelling in Arabia Terra and in other 

northern equatorial regions where geological evi-

dence of resurgence has been found. As water table 

reached the surface faster in those regions than in the 

Southern highlands, we can expect that it would still 

happen at equilibrium even if we lower the total water 

inventory.  

To investigate further there are many things that 

should be done. First, we would try new parameters 

of total water inventory (ocean shoreline and satura-

tion limit values). Then, we would also try a high spa-

tial resolution run to compare in detail with basins 

where the water table is thought to have reached the 

surface, in particular in the northern equatorial region. 

The final goal of the development would be to fully 

couple the model to the PMGCM. 
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