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Abstract Groundwater flow at the hillslope scale is controlled by hydraulic properties and topography.
Geological media are inherently heterogeneous, with properties depending on both lithology and external
factors such as weathering, erosion, and tectonic activity. The effects of stress-dependent variations in porosity
and hydraulic conductivity on groundwater flow and residence times remain unexplored. Using process-based
hillslope models, we demonstrate how external lateral stresses cause significant variations in stress and strain,
particularly on slopes steeper than 30%. These stresses reorganize porosity and hydraulic conductivity, with
compressive regimes reducing these properties at valley bottoms and tensional regimes elevating values at
crests. This redistribution of porosity and hydraulic conductivity leads to a channeling of groundwater flow near
the surface. Channeling increases discharge rates in the upper seepage zone and the proportion of rapid flows.
Our results highlight geomechanical-hydraulic property relationships as critical controls on critical zone
processes in mountain settings.

Plain Language Summary We investigate how groundwater flows through rock under the influence
of tectonic and topographic forces. The weight of mountains and movement of tectonic plates can locally alter
the pore spaces through which groundwater flows. We determine that, in specific tectonic and topographic
settings, traditional hydrological models may inaccurately predict water availability and quality. Groundwater
would flow quicker near the surface than previously thought, increasing its vulnerability to climate change.
However, deeper, slower flow paths provide steady discharge to valleys, supporting long-term water supply.

1. Introduction

Groundwater flow and transport at hillslope to catchment scales are significantly influenced by geomorphology
and geology (Ameli et al., 2016; Bresciani et al., 2014; Cardenas & Jiang, 2010; Fan et al., 2019; Gauvain
et al., 2021; Goderniaux et al., 2013; Leray et al., 2016, 2019). Geological environments are inherently hetero-
geneous in terms of hydraulic properties due to variations in lithology, which are further modified by tectonic
processes, weathering, and erosion. Although numerous hydraulic tests have been conducted in diverse geological
settings worldwide and compiled in public databases (Achtziger-Zupancic¢ et al., 2017; Ingebritsen & Glee-
son, 2015; Ingebritsen & Manning, 2010; Manning & Ingebritsen, 1999; Maréchal et al., 2004; Masset &
Loew, 2010; Stober & Bucher, 2015), parameterizing hydrological models with hydraulic conductivity and
porosity that properly capture groundwater dynamics remains a challenge. In particular, the variability of hy-
draulic properties at depth is classically implemented in hydrogeological models via a power law or exponential
decay, following the trends determined from hydraulic test data (Achtziger-Zupanci¢ et al., 2017; Manning &
Ingebritsen, 1999), overlooking the influence of topographic and tectonic stresses.

Steep topography, combined with tectonic strain, affects the stress distribution in the hillslope. This results in
compressional regimes at the valley floor and tensional regimes at the slope crest (L. Liu & Zoback, 1992;
Martel, 2000; Martel & Muller, 2000; Miller & Dunne, 1996; Moon et al., 2017; Savage et al., 1985; Slim
etal., 2015). Since hydraulic properties are stress-dependent (Cappa & Rutqvist, 2011; H.-H. Liu et al., 2013; Oda
et al., 2002, 2023; Oestreicher et al., 2023), it is expected that valleys exhibit lower values of hydraulic con-
ductivity and porosity, while the crests should display higher values. This distribution has been recently imaged in
geophysical studies (Chen et al., 2023; Moon et al., 2017; Nielson et al., 2021; Riebe et al., 2017; Slim et al., 2015;
St. Clair et al., 2015) which reveal that bedrock near the surface at valley floors would have a lower fracture
density compared to the crests. This spatial distribution of aquifer properties has been referred to as a surface
mirror type, due to the geometric reflection that occurs with respect to topography (Moon et al., 2017; Riebe
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et al., 2017; St. Clair et al., 2015). This conceptualization of the structure of the critical zone has significant
implications for groundwater recharge, dynamic storage, streamflow generation, and solute transport (Ameli
et al., 2016; Cardenas & Jiang, 2010; Chen et al., 2024; Roques et al., 2022; Rupp & Selker, 2006). However, it
remains unclear under what specific topographical and stress conditions this heterogeneity must be accounted for
in hydrogeological models to accurately predict flow and transport processes.

In this study, we investigate the combined effects of topographic and tectonic stresses on the distribution of
porosity and hydraulic conductivity at the hillslope scale and their impact on groundwater flow partitioning.
Using a 2D hillslope geomechanical model, we simulate stress and strain distribution across synthetic hillslopes
under different topographic and tectonic stress conditions. The resulting strain fields are then converted into
porosity and hydraulic conductivity fields, which serve as inputs for a steady state groundwater flow model. The
analysis focuses on quantifying the impacts of hillslope scenarios on flow channeling, spatial variations of
seepage rates, and residence time distributions as key hydrological indicators.

2. Modeling Approach
2.1. Geomechanical Model Setup

Two processes were considered to simulate the distribution of stresses and strains in the hillslope: gravitational
loading resulting from own weight of the material and Lateral Tectonic Strain (LTS). Both processes interact with
the topography and generate heterogeneous stress and strain distribution in the hillslope.

We simulate these processes in a 2D synthetic hillslope model with horizontal dimensions of L = 1000 m be-
tween the valley bottom and the ridge, and vertical dimension 2L between the valley bottom and the base of the
model (Figure 1a, red rectangle). To minimize boundary effects, the model includes three valleys, with the central
valley representing the hillslope of interest for the groundwater model (Figure la). This configuration was
determined through a sensitivity analysis on how the number of valleys affects the stability of results in the central
area. The stress and strain data from one of the central slopes are then used to compute the hydrogeological
properties. We parameterized the model with a purely elastic, homogeneous and isotropic material with the
following mechanical properties: Young's modulus, £ = 20 GPa, Poisson's ratio, v = 0.3, and specific weight,
W = pg =27 kN/m>. Using the finite element geomechanical simulator Rocscience-RS2 (Rocscience
Inc, 2001), we computed stress and strain fields by superposing the results from gravity loading with lateral
constraints (rollers on model sides and bottom and free boundary on model top) and LTS simulated by a lateral
(i.e., purely horizontal) displacement boundary condition imposed on the right side of the model (red arrows in
Figure 1a).

To test the influence of various slopes and strain conditions, we defined nine scenarios, combining three slope
angles with three levels of LTS (Table S1 in Supporting Information S1). The slope gradients considered are 10%,
30%, and 50%. The tectonic strain ¢,,, defined as the ratio between the imposed boundary displacement and the
model width, ranges from 0% (No-LTS, i.e., only gravitational loading), to 0.2% (Low-LTS), and 0.4% (High-
LTS). In this study, the scenarios are referred to using the nomenclature Cyope — 115, Where the first subscript
indicates the slope and the second indicates the strain level, separated by a hyphen. For example, Ci( _ pigy refers to
a scenario with a 10% slope and High-LTS. Volumetric strain is exported from these simulations as an input for
hydraulic properties computations.

2.2. Groundwater Flow and Transport Simulations

2D steady-state groundwater flow simulations are performed considering the porosity (¢) and hydraulic con-
ductivity (K) fields calculated from the volumetric strain fields simulated by the geomechanical models
(Figure 1b) using Equations 1 and 2, proposed by Chin et al. (2000):

0=1—(1-6p) ¢ Q)

K=K, (Gﬁ) @

0
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Figure 1. Numerical experiments and hydromechanical results. (a) Diagram of the geomechanical model setup and boundary conditions. The red area was considered for
groundwater flow modeling. (b) Volumetric strain from the geomechanical model, (c) Normalized hydraulic conductivity, K/ K, calculated from the volumetric strain.
K is the hydraulic conductivity at &, = 0 and Equation 2. (d) K/K|, as a function of normalized depth below surface for the three Lateral Tectonic Strain (LTS) cases

investigated.

Here, 0 [—] is the porosity at a given volumetric strain, ¢, [—] is the volumetric strain, §, [—] is the porosity at
&, = 0 at the surface, K [L/T] is the hydraulic conductivity at a given volumetric strain, K [L/T] is the hydraulic
conductivity at e, = 0 at the surface, n [-] is a power-law exponent that describes the sensitivity of K to changes in
0. A larger n indicates that small changes in 6 will result in more significant changes in K. Conversely, a smaller n
(e.g., close to 1) indicates a weaker dependence. n is known to vary from 5 to 25 depending on the type of rock and
the geomechanical conditions (Akande et al., 2021; Cappa & Rutqvist, 2011; Laouafa et al., 2021; J. Liu
et al., 2019; Zhang et al., 2020). Here, we use n = 15 as it provides an optimal representation of the decreasing
trend of K over 3 orders of magnitude at 2 km depth (Figures 1c and 1d), similar to those shown in permeability
databases (Achtziger-Zupancic et al., 2017; Manning & Ingebritsen, 1999). Here, we fix 8, = 0.01 and K, = 0.1
m/d, as representative values for crystalline rocks at the surface (Achtziger-Zupancic¢ et al., 2017). Spatially-
variable @ and K values from the geomechanical model are transferred to the hydrogeological model, which
has different discretization characteristics.
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Steady-state groundwater flow simulations are performed with a 2D finite difference approach implemented in
MODFLOW (Harbaugh, 2005; Niswonger et al., 2011) and handled via the python package FloPy (Bakker
etal., 2016). The hillslope geometry is discretized in cells of 5 m along its horizontal length (L in Figure 1a) while
the vertical discretization comprises 200 layers, resulting in 200 by 200 mesh cells. Furthermore, to enhance the
precision of the processes in proximity to the surface, a vertical discretization was implemented through an
exponential increase of the mesh size with depth, starting with a first layer of 10 cm thickness. A drainage
boundary condition is activated at the surface whenever the groundwater table intersects the surface, using the
drain package (DRN). Furthermore, a recharge boundary condition is implemented (RCH) where a constant value
was applied across the spatial domain of the model. The magnitude of the steady-state recharge is adjusted for
each hillslope scenario in order to obtain a seepage length of 40% of the total length of the slope, L (Table S1 in
Supporting Information S1). This is necessary to be able to compare the scenarios and eliminate potential effects
of varying seepage on groundwater flow partitioning and residence time distribution (Bresciani et al., 2014). A
homogeneous model, characterized by uniform, isotropic K, and 6, is also executed and serves as reference for
the comparisons. We consider the distributed discharge rates across the seepage zone, Q, that we normalize by the
total recharge, Ry, as the sum of the recharge. This allows the cross-comparison of the different cases where Ry
might differ. In addition, we consider the specific Darcy flux, g, that we normalize by the recharge R. This allows
us to distinguish domains with high (g/R> 1) and low (¢/R < 1) fluxes.

For transport, particle-tracking simulation is performed using MODPATH (Pollock, 2016). Twenty particles were
injected regularly spaced for each cell over the top boundary of the water table. We performed an exhaustive
convergence study that revealed no influence on the model results when increasing particle densities. Residence
times, #, are calculated at the ending point in seepage zones, and they are normalized by the mean 7 to distinguish
between fast (/< 1) and slow (¢/7 > 1) flow. To compute the probability density function (PDF), the particles
were weighted relative to the local effective recharge (Pollock, 2016). Both flow and transport simulations were
conducted under steady-state conditions to focus on dominant flow patterns and to avoid the potential impacts of
temporal water table variations, which could impact analysis of stress-dependent hydraulic conductivity on our
hydrological variables of interest.

3. Results
3.1. Hydraulic Conductivity and Porosity Fields Under Different Strain Conditions

0 and K vary significantly across the hillslope domain in consequence to the LTS (Figure 1d). As expected, lower
€, values are observed near the crest, while high values are present at the valley bottom (Figures 1b and S1 in
Supporting Information S1). For non-zero LTS, ¢, and K fields are heterogeneous (Figures 2a and 2b, as well as
Figures S2, S3, and S4 in Supporting Information S1). The impact is greater on steeper hillslopes (Figure 2c -
cases Csg oy and Csg.pign, see Table S1 in Supporting Information S1), resulting in a non-homogeneous distri-
bution of K and @ along the slope. Near the crest, 8 and K are higher and approach the values of 6, and K|,
respectively, due to the near-zero volumetric strain.

Near the surface, hydraulic properties are more sensitive to LTS (Figures 1d and S4 in Supporting Information S1).
As LTS and slope increase (Csgjoy and Csg.pien), the coefficient of variation of 6 and K (CV in Table S1 in
Supporting Information S1) also increases with sharper differences in values between the crest and valley domains.
The variability can span up to an order of magnitude for @ (Figures S2 in Supporting Information S1) and up to four
orders of magnitude for K in case Csg p;,, (Figures 1d and 2c as well as Figures S3 and S4 in Supporting Infor-
mation S1). Figures 1d and S4 in Supporting Information S1 shows that, on average, K is highest at the surface,
where the least volumetric strain is involved, and decreases logarithmically with depth, except for the valley bottom
where K may be lower. However, 6 and K found at the surface can vary significantly from valley to crest. For case
C30-nign» K/ K takes a value of ~1 at the crest while and ~107*in the valley bottom. Along the hillslope (i.e., along
x/L) two patterns are observed, one at the shallow (i.e., z/L > — 1.0) and at the deeper (i.e.,z/L < — 1.0) part. At
shallow depths, we find that K/ K increases monotonically from the valley to the crest, for example, Csg_pigh
exhibits at the valley K/Ky(z = 0;x = 0) = 107> and at the crest K/Ky(z = 0.5;x = L) = 1. For the deeper
part, the trend of K/ K, tends to homogenize along horizontal axis of the hillslope (x/L), as reflected by the isolines
in K/ K, remaining horizontal at depth z/L < — 1.0 independently from the slope and LTS configurations.
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Figure 2. Subsurface flow characteristics under no-LTS and high-LTS (lateral tectonic strain) scenarios (Cs_,, and Cs pigh)- (a, b) Normalized hydraulic conductivity
(K/Kj). (c) K/ K distribution in boxplots for all cases. (d, ¢) Normalized groundwater fluxes (¢/R). Purple arrows indicate flow vectors and dashed black lines indicate
the division of high (¢/R > 1) and low (¢/R < 1) flux domains. (f) Flux channeling indicator (d; — Equation 3) under different LTS scenarios. (g, h) Normalized residence
time (#/7) of particle flow paths. Dashed black lines separate fast (¢/7 < 1) and slow (¢/z> 1) residence times. (i) Flowpath channeling indicator (dzr— Equation 4) under
different LTS scenarios. (See Figures S3, S5 and S6 in Supporting Information S1 for all combinations of strain scenarios and hillslope gradients).

3.2. Discharge Rate Through the Seepage Extent and Channeling Effect

LTS has a pronounced effect on the reorganization of flow across different hillslope scenarios. This reorgani-
zation arises from the varying spatial distributions of € and K induced by the different combinations of imposed
topographic stress and LTS. These distributions modify the pressure fields and, consequently, the distribution of
q/R within the hillslope.

In the no-LTS cases, the domain concerned by high flux velocities, that is, where ¢/R > 1 (red area in Figures 2d
and 2e), extends toward the lower part of the slope, with the highest velocities concentrated downslope (Figure 2d
and Cs_,, in Table S1 in Supporting Information S1). In the high-LTS case (Figure 2e, Csq_pign), the region where
q/R> 1 reduces and its lower extent remains limited to x/L = 0.18 (Figure 2¢). In this case, the valley domain
displays low 8/6, and K/ K, (around 0.55 [—] and 10™* [—], respectively) compared to the upper part of the slope,
which prevent the flux to develop in this area. To quantify this migration effect of the high flux domain, we
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computed the flux channeling indicator, dr, as the ratio between the low-flux area, (A,/z <) and the high-flux
area (A,/g>1) (values are shown in Table S1 in Supporting Information S1).

A
dp =005 3)
q/R> 1

As LTS increases, dr tends to increase across all three slope scenarios (Figure 2f), confirming that the high flux
domain shrinks as the contrast in K between shallow and deeper parts of the hillslope intensifies in response to
stress. We found a general linear trend between dr and LTS for all three slope cases in the range of LTS
investigated here. Furthermore, we found that the relative change in flux channeling for a given change in LTS is
greater as the hillslope angles increases (i.e., the slope of the linear relationships in Figure 2f). For each case, the
gradient of the linear trend is 0.4, 14.8 and 24.6 for C,,,, C5, and Csy, respectively (Figure 2f). This latter means
that, for example, in the Cs cases, a 0.1% increase in the LTS would increase the ratio between low-flux and high-
flux by 2.46%.

LTS has a significant impact on the distribution of Q. Considering the homogeneous scenarios in Figures 3a and
3c (Table S1 in Supporting Information S1), O/ Ry decreases exponentially along seepage extent (x/L). A similar
distribution is observed in the no-LTS cases (C_,, and Csg_p,), Where Q/ Ry range from 5.8% to 6.8% for C,(_no
and Cs_,.,, respectively, to 0% at the end of seepage extent. In those cases, 6 decreases by 20% from the surface to
the bottom of the model, while K decreases by ~1.5 orders of magnitude. When LTS is applied, high Q/Ry
progressively migrate toward the upper part of the seepage zone as a consequence of the increasing channeling
effect (Figures 3a and 3c). Most significant changes occur at higher slopes due to enhanced flux channeling,
where the O/ Ry increases in the section between x/L = 0.1 — 0.4. Considering Cs.ign, @/ Ry at the bottom of
the slope is reduced by 85% while it increases by 250% in the upper part of the seepage extent, that is, at
x/L = 0.3 (Figure 3c).

3.3. Flowpath and Residence Time Distributions

Increasing LTS causes the high-flux domain to become more channelized, confining the flowpaths closer to the
surface and enhancing the discharge in the upper part of the slope. This is due to the intensifying variation of 8 and
K with depth as LTS increases, resulting in lower average hydraulic properties (Table S1 in Supporting Infor-
mation S1 shows average 6, K for all cases). Through the analysis of the particle tracking simulations, we found
that the mean residence times 7 also increases, driven primarily by the changes in K spanning order of magnitudes,
while 6 changes over only a few factors (Table S1 in Supporting Information S1).

As LTS reorganizes the redistribution of € and K in the hillslope, groundwater flow paths become concentrated in
a shallower part of the hillslope and migrate upslope, where @ and K are higher (Figures 2g and 2h). As well as d,
we computed a flowpath channeling indicator dgy (values are shown in Table S1 in Supporting Information S1). It
is computed as:

_ At/‘r> 1 (4)

As expected, dpy increase as LTS increases (Figure 2i), indicating that the fast flow path domain (shown in blue in
Figures 2g and 2h) progressively shrinks as increasing LTS is involved. This trend is observed across all slopes
and LTS configurations (see Figure S6 in Supporting Information S1 for all cases).

The computed residence time distributions (Figures 3b and 3d) show strong deviations from the widely used
exponential model in all cases. This is expected, as the model geometry favors flow path partitioning at depth and
heterogeneous effective recharge along the surface, which diverges the assumptions of the exponential distri-
bution model (Haitjema, 1995). Instead, the distribution follows a more complex distribution, with a gamma like
shape for fast flows (#/7 < 0.2) and transitioning to a power law distribution at slower flows (¢/z>0.2). In the
homogeneous case, the power law has a value of —1.85.

We observed a general increase in the likelihood of fast residence times (Figures 3b and 3d) as LTS increases,
particularly pronounced for steeper slopes. In the low slope scenario, the maximum probability shifts from
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exponential model (Haitjema, 1995) which serves as reference. The lines indicate the PDFs of a homogeneous model (dashed red line), and the No-LTS (blue line),
Low-LTS (orange line) and High-LTS (green line) scenarios.

t/t = 4-1072 for Cyg o to t/7 = 2- 1072 for C|0-high» increasing the maximum probability 0.5. In the high slope
case, this shift is even more pronounced, from t/z = 4-1072 for Csq,, to t/7 = 4-1073 for Cso.nign and
increasing the maximum probability around 8%. This shift is a result of the shrinking of the fast flow domains and
the increased flow velocities, which tends to increase the occurrence of fast flow paths in the upper part of the
hillslope. Conversely, the distribution of slow paths shows only minor changes. The power law exponent changes
slightly from —1.85 for Csg_,, to —1.62 for Csq_pigp (log-log plot in Figure 3d).

4. Discussions and Conclusions

Our results demonstrate that topography and lateral tectonic stress (LTS) play a critical role in shaping the
distribution of @ and K within hillslopes. These variations arise from differences in volumetric strain between the
upper and lower parts of the slope. Similar distributions have been previously identified through principal stress
calculations using both analytical solutions (L. Liu & Zoback, 1992; Savage et al., 1985) and numerical methods
(Martel & Muller, 2000; Miller & Dunne, 1996; Slim et al., 2015). Our findings show that, as slope gradients
increase—particularly under high LTS—there is greater variability in € and K from the top to the bottom of the
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slope. In high-L TS scenarios, the distribution of # and K agrees with the observations from critical zone studies
using geophysical techniques, such as those conducted in Colorado, Carolina, Maryland (St. Clair et al., 2015) and
Idaho, US (Chen et al., 2023; Nielson et al., 2021). This geometry, described as “surface-mirroring” (St. Clair
et al., 2015), results in not only a reduced average flux and increased groundwater residence times, but also in a
compartmentalization of the hillslope with higher 8 and K domains located upslope compared to the valley
bottom. It has been postulated that such spatial distribution of € and K, influenced by changes in geomorphic and
mechanical factors, might affect hydrogeological processes at the hillslope scale (Anderson, 2015; St. Clair
et al., 2015) but without quantification. This study provides a first evaluation, focusing on groundwater seepage
discharge and residence time distributions.

Traditional conceptual models of groundwater flow system suggest that groundwater discharge mostly occurs in
the lower part of a landscape, where streams are typically located (Freeze, 1972; Freeze & Witherspoon, 1967,
Jiang et al., 2009; Té6th, 1962). However, our findings show that in stressed hillslopes, a significant portion of
groundwater discharge may occur upslope, avoiding lower K domains at the valley bottom. Due to the challenges
of in-situ distributed measurements, the distribution of discharge rates along stream networks has been poorly
evaluated in previous field-based studies. Our results suggest that the main springs network might occur at a
higher elevation in the hillslope than was previously considered under traditional conceptual models, especially in
steep topography settings.

With regard to the residence time distribution, the results significantly differ from the classical exponential model
(Haitjema, 1995) which assumes homogeneous aquifer and groundwater flow paths parallel to topography.
Instead, the distributions exhibit a gamma-shaped pattern (Leray et al., 2019) for lower values of #/7 and a power
law for higher values. Our findings indicate a higher occurrence of fast flows than predicted by the exponential
model, due to channeling effects. Previous studies have observed this increase in probability in fast flows (Ameli
etal., 2016; Leray et al., 2019), typically linking it to specific geometric characteristics of the hillslope, such as the
distance between the discharge zone and the impermeable base. The combined effects of flow partitioning within
the hillslope and stress-dependent heterogeneities in @ and K might also cause this distribution. For the high
residence times, we found that the tailing of the distributions follows a power law with exponents ranging from
—1.62 to —1.85. Notably, these exponent values are similar to those reported by Cardenas & Jiang, 2010, who also
shows that, as heterogeneity in hydraulic properties increases, the power of the tailing distribution decreases due
to the increasing contrast between fast (shallow) and slow (deep) flow systems.

It is important to acknowledge that real hillslopes likely exhibit more complex flow patterns than those simulated
in this conceptual modeling framework. We have performed an analysis on a real 2D topography (Text S1,
Figures S7 and S8 in Supporting Information S1). While the distributions of @ and K show some spatial variability
due to the smaller scale roughness of the topography, the general patterns are similar to those of our synthetic
cases. Both exhibit high values in the crest and lower values in the valley bottom. Similar to the synthetic cases,
the main discharge zone occurs upslope and channeling is enhanced near the surface as LTS increases.

Our 2D synthetic analysis allows us to perform a sensitivity analysis on the role of slope and lateral strain on
groundwater flow and residence times. Such synthetic models are particularly valuable for isolating and un-
derstanding the fundamental processes at play, especially in complex systems where multiple factors interact.
Here, we provide some key guidance on the topographic and tectonic contexts at which such stress-dependent
heterogeneity might significantly influence flow and transport processes, representing a potential source of un-
certainty for classical hydrological models assuming homogeneous aquifers. Future investigations are needed to
explore the potential impacts of other geomechanical processes such as fracturing. Indeed, in our analyses,
variations in € and K are solely derived from volumetric strain of a homogeneous and isotropic geomechanical
model, assuming purely elastic deformation. Mechanical properties were adjusted to maintain the medium within
the elastic range, excluding more complex, non-elastic behavior, such as fracturing and faulting. Additionally,
varying lithologies may also introduce variability in local mechanical properties that may significantly impact the
6 and K fields. In addition, our 2D modeling framework restricts the consideration of geomechanical and flow
effects that may manifest differently in three-dimension. For instance, the stress concentration observed in the
valley bottom of a steep topography may redirect groundwater flow to alternative directions, avoiding the low
hydraulic conductivity zones.

These findings build-on our conceptualization of critical zone processes involved at the hillslope scale, partic-
ularly relevant for mountainous areas where steep slopes and high tectonic stresses are prominent. Such
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partitioning of groundwater flow and residence times will have strong controls on erosion and weathering pro-
cesses, with direct consequences on landscape evolution and deep critical zone architecture (Harman &
Cosans, 2019; Litwin et al., 2022; Riebe et al., 2017). They may be considered when describing the occurrence
and dynamics of springs and stream networks in steep landscapes, complimenting information on controls due to
topography, lithology or geological discontinuities (Costigan et al., 2016; Floriancic et al., 2024; Keegan-Treloar
et al., 2022; Kirchner et al., 2023; Prancevic & Kirchner, 2019; Shanafield et al., 2021). In such heterogeneous
hillslopes, groundwater is expected to exhibit a more complex storage-discharge relationship. While shallow,
high-K zones promote faster response timescales, deeper flow paths enable longer response timescales (Roques
etal., 2022). This implies a high spatio-temporal dynamic of water availability and solute export for groundwater-
dependent aquatic ecosystems (Winter, 1999). In this context, shallow groundwater-dominated ecosystems may
show high sensitivity to climate variability (Carroll et al., 2024; Klgve et al., 2014; Taylor et al., 2013), whereas
ecosystems connected to deeper flow paths, mostly located downslope are likely concerned to greater resilience
through sustained groundwater discharge.

In addition to groundwater flow and water availability, our outcomes have implications on weathering processes
and solute export at a catchment scale. Indeed, high K and channelized flow in the shallow subsurface are ex-
pected to enhance weathering rates by increasing contact between groundwater and reactive minerals, thus
facilitating dissolution and transport of solutes (Riebe et al., 2017). High-K zones at crests may provide pref-
erential pathways for water with dissolved gases (e.g., O, and CO,), enhancing oxidation reactions locally, while
low-K zones, that is, valley bottoms, could promote reductive chemical processes. As shown by Bochet
et al., 2020, the enhanced mixing between the oxic and anoxic waters induced by channeling could drive local
hotspots for chemical reactions. These processes will shape the long-term development of the weathering profiles,
ultimately shaping the critical zone and the evolution of the landscape (Rempe & Dietrich, 2014).

To transfer this knowledge to real-world systems requires the integration of interdisciplinary field-based ob-
servations. Environmental tracers, geophysical imaging, groundwater seepage mapping and its temporal dy-
namics, alongside stress information from boreholes, would create the required framework to predict the role of
geomechanically constrained subsurface heterogeneity in shaping groundwater flow and solute export in the
Critical Zone.

Data Availability Statement

All geomechanical and groundwater model are publicly available in Figueroa (2024).
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