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A B S T R A C T

A quantitative and qualitative estimation of groundwater resources is a challenge for water management 
worldwide. In the specific case of the carbonate karstified aquifer, the high sensitivity of this resource is partially 
due to its level of permeability. Moreover, the extreme heterogeneity of this type of aquifer makes it complex to 
define vulnerable areas, especially when fault zones exert a significant influence on groundwater hydrodynamics 
and transport. Improving the management of this type of aquifer involves better assessment of its hydrodynamics 
properties. Sustainability and management solutions can be estimated through numerical modeling. In this study 
hydrodynamic parameter of the fault zone in karstified carbonate environments are estimated from cross-hole 
pumping test data. These analyses allow the simulation and forecasting of fault zone flow and travel time. For 
this purpose, a flow and travel time model has been set up using MODFLOW6 and MODPATH7 codes. Inverse 
modeling of hydrodynamic parameters is performed with the PEST++ code suite, with both the Gauss- 
Levenberg-Marquardt Algorithm (GLM) and the Iterative Ensemble Smoother (IES) which is a recent approach 
with few applications so far. Simulation, parameter estimation, and forecasts of drawdown and pollutant travel 
time through the fault zone have been first evaluated on a synthetic fault zone and are eventually applied to a 
real-world fault zone of interest in karst carbonate environments. A comprehensive comparison and analysis of 
GLM and IES results are performed for parameter estimation, parametric and predictive uncertainties, ensuring a 
thorough assessment of results. The numerical inversion approach provided a spatial parametric estimation of 
the hydraulic conductivity of the fault zone, along with an uncertainty analysis.

This approach demonstrates its ability to estimate the hydrodynamic parameter field with a high level of 
accuracy within the internal structures of the fault zone. This study constitutes valuable and reproducible in-
sights into the simulation and forecasts of fault zones in karst carbonate aquifers. The findings are a step forward 
in groundwater flow and travel time simulation of fault zones and provide relevant practical help for the 
management and protection of water resources in these critical areas of interest.

1. Introduction

Fault zones (FZ) play a significant role in groundwater circulation, 
which can have significant consequences on water resources availabil-
ity, heat flux, and solute transport (Bense et al., 2013; Jones and 
Detwiler, 2016; Taillefer et al., 2021). They can either facilitate fast flow 
leading to preferential infiltration of pollutants and rapid transfers or act 
as barriers to water flow (Cherry et al., 2009; Gassiat et al., 2013). Fault 
zones can promote exchanges between aquifer units like deep and 
shallow aquifers, posing a risk to the quality of affected drinking water 
(Maslia and Prowell, 1990; Iskandar and Koike, 2011; Williams et al., 

2013). Fault zones can also act as barriers to groundwater circulation 
due to the physical damage of the rock, leading to a reduction in its 
permeability (Evans et al., 1997; Rawling et al., 2001; Micarelli et al., 
2006; Anderson and Fairley, 2008). These differences in groundwater 
circulation behaviors, whether they reduce or facilitate flows, can be 
attributed to fault structure.

Fault zones are generally structurally divided into three entities: the 
core zone (CZ), the damage zone (DZ), and the healthy undamaged 
protolith (Shipton and Cowie, 2001; Billi et al., 2003; Mitchell and 
Faulkner, 2009; Savage and Brodsky, 2011). Each of these structures 
have distinct hydrodynamic properties (Caine et al., 1996; Evans et al., 
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1997; Faulkner et al., 2010), which depend on the protolith rock, the 
type of the fault displacement (normal, reverse, strike-slip), and the type 
of the rock composing the CZ (gouge, breccia, cataclasite) (Sibson, 1977; 
Caine et al., 1996; Agosta et al., 2007; Bauer et al., 2015).

Fault zones in cohesive media, such as crystalline, clastic and car-
bonate rocks, typically exhibit a well-developed network of inter-
connected fractures within the DZ (Agosta et al., 2007). This fracture 
network results in increased permeability compared to the protolith 
effectively acting as conduits in groundwater flow (Faulkner, 2004; 
Micarelli et al., 2006; Balsamo et al., 2010; Faulkner et al., 2010). The 
CZ is characterized by low permeability and reduced porosity, acting as 
a hydraulic barrier. This reduced permeability is attributed to the me-
chanical and/or chemical deformation of the rocks (Agosta and 
Kirschner, 2003; Micarelli et al., 2006; Agosta et al., 2007). As a result, 
the fault zone can exhibit a dual behavior of both conduit and barrier, 
with the DZ acting as the conduit zone and the CZ acting as the barrier 
zone. In carbonate rocks, karst dissolution can occur and overlay on this 
specific fault zone structure, inducing either conduit or barrier behavior 
(Drogue, 1972; Ford and Ewers, 1978; Andre and Rajaram, 2005; Ford 
and Williams, 2007; Sauro, 2014; Littva et al., 2015; Li et al., 2019; 
Clauzon et al., 2020). This trend introduces a great deal of uncertainty 
regarding underground circulation. Karst conduits preferentially 
develop along fractures, significantly increasing the hydrodynamic 
properties of the reservoir by several orders of magnitude (PALOC, 
1964; Larsen et al., 2010; Nooruddin et al., 2014; Robineau et al., 2018; 
Clauzon, 2019). Consequently, in fault zones, the karst network plays a 
crucial role in groundwater circulation at the aquifer scale. Considering 
the importance of the fault zones on groundwater hydrodynamics and 
for the protection and management of the groundwater resource, it is 
crucial to determine both the behavior of faults acting as conduit and /or 
barrier through the study of their hydrodynamic properties.

In this perspective, spatial estimation of fault zone hydrodynamic 
properties is generally based on geological, hydrogeological, or nu-
merical approaches (Bense et al., 2013). Currently, the estimation of 
hydrodynamic properties of the fault zone is generally conducted 
through structural and geological analysis only, complemented some-
times by measuring permeability along the fault zone using a per-
meameter (Antonellini and Aydin, 1994; Rawling et al., 2001; Balsamo 
and Storti, 2010; Mitchell and Faulkner, 2012; Matsumoto and Shige-
matsu, 2018; Clarkson et al., 2019). Those methods are dependent on 
the representativity and scale of the measured samples, and they are 
often only representative of surface observations and not groundwater 
circulation (Evans et al., 1997; Agosta et al., 2007). The various 
hydrogeological methodologies used to characterize the hydrodynamics 
of the fault zone are primarily based on data related to the hydraulic 
properties of the reservoir (Singhal and Gupta, 2010). Consequently, 
these approaches tend to represent groundwater dynamics at the global 
reservoir scale (Bense et al., 2013) and therefore cannot fully reflect the 
actual impact of the fault zone in detail, due to the scale inherent to 
these methods. In highly heterogeneous environments such as karstified 
carbonate settings, these methods are not capable to capture the struc-
tural complexity and therefore the spatial distribution of their hydro-
dynamic properties.

The management of vulnerability zones in fractured aquifers, espe-
cially in karstic environments, is of crucial importance. Numerical ap-
plications provide prediction methods in these fractured environments. 
However, few consider the effects of conduits and barriers in fractures 
and fault zones (Day-Lewis et al., 2000; Yang et al., 2016). Models that 
simulate flows through these fault zones rely on highly detailed 
geological and structural descriptions, making their methodology diffi-
cult to reproduce (Wilson et al., 2003; Fredman et al., 2007; Leray et al., 
2013; Romano et al., 2017). Without using hydrological observations to 
validate their results or propose a distribution of hydrodynamic prop-
erties. This underscores the significant absence of study for both hy-
drodynamically interpreting fault zones and accurately simulating and 
predicting flows, particularly in managing the vulnerability of fractured 

aquifers.
Most hydrodynamic studies in fault zones are conducted in granitic, 

siliciclastic rocks or clastic sediments (Rawling et al., 2001; Jourde et al., 
2002; Wibberley and Shimamoto, 2003; Childs et al., 2007; Rotevatn 
et al., 2008; Faoro et al., 2009; Balsamo and Storti, 2010; Mitchell and 
Faulkner, 2012; Bigi et al., 2013; Fisher et al., 2018; Lapperre et al., 
2022) and a few in carbonate environments (Rotevatn and Bastesen, 
2014; Korneva et al., 2014; Haines et al., 2016). Therefore, there is 
currently no description of the hydrodynamic properties and their 
magnitude within a fault zone in karstified environments, nor any work 
on the spatialized study of the hydrodynamic properties of fault zones in 
these environments. With around 20 % of the world’s water resources 
coming from karst aquifers (Ford and Williams, 2007), there is a need to 
improve the understanding of hydrodynamic properties estimation of 
the fault zone for better and more appropriate resource management 
decision-making.

Hydrogeological modeling is a powerful decision-making aid for 
water resources management in general (Aster et al., 2013) and for karst 
aquifers (Scanlon et al., 2003; van Beynen et al., 2012; Jeannin et al., 
2021; Sivelle et al., 2021; Alarcon et al., 2022; Cousquer and Jourde, 
2022). Most hydrogeological models deal with fault zones by using 
expert knowledge based on field observations at the outcrop (Tveranger 
et al., 2005; Romano et al., 2017; de Souza et al., 2022), and hydrody-
namics properties of the fault zone are rarely constrained by hydrody-
namics observations.

The inverse methods are widely used in the estimation of the 
groundwater parameters (Aster et al., 2018) as in carbonated and kar-
stified environments (Dörfliger et al., 2009; Lu et al., 2012; Wang et al., 
2016; Giese et al., 2018; Kavousi et al, 2020; Fischer et al., 2017), as well 
as for estimated karst systems structure (Jaquet et al., 2004; Illman, 
2014; Zha et al., 2015; Wang et al., 2016; Collon et al., 2017; Fischer 
et al., 2018).

However, inverse problems in hydrogeology are often, if not always, 
ill-posed, i.e. suffer from the non-uniqueness, non-steadiness, or non- 
existence of the solutions (Hunt et al., 2007; Doherty, 2011; Zhou 
et al., 2014). Algorithmic methods for history-matching associated with 
numerical solutions make it possible to tend towards a well-posed 
problem with for example mathematical regularization with singular 
value decomposition (SVD) or Tikhonov regularization (Carrera et al., 
2005; Zhou et al., 2014; Doherty, 2015; White, 2018). These solutions 
are implemented in the codes PEST and PEST ++ (Doherty, 2015; White 
et al., 2020a) and are widely employed for parameter estimation and 
groundwater model analysis (Zhuang et al., 2017; Cousquer et al., 2018; 
Essouayed et al., 2021, Pryet et al., 2022; Delottier et al., 2022). These 
codes aim to solve the inverse problem based on the deterministic 
method Gauss-Levenberg-Marquardt Algorithm (GLM) (Doherty, 2015) 
and more recently on the ensemble method the Iterative Ensemble 
Smoother (IES) (Chen and Oliver, 2013). The GLM method is widely 
used for parameter estimation in hydrogeological modeling (Commer 
et al., 2014; Burrows and Doherty, 2016; Aster et al., 2018) and the IES 
method is much more recent with fewer applications in hydrogeology 
(Coulon et al., 2022; Delottier et al., 2022) and any application at a local 
scale (i.e. 100 m – 1 km). Both methods are implemented in the PEST++

suite (White et al., 2020a). PEST++ GLM uses a generalized linear 
regression approach to estimate the relationship between observed and 
simulated values, employing the Jacobian matrix to solve optimization 
problems. On the other hand, PEST++ IES is based on the same linear 
regression approach, but it uses an ensemble-based method to estimate 
the posterior distribution of model parameters. PEST++ GLM and IES 
are designed for parameter estimation and for parametric and predictive 
uncertainty quantification, with the latter directly obtained from 
PEST++ IES ensembe and implemented in PEST++ GLM using the First- 
Order, Second-Moment (PEST++ GLM-FOSM package) method 
(Doherty, 2015).

The objective of this work is to propose a spatial distribution of hy-
drodynamic parameters within a fault zone in a carbonate and karstified 
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aquifer. This will be achieved using data derived from hydrogeological 
approaches, particularly the evolution of groundwater heads during 
pumping tests and the corresponding discharge rates.

In this aim, we propose to utilize groundwater level variations during 
aquifer tests to obtain a 2D spatial estimation of the hydraulic conduc-
tivity field of the fault zone. This approach facilitates our understanding 
of groundwater flow dynamics. We aim to determine if these fluctua-
tions can effectively characterize hydrodynamic behavior in fault zones 
through the matrix and conduit system typical of karst environments. 
Subsequently, based on this preliminary estimation, our approach en-
ables the simulation and prediction of flow through the fault zone, 
considering parametric and predictive uncertainties obtained from GLM 
and IES methods. The direct integration of GLM and IES methods into 
PEST++ provides access to a comparison of both approaches within the 
same methodological configuration. To assess the relevance of our 
approach, we conducted a comparison using a synthetic case study 
where the “truth” hydrodynamic field is known. The synthetic fault zone 
case was constructed based on existing knowledge, relying on known 
thickness relationships relative to fault scale and spatially described 
hydraulic conductivity data variations. This comparison was performed 
with a limited number of wells to evaluate the method’s performance, 
considering the constraints imposed by limited spatial information. This 
initial step allows us to test the method’s ability to capture the hetero-
geneity of the hydrodynamic properties of the fault zone, particularly 
concerning the magnitudes of hydraulic conductivity encountered in 
carbonated environments. The same validated approach is then tested 
on a real case study, supported by previously acquired geological in-
formation and geophysical data. This study aims to evaluate the meth-
odology developed in a carbonate karst environment, determining its 
effectiveness despite the presence of a real karst network. It also pro-
vides an understanding of the interaction between the fault zone and the 
karst environment. The benefits and drawbacks of each of the proposed 
methods are subsequently examined.

2. Workflow

The numeric methodology used to address this issue is described in 
the following workflow. The developed workflow follows the steps 
presented in Fig. 1. This workflow is based solely on open-access and 
flexible codes, communicating with Python wrappers, and is designed to 

be transposable to other studies. A transient MODFLOW6 flow model 
that simulates multi cross-hole pumping test is built using the Python 
wrapper FloPy (Bakker et al., 2016; Leaf and Fienen, 2022) where 
geographical entities are pre-processed through the geographic infor-
mation system QGIS interface (Fig. 1 step 1). Model meshes are gener-
ated from the Python package GridGen (Fig. 1 steps 2) (Lien et al., 
2015). Then, Flopy enables pre- and post-processes MODFLOW6 input 
and output files (Fig. 1 steps 2 and 3). The pre-and post-processing for 
parameter estimation code PEST++ input and output files is performed 
using the PyEMU Python package (Fig. 1 steps 2 and 3) (White et al., 
2016) (Fig. 1 step 4). Parameter estimations are then performed with 
both GLM and IES methods using PEST++ suite (White et al., 2020). The 
steady-state MODFLOW6 and MODPATH7 models with estimated pa-
rameters for flow and particle tracking for advective transport simula-
tion forecasts are pre and post process using FloPy Python package 
(Fig. 1 step 5). Both forecasts of steady-state flow and particle tracking 
with predictive uncertainty are eventually performed using both the 
PEST++ GLM-FOSM and the ensemble of PEST++IES models (Fig. 1
step 6). This workflow is identical to the synthetic and the real case 
study. Each step is detailed in the following sections.

2.1. Flow and transport model

In flow modeling, two models will be distinguished: i) the transient 
flow model which is employed for parameter estimation purpose, and ii) 
the steady-state flow and advective transport model for prediction based 
on the previous estimated parameter field (Fig. 1). The transient 
groundwater flow model is based on an equivalent porous media 
approach accounting for the hydrodynamic behavior of both fault and 
karst features at a medium scale (100 m − 1 km) (Abusaada and Sauter, 
2013; Jeannin et al., 2021). Flows are simulated using the MODFLOW 6 
computational code (Langevin et al., 2022), this model is used to 
simulate cross-hole pumping tests for the parameter estimation purpose. 
An identical but steady-state model is also used to simulate flow and 
advective transport for forecast purposes using MODFLOW6 and 
MODPATH7 codes (Pollock, 2016). The advective transport, with the 
particle tracking method, is used here as a surrogate model for advec-
tive–dispersive transport. Dispersion can be neglected here since it 
simulates transport between a point source and a pumping well 
(Cousquer et al., 2018; Pryet et al., 2022). This allows forecast 

Fig. 1. Workflow description: 1) spatial information contained in QGIS 2) pre-processing of geometric information of step 1 and inputs for MODFLOW 3) cross-hole 
pumping tests simulations 4) Solving the inverse problem with both GLM and IES from PEST++ code 5) flow and travel time simulation with estimated parameters 
and parametric 6) predictive uncertainty quantification with both FOSM and PEST++ IES.
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uncertainty quantification.
The focus is on characterizing the influence of the fault zone on 

groundwater flow, rather than on the specific travel time estimation 
within the fractured environment such as karst. We employ an equiva-
lent porous medium model, a decision motivated by the fact that fault 
rocks in general and in karst environment are predominantly matrix 
entities (Balsamo et al., 2010) and because the objective is for forecast 
purpose taking into account both fault zone entities and karstic objects 
in an equivalent porous media as it has already been made for karstic 
environment (Wang et al., 2016; Abusaada and Sauter 2013).

2.2. PEST++ GLM and PEST++ IES for parameter estimation

In this section, a brief overview is provided on how parametric 
estimation functions using the PEST++ software, along with the 
methods GLM and IES implemented in the developed workflow.

In the stage of parametric estimation, the hydraulic conductivity 
results from the inversion of the transient flow model. This parametric 
estimation is spatially adjusted during the inversion. It is parameterized 
using the widely employed pilot points method (de Marsily et al., 1984; 
Doherty, 2003; White and Lavenue, 2023). The method is extended to 
the calculation grid by kriging. An exponential variogram is defined 
with a threshold of one, a nugget of 0.1, and a range that is twice the 
distance between pilot points (Kitanidis, 1997). Storage is also estimated 
and considered homogeneous.

Two methods of parameter estimation by historical matching are 
examined i) one deterministic, based on the gradient method with the 
widely used Gauss-Levenberg-Marquardt (GLM) algorithm, and (ii) the 
ensemble method, specifically the more recent Levenberg Marquart 
form of the Iterative Ensemble Smoother (IES) (Chen and Oliver, 2013; 
White, 2018).

Estimation using PEST++ GLM and IES is based on the GLM method, 
which works by reducing an objective function using the gradient 
descent method. The objective function Φ, used by the GLM method, 
corresponds to the weighted sum of squares of the residuals between the 
simulated and observed values: 

Φ =
∑n

i=1
wi(xi.obs − xi.sim)

2 (1) 

where Φ is the objective function to be minimized, n is the total number 
of observation, wi is the weight associated to the objective function, xi.obs 
is the observed value and xi.sim is the simulated value.

The differences between GLM and IES are, firstly, that for each 
iteration PEST++GLM linearly solves the inverse problem by calcu-
lating the Jacobin matrix for each iteration, whereas PEST++ IES uses 
the probabilistic technique of Monte Carlo analysis to obtain an 
approximation of the Jacobin matrix. The approximation of the Jaco-
bian matrix used is IES algorithm is based on the empirical cross- 
covariance between the parameters and the observations, and system-
atically provides the deviations around the mean value of the parame-
ters (Chen and Oliver, 2013; White, 2018).

For each iteration, IES probabilistically generates a set of parameters, 
which is then linearly calibrated using the same principal as GLM 
method. This approach thus yields a set of parameters that allows 
solving the inverse problem. Thus, the IES results are interpreted as the 
average of the parameter estimates at each pilot point, whereas the PEST 
++ GLM estimation results attest to a single parameter set.

In our case, where drawdown data is used to constrain the flow 
model, a large number of parameters, through pilot points, are needed to 
cover the spatial extent of the fault zone. In our application, the major 
advantage of IES is that it avoids the high costs associated with esti-
mating a large number of parameters due to its low computational re-
quirements, as demonstrated in large-scale cases (Hunt et al., 2021). 
This method’s computational efficiency which remains nearly unaf-
fected by parameter count, makes it suitable for high-dimensional 
problems like ours (White, 2018).

Mathematical regularization and preferential parameter Tikhonov 
regularization methods are used to overcome the non-uniqueness solu-
tion problems in such hydrogeological models (Doherty and Hunt, 2010; 
Doherty, 2015): Tikhonov regularization (Tihonov, 1963; Doherty and 
Hunt, 2010) and singular value decomposition (SVD) (Tonkin and 
Doherty, 2005).

Parametric and predictive uncertainty on flow and transport simu-
lation is eventually quantified with both the first-order, second-moment 
method (FOSM) embedded in the GLM algorithm and with IES.

2.3. Parametric and predictive uncertainty

Parametric and predictive uncertainty analysis with GLM is based on 
FOSM (White et al., 2020), and conducted with pyEMU (White et al., 
2016). This method is used for propagating uncertainty by considering 
parameter distribution and measurement error. The uncertainty analysis 
on the posterior parameter set and then model predictions are propa-
gated from prior parameters and measurement error by model lineari-
zation with the application of Bayes’ theorem. This kind of linear-based 
analysis is known to be approximative but less time-consuming than 
nonlinear methods (Hill et al., 2016; Anderson, 2015).

Uncertainty is also estimated with a non-linear method from IES 
inversion results. In this way, IES algorithm provides an improved 
analysis of uncertainty thanks to the analysis between the prior and the 
posterior parametric and predictive distribution of the model ensemble.

3. Synthetic case

The described method embedded in the workflow (Fig. 1) is first 
evaluated on a synthetic case where a fault zone hydraulic conductivity 
field in a carbonate environment has been generated. This hydraulic 
conductivity field is generated to represent a conduit-barrier fault zone 
characterized by an impermeable fault rock constituting the CZ of the 
fault, and a highly permeable DZ.

3.1. Synthetic hydraulic conductivity field generation

The hydraulic conductivity field is defined as a North-South trending 
fault zone with a 10 m wide CZ which corresponds to a fault displace-
ment of 10 to 100 m (Wibberley et al., 2008; Childs et al., 2009). For 
these orders of magnitude, the associated DZ thicknesses vary between 
50 and 100 m (Balsamo et al., 2019). The chosen width of the DZ is 80 m.

The CZ is known to have a reduction of hydraulic conductivity of 
about three orders of magnitude compared to the healthy protolith 
(Balsamo and Storti, 2010; Rath et al., 2011). In the DZ, the hydraulic 
conductivity can increase by up to two orders of magnitude compared to 
the protolith (Antonellini and Aydin, 1994; Balsamo et al., 2019). 
Within the DZ, hydraulic conductivity decreases exponentially away 
from the CZ (Bastesen and Braathen, 2010; Faulkner et al., 2010; 
Mitchell and Faulkner, 2012). In the context of a carbonate aquifer, 
studies such as those by Micarelli et al. (2006), Hausegger et al. (2010), 
Bauer et al. (2016), and Geng et al. (2021) have identified similar 
characteristics from fault zones to barrier conduits. However, fracturing 
can lead to the development of karst networks, where hydraulic con-
ductivity varies based on factors such as connectivity, openness, and 
frequency (Korneva et al., 2014; Haines et al., 2016; Ferraro et al., 
2020).

Different studies have shown significant variations in hydraulic 
conductivity between extreme values because of karstification 
(Wibberley et al., 2008; Leonardi et al., 2016; Clauzon et al., 2020; and 
Wu et al., 2020).

To represent these variations, we generated a hydraulic conductivity 
field using an exponential model based on the well-characterized pat-
terns of hydrodynamic property changes perpendicular to the fault zone 
(Balsamo et al., 2010; Bastesen and Braathen, 2010; Faulkner et al., 
2010; Mitchell and Faulkner, 2012). This model incorporates hydraulic 
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conductivities on the order of magnitude typical in karst environments. 
The highest and lowest permeability values were used to describe the DZ 
and the CZ, respectively (Fig. 2B). The hydraulic conductivity field along 
the axis perpendicular to the fault zone is characterized by an hydraulic 
conductivity of the protolith (Kprotolith) of 10-5 m s− 1, the CZ by a KCZ of 
10-7 m s− 1 and the DZ with a KDZ varying exponentially from 10-3 m s− 1 

to Kprotolith over the width of the DZ (Fig. 3) (Clauzon, 2019).

3.2. Flow and transport model

The domain is discretized on a 300 x 300 m grid with a regular 1.25 
m rectangular mesh. Boundary conditions are defined by head- 
dependent flux (Cauchy-type) with the General Head Boundary (GHB) 
MODFLOW6 packages on the North and South boundaries with a head of 
50 m and a conductance of 10-3 m2 s− 1. East and West boundary con-
ditions are no flow. Transient flow conditions are considered, and the 
transmissivity is assumed to be independent of water level fluctuations, 

which corresponds to the Boussinesq assumption. The five wells are 
considered fully penetrating the entire thickness of the domain, which is 
30 m. The cross-hole pumping tests are simulated at a 10-minute time 
step for a total duration of 60 min, with flow rates imposed in wells W2, 
W4, and W5 set to Q = 1.33 10-3 m3/s and in wells W1 and W3 set to Q =
1.7 10 -7 m3/s (Fig. 3). The imposed flow rates for the pumping tests 
were determined to avoid dewatering the wells and thus maintain 
realistic aquifer test conditions. Therefore, in the case of wells located in 
the impermeable core zone with a hydraulic conductivity of 10-7 m s− 1, 
the flow rates are very low. Direct simulation of pumping tests provides 
the observations used in the inverse model. Specifically, we simulate the 
pumping tests using MODFLOW, utilizing the synthetic hydraulic con-
ductivity field and various discharge rates to generate our observations 
of hydraulic heads. This method ensures that the observations accu-
rately reflect the synthetic case pumping scenarios, enabling us to 
construct a dataset for inverse modeling. The steady-state transport 
simulation with particle tracking is performed with a forward particle 
placed in W2 well. A flow rate of Q = 1.4 10-3 m3/s is extracted from well 
1 and travel time between W2 and W4, which are located on both sides 
of the fault, is calculated.

3.3. Parameter estimation, parametric and predictive uncertainties

The hydraulic conductivity field was parameterized using a regular 
network of 195 adjustable pilot points spaced at 10-meter intervals, 
distributed directly across the mesh throughout the domain. The 
parameter estimations from the pilot points are interpolated to the 
remaining cells at the grid cell centers, depending on their locations. The 
195 pilot points are free within the zone of influence of the pumping 

Fig. 2. Schematic representations of fault zone structures and associated var-
iations in hydraulic conductivity for both karstified and non-karstified media. 
A: fault zone features in a non-karstified carbonate. B: average evolution of 
hydraulic conductivity perpendicular to the central segment of the fault (A). 
(After Faulkner et al., 2010).

Fig. 3. Generated hydraulic conductivity of the synthetic case. A: Construct 
variations of the hydraulic conductivity perpendicular to the central segment of 
the synthetic fault. B: Map of the hydraulic conductivity of the synthetic fault 
zone and wells obtained for the direct simulation on MODFLOW 6 of the syn-
thetic pumping test through the Fig. 3.A distribution of the hydraulic 
conductivity.
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tests, so they are considered independent. Beyond this zone of influence, 
the rest of the pilot points are tied in areas where information is lacking, 
thus creating a buffer zone between the boundary conditions and the 
zone of interest.

For parametric estimation using the GLM method, the initial pa-
rameters are defined based on exploring the objective function within 
the parameter space, yielding an initial value for hydraulic conductivity 
estimation of 10-5 m s− 1. For both parametric estimation methods, the 
prior parameter distribution is set between 10-3 and 103, enabling the 
use of a high-dimensional parameter space to achieve robust parameter 
estimates (Doherty, 2011).

The choice of the number of iterations for the two inversion methods 
initially involved testing to find the right balance between sufficient 
reduction of the objective function and moderating the overfitting 
(White et al., 2020a). For parameter estimations based on the GLM 
method, we observed the reduction of the objective function alongside 
the evolution of the regularization objective function to select the iter-
ation that provided a good compromise between the two (Fig. 4A). For 
IES, the ensemble approach allows for rapid reduction of the objective 
function in a small number of iterations (White et al., 2020b; Abbas 
et al., 2024). Additionally, increasing the number of iterations for this 
approach tends to make the ensemble of models converge into a single 
unique model, nullifying the method’s benefit. Thus, in our work, the 
number of iterations imposed on parametric estimation with IES was 
defined as 3 iterations, which is most of the time the chosen iteration 
(White et al., 2020a).

In the interest of balancing the representativeness of the observations 

in the objective function for the estimation of the hydraulic conductivity 
(Doherty and Welter, 2010), we defined weights for the set of observa-
tions by: 

ωij =
1
σij

(2) 

where ωij the weight of the observation variable corresponding to the 
well i and the period j, σij represents the standard deviation of the ob-
servations is calculated as the square root of a value derived from 
comparing observation points to the mean of head observations from 
each pumping test conducted at every well. Every observation of each 
pumping test within each well is appropriately weighted in the pre- 
calibration objective function.

3.4. Results

3.4.1. Fault zone parameter estimation with GLM and IES
The parameter estimation was parallelized on 90-core CPU for both 

GLM estimation and IES, with the estimation based on 2755 head ob-
servations. Quantitative results are summarized in Table 1. Fig. 4 shows 
the rapid reduction of the objective function in the first 10 iterations of 
the inverse model via PEST ++ GLM and for the third with PEST++ IES 
according to White et al. (2020a) recommendation to avoid over-
estimation that leads to a unique model.

The estimation results demonstrate a successful convergence of the 
models, as evidenced by the correlations obtained between simulated 

Fig. 4. Parameter estimation results for the synthetic case. A: evolution of the measurement objective function and the regularized objective function for GLM 
iteration. B: correlation between observed and simulated head from GLM estimation. C: evolution of the objective functions of the 300 IES models. D: correlation 
between observed and simulated head with prior and posterior IES models.
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and observed hydraulic heads in both the IES and GLM inverse models 
(Fig. 4B, 4D).

Fig. 4A shows the measurement objective function reduction ac-
cording to the increase of the regularization objective function. This 
result determines the best trade-off that strikes a balance between 
measurement and regularization objective function. In this case, the 
12th iteration is a good trade-off. The correlations achieved between the 
estimated and observed head values by IES indicate an average root 
mean square error (RMSE) between 0.61 and 2.33 m with an average 
value of 1.48 m. In comparison, GLM demonstrates an RMSE of 0.29 m.

Generally, the head estimates obtained from GLM and IES bracket 
the behavior observed in the pumping test simulations, as illustrated in 
Fig. 5 with pumping conducted in well W1 and observation in well W2. 
The head simulations obtained from the parameter estimation based on 
GLM show better calibration of the heads in the pumped well W1 than in 
W2 (Fig. 5). The posterior ensemble obtained from IES exhibits a wide 
range around the synthetic observed heads, but brackets them relatively 
well (Fig. 5).

The estimated hydraulic conductivity field (Fig. 6A) shows an 
alignment of low hydraulic conductivity values corresponding to the 
synthetic fault pattern (Fig. 3B, the synthetic alignment). The observa-
tion of the residual field is in Fig. 6B, i.e. the differences between the real 
synthetic and estimated conductivity fields show that the residuals are 
low in the area where the boreholes are close to each other on both sides 

of the fault zone. The observation of the residual map (Fig. 6B) shows 
that the model is less efficient in estimating the correct location of the 
fault barrier zone in the southern part of the test area where a well is 
located only on one side of the fault zone.

A comparison of the hydraulic conductivity fields estimated by IES 
and GLM reveals certain differences, particularly in the lower part of the 
fault zone (Fig. 6A, 6C). In this zone, the average of the hydraulic con-
ductivity fields obtained by IES shows a poorer definition of the syn-
thetic fault segment, which, as in the residual field map (Fig. 6D), 
indicates the lack of spatialized data in this zone. The maps representing 
the residuals between observed and simulated values (Fig. 6B, 6D) 
indicate that the IES generally provides a better estimation of the con-
ductivity field, especially for the DZ and the protolith. IES is significantly 
more successful in distinguishing the transition phase of the DZ with 
high hydraulic conductivity values. In contrast, GLM does not clearly 
show the DZ but only highlights the transition from the impermeable CZ.

3.4.2. Simulation and forecasts uncertainty analysis with FOSM and IES
Drawdown and travel time forecasts under uncertainty have been 

estimated for well 4 with pumping in well 2 with parameters previously 
estimated (Fig. 6). Predictive uncertainty from GLM estimated param-
eters is performed with FOSM and with IES for IES results. The posterior 
head and travel time obtained with FOSM and PEST++ IES is greatly 
improved over the prior and is close to the “true” travel time.

The posterior mean travel time estimated by FOSM is 1,214 days, 
with a standard deviation of 446 days, compared to a “true” value of 
987 days (Fig. 7A, Fig. 7B). Using IES, the posterior mean travel time is 
961 days with a standard deviation of 447 days, which is very close to 
the true value and similar to the standard deviation obtained with FOSM 
(Fig. 6C, Fig. 6D).

Table 1 
Summary of optimization results.

Optimization results PEST++GLM PEST++IES

Number of PEST++ iteration 30 3
Number of model execution 9554 900
Computing time on 90-core CPU (hours) 26.69 1.28
RMSE (m) 0.29 Range: 0.61 – 2.33 

Ensemble: 1.48

Fig. 5. Observed vs. simulated plots of synthetic case hydrographs for pumping in well W1 and observation in well W2. The actual synthetic case heads are in red, the 
head estimates obtained by GLM are in black, and all the heads obtained with IES are in gray. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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4. Real world case study

The method described above has been applied on a case-study site 
located in the southeast of France in a karst aquifer, which supplies 
drinking water to the Montpellier urban area, i.e. 350 000 ca (Fig. 8). 
The experimental site is situated in a NW-verging monocline with 
stratigraphic dips ranging from 25◦ to 30◦. It is characterized by surface 
geology composed of Berriasian limestone and marl-limestone alterna-
tions from the Valanginian. The section of the aquifer studied at this site 
is located along the eastern border of the catchment area, near the 
outfall (2.3 km). The aquifer layer represented corresponds to the Ber-
riasian limestone.

An N140◦E-oriented fault (Rieu Coullon) crosses the site, extending 
over several hundred meters. The observed 50 m dextral offset juxta-
poses the Berriasian limestone with the Valanginian marl-limestone. A 
heterogeneous and altered zone, with a width ranging from 50 m to 60 
m, is observed, potentially associated with the damage zone. The lack of 
outcrops and clear zones along this fault makes it challenging to directly 
observe its composition or find structural indicators. As a result, 
geological field approaches do not provide an initial insight into the 
hydrodynamics of the fault zone. Five boreholes (F1 to F5), penetrating 
vertically into the Valanginian and upper Berriasian for approximately 
60 m, were strategically placed to study the fault and are positioned on 
either side of it (Fig. 8).

Clauzon (2019) observed the influence of the Rieu Coullon fault 

fracturing through the realization of pumping tests and measurements 
with flowmeters at all boreholes on the site. This was evidenced by the 
NNW-SSE direction of the observed hydraulic gradient. The karst 
network is notably sparse around the fault, as revealed by optical 
borehole imaging.

4.1. Geophysical information

Geophysical investigations have been conducted on the site. The 
resistivity panel crosses the Rieu Coullon fault perpendicularly, over a 
profile length of 240 m, with 120 electrodes spaced 2 m apart. The 
electrical resistivity tomography (ERT) profile is made from the Syscal 
Pro datalogger (IRIS instruments) using the Wenner-Schlumberger array 
acquisition configuration. Measurements with a standard deviation 
higher than 5 % were removed. Data was inverted using Res2dinv 
software (Loke, 1999).

The electromagnetic (EM) resistivity map was made from the 
acquisition of the average variations of the electrical conductivity of the 
soil, at depths between 0 and 5.5 m. Measurements were carried out 
with an EM31 (Geonics) in a vertical dipole configuration connected to a 
GPS. Measurements were recorded each second along lines oriented 
perpendicularly to the faults and with lines spaced approximately 5 to 
10 m from each other.

Kriging using a fitted pentashperical model in Surfer (Golden Soft-
ware) was used on a 1 m x 1 m 2D grid.

Fig. 6. Fault zone parameter estimation with GLM and IES. A and C: Estimated Hydraulic conductivity field for the synthetic fault zone with GLM (A) and IES (C). B: 
Residual field of the GLM (B) and IES (D) estimated hydraulic conductivity.
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Geometric information from the ERT profile shows a sub-vertical 
structure in the center of the profile at the level of the central segment 
of the Rieu Coullon Fault (Fig. 9). Variations in apparent conductivity on 
the electrical conductivity map (Fig. 9) highlight the dextral strike-slip 

of the Rieu Coullon fault, as interpreted by the surface geology 
(Clauzon, 2019).

The geological knowledge and the geophysical information acquired 
on the experimental site of Rieu Coullon (Fig. 8, Fig. 9), is used as a 
qualitative criterion for the posterior definition of the fault’s shape for 
the estimation of the hydraulic conductivity field.

4.2. Model description

The Rieu Coullon experimental site is spatially discretized using a 
rectangle of 1200x800 meters. We are imposing an upper layer thickness 
of 30 m based on observations of variations in the site’s water table. The 
transient flow for parameter estimation and the steady-state flow and 
transport model for forecasting purpose have the same boundary con-
dition, temporal and spatial discretization. Parameter estimation 
methodology of this case study was carried out using the same workflow 
as the synthetic case one.

The head data set represents four well tests carried out in the 
different wells with observations in all wells for a total of 20 observation 
series (Table 2). Pressure data is recorded from TD-Diver probes at fre-
quencies of 10 to 30 s. The drawdown data is corrected for the natural 
recession of the water table.

The pumping tests selected for our study were conducted during 
comparable hydrological periods, reflecting similar uninfluenced 
groundwater levels. In the presence of variations in the pumping re-
gimes, each well reached a permanent state at different times. The 
imposed flow rates were adjusted to avoid well dewatering.

The bounds for the prior values in parameter estimation were 
defined based on the hydrodynamic knowledge of the site, with the 
minimum and maximum values of hydraulic conductivity ranging from 
10-3 to 10-10 m s− 1 (Clauzon, 2019). Exploration of the objective func-
tion in parameter space for a homogeneous hydraulic conductivity and 
storativity identified initial prior values of 10-5 m s− 1 and 10-5 

respectively.

4.3. Case study parameter estimation

The parametric estimations were based on a set of 7140 head 
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Fig. 8. Rieu Coullon experimental site. Aerial map with geological interpretation (modified from Clauzon, 2019), and location of the five boreholes (F1 to F5).
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observations. The correlations between the observed values and the 
simulated values are satisfactory in view of the results of the average 
RMSE from the PEST++GLM and PEST++IES estimates (Table 3).

Fig. 10A, and Fig. 10C show the hydraulic conductivity fields esti-
mated with PEST++GLM and PEST++IES, both demonstrate the het-
erogeneity of the hydraulic conductivity field resulting from 
observations in cross-hole pumping tests. The hydraulic conductivity 
fields obtained (Fig. 10) are qualitatively compared with the available 
geological and geophysical information (Figs. 8 and 9). This highlights 

Fig. 9. Results of geophysical applications at the Rieu Coullon site. A: The electrical conductivity map of the ground, in red, is the axis of the fault interpreted on the 
geological map, and in the dotted line is the ERT panel line (realized with EM31). B: ERT panels intersect the Rieu Coullon fault perpendicularly with the inter-
pretation of the fault zone (FZ) location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Setting conditions of cross-hole pumping test realized in four boreholes (F2, F3, 
F4, F5) (location present in Fig. 8).

Test Date Pumped well Flow rates (m3/s) Test Duration

12-July-2018 F5 7.30 10-3 5 h 00
07-Sep-2018 F4 5.33 10-3 51 h 14
18-Sep-2028 F2 4.25 10-3 58 h 50
22-Oct-2018 F3 1.46 10-2 120 h 57
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the passage of a zone of low hydraulic conductivity where the fault has 
been described and observed in geophysical investigation. The results 
obtained for the hydraulic conductivity field suggest that the Rieu 
Coullon fault zone may have a less rectilinear direction than that indi-
cated on the geological map. The observed hydraulic conductivity 
contrasts highlight the parts of the fault zone that are impermeable. 
These parts can be interpreted as CZ lenses (Géraud et al., 2006; Davis 
et al., 2011).

Fig. 10B and 10D illustrate the uncertainties of the model 

permeabilities where a better estimation occurs within the area between 
and around wells. IES estimation results show lower uncertainty values 
than those obtained with FOSM estimation from GLM.

4.4. Hydrodynamic interpretation of the Rieu Coullon fault

The application of inverse estimation of hydraulic conductivity on 
the fault zone of the Rieu Coullon site yields a range of values for this 
hydrodynamic property, ranging from 1.10-3 m s− 1 to 1.10-9 m s− 1. The 
hydrodynamic estimation has been made on parameters estimated by 
IES due to the assumed best estimate of uncertainties and knowing that 
the results obtained by GLM and IES are concordant.

Three cross-sectional profiles across the Rieu Coullon Fault are 
depicted in Fig. 11. The location of these profiles was deliberately 
selected based on the hydraulic conductivity field estimated by IES and 
the areas with the lowest estimation uncertainties (Fig. 10D). The hy-
draulic conductivity variations obtained for the Rieu Coullon Fault and 
those derived from hydrodynamic knowledge in the fault zone, as 

Table 3 
Summary of optimization results.

Optimization results PEST++GLM PEST++IES

Number of PEST iterations 30 3
Number of model executions 9954 200
Computing time (hours) 43.8 1.27
RMSE (m) 0.75 Range: 1.12 – 3.26 

Mean: 2.31
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illustrated in Fig. 11A, 11B, 11C and in Fig. 2, are consistent. The hy-
draulic conductivity value profiles in Fig. 11 demonstrate significant 
variations along the Rieu Coullon fault. In the peripheral zones of the CZ 
shape, higher hydraulic conductivity values around 10-3 m s− 1 are 
observed, which can be associated with a DZ where thickness varies 
along the fault.

The zone ranges from low hydraulic conductivity (10-7 – 10-8 m s− 1) 
to impermeable values (10-8 – 10-9 m s− 1) (Fig. 11). Therefore, the core 
zone could be composed of impermeable fault rock such as cataclasite or 
gouge to exhibit such values (Sibson, 1977). The estimated orders of 
magnitude of hydraulic conductivity indicate the presence of a well- 
developed fault zone in the Rieu Coullon area, characterized by a 
continuous impermeable CZ and a highly permeable DZ. This observa-
tion suggests the successful development of a fracture network, forming 
a conduit-barrier fault zone (Micarelli et al., 2003; Micarelli et al., 
2006).

On the survey area, the thickness of the impermeable zone varies 
significantly, ranging from 1.5 m to 20 m. The interpreted thickness of 
the fault zone based on the hydraulic conductivity field reveals a width 
of approximately 65 m. These dimensions of fault zone thickness 
correspond to on-site observations indicating altered and fractured 
zones within this interval (Clauzon, 2019). This width demonstrates a 
coherent scaling relationship with the apparent fault offset (50 m), 
which aligns with the linear scaling relationship observed in previous 
research by Mayolle et al. (2019) in a carbonate environment.

The approach carried out at the Rieu Coullon site has enabled the 
expansion of point observations and their utilization for a spatial 
interpretation of the fault zone.

The application of this developed approach to the fault zone of Rieu 
Coullon highlights the significant heterogeneity of the fault zone, as well 
as variations in the thickness of the CZ and DZ structures along the fault.

4.5. Case study forecasts and uncertainty

As this aquifer is highly sensitive, we are seeking to assess the hy-
drodynamic impact of this type of fault zone on the water resource in 
terms of point-source pollution. For this, travel time forecasts have been 
performed between wells 3 and 1 with both FOSM from GLMA estima-
tion and IES. Results show a mean travel time of about 300 days for both 
methods (Fig. 12). Both differences between prior and posterior travel 
time confirm the influence of an impermeable CZ of the Rieu Coullon 
fault, as evidenced by long-term transport times.

In contrast to the synthetic case, the range of possible results esti-
mated by IES extends over a broader range of times compared to the 
estimation by GLMA with FOSM, highlighting the greater capability of 
IES to explore the wide null space of the inverse problem.

The comparison of prior and posterior distributions demonstrates the 
effectiveness of IES and GLMA with FOSM in reducing predictive 
uncertainty.

Fig. 11. Hydrodynamic interpretation: hydraulic conductivity perpendicular to the Rieu Coullon fault zone. A, B, and C: Trends in hydraulic conductivity along the 
northern (A), central (B), and southern (C) segments of the fault. In red is the average variation in hydraulic conductivity, and in grey lines is the set of hydraulic 
conductivity estimation models obtained with IES. D: Map of hydraulic conductivity estimated by IES and interpretation of CZ location. DZ and CZ represent the 
damage zone and the multicore zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.6. Contributions of case study for karstic fault zones

The hydrodynamic interpretations derived from the estimation re-
sults suggest that the Rieu Coullon fault exhibits conduit/barrier 
behavior, supported by flow simulations. Groundwater flow appears to 
be preferentially directed through the damage zone along a parallel axis. 
There is a potential for flow channelization parallel to the core zone but 
through the damage zone. This dynamic may facilitate karst 

development. The hydrodynamic interpretation of the Rieu Coullon 
fault reveals the presence of a highly permeable damage zone, making it 
highly vulnerable to pollution infiltration. This serves as an additional 
example of a fault zone in fractured carbonate environments (Micarelli 
et al., 2006; Hausegger et al., 2010; Bauer et al., 2016; Geng et al., 
2021), contributing to our understanding of hydrodynamic properties in 
such complex settings.

This study provides an original proposal for a distribution of 

Fig. 12. Results of travel time prediction estimates on both sides of the fault zone on the Rieu Coullon Fault. Forecast uncertainty reduction with GLM (A) and IES 
(B). Time data before estimation are shown in grey, and time data after the reduction of uncertainties are shown in blue.

Fig. 13. A: Conceptual diagram of the internal structures of a karstified carbonate fault zone. B: Evolution of hydraulic conductivity perpendicular to the central 
segment of the karstified fault zone. The red line represents the average variations in hydraulic conductivity resulting from structural heterogeneity and kar-
stification. The dotted black line indicates the actual hydraulic conductivity, considering the extreme variations in hydraulic conductivity imposed by karstification 
and multiple core zones.
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hydraulic conductivities within the CZ and DZ, representative of the 
dynamics of groundwater flows and consistent with hydrological ob-
servations (Fig. 13). This application provides an initial insight into the 
magnitude variations encountered in these karst environments 
(Fig. 11A, 11B, 11C). The hydraulic conductivity variations illustrated in 
Fig. 13 in this case study range between 10-3 and 10-9 m s− 1, with values 
of 10-3 m s− 1 in the DZ, 10-7 to 10-9 m s− 1 in the CZ, and K values of 10-5 

m s− 1 for the healthy protolith outside the fault zone. The extremely low 
values encountered in the CZ indicate that even in the context of rock 
dissolution in a fractured network, the fault rock in the CZ can remain 
intact and form an impermeable barrier. On the other hand, the K values 
encountered in the DZ indicate high permeability. In our choice of 
equivalent porous model, we average the hydrodynamic effects of the 
karst network and the matrix. In this case study, it is possible to hy-
pothesize that the high K values may be associated with the karst 
network. This is further supported by the well-known fact that fractures 
and areas with high fracture density, like those found in the DZ, 
contribute to the development of the karst network (Lopes et al., 2022; 
Furtado et al., 2022).

5. Discussion and conclusion

The proposed approach to estimate the hydraulic conductivity field 
from cross-hole pumping tests for fault zone hydrodynamic simulation 
has proven its efficiency for a conduit-barrier fault zone of a carbonated 
and karstified environment with a sparse spatial dataset. The synthetic 
test case that validated the approach has shown that the use of solely 
hydraulic head measurements from cross-hole pumping tests estimates 
both the direction and the hydraulic conductivity field of the fault zone. 
Head and pollutant travel time forecasts are close to the “true” value for 
the synthetic case, and the associated posterior predictive uncertainty is 
greatly reduced from the prior. It is important to highlight that even the 
travel time predictions are close to the real value and the posterior is 
significantly improved, even though no transport information was 
incorporated for parameter estimation. This finding needs to be quali-
fied, as mass transfer has not been observed and may be largely influ-
enced by the karstic nature of the aquifer.

The observation of groundwater levels on either side of a fault zone 
can lead to a binary interpretation, either conduit or barrier, ultimately 
providing no insight into the permeability contrasts between the dam-
age zone and the core zone (Berkowitz, 2002). However, by processing 
this information using the methodology presented, the possibility to 
achieve a interesting level of detail on the spatial heterogeneity of the 
fault zone has been shown, with precision to distinguish between the 
behavior of the damage zone and that of the core zone.

Our results, providing a spatial interpretation of fault zone hydro-
dynamics, demonstrate that the head variation data are effective for 
understanding fault zone hydrodynamic structures. The hydrodynamic 
properties of the fault zone are estimated directly from observation 
influenced by them, i.e. groundwater flow within the fault. We aim to 
encourage future hydrodynamic interpretations of fault zones to incor-
porate hydrological data more extensively in addition to structural ob-
servations. In fractured carbonate environments, the development of 
preferential karstic networks along fractures is a complex element to 
anticipate based solely on surface geological observations (Bonetto 
et al., 2008; De Waele et al., 2011; Parise et al., 2015). Depending on 
numerous factors like the topological characteristics of the fracture 
networks (Zimmerman and Main, 2004) or the type of fracture contact 
(Berkowitz et al., 1994), the development of the karstic network in-
troduces significant uncertainties when its only morphologically esti-
mate (Bakalowicz, 2005). Simply using groundwater levels as the main 
indicator of the hydrodynamic behavior of a fault zone allows to 
encompass flow through matrix, within karst conduits, across fractured 
media, and through fault zone structures. The hydrodynamic interpre-
tation validation conducted on a real fault zone has been made possible 
by the findings, shedding light on the dimensions and internal structural 

entities of the fault zone. This interpretation is further supported by 
results consistent with the geological and structural characteristics of 
faults in carbonate formations (Micarelli et al., 2003, 2006; Balsamo 
et al., 2016; Maqbool et al., 2016; Clauzon et al., 2020; Mayolle et al., 
2019). By averaging the effects of the karst network and the matrix using 
the equivalent porous model to estimate the conductivity field, we 
provide a representation of the hydrodynamic behaviors of these two 
karst entities. Ultimately, this approach allows the obtained hydraulic 
conductivity field to link high levels of permeability to a potential in-
fluence of the karst network in these areas.

Our results offer a hydrodynamic estimation of the fault zone, 
overcoming the challenge of limited structural and geological informa-
tion. This methodology addresses the issue of accessing geological data 
in fault zones and underscores the significance of hydrological infor-
mation in enhancing our understanding of fault zones.

This approach improves decision-making on quantitative and qual-
itative issues for better management of water resources as it has been 
applied with success to a real-world case study where the results of the 
inversion match the geophysical and geological observations.

The proposed approach is designed to be easily replicable even with 
limited information of a fault zone, and with a limited number of on both 
sides of a fault zone. It is recommended to compare the results with 
complementary qualitative and/or quantitative observations such as 
geological and hydrogeological studies of the fault zone (Micarelli et al., 
2006; Lockner et al., 2009; Ball et al., 2010; Bense et al., 2013). Pre-
sented parametric uncertainty quantification can help to find areas 
where observations are missing, and a data worth methodology could be 
used for better spatial implementation of complementary observations.

There are a few recommendations for the proper use of this method.
The estimation of hydraulic conductivity faces limitations when 

observations are confined to one side of the fault or when spatial in-
formation around the fault zone is scarce. As a result, this methodology 
requires access to hydrodynamic information from wells located on both 
sides of the fault zone. Additionally, this approach does not consider 
vertical variations in hydraulic conductivity. In cases where lithologies 
with differing permeabilities are intersected by wells, our method will 
be constrained by this vertical heterogeneity. The aim of this method is 
not to make a fine horizontal and vertical cartography of the hydraulic 
conductivity along the fault zone, but to simulate the flow and transport 
within it. The equivalent porous model works well in this respect, but a 
larger number of wells in the different zones of the fault would enable a 
finer hydraulic tomography. Although the equivalent porous medium 
model simplifies the approach and improves estimations and simula-
tions by averaging the effects of the karst network and fault zone 
structures on estimated permeability, transport simulations may un-
derestimate travel times due to the absence of a fracture network model.

Overcoming ill-posed problems necessitates the use of regulariza-
tion, such as the preferred parameter Tikhonov regularization. However, 
for fault zone estimation purposes we aim to characterize a highly 
contrasted hydraulic field where the regularization has the effect of 
smoothing the field. The trade-off between measurement objective 
function and regularization objective function is justified by the desire 
to achieve a significant reduction of the objective measurement smooth 
enough while avoiding excessive adjustment that can lead to an over-
fitting with an unrealistic hydraulic conductivity field. One important 
aspect of the presented method is its ability to incorporate additional 
site-specific hard or soft knowledge to constrain the inverse model. If 
localized hydrodynamic property data is available, it could be directly 
informed through the pilot points, and the Tikhonov regularization can 
be used to enhance the model by incorporating the information.

A few points could be considered in the future. Diverse data types 
could be incorporated as observation through the inversion process. For 
example, observations of artificial or natural tracer tests or electrical 
observations with coupled hydro-geophysical modeling can improve 
parameter estimation and simulation of fault zones (Irving and Singha 
2010; Cousquer et al, 2018). The use of vertically discretized head and/ 
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or transport observation coupled with packer tests could extend this type 
of approach to 3 dimensions. The integration of information on transport 
times between boreholes in our application could significantly enhance 
particle tracking estimates for advective transport. This could better 
constrain posterior time estimates in the graphs of Fig. 12 and reduce the 
spread of models around a more probable value.

To further enhance the understanding of hydrodynamics within fault 
zones, we could investigate the scaling relationship between static ob-
servations such as structural geological information, and hydrodynamic 
observations on a large set of fault zones to upscale the hydrodynamic 
function of fault zones in a given context. From this kind of future work, 
knowledge along the fault zone area at the basin scale can be imple-
mented by linking pilot points along the fault zone and assigning prior 
knowledge of hydraulic conductivity values.

This study also enabled us to compare the GLM and IES methods in a 
certain context. GLM needs a much higher computational time demand 
than IES due to the calculation of the Jacobian matrix at each algorithm 
iteration. Compared to GLM, which is a deterministic method, IES is an 
ensemblistic method based on the parameter space sampling that leads 
to a set of realizations that is particularly suitable for better uncertainty 
analysis and forecast purposes. IES is well suited for investigating the 
diverse range of possible solutions for highly parametrized models and 
capturing the variability inherent to the estimation process with a 
particularly short computation time. GLM has demonstrated its well- 
known capability for both estimation and uncertainty quantification 
close to the IES results. The two inverse problem-solving methods used 
demonstrate significantly different needs in terms of the number of it-
erations required. GLM requires a number of iterations primarily 
dependent on the reduction of the objective function. In contrast, IES 
significantly reduces the objective function within the first few itera-
tions, necessitating a limit on the number of iterations to prevent the 
ensemble of models from converging into a single unique model. 
Furthermore, the computational capabilities of IES enable the extension 
of this strategy to larger scales, such as the aquifer scale, by incorpo-
rating a comprehensive dataset of geological and hydrogeological in-
formation and considering a wide range of multidisciplinary data set.

A reproducible workflow for flow and transport simulation of fault 
zones with parameter estimation and predictions under uncertainty has 
been proposed. We successfully demonstrated the efficiency of the 
methodology for a conduit-barrier fault zone in a moderately karstified 
carbonate environment, first on a synthetic case and then in a real-world 
case study application. This study is innovative in that this 2D distri-
bution of hydrodynamic properties is proposed on a multi-decametric 
scale of the fault, rather than a multi-metric scale (geological 
approach) or a hecto-metric scale (reservoir approach). In terms of the 
dynamics of underground flow in a fault zone, it can be used as a basis 
for the reproducibility of hydrogeological models in faulted aquifers. 
Application of this approach to a real fault zone in a carbonate envi-
ronment provides comprehensive insights into karstic environments 
within hydrodynamic studies of fault zones, thereby improving quali-
tative and quantitative groundwater management.
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Essouayed, E., Ferré, T., Cohen, G., Guiserix, N., Atteia, O., 2021. Application of an 
iterative source localization strategy at a chlorinated solvent site. Journal of 
Hydrology X 13, 100111. https://doi.org/10.1016/j.hydroa.2021.100111.

Evans, J.P., Forster, C.B., Goddard, J.V., 1997. Permeability of fault-related rocks, and 
implications for hydraulic structure of fault zones. J. Struct. Geol. 19, 1393–1404. 
https://doi.org/10.1016/S0191-8141(97)00057-6.

Faoro, I., Niemeijer, A., Marone, C., Elsworth, D., 2009. Influence of shear and deviatoric 
stress on the evolution of permeability in fractured rock. J. Geophys. Res. Solid Earth 
114. https://doi.org/10.1029/2007JB005372.

Faulkner, D.R., 2004. A model for the variation in permeability of clay-bearing fault 
gouge with depth in the brittle crust. Geophys. Res. Lett. 31. https://doi.org/ 
10.1029/2004GL020736.

Faulkner, D.R., Jackson, C.A.L., Lunn, R.J., Schlische, R.W., Shipton, Z.K., Wibberley, C. 
A.J., Withjack, M.O., 2010. A review of recent developments concerning the 
structure, mechanics and fluid flow properties of fault zones. Journal of Structural 
Geology, Fault Zones 32, 1557–1575. https://doi.org/10.1016/j.jsg.2010.06.009.

Ferraro, F., Agosta, F., Prasad, M., Vinciguerra, S., Violay, M., Giorgioni, M., 2020. Pore 
space properties in carbonate fault rocks of peninsular Italy. J. Struct. Geol. 130, 
103913. https://doi.org/10.1016/j.jsg.2019.103913.

Fischer, P., Jardani, A., Soueid Ahmed, A., Abbas, M., Wang, X., Jourde, H., Lecoq, N., 
2017. Application of large-scale inversion algorithms to hydraulic tomography in an 
alluvial aquifer. Groundwater 55, 208–218. https://doi.org/10.1111/gwat.12457.

Fischer, P., Jardani, A., Lecoq, N., 2018. Hydraulic tomography of discrete networks of 
conduits and fractures in a karstic aquifer by using a deterministic inversion 
algorithm. Adv. Water Resour. 112, 83–94. https://doi.org/10.1016/j. 
advwatres.2017.11.029.

Fisher, Q.J., Haneef, J., Grattoni, C.A., Allshorn, S., Lorinczi, P., 2018. Permeability of 
fault rocks in siliciclastic reservoirs: recent advances. Mar. Pet. Geol. 91, 29–42. 
https://doi.org/10.1016/j.marpetgeo.2017.12.019.

Ford, D.C., Ewers, R.O., 1978. The development of limestone cave systems in the 
dimensions of length and depth. Can. J. Earth Sci. 15, 1783–1798. https://doi.org/ 
10.1139/e78-186.

Ford, D., Williams, P., 2007. Karst hydrogeology and geomorphology. John Wiley & Sons 
Ltd, West Sussex, England. https://doi.org/10.1002/9781118684986.

Fredman, N., Tveranger, J., Semshaug, S., Braathen, A., Sverdrup, E., 2007. Sensitivity of 
fluid flow to fault core architecture and petrophysical properties of fault rocks in 
siliciclastic reservoirs: A synthetic fault model study. Petroleum Geoscience - Petrol 
Geosci. 13, 305–320. https://doi.org/10.1144/1354-079306-721.

Furtado, C.P.Q., Medeiros, W.E., Borges, S.V., Lopes, J.A.G., Bezerra, F.H.R., Lima- 
Filho, F.P., Maia, R.P., Bertotti, G., Auler, A.S., Teixeira, W.L.E., 2022. The influence 
of subseismic-scale fracture interconnectivity on fluid flow in fracture corridors of 
the Brejões carbonate karst system, Brazil. Mar. Pet. Geol. 141, 105689. https://doi. 
org/10.1016/j.marpetgeo.2022.105689.

Gassiat, C., Gleeson, T., Lefebvre, R., McKenzie, J., 2013. Hydraulic fracturing in faulted 
sedimentary basins: numerical simulation of potential contamination of shallow 
aquifers over long time scales. Water Resour. Res. 49, 8310–8327. https://doi.org/ 
10.1002/2013WR014287.

Geng, F., Wang, H., Hao, J., Gao, P., 2021. Internal Structure Characteristics and 
Formation Mechanism of Reverse Fault in the Carbonate Rock, A Case Study of 
Outcrops in Xike’er Area, Tarim Basin, Northwest China. Frontiers in Earth Science 
9.
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