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Abstract

The presented study focuses on the geological and hydrodynamic modeling of
the Roussillon aquifer. Located in southern France, near the Mediterranean
Sea, the Roussillon plain covers an area of over 800 km2 and serves as the most
important source of fresh water for the local community, supporting various
needs such as irrigation, drinking water, and industrial usage. This aquifer
is situated in one of the driest regions of France. Additionally, the aquifer
experiences heavy water abstraction, mainly for drinking and agricultural pur-
poses, leading to a steady decline in its water level over the years. The region
is also affected by climatic changes, including rising sea levels and potential
disruptions in precipitation patterns, which further impact the aquifer’s wa-
ter availability. Balancing water management and conservation in the face of
increasing population and climate change poses significant challenges for the
Roussillon aquifer. The primary aim of the thesis is to enhance the geological
understanding of the Roussillon aquifer and develop a hydrodynamic model to
gain deeper insights into the functioning of the aquifer system. Additionally,
the study aimed to create a solid foundation for investigating the potential
consequences of climate change on this essential regional resource.

The geological model consists of three main units, starting with the deepest
unit, the Marine Pliocene unit, followed by the Continental Pliocene unit, and
finally at the top the Quaternary unit. The initial phase of this work involved
compiling a comprehensive geological database using onshore and offshore data
sets to develop a conceptual understanding of the aquifer’s structures and to
interpolate the main 2D surfaces that separate the 3D geological model. Within
the Continental Pliocene layer, four sub-intervals were defined, and the eleva-
tion map of the three surfaces dividing these sub-intervals was mapped and
interpolated using geophysical logs and offshore seismic data. The geological
data set, although limited in resolution and coverage, served as conditioning
data for the geostatistical simulation of the Continental Pliocene layer.

We then used the multiple-point simulation approach (MPS) to simulate re-
alistic lithofacies patterns representative of the sediment spatial distribution
in the Continental Pliocene layer. The 3D model of the Continental Pliocene
layer was created by stacking 2D simulations controlled by vertical conditioning
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12 Abstract

sampling. The results demonstrated satisfactory reproduction of sedimentary
structures at the regional scale.

In addition to the MPS simulation, two other approaches, a depth-related ap-
proach and a Sequential Indicator Simulation (SIS) set, were used to generate
hydro-physical property fields for the aquifer. The depth-related approach is
based on the interpretation of hydraulic pumping tests, to assign hydraulic
conductivity values based on the cell’s depth in the grid. The SIS employed
a variogram-based algorithm to simulate simple lithofacies structures (more
simple compared to the MPS models). These three sets of hydraulic conduc-
tivity and specific storage values are used to feed the hydrodynamic simulations
and estimate the propagated uncertainty of the sedimentological models on the
hydrodynamic simulations.

This work then focuses on defining the conceptual hydrodynamical model of the
Roussillon aquifer. We present the main boundary conditions, their associated
budgets, available piezometric observations, and the main modeling assump-
tions, linked to the different components of the MODFLOW 6 hydrodynamic
model.

In the first modeling step, a steady-state calibration is performed to calibrate
river parameters and mean hydraulic conductivity of simulated facies with the
goal of preserving the simulated lithofacies patterns while matching the hydro-
dynamic observations. Once calibrated, we used these parameters for transient
hydrodynamic models over a 20 years period. The three model approaches are
used and compared in this study.

It appears that reproducing the piezometric transient observation series pre-
sented some difficulties, with the models failing to capture the main trend of
the piezometric levels on some locations. The reproduction of these piezomet-
ric series suffered from limited data availability, simplified river systems, and
uncertainties regarding the local hydraulic conductivity and specific storage
parameters. To better reproduce the piezometric series, this work ends with a
short study on the use of the ES-MDA approach to attempt local corrections
of the hydraulic conductivity and specific storage parameters. These initial
tests faced limitations, as many forward models failed to converge during the
process, limiting the applicability of the calibration process.

Overall, this work proposes a unique regional comparison of sedimentological
modeling approaches and their influence on hydrodynamic simulations. It also
identifies directions for improving the aquifer model’s performance. Obtaining
more reliable observation data series, as well as more onshore sedimentologi-
cal information, especially in areas with significant deviations from simulated
water levels, is highly recommended for improving the Roussillon hydrogeo-
logical model. This would aid in better understanding the system’s behavior
and facilitate localized modifications of the sedimentological model and the hy-
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drodynamic conditions. Despite the challenges faced, the study contributes to
understanding the aquifer’s transient state, emphasizing the importance of sed-
imentological models in hydrodynamic studies, and identifying major sources
of uncertainty in the current model of the Roussillon aquifer.

Keywords

Hydro-Geological modeling, Geostatistic, Multiple-point Statistics (MPS), Hy-
drodynamical modeling, MODFLOW6, Roussillon aquifer.





Résumé

Ce travail de thèse porte sur la modélisation géologique et hydrodynamique
de l’aquifère du Roussillon, en mettant l’accent sur la transition d’un modèle
géologique détaillé, utilisant la méthode géostatistique de simulation multi-
point (MPS), vers des modèles hydrodynamiques.

La première étape de ce travail de thèse a consisté à créer les enveloppes du
modèle géologique 3D du Roussillon. Les principales unités géologiques de
l’aquifère du Roussillon comprennent le Pliocène marin, le Pliocène continen-
tal et le Quaternaire. La compilation d’une base de données géologiques, com-
posés de logs géophysiques et de ligne sismiques, a permis de comprendre les
structures de l’aquifère et d’interpoler les surfaces 2D qui délimitent le modèle
géologique 3D.

Une fois les enveloppes interpolées, la seconde étape de modélisation de ce
travail s’est concentrée sur la simulation des faciès sédimentaire composant
l’aquifère du Pliocène Continental. L’utilisation de l’approche de simulation
multi-point (MPS) a permis de créer des modèles réalistes de faciès sédimentaire
dans l’unité du Pliocène continental, en reproduisant des structures alluviales
à l’échelle régionale.

En complément de la simulation MPS, deux autres modèles sédimentaires ont
été créés. Le premier est déterministe et se base sur l’interprétation d’essais de
pompage pour caractériser les propriétés physiques du Pliocène Continental.
Le second utilise une approche géostatistique appelée simulations séquentielles
d’indicateurs (SIS) pour générer les propriétés hydrodynamiques de l’aquifère.
Cette seconde approche géostatistique est plus couramment utilisée que le MPS
et est plus simple à mettre en œuvre.

La troisième étape de ce travail consiste en la définition du modèle hydrody-
namique de l’aquifère du Roussillon. Le modèle hydrodynamique a été réalisé
en considérant les conditions aux limites, les budgets de prélèvement asso-
ciés, les observations piézométriques disponibles, et a été pré-calibrer en régime
d’écoulement permanent dans une première phase de modélisation. Les modèle
d’écoulement ont été réalisés avec le logiciel MODFLOW 6.
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16 Résumé

La dernière étape de modélisation consiste en la création de modèle d’écoulement
en régime transitoire ainsi que dans la création d’une approche de calibration
des paramètres physique du modèle MPS du Pliocène Continental. Un défi
important de ce travail réside dans la conciliation des modèles géologiques avec
les données hydrodynamiques, ce qui nécessite une approche spécifique pour
garantir de préserver les structures sédimentaires simulées, lors du processus
de calibration. Il convient de noter que peu d’études existent sur la calibration
des modèles MPS régionaux, et que souvent, les processus de calibration ne
prennent pas en compte les éléments structuraux géologiques.

La comparaison des approches de modélisation sédimentologique, effectuée en
régime d’écoulement permanent et transitoire, met en avant une homogénéité
des résultats entre les différentes approches. Les résultats en régime permanent
sont satisfaisants pour les trois approches, mais peine à reproduire certains sig-
naux en régime transitoire. Les problèmes des modèles en régime transitoire
sont probablement dus à un problème d’initialisation du système hydrody-
namique et de calibration des conditions limites.

Ce travail propose donc une comparaison d’approches de modélisation sédi-
mentologique et de leur impact sur les simulations hydrodynamiques. Il met
en évidence des améliorations potentielles pour le modèle hydrogéologique de
l’aquifère du Roussillon. Des données d’observation plus fiables et des infor-
mations sédimentologiques supplémentaires sont fortement recommandées, en
particulier dans les zones présentant des différences significatives par rapport
aux niveaux d’eau simulés, afin d’améliorer le modèle hydrogéologique. Cela
permettrait de mieux comprendre le fonctionnement du système et de faciliter
les ajustements locaux du modèle sédimentologique et des conditions hydrody-
namiques. Malgré les difficultés rencontrées, notamment concernant la repro-
duction de certain signal piézométrique lors des simulations en régime transi-
toire, cette étude contribue à la compréhension de l’état de l’aquifère en iden-
tifiant les principales sources d’incertitude dans le modèle actuel de l’aquifère
du Roussillon.

Mots-clés

Modélisation hydro-géologique, Géostatistique, Statistiques multipoint (MPS),
Modélisation hydrodynamique, MODFLOW6, Aquifère du Roussillon.



Contents

1 Introduction 19
1.1 Regional context . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.2 Origin of the aquifer . . . . . . . . . . . . . . . . . . . . . . . . 22
1.3 The project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.4 Scope of the research . . . . . . . . . . . . . . . . . . . . . . . . 23
1.5 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2 Geological setting 29
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2 Main geological surfaces . . . . . . . . . . . . . . . . . . . . . . 34
2.3 Onshore data sets . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.4 O�shore data set . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5 UPC surfaces creation . . . . . . . . . . . . . . . . . . . . . . . 42
2.6 Continental Pliocene sub-intervals . . . . . . . . . . . . . . . . 44
2.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.8 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . 48

3 MPS simulations 53
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2 Background information . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . 62
3.4 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.5 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . 86

4 Aquifer properties 89
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . 112

5 Hydrodynamic concept 115
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.2 Conceptual model . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.3 Numerical model setup and discretization . . . . . . . . . . . . 121
5.4 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . 123

17



18 Contents

5.5 Observation wells . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.6 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . 138

6 Initial parameters identi�cation 141
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . 165

7 Transient-state and calibration 167
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.3 Initial transient models results . . . . . . . . . . . . . . . . . . 177
7.4 Es-MDA calibration tests . . . . . . . . . . . . . . . . . . . . . 190
7.5 Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . 197

8 General conclusions 201
8.1 The structural geological model and concept . . . . . . . . . . . 201
8.2 MPS simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 202
8.3 Hydrodynamical �elds properties . . . . . . . . . . . . . . . . . 203
8.4 Hydrodynamic conceptual description . . . . . . . . . . . . . . 204
8.5 Steady-state calibration . . . . . . . . . . . . . . . . . . . . . . 205
8.6 Transient regime and data assimilation . . . . . . . . . . . . . . 206
8.7 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

A Supplementary material 209
A.1 Observation data . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.2 Steady-state calibration . . . . . . . . . . . . . . . . . . . . . . 210
A.3 Pre-calibrated transient simulations . . . . . . . . . . . . . . . 211

Bibliography 225



Chapter 1

Introduction

Water is an essential resource for the life and development of our societies.
Additionally, of being use as drinking water, it is used for agriculture, industry,
or tourism activities. This resource is precious and is likely to undergo at least
a mid-stress in the near future due to the global climatic changes that face our
society. More than 30% of the freshwater used worldwide by our society came
from groundwater extraction [Famiglietti, 2014]. This percentage is likely to
rise in the next decade following the global increase of temperatures, of surface
water scarcity, of the global world population, and the disturbance of the global
water temporal and local distribution [IPCC, 2022]. Groundwater is stored
in aquifers, which can display very di�erent characteristics around the world,
depending on their bearing materials (sandy, carbonate, or granitic fractured
reservoirs), the climatic context in which they are located, and the intensity of
pumping to which they are subjected.

Coastal aquifers harbor a fragile groundwater resource, and represent one of the
main water resource for a large part of the world population. Martínez et al.
[2007] show that 41% of the world population, representing more than 2.5 billion
of people, lives within 100km, inland, from the coastline. Coastal reservoirs
can represent large fresh water resources since they can extend over the coastal
area into the sea domain [Post et al., 2013]. However, this resource is often
considered endangered due to intensive exploitation and contact with seawater,
which can contaminate fresh coastal groundwater resources. Seawater intrusion
can happen in two main ways: when the piezometric level drops below sea level,
or due to the density e�ect. The density e�ect occurs because saltwater has
a higher density than freshwater, making it easier for seawater to intrude into
aquifers. This process is facilitated by the changing hydraulic gradient where
the seawater and freshwater fronts meet, leading to accelerated circulation. In
addition to natural processes, intense storms or �ooding events in low coastal
areas can also contribute to seawater intrusion and contamination of wells.
These events can be linked to a decrease in recharge or excessive extraction of
groundwater from aquifers. Wells that are located in vulnerable areas and are

19



20 Chapter 1: Introduction

not adequately protected or have been damaged are particularly susceptible to
seawater intrusion [Calvache and Pulido-Bosch, 1997; Guo and Jiao, 2007; Shi
and Jiao, 2014]. Finally, climatic changes involving global sea level rise can also
have a large impact on the quality and the amount of resource available in these
areas [Masterson and Garabedian, 2007; McGranahan et al., 2007; Werner and
Simmons, 2009; Caballero and Ladouche, 2015].

This thesis project focuses on the characterization and modeling of the Rous-
sillon coastal aquifer, located in the southern part of France (Fig. 1.1). This
aquifer is of a regional importance as it is the main freshwater resource of the
area. This resource is under an increasing stress since a few decades due to
the touristic activities of the region, the increase in population, the agriculture
use and the present and future climatic conditions. The main objective of the
thesis is to improve the geological knowledge on this aquifer and build a hy-
drodynamical model to better understand the system, as well as establishing a
suitable ground to study the climatic change that will likely a�ect this regional
resource.

Figure 1.1: Roussillon region. The colored region corresponds to the extent of
the study site.
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1.1 Regional context

The Roussillon aquifer is an underground reservoir of water-bearing sediments
that is located near Perpignan, in the Roussillon region, south of France. It
is an important source of fresh water for the local community and is used for
a variety of purposes, including irrigation, drinking water and industrial uses.
This alluvial plain and its aquifer cover an area of more than 800km2 inland,
and is located in one of the driest regions of France, with an average annual
rainfall of 600 mm (2000-2020 average from SAFRAN1 data). This aquifer
is considered a coastal aquifer as it extends both inland and o�shore and is
subject to interaction with the saline waters of the Mediterranean Sea [Aunay,
2007]. Coastal aquifers are usually subject to many stresses and are considered
most likely to undergo degradation with the current and potential future cli-
mate changes [Werner and Simmons, 2009]. In addition, coastal aquifers can
be vulnerable to contamination from seawater intrusion, pollutants and other
sources, and it is important to carefully manage and protect these valuable
resources.

The Roussillon aquifer is the region's main freshwater source, accounting for
90% of the drinking water supply. It is also used for agricultural activities,
which have historically been widespread in the area, putting a second stress
on the resource. Touristic activities are also important in the plain, especially
during the summer, as the population in the seashore region can almost double,
which causes a large stress on the water resource during its driest period. In
total, water abstraction from the Roussillon aquifer reaches around 80Mm3 per
year, which has led to a steady decline in the level of the aquifer throughout
the plain in recent decades [Caballero et al., 2022b].

In addition, this region is a�ected by climatic changes [Caballero and Ladouche,
2015; IPCC, 2022]. The sea level is likely to rise, while the precipitation that
recharges the aquifer is projected to either decrease annually or be spatially
and temporally disturbed, with more intense rain events occurring, leading to
more probable �ooding events [IPCC, 2022]. With the temporal distribution
of rainfall events being disturbed, the aquifer may likely su�er from less water
available to recharge its reservoirs, leading to an annual decrease in the amount
of water available. Other climatic factors will have a direct or indirect impact
on water resources through changes in water use, local vegetation or even local
and global economic factors.

All these elements are putting the Roussillon aquifer under stress. The past,
present, and future decisions on how to manage this resource were, are and will
be challenging to take, especially in the global context of growing population
increase and climate changes.

1Système d'Analyse Fournissant des Renseignements Atmosphériques à la Neige - Météo-
France
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1.2 Origin of the aquifer

In order to describe the Roussillon aquifer, we brie�y present the main geolog-
ical events that led to the creation of this aquifer.

The Roussillon aquifer is considered to be a multi-layered aquifer, and is one
of the sedimentary systems of the passive margin of the Gulf du Lion [Duvail,
2008]. This aquifer founds its origin with the closing of the Mediterranean Sea
during the Messinian salinity crisis, that almost dried out the Mediterranean
Sea. The large sea level drop creates a large eroding surface in the Miocene sed-
iment near the ancient coastline location. This eroded surface created an empty
space that was then �lled by Pliocene sediments at the end of the Messinian
salinity crisis [Clauzon et al., 2015].

If we look at the di�erent geological water bearing bodies, we can divide the
Roussillon aquifer into three sub-aquifers, going from top to bottom:

ˆ Quaternary aquifer (abbreviated as QT): mainly composed of Quaternary
alluvial deposits.

ˆ Continental Pliocene aquifer (abbreviated as PC): a complex system of
ancient alluvial channel deposits.

ˆ Marine Pliocene aquifer (abbreviated as PMS): sitting on top of the
Miocene eroding surface, this aquifer is mainly composed of a mix of
sand and clay deposits originating from large prograding Gilbert delta
structures.

This Roussillon aquifer is complex in its internal composition with high hetero-
geneity and thus requires speci�c approaches in order to be modeled correctly.
A good geological modeling framework is an essential part of the modeling pro-
cess when carrying out a regional hydrodynamical study [Naranjo-Fernández
et al., 2018].
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1.3 The project

In 2018, the Dem'Eaux Roussillon project was launched by the French Geo-
logical Survey (BRGM), in partnership with various local and regional part-
ners from industry, water management agencies and decision makers [Caballero
et al., 2022a]. This 5 years project aimed to improve the general understanding
of the behavior of the Roussillon aquifer. More speci�cally, the project aimed
to create a regional geological and hydrogeological model, to assess the regional
economic and sociological use of the water resource, and to study some speci�c
local water uses and their interaction with the surrounding environment.

The water resource in this region is scarce and needs to be protected. A good
understanding of its seasonal distribution and dynamics, the available amount
that can be withdrawn from it, or the future uses and needs of this resource
are key information for decision-makers in order to create appropriate action
plans for sustainable water use and to protect tourism activities, agriculture
and, most importantly, the regional groundwater resource in the context of a
growing population, climate changes and complex economical decisions in the
present and near future.

It is not frequent that a project of this magnitude is launched, bringing together
so many specialists from so many di�erent �elds. Geologists, hydrogeologists,
geochemists and economists have all worked on this project during 5 years to
collect data and gain valuable insights by integrating all natural and anthropo-
logical issues. The Roussillon project �nished in early 2023, and has led to the
production of numerous reports and numerous high-quality data sets2. Bach-
elor's and Master's theses have been supervised jointly between the BRGM
and universities, and scienti�c articles have been published in various scienti�c
reviews [Caballero et al., 2022b; Lanini et al., 2022; Fioravanti et al., 2022;
Duvail et al., 2022, 2021; Dall'Alba et al., 2020].

1.4 Scope of the research

This PhD project had the unique opportunity to be associated with, and co-
funded, by the Dem'Eaux Roussillon project. The proposal was to interact
on some of the leading research topics such as the geological modeling of the
aquifer envelopes, the modeling of the internal structures of the main aquifer,
the Continental Pliocene, and the hydrogeological modeling in steady-state and
in a transient regime of the Roussillon plain.

Bene�ting from the support of the specialists working within the project, this
thesis aimed to test new approaches and algorithms on a regional study and
to provide new insights into the problem at hand, the characterization of the

2https://www.brgm.fr/fr/reference-projet-acheve/dem-eaux-roussillon-mieux-connaitre-
volumes-eau-pouvant-etre-preleves
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water resource of the Roussillon aquifer. Taking advantage of the work and
data produced by the main team of the project, this research focused on two
main parts:

ˆ Modeling the spatial distribution of the sediments that make up the Con-
tinental Pliocene layer of the aquifer using an advanced Multi-Point Sta-
tistical algorithm, and generating an ensemble of geostatistical models.

ˆ Set up a steady-state and a transient model for hydrodynamical simula-
tions using open source code and the MODFLOW 6 software [Langevin
et al., 2017], and estimate the uncertainty associated with the di�erent
physical parameters on the model output and resource characterization.

Relevance of the stochastic approach

Two di�erent paradigms coexist in hydrogeological and geological simulations;
the deterministic approach and the stochastic approach. Deterministic and
stochastic approaches are two methods for modeling data and making predic-
tions. The main di�erence between them is in the way they deal with uncer-
tainty. On one hand, deterministic models are based on the idea of creating a
unique representation of the reality, using mathematical equations to describe
the behavior of a system and making predictions based on them. These models
do not take into account uncertainty or variability in data sets, and assume
that the data can be described by a single set of calibrated parameters. On the
other hand, the stochastic approaches are based on probabilistic assumptions,
which aims to estimate the uncertainty on the answer of a problem, by simu-
lating several equiprobable realities, by taking into account the uncertainty of
the input data or parameters, and then calculating the propagated uncertainty.

In geology and hydrogeology, data sets are often scarce compared to the simula-
tion domain. Moreover, even when data are available, it is di�cult to determine
how representative and unbiased is a data set [McMillan et al., 2018]. Non-
representative data sets can result from sampling bias, measurement error or
miscalculation in the processing of raw data and can lead to misleading con-
ceptual descriptions of the study area and, later, to the creation of non-realistic
models. The use of a stochastic approach, as opposed to a deterministic one,
can overcome some of these limitations [Hu and Chugunova, 2008; Renard et al.,
2013]. The stochastic approach works with a set of equiprobable simulations,
from which it is possible to study the ensemble variability of a system and the
e�ect of the associated parameter's uncertainties on the model's outcomes.

A simple stochastic approach is the Monte Carlo method, where random sam-
ples are taken from a prior distribution of parameters to estimate the expected
value of a function or parameter [Metropolis and Ulam, 1949]. Each of the
models can then be used, creating multiple realizations and multiple outputs
from which descriptive statistics can be calculated. This approach of using
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multiple models to estimate the �nal uncertainty of a system is essential for
non-linear processes, where the uncertainty of an input data set cannot be
easily propagated to the desired �nal results. The stochastic approach is also
able to estimate the sensitivity of the model to its parameters, which can be
really useful when developing a conceptual model. A correct estimation of
the uncertainty of the model outputs is essential when using these models for
decision-making, as understanding the performance of a model and its limita-
tions is as important as the �nal outputs of the model [Freeze et al., 1990]. As
uncertainty is present in all the di�erent steps of a project, it is important, if
not essential, to consider the stochastic approach in this type of large regional
complex geological project.

The creation of geological and sedimentological models is a non-unique process
due to the many choices that must be made during their conception. The choice
of geological and sedimentological depositional concepts, the choice of model-
ing strategy (stochastic or deterministic), and the type of algorithm used for
simulations (Multiple-point Statistic or MPS, Sequential Gaussian Simulation
or SGS, Kriging, Truncated Gaussian Simulation or TGS, ...) are all factors
that in�uence the �nal models. One set of data processed with two di�erent
modeling approaches can produce two really di�erent results and lead to two
di�erent �nal conclusions about the system under study.

The relevance of the stochastic approach does not end with the geological mod-
els that feeds the hydrodynamical simulations. Other important hydrodynam-
ical stress factors, such as the recharge values, the amount of water pumped
out of the system for drinking or agricultural purposes, or the boundary con-
ditions, also have a decisive in�uence on the model outputs. While some of
these stress factors can be obtained from accurate sources and their associated
uncertainties may be manageable for local case studies, the doubt on the data
set and measurement error generally increases with the size of the study area.
Wells may be omitted from the database, precipitation or, more speci�cally,
the recharge estimation process may su�er from zonal approximation and un-
calibrated transfer functions, or even de�ned �uxes imposed at the boundary
may su�er from subjective assignment or approximation. For example, in the
Roussillon plain, if we look at the available data, the total amount of water
extracted for agricultural use has increased by a factor of ten between 2017 and
2018, which was surprising [Lanini et al., 2022]. It turns out that the legislation
had changed between these two years, resulting in many old, undeclared wells
�nally being regularized to the authorities. This is a good example of how a
data set should be treated with care and sometimes considered unreliable.

All of these parameters' inaccuracy can a�ect the output of the �nal models.
By de�ning pre-calibrated distributions of these parameters and then sampling
from them, the stochastic approach can be used as a powerful tool to estimate
the uncertainty of a complex hydrodynamical system.
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The Roussillon case study

As brie�y introduced, the methodology followed in this thesis project focuses
in modeling in a stochastic framework the internal sedimentological facies dis-
tribution of the Continental Pliocene layer of the aquifer, and then using the
ensemble of created models as input for a stochastic uncertainty analysis re-
garding the hydrodynamical behavior of the aquifer system. We will explore
di�erent approaches, compare them, and understand the impact of each ap-
proach on the hydrodynamical model's outputs.

The �rst step therefore focused on the creation of the geological envelopes of the
aquifers, the processing of the available data and the creation of a conceptual
geological model describing the spatial distribution of the litho-facies present in
the Continental Pliocene layer. This speci�c layer contains the most important
water resource of the aquifer and is composed of a complex spatial arrangements
of alluvial sediments. It has been shown that adding complexity during the
spatial modeling of the internal structure of such systems helps to improve the
�nal reproduction of the hydrodynamical signals [Hu and Chugunova, 2008]. In
the case of the Continental Pliocene, the layer is described as an entanglement
of alluvial channels that represent potential preferential water storage units.

We propose to use the advanced geostatistical Multiple-point Statistics algo-
rithm (MPS) DeeSse [Straubhaar, 2019], to model the 3D facies spatial distri-
bution of the litho-facies composing the Continental Pliocene aquifer. The use
of MPS relies on the de�nition of a conceptual representation of the system,
this conceptual representation is called a training data set (TDS) (also referred
before as training image) [Strebelle et al., 2002]. A TDS represents the spatial
distribution of the facies aimed to be modeled and incorporates expert knowl-
edge. MPS is a stochastic approach designed to overcome the limitations of
the two-point statistical approach, and is able to compensate for the potential
lack of information of a small conditioning data set by using the additional
conceptual description provided by the TDS. Moreover, compared to classical
Gaussian or Multi-Gaussian approaches that are based on two-point statis-
tics, the MPS one is able to simulate more complex realistic patterns such as
river braided systems, and can handle a large or small number of conditioning
data [Strebelle et al., 2002; Mariethoz et al., 2010; Straubhaar et al., 2020a,b;
Straubhaar and Renard, 2021].

The DeeSse algorithm proposes a simulation approach that is able to work with
multiple TDSs, auxiliary data maps (created by experts or derived from �eld
data), and hard conditioning data. It is based on the direct sampling method
proposed by Mariethoz et al. [2010] and the algorithm developed by Straubhaar
et al. [2011]. In collaboration with the geologists and sedimentologists of the
Dem'Eaux Roussillon project, we developed a conceptual representation of the
Continental Pliocene stratigraphy and its internal spatial facies arrangement,
and used the DeeSse algorithm to generate an ensemble of sedimentological
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models [Dall'Alba et al., 2020]. One objective was to test the applicability
and potential bene�ts of using advanced geostatistical models, such as MPS,
to model the internal distribution of complex, large regional scale aquifers.

Another goal was to test di�erent sedimentological settings and modeling ap-
proaches, of di�erent complexities, to compare them with the MPS approach
during the hydrodynamical simulations. Sequential Indicator Simulations (SIS)
were carried out to be compared to the MPS approach. SIS is a simpler ap-
proach that cannot reproduce complex patterns, but it is often used in this
type of project because it can accommodate auxiliary data and is easy to work
with. A deterministic model, that described the permeability �eld only as a
depth function, was also considered. All of these sedimentological approaches
are used as physical inputs for the hydraulic conductivity and speci�c storage
parameters during the hydrodynamical simulations.

In order to test these models, a steady-state and a transient model setup were
created for the Roussillon aquifer. The aim was to test the di�erent perme-
ability �elds in order to estimate the propagated geological uncertainty in the
hydrodynamical simulations. An integrated process was developed using open
source Python libraries and MODFLOW 6 through the FloPy Python library
to convert the geological model into physical models and use them directly in
hydrodynamical simulations. The main indicator for comparing the di�erent
models will be the reproduction of the piezometric head records. Moreover,
the �nal ensemble of hydrogeological models and results will characterize the
hydrogeological uncertainty and help to increase the robustness of the water
resource characterization.

After analyzing some preliminary results of pre-calibrated transient models, we
�nally propose in this work to test a calibration process using the Ensemble
Smoother with Multiple Data Assimilation method (ES-MDA). ES-MDA is a
calibration approach that relies on the ensemble approach proposed by Emerick
and Reynolds [2013]. This method calibrated automatically all the di�erent
model's parameters, returning an ensemble of calibrated models.
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1.5 Thesis structure

Chapter 2 summarizes the geological setting of the Roussillon aquifer. The
main structural envelopes are described, as well as the four geological sub-
intervals composing the Roussillon aquifer. This chapter provides the concep-
tual geological knowledge and scenarios that have been established for the sim-
ulation of the Continental Roussillon aquifer. Finally, this chapter introduces
the di�erent geological data sets that are used for the stochastic geological
litho-facies simulations.

Chapter 3 presents the details of the MPS approach that is implemented
to model the geological heterogeneity within the Continental Pliocene. One
particular aspect is the lack of a three-dimensional training data set that led
us to build a 3D model based on a combination of 2D simulations.

Chapter 4 presents the other two sedimentological models created for this
study, using SIS and deterministic approaches. It also details the hydraulic
conductivity and speci�c storage assignation processes, as well as a descrip-
tion of the upscaling approach used to transfer the physical properties to the
hydrodynamical simulation grid.

Chapter 5 describes the main hydrogeological settings of the plain, presents
the regional conceptualized hydrodynamical model, as well as the data series
used as boundary conditions to represent the di�erent stress factors for the
MODFLOW simulations.

Chapter 6 describes some initial calibration steps that have been carried
out using steady-state MODFLOW simulations. This chapter focuses on pre-
calibrating the hydraulic conductivity parameters of the simulated MPS and
SIS facies, as well as the hydrodynamical parameters of the river systems.

Chapter 7 presents the ensemble of transient-state models, run over a 20
years period. It presents the simulated piezometric data series, some piezomet-
ric maps, as well as some zonal budget analysis. This chapter also presents
the approach tested to calibrate the hydrodynamical �elds of the transient
simulations and the preliminary results associated.

Chapter 8 summarizes some general conclusions about the tested method-
ologies, and the applicability of the di�erent approaches to such a large-scale
regional model.



Chapter 2

Geological setting of the Roussillon
plain

Abstract

Coastal aquifers in the Mediterranean basin are complex reservoirs whose ge-
ometries are generally poorly understood. Often located in multi-layered sedi-
mentary formations, they are often backed by limestone (aquifers) or crystalline
reliefs, from which they receive surface or underground �ows. The Roussillon
aquifer �ts this description. Dating back to the Messinian salinity crisis, it is a
multi-layered coastal aquifer located on the border of the Mediterranean Sea,
on the French side of the Pyrenees. It is �lled with Pliocene and Quaternary
sediments. The history of the �lling of the Roussillon plain is complex due to
two main factors, the �rst one being the complex multi-source systems from
which the sediments originate and the second being its wide extension both
inland and o�shore.

In this work, we are interested in the whole Roussillon aquifer, the main objec-
tive being to create a complete regional hydrogeological model of the system.
We are also interested in simulating more local groundwater interactions and
are therefore interested in putting some e�ort into the internal modeling of
the Continental Pliocene layer, which is the main aquifer reservoir, and also
the more complex. From �eld study, and sedimentological cross-sections anal-
ysis, it was decided to divide the Continental layer into four sub-reservoirs.
These reservoirs are characterized by di�erent sedimentological concepts and
will be simulated accordingly. In order to describe this aquifer and to create
a 3D geological model, existing data sets consisting of maps, seismic pro�les,
and borehole databases were studied in addition to newly acquired data sets
(realization of two core drilling, �eld surveys, o�shore seismic acquisition and
geophysical logging). These data sets are essential to correctly model the dif-
ferent envelopes of the 3D model, and to understand the geometry of the main
structures that make up the aquifer.

29
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This chapter introduces the main geological information regarding the sedi-
mentological history of the formation of the Roussillon aquifer, as well as the
geological data sets used for the construction of the geological model, internal
surfaces, and used for the geostatistical simulations.

2.1 Introduction

Located in southern France, this 800km2 onshore sedimentary basin is bounded
by the foothills of the Pyrenees to the south and west, the Corbières massif to
the north and the Mediterranean Sea to the east (Fig. 2.1). The basin is a com-
plex, multi-layers system composed of sedimentary formations. The Roussillon
aquifer is laying on top of Miocene sediments, which act as an impermeable
hydrogeological limit, and is divided into two main hydrogeological units: the
shallow Quaternary aquifer and the deep Pliocene aquifer. The shallow aquifer
consists of a series of Quaternary alluvial formations, while the deep aquifer
consists of a series of Pliocene formations, with sandy-clayey alluvial deposits
in the upper part, and silty-clayey deposits in the lower part.

This basin originated from the opening of the Gulf of Lion (Oligocene to
Miocene), before being largely eroded by the Messinian Salinity Crisis (MSC)
[Clauzon et al., 2015]. The Messinian salinity crisis, also known as the

Figure 2.1: Hydrogeological model extension and conditioning data location.



2.1 Introduction 31

Messinian event, is an episode of extreme aridity that a�ected the Mediter-
ranean Sea during the Messinian period (7.2-5.3 million years ago). During
this period, the Mediterranean Sea experienced a period of intense desiccation,
leading to the complete disappearance of its waters. This event was caused by
the closure of the Strait of Gibraltar, which prevented the in�ux of seawater
from the Atlantic Ocean, leading to the rapid evaporation of the Mediterranean
Sea. The Messinian salinity crisis had a major impact on the surrounding envi-
ronment, as the extreme drought caused a change in the vegetation, fauna, and
also in the climatic condition of the basins along the ancient Mediterranean
coastline. From a geological point of view, this event created large erosion
basins along the entire coastline as a result of the lowering of the Mediter-
ranean Sea level. This is the case for the Roussillon basin, where the Miocene
formation was exposed and eroded, about 6My ago [Lo� et al., 2005]. This
process led to the creation of a large available space for sedimentary deposition
to take place once the Mediterranean Sea reconnected with the Atlantic Ocean.

During the Pliocene, when the Mediterranean Sea was reconnected to the At-
lantic Ocean, the basin was �lled up with Gilbert-type delta reworking the
sediments generated by the subaerial Messinian unconformity. The sediments
grade from wave-dominated deltas, corresponding to the Marine Pliocene layer,
toward �uvial dominated delta with the continental part corresponding to the
Continental Pliocene layer. Quaternary sediments associated with river and
lagoon systems were deposited on top of the stratigraphic stack.

In order to characterize and model this aquifer, the �rst part of this thesis
consisted in creating a 3D geological model of the Roussillon aquifer. A model
is always a simpli�ed representation of the reality that serves a de�ned purpose.
The chosen domain extension, the type of grid (structured or unstructured),
the discretization of the grid, and the degree of detail and realism introduced
in the modeling process, are selected to answer a speci�c problem, which is in
our case the hydrogeological modeling of the Roussillon aquifer.

The �rst task in the modeling work�ow is to de�ne the main surfaces sepa-
rating the three aquifers. The geological model includes the onshore extension
bounded by the main geological massifs (Fig. 2.1) and the o�shore domain of
the main aquifers, going from top to bottom, from the Quaternary aquifer, to
the Continental Pliocene aquifer, and ending with the Marine Pliocene aquifer
(Fig. 2.2). Inside the Continental Pliocene, three surfaces divided the Conti-
nental Pliocene layer (Fig. 2.2). The Miocene eroding surface de�nes the lower
elevation of the model and represents a hydrogeological barrier.

The 3D model extends more than 30 km o�shore. The transition between the
onshore and o�shore models is carefully managed, incorporating boreholes and
o�shore seismic lines, in order to create realistic aquifer envelopes. The o�-
shore domain boundary is in this work �xed to include an o�shore zone into
the hydrogeological simulation and to limit boundary e�ects during the hydro-



32 Chapter 2: Geological setting

dynamical simulations. However, it is important to clarify that the external
limits of the o�shore domain do not represent the true o�shore domain bound-
ary of the aquifer, which is located further from the coast in the Mediterranean
Sea domain. This boundary is selected arbitrarily, su�ciently far to minimize
artifacts during the groundwater �ow simulations in the coastal region, with-
out increasing too much the computational cost required for a larger simulation
domain.

The second task of this work concerned the de�nition of the internal geological
heterogeneity within the Continental Pliocene layer. This layer contains the
main aquifer resource of the region and will be modeled using MPS stochastic

Figure 2.2: Simpli�ed stratigraphic log of the Roussillon geology, modi�ed from
Duvail et al. [2021].
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approach. In order to simulate its internal composition, the grid resolution of
this layer must be su�cient in both horizontal and vertical directions. A high
grid resolution allows representing complex structures and bene�ts for the max-
imum of the conditioning data set that are usable. The 3D geological model is
therefore created using a rather �ne x and y resolution of 50 m. In addition,
three additional surfaces are interpolated within the Continental Pliocene layer,
called the UPC surfaces (Upper-Pliocene Continental), in order to divide the
Continental Pliocene aquifer into four sub-intervals to better represent the in-
ternal structure of the aquifer, and improve the realism of the MPS simulations
along the z direction. These sub-intervals have di�erent spatial distributions
of their sediments' structures.

Once the objectives of the model have been clearly identi�ed, the second step in
the creation of a geological model consists in the historical study of the previous
geological work carried out in the past [Duvail et al., 2001; Duvail, 2008; Clau-
zon et al., 2015], and the collection of the data sets already available [Issautier
et al., 2021; Duvail et al., 2022]. Borehole data sets have been compiled into
a large database de�ning the transition elevation between the main aquifers'
surfaces. In the o�shore domain, previous seismic data sets have also been
compiled and used to interpolate the main stratigraphic envelopes delimiting
the Quaternary, the Continental and the Marine Pliocene layers [Duvail et al.,
2022; Fioravanti et al., 2022].

In order to complete the previous description of the formations that make up
the Roussillon aquifer, new sedimentological �eld campaigns were carried out
to map the outcrops and de�ne the main sedimentological facies of the plain
[Issautier et al., 2021]. To complete the borehole database, new data sets were
acquired between 2019 and 2021 [Duvail et al., 2021; Fioravanti et al., 2022]. In
the onshore domain, 101 geophysical logs have been acquired, providing resis-
tivity and gamma-ray response curves for each one of the logged wells. In the
o�shore domain, new seismic re�ection data lines have been acquired between
2017 and 2020. These new sets aim to better model the onshore/o�shore con-
tinuum for the interpolation of the main surfaces of the model [Duvail et al.,
2022].

The main surfaces, separating the Digital Terrain Model (DTM), Quaternary,
Continental Pliocene and Marine Pliocene layers, were �rst interpolated by a
partner of the Dem'Eaux Roussillon project, using the compiled borehole data
set and automatic interpolation methods [Fioravanti et al., 2022]. The on-
shore/o�shore interfaces were modeled by coupling onshore borehole geophysi-
cal logs, high resolution interpreted seismic lines and conceptual cross-sections
of the system [Fioravanti et al., 2022].

The second set of surfaces, composed of UPC-1, UPC-12 and UPC-2, are di-
viding the Continental Pliocene into four sub-intervals (Fig. 2.2). These sub-
intervals correspond to di�erent dispositional concepts and formations within
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the Continental Pliocene. The surfaces were interpolated from the geophys-
ical logs and the interpreted high resolution seismic lines set, using the GO-
CAD software3 and the Discrete Smooth Interpolation approach [Mallet, 1992].
These surfaces are then automatically corrected using python scripts in order to
respect the stratigraphic stack of the layers, and to correct numerical artifacts
resulting from the interpolation method.

As well as being used to interpolate the main surfaces and sub-interval horizons,
the two new data sets are also used as conditioning data for the geostatistical
simulation of the Continental Pliocene litho-facies. Hard conditioning data
play a central role in MPS simulation and geostatistical methods, as they are
used to constrain the simulation.

In this chapter, we �rst present the main structural surfaces that delimit the
main units within the geological model. The next section introduces the bore-
hole geophysical data set and the facies interpretation process. The seismic
data set is then presented with a focus on the facies interpretation process.
The next section presents the interpolated surfaces created to divide the Con-
tinental Pliocene. The �nal section introduces the main sedimentary concepts
related to the four sub-layers of the Continental Pliocene. The newly inter-
polated surfaces and their sedimentological concepts are used to create the
MPS modeling work�ow (in chapter 3), while the borehole and seismic data
sets are used in the conditioning data for the MPS and SIS simulations of the
Continental Pliocene layer (presented in chapters 3 and 4).

2.2 Main geological surfaces

The Roussillon is composed of three aquifers, the Quaternary, the Continental
Pliocene and the Marine Pliocene, with the Continental Pliocene being divided
by three internal surfaces. The surfaces are1404� 1307 cells, with a 50 � 50
m resolution, composed the model. These surfaces are from top to bottom:

ˆ Digital Terrain Model (DTM) layer

ˆ Quaternary bottom layer

ˆ UPC-2 layer (internal Continental Pliocene layer)

ˆ UPC-12 layer (internal Continental Pliocene layer)

ˆ UPC-1 layer (internal Continental Pliocene layer)

ˆ Continental Pliocene bottom layer

ˆ Marine Pliocene bottom layer

3https://www.aspentech.com/en/products/sse/aspen-skua
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This section presents the main structural surfaces that delimit the three aquifer
units within the 3D geological model of the Roussillon basin. These surfaces
cover both the onshore and o�shore domains and have been constructed using
onshore cross-sections from Duvail [2008] re-interpreted with the new gravi-
metric and seismic data from the o�shore domain. The analysis of the existing
seismic pro�les, complemented by the new pro�les acquired during the three
campaigns carried out by the CEFREM teams within the framework of the
project, has then made it possible to propose a description of all the forma-
tions overlying the Messinian erosion surface [Duvail et al., 2022]. This work
has also bene�ted from the compilation of a geological data set based on more
than 500 boreholes' log located on the Roussillon plain.

The process of interpretation carried out by Duvail et al. [2022] had for ob-
jectives to extend the concept of the onshore vertical stratigraphic units to
the marine domain, and to create a realistic onshore/o�shore continuum. In
his work, Duvail et al. [2022] has enabled the identi�cation of the Messinian
paleo erosion surface, caused by the sharp drop in sea level with the closure
of the Strait of Gibraltar. This surface is considered as the bottom layer of
the Roussillon aquifer system. The land-sea correlation of the main surfaces
of the Quaternary and Pliocene formations, led to the creation of the paleo-
geographical maps of the Roussillon system [Duvail et al., 2022].

The four interpolated surfaces, presented in Fioravanti et al. [2022], are used
in this work as the envelopes for the three main layers that make up the Rous-
sillon aquifer. They have been locally corrected to remove some interpolation
artifacts and to ensure that all the surfaces share the same extension (Fig.
2.3). The extension of the o�shore domain has been �xed for the hydrogeo-
logical modeling of the aquifer and corresponds to the one presented in �gure
2.1. This model extent is designed to include the o�shore reservoir in the hy-
drodynamical simulations and also to avoid potential boundary e�ects during
the simulation.

We can observe from thickness maps that the o�shore extension of the model is
the main potential reservoir of the di�erent aquifers. The total aquifer thickness
can be up to 300m thick in the o�shore domain of the Continental Pliocene
layer, while the onshore part of the domain is generally around 50 to 100m
thick.

2.3 Onshore data sets

We now have a look at the borehole logs used to create the conditioning data
for the Continental Pliocene sub-surfaces interpolation and for the facies geo-
statistical simulation. This section focuses on the onshore data set consisting
of 101 geophysical logs (gamma-ray, spontaneous polarization, and resistivity
data), and on the information extracted from the geological map of the region,
which is also used as conditioning data in the geostatistical simulation.
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Geophysical logging method

A geophysical campaign was carried out in 2020 to acquire geophysical logs
on existing wells in the Roussillon plain. A total of 101 geophysical logs are
available for the Roussillon plain. Geophysical logging techniques record the
physical and chemical properties of the underground. Contrary to lithological
logs, the geophysical logs o�er quantitative measurements that can be inter-
preted as sedimentological facies and deposit sequences. The most frequent
geophysical logging methods are gamma-ray (GR), spontaneous polarization
(SP), and resistivity logs (Res).

The boreholes are homogeneously distributed across the plain, with some zones
having a higher density of data, such as along the Têt river or in the coastal
zone of the Roussillon plain (Fig. 2.1). Borehole depths range from 20m to
150 m, with an average depth of 77m.

Figure 2.3: Thickness, top and bottom elevation maps of the a) Quaternary
aquifer, b) Continental Pliocene aquifer and c) Marine Pliocene aquifer. The
black dashed line represents the actual coastline.
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The di�erent types of log composing the onshore database are :

ˆ Lithological logs. They are carried out by the driller in charge of the
well or by the geologist in charge of the project. Their quality depends
on the presence of recognizable indicators, such as a clay layer or sand
layers, or by the presence of shells or paleo-indicators. The drilling of
boreholes is often carried out using destructive techniques, which can lead
to great uncertainty regarding the �nal assigned unit. The lithological
logs can provide information on the type of sediment encountered at a
given depth (sand, gravel or clay), but they cannot be used to infer the
sedimentological facies of a deposit.

ˆ Gamma-ray (GR). GR logging measures the natural radioactivity of the
rocks/sediments produced by the 3 major radioactive elements that are
the Potassium (K), the Thorium (Th) and the Uranium (U). The Potas-
sium (feldspar or mica) and Thorium (zircon, tourmaline, rutile) are
mostly found in clay deposits. The Uranium is mainly present in or-
ganic matter (shell and plant sediments) and characterizes the presence
of clay in reducing environments. Gamma-ray measurements are directly
correlated to the clay content of the sediment. Their value generally in-
creases with decreasing grain size of the sediments (Fig. 2.4). It should
be noted that a �uvial channel that is rich in potassium feldspar could
produce a similar gamma-ray response as a clay rich environment. There-
fore, gamma-ray interpretation is usually coupled with resistivity curves
analysis to avoid errors during the facies interpretation process.

ˆ Resistivity (Res). The resistivity value measures the electrical or mag-
netic signal response of a material. The resistivity value depends on
several parameters. The percentage of liquid present in a material and
the resistivity of the associated liquid a�ect the measured resistivity (an
increase in dissolved minerals results in a decrease in resistivity). The
clay content, or the percentage of conductive materials (clay is less resis-
tive than gravel and sand), and the internal arrangement of the material
(distribution of pores) also play a major role in the resistivity value.

ˆ Spontaneous polarization (SP). SP logging records the potential di�er-
ence between a moving electrode and the electrochemical signal of the
rock. The signal is positive when the electrode faces clay sediments and
is negative when the electrode faces more permeable units such as sand
deposits.

ˆ Neutron log. The neutron log is sensitive mainly to the amount of hy-
drogen atoms in a formation. Its main use is in the determination of the
porosity of a formation. In formations with a large amount of hydrogen
atoms, the neutrons are slowed down and absorbed very quickly and in a
short distance. The count rate of slow neutrons or capture gamma-rays
is therefor low. Hence, the count rate will be low in high porosity rocks.
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Figure 2.4: Typical response curves for two di�erent sedimentation sequences.
The curves must be interpreted together to avoid facies misinterpretation.
Modi�ed from Duvail [2008].

In addition to the geophysical database, two observation sites were installed
for the Dem'Eaux project: one close to the shore (Dem'Mer) and one on land
(Dem'Ter). At these sites, drill cores were extracted for interpretation along
with the geophysical logs being acquired. These two sites are used to calibrate
the geophysical responses to the sedimentological facies and to help de�ne the
sub-interfaces within the Continental Pliocene.

In this section and for the surface interpolation maps of the Continental
Pliocene layer as well as for the facies interpretation of the sedimentological
unit composing the Continental Pliocene aquifer, we focus on the interpretation
of the GR, Res and SP geophysical logs, which carried out the most reliable
information.

Geophysical logs interpretation

The gamma-ray and resistivity logs allowed to identify changes in sedimen-
tary deposits and grain distribution along depth. Sand sediments have a low
gamma-ray response, producing small peaks on the curve, whereas clay sed-
iments produce high response peaks due to their high content of radioactive
elements [Serra O. et al., 1975]. By analyzing the gamma-ray and resistivity
responses at a given depth, coupled with their vertical evolution, it is possible
to identify and assign a sedimentary litho-facies for a certain depth range. Dur-
ing the interpretation process, it is not only the measured value of resistivity or
gamma-ray response that is critical for the characterization of the facies, but
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also the coupled vertical evolution of these two curves. To facilitate the inter-
pretation process, the gamma-ray curve is usually presented on the left of the
resistivity curve. Figure 2.4 shows response curves for gamma-ray and resistiv-
ity logging and compares them to two deposit sequences. In his work, Duvail
[2008] presents a description and an interpretation of the response curves for
the di�erent facies observed in the Pliocene's aquifer. These interpreted re-
sponse curves served as an example for the interpretation process of the new
geophysical data.

For this Ph.D. thesis, 101 geophysical logs have been interpreted, using the GO-
CAD software as visualization platform, to identify the facies at a given depth
and to determine the elevation of the internal surfaces dividing the Continental
Pliocene (UPC-1, UPC-12, and UPC-2). To facilitate the interpretation pro-
cess, the geophysical logs are interpreted along di�erent cross-sections, which
facilitates the correlation of structures and helps to understand the vertical se-
quences. The interpretation of the sedimentary facies was carried out following
two levels of description. The �rst level is the more complex or detailed. It
describes as accurately as possible the di�erent sedimentological facies of the
Continental Pliocene layer. The second level is simpli�ed and is composed of
three facies. This description incorporate the alluvial fan, next to the massifs,
and only di�erentiates the sand-like sediments from the clay-like sediments in
the rest of the plain. The clay and sand sediments are di�erentiated based on
their geophysical response curve and also based on their sedimentological grain
description. These two levels of resolution are used for di�erent geostatistical
approaches during the modeling process. The facies composing the di�erent
data sets are shown in �gure 2.5, along with some examples of geophysical logs
facies interpretation.

The �nal facies selected to compose the Continental Pliocene, based on the
interpretation of the geophysical logs, are:

ˆ Alluvial fan. It corresponds to a mixture of coarse sediments such as
gravel, sand, and smaller pieces of sediment such as silt. They are located
close to the massif, where �owing water has interacted with mountains
or hills, before spreading out as it meets the �at plain. They are often
arranged in a triangular based or fan like shape.

ˆ Alluvial channels. It corresponds to sandy deposits, and includes both
braided and meander-like channels in the conceptual facies description of
the Roussillon plain. The braided shape beds are located closer to the
sediment sources. The meander-like beds appear as the energy source
decreases, corresponding to a �attening of the sedimentological deposi-
tional environment. The meander beds are generally described as wider
and thicker compared to the braided shape beds.
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ˆ Alluvial crevasse splay. It corresponds to a mixture of sandstone and
some clayey deposits, thinner than the channel deposits, and is located
on the side of the channel belts. These structures are associated with a
�ood event, when the bank deposits that de�ne the channel beds suddenly
break and create a fan-like deposit.

ˆ Alluvial �oodplain. It corresponds to clay, silt and sandy-clay sediments.
Floodplain deposits are formed by the lateral movement of a stream and
over bank deposition. It generally corresponds to the �at area of land
separating river beds.

ˆ Sandbars. It corresponds to the sandstone unit in the distal part of the
system. It is composed of coarse deposits corresponding to a partially
exposed ridge of sand formed by rivier's waves at the end of a river system.

ˆ Marshy plain. It corresponds to the marshy �ne sediment in the distal
part of an alluvial system, where the coastal o�shore marine system and
the alluvial system meet.

Geological mapped data set

The second hard conditioning data set is based on the geological map of the
Roussillon region (Fig. 2.6). As the Continental Pliocene layer is exposed and
mapped, the geostatistical model must take this information into account. By
creating and using a dense hard conditioning data set, based on the geological
units of the exposed Continental Pliocene, the geostatistical models will respect
the geological information during the simulation. The outcrop zones used as
conditioning data for the Continental Pliocene conditioned the alluvial fan de-
posits in the proximal part of the alluvial system, close to the massifs bordering
the plain. The other outcrop zones are not used as conditioning data, as they
are only described as undi�erentiated Continental Pliocene units.

2.4 O�shore seismic data set

We have seen that a large dataset of conditioning data bene�ts the onshore part
of the model. While onshore data are usually easier to obtain than o�shore
data, the Roussillon Dem'Eaux project is fortunate to bene�t from a large set
of o�shore seismic lines. These lines are mainly from old petroleum exploration
campaigns and cover a large part of the actual hydrogeological o�shore extent
(Fig. 2.1). We can distinguish three main seismic sets, the ELF-LRM set with
conventional seismic data, the MARION set acquired in 2000 with high seismic
resolution, and the CALMAR set based on Sparker data. While the ELF-
LRM and CALMAR sets have only been used for the surface interpolation, the
MARION data set has also been used for facies identi�cation in the o�shore
domain [Fioravanti et al., 2022].
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Figure 2.5: Litho-facies interpretation of the Roussillon data set. a) two ap-
proaches have been carried out, one with 3 facies and one more complex with
6 facies. b) 3 examples of facies interpretation, for each, the left column cor-
responds to the simpler model set and the right column to the complex model
set.

These seismic lines served for the interpolation of the Roussillon main envelopes
[Fioravanti et al., 2022]. Moreover, using onshore/o�shore correlation, it was
possible to identify the UPC surfaces (which divide the Continental Pliocene)
on the di�erent seismic cross-sections. This o�shore data set is used as condi-
tioning data during the interpolation process of the UPC surfaces.

Four of these lines were part of a special study that aimed at describing the
sedimentological facies composing the o�shore Continental Pliocene domain
[Fioravanti et al., 2022]. Based on the interpretation of the wave travel time
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Figure 2.6: The geological hard data set is created from the Roussillon geolog-
ical map, where the alluvial Pliocene units are identi�ed and transformed to a
conditioning data points set.

cross-sections, the visible sedimentological structures of these four seismic lines
have been correlated with the sedimentological elements described in the on-
shore domain by the geophysical logs (Fig. 2.1 orange lines). Once interpreted,
these maps have been transformed to conditioning data for the geostatistical
simulations (Fig. 2.7). It is important to note that the density of information
provided by a complete cross-section is much greater than what is provided by
a set of interpreted boreholes. Depending on the orientation of a cross-section
in the plain, this one can intersect along complete sedimentological structures.
This type of data set is much appreciate during 3D simulation since it provides
3D information regarding the pattern spatial arrangements.

2.5 UPC surfaces creation

In order to interpolate the surfaces delimiting the sub-intervals of the Conti-
nental Pliocene, onshore and o�shore data set have been compiled to create a
suitable conditioning set for the interpolation process (Fig. 2.8).

In the onshore domain, it was possible to identify the elevation of the UPC
surfaces based on interpreted stratigraphic cross-sections. These cross-sections
are composed of geophysical logs spatially interpreted together. A total of
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62 wells with the proper geophysical information was available to de�ne the
onshore database of the UPC surfaces elevation.

In the o�shore domain, the seismic lines have been used. Based on the work
of Fioravanti et al. [2022], the interpreted elevation of the UPC surfaces were
collected as conditioning data (Fig. 2.1 blue seismic lines).

Finally, to create a model that respects the vertical stratigraphic pile of the
main layers, we sampled points from the elevation map of the top Pliocene layer
and of the bottom Pliocene layer all along the boundary of the hydrogeological
domain (Fig. 2.8). Based on these points, we created three intermediate sets of
conditioning data points separating evenly the Pliocene layers (top and bottom
layer of the aquifer). Since no conditioning data are available at the boundary
location of the simulation domain, these sets are created to ensure that the three
UPC surfaces pass between the top and bottom surfaces of the Continental
Pliocene layer.

The �nal elevation maps were generated using the Discrete Smooth Interpo-
lation (DSI) method in GOCAD, and were visually inspected and locally cor-
rected to remove major interpolation artifacts (Fig. 2.9).

Figure 2.7: The interpreted seismic lines. Channels like structure are visi-
ble on these lines and will condition the o�shore domain during geostatistical
simulation.
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Figure 2.8: Conditioning data sets that are used for the interpolation of the
UPC surfaces.

2.6 Continental Pliocene sub-intervals and conceptual
description

This �nal section introduces the conceptual description of the four sub-intervals
composing the Continental Pliocene layer. Following the analysis of the geo-
physical logs, seismic lines, and structural o�shore cross-sections of the system,
it appears that the Continental Pliocene layer presents di�erent structures and
stacking arrangements in the plain. These depositional sequences have been
identi�ed in the core log analysis of the two Roussillon study sites, Dem'Mer
and Dem'Ter [Duvail et al., 2021; Issautier et al., 2021]. Figure 2.10 shows
the core log description of the Dem'Mer study site, located close to the coast,
and shows the four main sequences identi�ed in the Continental Pliocene layer.
These sub-intervals are separated by three interpolated UPC surfaces: starting
from the top with the UPC-2, UPC-12, and UPC-1 surfaces.

Since we will use geostatistical methods to simulate the Continental Pliocene
layer, it was decided to divide this layer into four sub-intervals in order to bet-
ter constrain the internal location of the sedimentological facies. Geostatistical
methods work best when applied to a single, simple, conceptual system that
exhibits similar statistics. By subdividing the Continental Pliocene layer into
four sub-intervals, corresponding to sub-layers where the horizontal spatial dis-
tribution of the facies follows a similar conceptual spatial description, we better
represent the observed vertical trends along the boreholes.
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Figure 2.9: Thickness, top and bottom elevation maps of the interpolated sub-
interfaces of the Continental Pliocene layer. Sub-interval 4 (a) is the top one,
and Sub-interval 1 (d) is the bottom one. The black dashed line represents the
actual coastline.

The use of multiple-point statistics to simulate the geological heterogeneity
requires de�ning a conceptual geological model for the Continental Pliocene
system. We base this description on the six sedimentary facies identi�ed previ-
ously. The detailed description will be adapted to �t the observed di�erences
in the sub-intervals. The geological concept will be described quantitatively
in the next chapter by generating a training data set (TDS) representing the
patterns and facies arrangements to be simulated.




	Introduction
	Regional context
	Origin of the aquifer
	The project
	Scope of the research
	Thesis structure

	Geological setting
	Introduction
	Main geological surfaces
	Onshore data sets
	Offshore data set
	UPC surfaces creation
	Continental Pliocene sub-intervals
	Results
	Discussion and Conclusion

	MPS simulations
	Introduction
	Background information
	Materials and Methods
	Simulation results
	Discussion and Conclusion

	Aquifer properties
	Introduction
	Methods
	Results
	Discussion and Conclusion

	Hydrodynamic concept
	Introduction
	Conceptual model
	Numerical model setup and discretization
	Boundary conditions
	Observation wells
	Discussion and Conclusion

	Initial parameters identification
	Introduction
	Methods
	Results
	Discussion and Conclusion

	Transient-state and calibration
	Introduction
	Methods
	Initial transient models results
	Es-MDA calibration tests
	Discussion and conclusion

	General conclusions
	The structural geological model and concept
	MPS simulations
	Hydrodynamical fields properties
	Hydrodynamic conceptual description
	Steady-state calibration
	Transient regime and data assimilation
	Perspectives

	Supplementary material
	Observation data
	Steady-state calibration
	Pre-calibrated transient simulations

	Bibliography

