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Summary

This report examines coastal groundwater resources in five different coastal areas around the
Mediterranea sea, covering six different countries (hamely Albania, Lebanon, Libya, Tunisia,
Montenegro, Morocco, and Tunesia). The analysis is based on basic 3D variable-density
groundwater flow and coupled salt transport simulations. We focus on freshwater availability,
salinity changes, and the challenges that will be faced by local managers given climate change and
increased extraction by higher water demand in a possible population growth setting. Given the
Mediterranean region's vulnerability to climate change, population growth, and thus increasing
water demand, this report provides a first assessment of coastal groundwater vulnerability,
highlighting regional similarities and differences at these country target areas.

Using numerical models, the research evaluates variable-density groundwater flow, groundwater
salinity distributions, and potential future risks due to climate change and overexploitation as a
result of (intensified) human activities. The report highlights the main findings and results from the
developed models that capture variable-density groundwater flow and salt transport. Proper
interpretation of the numerical results, yet limited by the lack of enough available data as well and
proper model calibration, is a powerful way to support our understanding of these particular coastal
groundwater systems, highlighting areas prone to (further) salinization and areas with higher
potential for fresh groundwater reserves under controlled and sustainable exploitation rates. On
top, areas where measures like managed aquifer recharge are possibly feasible could also be
identified. The report shows the importance of integrated groundwater management that
incorporates demand control, pollution mitigation, and possibly recharge enhancement techniques.
Future decreasing rainfall, higher temperatures, increased evapotranspiration and sea-level rise
threaten coastal groundwater resources. Adapting to climate change will require improved
monitoring and further enhanced groundwater modelling to anticipate and mitigate future water
shortages. Strengthening policies and governance frameworks is also essential, as it will ensure

effective stakeholder engagement and regulatory enforcement.

The hydrogeological conditions and (fresh) groundwater availability vary across the five studied
regions. Albania-Montenegro is characterized by karstic aquifers that allow for rapid recharge but
also increase vulnerability to contamination, both from superficial sources, but also the lateral
salinization from the sea. In Lebanon, fresh groundwater serves as a major freshwater source, but
excessive extraction has led to severe saltwater intrusion, particularly in urbanized coastal areas.
Libya, on the other hand, relies heavily on fossil groundwater from deep aquifers. Due to its arid

climate, recharge ro the groundwater system is really minimal, making this resource practically non-

renewable. Tunisia's coastal regions experience significant groundwater exploitation, primarily
driven by agricultural demands, leading to increased salinization. Similarly, in Morocco, coastal

aquifers play a crucial role in water supply but face stress due to intensive agricultural activities and

climatic variability.

Water quality issues, particularly salinization, are prevalent in the coastal zone across all six
countries. Saltwater intrusion, which can be enhanced by excessive pumping, poses a serious

threat. Lebanon and Tunisiaalsor eport hi gh

evel
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aquifers remain relatively free from surface pollutants. Nevertheless, in those very dry, arid areas,
the modelling suggests that, given the negligible recharge, aquifer depletion will continue, leading
to increased reliance on costly desalination and water imports, as well as further salinization of

coastal groundwater.

Ultimately, this study underscores the necessity of proactive policies and sustainable management
strategies to protect groundwater resources in Mediterranean coastal regions. By understanding
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and addressing these pressing issues now, these nations can enhance their local knowledge, and
build capacity to manage and ensure long-term availability and quality of groundwater resources for
the next generations.
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1.1

Introduction

The coastal regions of the Mediterranean heavily rely on groundwater, but overuse for drinking and
agriculture is leading to salinization, droughts, subsidence, and ecosystem damage. This threatens
water security and sustainable development, especially with climate change altering rainfall and
raising sea levels. Understanding the pressure on groundwater is crucial, and innovative models,
backed by local data, can show how human activity and climate change affect these precious
resources. These insights will guide policymakers and experts in managing coastal aquifers in a
sustainable way.

As part of the GEF project (ID#9686, Management of Coastal Aquifers and related Ecosystems in
the Mediterranean), Deltares is working on providing a baseline assessment of salinization of
coastal aquifers for six countries in the Mediterranean Sea, which will provide substantiated content
to management plans for key coastal aquifers in the countries. The overarching goal of this project
component is to deliver the relevant stakeholders in the selected six Mediterranean countries (viz.
Albania, Lebanon, Libya, Montenegro, Morocco, and Tunisia) enhanced knowledge over water
security, climate resilience, and sustainable management of groundwater resources through
collaborative efforts. As part of this project component, Deltares and Utrecht University have
developed a basic large-scale 3D model for variable-density groundwater flow and salinity
distribution of five Mediterranean coastal areas for assessing the status of salinization of their
coastal aquifers.

The models and results constitute relevant instruments to support the country water managers to
identify potential mitigative and adaptive solutions to ultimately reduce coastal aquifer
vulnerabilities.

This report presents the methods and results related to the development of 3D models for
groundwater flow and salinity distribution. The following chapter 2 dMethod & Materialséprovides a
broad presentation on MODFLOW / SEAWAT and related software, which are the codes used for
running the variable-density groundwater flow and salt transport simulations. Then chapter 3 data
Sources and Types presents and explains the required input data, their main characteristics and
how they were implemented in the models. Chapter 4 Model Characteristics and RunFile
describes the key features and characteristics of the different groundwater flow and salt transport
models, explaining the general software workflow and main characteristics of the models. In the
chapter 5 dModelling Resultsdan overview of the created models is provided as well as the main
results from the simulations. Chapter 6 ends with @iscussion, Limitations and Recommendationsd
Finally, reference list and six appendices complement the document.

Coastal areas under investigation

The five coastal areas are presented in Figure 1. In the map, the HydroSHEDS basins (Lehner et
al., 2008; Linke et al., 2019) used for delineating the simulation areas can be seen, as well as the
offshore extent of each model domain, which is discussed later in detail in chapter 3.

8 of 91

Modelling Report on Selected Coastal Aquifers of the Mediterranea Sea unhesco
26 March 2025




Lebanon%

Figure 1: location of the five coastal areas to be simulated. The HydroSHEDS basins used for delineating the
simulation areas are visible within each region. The offshore extent of model domains is also showed.

Below we provide a basic overview of key aspects from each coastal area under investigation, their
main groundwater use and conditions:

1. Albania-Montenegro
I Main Characteristics: Coastal groundwater systems in both countries are influenced by
karstic and alluvial aquifers, with significant springs discharging into the Adriatic Sea.
1 Knowledge Status: Moderate research exists, with studies focusing on seawater intrusion,
especially in Albaniads VIora and Montenegr 00s
1 Hydrogeology: Karstic aquifers dominate, with high permeability and susceptibility to
pollution and seawater intrusion.
1 Climate Change Threats: Rising sea levels and reduced precipitation are increasing
seawater intrusion risks and affecting spring discharge.
Groundwater Use: Agriculture, tourism, and domestic supply depend on groundwater.
1 Conditions: Overextraction and pollution (urban and agricultural) are concerns; seawater
intrusion is an increasing issue.

==

2. Lebanon

I Main Characteristics: Coastal aquifers include karstic and alluvial systems along the
Mediterranean.

1 Knowledge Status: Well-documented, particularly in relation to pollution, overuse, and
seawater intrusion.

1 Hydrogeology: Coastal springs and groundwater are crucial but under severe stress due
to over-extraction.

1 Climate Change Threats: Decreasing rainfall, higher temperatures, and sea-level rise
threaten groundwater resources.

1 Groundwater Use: Major reliance on groundwater for domestic and agricultural use, with
heavy over-extraction.

1 Conditions: High levels of contamination (nitrate, pathogens) from wastewater and
seawater intrusion affecting water quality.

3. Libya
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1 Main Characteristics: Coastal aquifers are a critical water source due to limited surface
water.

1 Knowledge Status: Limited but growing research on groundwater depletion and seawater
intrusion.

1 Hydrogeology: Nubian Sandstone and shallow coastal aquifers; many areas depend on
fossil groundwater.

1 Climate Change Threats: Reduced recharge, desertification, and sea-level rise worsening
seawater intrusion.

1 Groundwater Use: Agriculture and urban water supply heavily depend on aquifers, leading
to severe depletion.

1 Conditions: Over-extraction has led to increased salinity and declining water tables.

4. Tunisia

1 Main Characteristics: Coastal aquifers are under stress from overuse and pollution.

1 Knowledge Status: Well-studied, with seawater intrusion and overexploitation being major
concerns.

1 Hydrogeology: Alluvial and karstic aquifers are common; some deeper fossil groundwater
sources.

1 Climate Change Threats: Higher temperatures and declining rainfall increase pressure on
groundwater resources.

1 Groundwater Use: Intensive agricultural use, with coastal tourism adding seasonal
demand spikes.

1 Conditions: Worsening salinity due to seawater intrusion; nitrate contamination from

agriculture

5. Morocco (Mediterranean Sea part)

il

= =

=A =4

Main Characteristics: Coastal aquifers play a crucial role in urban and agricultural water
supply.

Knowledge Status: Significant research on overextraction and salinization, especially in
aquifers near Casablanca and Agadir.

Hydrogeology: Includes alluvial, karstic, and deep aquifers with varying recharge rates.
Climate Change Threats: Declining rainfall, increased droughts, and rising sea levels
exacerbate groundwater stress.

Groundwater Use: Heavy use for agriculture, with urban demand increasing.

Conditions: Salinity problems are widespread due to overuse, with pollution from industrial
and agricultural sources

These aquifers are part of diverse ongoing studies and management efforts under initiatives like the
GEF MedProgramme, which aims to enhance water security and resilience to climate variability in
Mediterranean coastal zones (gwp.orq).
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Methods & Materials

MODFLOW and SEAWAT

For running the simulations on variable-density groundwater flow and coupled salt transport on the
specific coastal areas, we make use of MODFLOW modelling line from the U.S. Geological Survey.
It is the most widely used standard software modelling line for groundwater, and consists of a set of
computer code packages that solves the groundwater flow equation for simulating groundwater flow
processes (MODFLOW), subsurface complex solute transport (MT3DMS), and variable-density flow
and coupled salt transport (SEAWAT), and more. The source code is a free public domain software
mainly developed and maintained by the U.S. Geological Survey, with advancements from different
research teams and other hydrogeologists since its creation in the early 1980s (McDonald et al,
2003). The code is primarily written in Fortran and can compile and run on Microsoft Windows or
Unix-like operating systems. There are several actively developed commercial and non-commercial
graphical user interfaces for enhancing modelling with the MODFLOW Suite. Commercial GUI6 sre a
GMS, Visual Modflow and Groundwater Vistas, non-commercials GUI6 Modelviewer! and FloPy
(Bakker et al., 2016; Hughes et al., 2023).

MODFLOW is comprised of different modules (and packages), which facilitates the incorporation of
diverse hydrological processes of interest to be combined in one simulation. The simulation of
solutes transport (e.g., the movement of solutes within groundwater through a porous medium in
the subsurface) is carried out with the module MT3DMS, where MT3D stands for Modular 3-
Dimensional Transport model, and MS denotes the Multi-Species (Zheng et al, 1999). MT3DMS
simulates different processes responsible for solute transport, such as advection,
dispersion/diffusion, chemical reactions and decay in groundwater flow systems under general
hydrogeologic conditions.

SEAWAT is a modified version of MODFLOW specifically designed for simulating density-
dependent groundwater flow and salt transport, such as the simulation of salt movement through
the subsurface (e.g., seawater intrusion, brine movement), and heat transport. SEAWAT is
designed to specifically simulate 3D variable-density groundwater flow coupled with multi-species
solute and heat transport (Langevin et al., 2008) and is based on the earlier developed MT3D
(Zheng, 1990). MT3DMS can accommodate very general spatial discretization schemes and
transport boundary conditions, including: (a) confined, unconfined, or variably confined/unconfined
aquifer layers; (b) inclined model layers and variable cell thickness within the same layer; (c)
specified concentration or mass flux boundaries; and (d) the solute transport effects of external
hydraulic sources and sinks such as wells, drains, rivers, areal recharge, and evapotranspiration
(Zheng et al, 1999).

Processes to be assessed and applications of the SEAWAT code are, but not limited to:

91 Saltwater Intrusion: Simulate the movement of saltwater into coastal aquifers due to over
pumping or sea-level changes;

1 lrrigation Impact: Evaluate the salinization of groundwater due to irrigation return flow or
saline groundwater abstraction;

1 Aquifer Storage and Recovery (ASR): Assess the mixing of fresh and saline groundwater in
the subsurface during artificial recharge;

1 Saline Leachate Transport: Predict the movement of salts from landfills, brine ponds, or
industrial sources.

0000000000000

1 https://www.usgs.gov/software/model-viewer-a-program-three-dimensional-visualization-groundwater-model-results
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2.2

2211

2.2.1.2

IMOD & iMOD-Python

iMOD

iMOD is an open source software developed by Deltares, which facilitates groundwater modelling
for coastal, rural and urban applications (https://oss.deltares.nl/web/imod/home). iMOD
developments started in 2006, with the aim to make groundwater modelling with MODFLOW
easier. It consists of graphical user interfaces, pre- and postprocessing software and computational
cores based on MODFLOW source code in order to support the construction, simulation, and
analysis of groundwater flow. iMOD is an open source software since June 2014 (e.g., Vermeulen
et al., 2021).

The iIMOD Suite, an extension of the iIMOD family was released in 2021, and it provides extra tools
and capabilities to efficiently build and visualize groundwater models. Some of the key features and
modules of iMOD Suite are:

1 One expandable data set covering all possible future areas of interest

1 Accelerated modelling source codes to enable fast, flexible and consistent sub-domain

modelling techniques

Efficient, fast, and parallel numerical modelling

Fast interactive 2D- and 3D-analysis and visualization

Interactively editing the geometry of the subsurface

Consistency between regional and sub-domain models

Modelling of water quantity and water quality (iMOD-WQ)

Support creating of (nested) MODFLOW 6 models (Langevin et al., 2017)

iMOD 3D Viewer for interactive 3D visualization of structured and unstructured input and

output files, which also supports the unstructured grid (UGRID) file format.

1 IMOD QGIS plugin for visualization of model input and output with tools for drawing cross-
sections, timeseries and a link to open data in the iIMOD 3D viewer. It supports NetCDF,
UGRI D and ipfds files.

I iMOD Viewer: standalone 3D viewer and a QGIS plugin.

=A =4 =4 =4 -4 -4 -4

For these and other reasons, iIMOD has been applied in many Dutch and international projects
(e.g., in India, USA, Orleans, Colombia, Germany, and Switzerland) in which Deltares takes part.

iMOD-WQ

iIMOD-WQ (Integrated MODeling Water Quality) is the water quality module from the iMOD
software, and it was released in 2019. iIMOD-WQ is based on the SEAWAT code and its
capabilities. Likewise, it uses MODFLOW (either MODFLOW-2005 or MODFLOW 6) as the
underlying engine for flow simulations, combining it with solute transport capabilities. It supports
advection, dispersion, and chemical reactions that might take place in groundwater, and it can
model multiple solutes simultaneously, which is critical for analysing complex contaminant plumes
or nutrient transport. iIMOD-WQ couples the groundwater flow with solute transport to simulate salt
movement over time while taking into account the influence of different densities and buoyancy for
groundwater flow. Thus, time steps and solver settings must ensure numerical stability, especially
for advection-dominated systems (i.e., relative high groundwater flow velocities).Since 2019,
Deltares has incorporated a parallel version of SEAWAT into iMOD-WQ, making the modelling of
salt transport in high-resolution, large-scale regions feasible (Verkaik et al., 2021; Oude Essink et
al., 2023). It has been successfully used in studies showing how combined climatic and human
pressures are increasing the risk of salinization and freshwater scarcity in deltas and coastal
regions worldwide (Delsman et al., 2023; Seibert et al., 2024; Van Engelen et al., 2022).
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2.2.1.3

Note that the lastest version of IMOD-WQ also can simulate land subsidence and aquifer system
compaction that includes creep (Kooi et al., 2018), making it possible to use the same software for
the analysis of enduring groundwater extraction on subsidence in coastal aquifers (Minderhoud et
al., 2017).

iMOD python

iMOD python is a Python package to support MODFLOW groundwater modelling. It enables to go
from raw data to a fully defined MODFLOW model through combined scripts and command lines,
with the aim to make the setup workflow transparent, understandable, and fully reproducible. For
that reason, we use this tool to prepare, build, run, and analyze model results. With that, generated
input and output files can be easily traced back, as well as they can be opened and checked with
other software that can read and interact with MODFLOW files and simulations outputs, as well as
all the procedure taken during model creation and running can be thoroughly checked.
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3 Data sources and types

Different global data sources were acquired and combined in order to setup the numerical models.
We focused on publicly available and recent datasets. The Table 1 below summarizes the data
type, their sources and implementation in the simulations. In the following subsections, we explain
how each data source is combined and implemented in the simulations.

Table 1: data classes and types, and their names and sources.
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Since the datasets have different (horizontal) spatial resolutions, they must be homogenized before

the creation of the flow and transport model. More detailed information on this is presented on
chapter 4 dModel Characteristics and RunFile6

311 Digital Elevation Model (DEM) and Bathymetry - GEBCO
For the representation of surface topography both inland and on the sea, the dataset General
Bathymetric Chart of the Oceans (GEBCO) was used. GEBCO is a gridded global terrain model for
ocean and land, and provides elevation data (in meters), on a 15 arc-second interval grid (approx.
450 m). It can be download as global files in netCDF format or a set of 8 tiles (each with an area of
90° x 90°), giving global coverage, in Esri ASCII raster and data GeoTiff formats. The data files are
included in a zip file along with the dataset documentation. The Figure 2 below show an example of
the GEBCO data for the Mediterranean area.
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Figure 2: DEM for the area of the Mediterranean Sea and surroundings. The polygons indicate the location of coastal
areas to be simulated.

3.1.2 Total Soil Thickness - SOILGRIDS
SoilGrids is a system for global digital soil mapping based on state-of-the-art machine learning
methods to map the spatial distribution of soil properties globally. SoilGrids prediction models are
fitted using over 230,000 soil profile observations from the WoSIS database
(https://www.isric.org/explore/wosis/faq-wosis) and a series of environmental covariates. Covariates
were selected from a pool of over 400 environmental layers from Earth observation derived
products and other environmental information including climate, land cover and terrain morphology.

The outputs of SoilGrids are global gridded soil property data (e.g., bulk density, sand, silt, and clay
contents, pH, etc) at six standard depth intervals (according to the GlobalSoilMap IUSS working
group and its specifications) with a horizontalresoluti on of 250x250 m. The
parameter, indicating the amount of clay present in the soil, is the most relevant information for the
modelling framework since it will define if simulated aquifers are confining or not (if clay/silt content
is over 30%, a low permeable layer is set on the top of the aquifer system). The Figure 3 shows the
spatial distribution of soil thickness and of clay content (in g kg't) for the Mediterranean area.

=1}
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Figure 3: (above) soil thickness and (below) clay content (g kg-1) from the SOILGRIDS dataset for the Mediterranean
area and surrounding (source: https://soilgrids.ora/)

3.13 Ocean and Sea Sediment Thickness - GLOBSED
The GlobSed is a dataset that provides total sediment thickness for the world's oceans and
marginal seas based on a collection of field data and several regional oceanic sediment thickness
maps, which have been compiled and published for different parts of the world, including the
Mediterranean area (Molinari & Morelli, 2011). The dataset is available with a 5-arc-minute interval
grid (appx. 9.2 km) and it indicates the approximate thicknesses of sediments in kilometres. The
Figure 4 below shows the GLOBSED data for the Mediterranean sea.
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Figure 4: GLOBSED data with total sediment thicknesses for the area of the Mediterranean Sea area and
surroundings.

Global Total Sediment Thickness - CRUST

The CRUST dataset is a global crustal model at 1x1 degree (approx. 110 km) (Laske et al. 2013),
which includes an updated version of a global total sediment thickness estimation. In the oceans,
published digital high-resolution maps were averaged (e.g. Pacific, Indian and South Atlantic
oceans). In areas for which such files are not available (e.g. Arctic and North Atlantic ocean), the
sediment thicknesses were hand-digitized using atlases and maps. The sediment thickness in most
of the continental areas (incl. shelves) were obtained by digitizing the Tectonic Map of the World
provided by the EXXON production research group (1985).

The map of Figure 5 below shows the GEBCO data and a cross-section through the area. In the
cross-section, we also plotted the CRUST data (red line), which indicates the maximum depth of
sediment thicknesses. It is clear that in certain areas, the estimation shows very deep sedimentary
units, which greatly exceeds depths that we are interested in investigating within our simulations.
Therefore, as explained on the chapter Model Characteristics & RunFile we only analyzed and
considered depths up to 2500 m below current sea level.
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3.1.6

GEBCO
CRUST

Figure 5: : (above) DEM of the of the Mediterranean Sea and surroundings based on the GEBCO dataset; and
(below) cross-section showing the maximum elevations of the area based on GEBCO dataset (black line) and the
maximum depth of the sedimentary units based on the CRUST dataset (red line).

Catchments, Major Rivers - HydroSHEDS

The HydroSHEDS database (www.hydrosheds.org) offers a suite of global digital data layers to
support hydro-ecological research and applications. Its various hydrographic data products include
catchment boundaries (HydroBASINS), and river networks (HydroRIVERS) at multiple resolutions
and scales.

HydroSHEDS data are freely available in standard GIS formats and form the geospatial framework
for a broad range of assessments including hydrological, environmental, conservation,
socioeconomic, and human health applications

Major Rivers

Major rivers of the area are important water ways that can influence how the groundwater system
works. We use the HydroRIVERS database to retrieve the main water bodies in the areas of
interest.

From the HydroRIVERS database, we selected only on rivers with an average long-term discharge
estimate of at least 10 m3 s'* (Figure 6). Smaller rivers will likely only affect the shallow and local
groundwater systems, and for the scale of the simulation to be performed they can be disregarded.
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3.1.7

HydroRIVERS

Figure 6: (above) HydroRIVERS database with some of the rivers for the Mediterranean Sea area and surroundings.
Note that line widths are related to their long term annual average discharge (Q) from the HydroRIVERS database;
and (below) major rivers (average long-term discharge of at least 10 m3 s%).

s

Moreover, attention should be given to the water courses defined as rivers in the HydroRIVERS,
since in some cases, satellite imagery indicated that no river was actually present however existing
in the database. This can occur (especially in very flat and semi-arid and arid areas) since streams
and rivers are derived from numerical and flow models, whereas these areas present special
challenges for such models, and not all the results can be validated against field data, which would
require a considered amount of fieldwork and time. By only selecting major river systems, we also
minimize the risk of selecting a non-existing river, since major rivers are likely to be known and
validated against. In areas of special interest, we have tried and manually removed incorrect rivers
and water courses.

Hydrogeology

For implementing the (hydro)geological information into the flow and transport model, different input
data and procedures were combined. Firstly, the maximum depths that the flow model will cover
are defined according to the maximum elevation and the estimated total thicknesses of sedimentary
units (combination of GEBCO and CRUST dataset, respectively). We also need to define the
different hydrogeological units present in the area, which are done through the combination of the
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above mentioned datasets and the approach from Zamrsky et al., 2018. This is based on an
approach that combines topographical profiles based on the GEBCO (Weatherall et al., 2015) and
lithological information (Hartmann & Moosdorf, 2012). In summary, the three major compartments
of the numerical model (and their interfaces) are defined as:

1 Compartment 17 this represents the top-soil. The bottom of this unit is defined by the
SOILGRIDS thickness data. A minimum thickness of 10 m is set to this top unit to avoid
very thin numerical layers (important to avoid numerical problems during the simulations).
The classes within this unit will be split into i) clay/silt low permeable sediment layer and ii)
more permeable layer according to their clay content;

1 Compartment 2 - this represents the unconsolidated sediments based on the sedimentary
units thick estimation. This estimation is carried out following the procedure from Zamrsky
et al., 2018, which can be summarized as:

o A number of random and hypothetical cross-sections within model boundaries runs
through pre-defined points along coastal areas;

o Elevation points are extracted along each cross-section (based on GEBCO data,
for example);

o Ininland areas, SOILGRIDS values (soil thickness) are used to define the top
values (subtracting the values from model top GEBCO). In the offshore region, we
subtract the bathymetry from GEBCO by a constant value (based on the mean
values from SOILGRIDS thickness) since no information on soil thickness is
available offshore;

o Interpolation of points and values (top and bottoms) of each cross-section is carried
out to establish the total unconsolidated sediments thickness;

o0 Adjustment of extrapolated points and values based on upper and lower known
limits (GEBCO and CRUST dataset), as well as on anchor points;

1 Compartment 3 - this represents the hard rocks underlying the unconsolidated sediments.
The values from the CRUST dataset define its bottom. In areas where this value is deeper
than -2500 m (from current sea level), the model is set as inactive since we do not expect
significant flow to take place in such depths (due to very low hydraulic conductivity and
effective porosity values of rocks and formations in such depths).

Figure 7 shows the final estimates for the unconsolidated sediments thickness (i.e., Compartment
2) for the whole Mediterranean area. Hashed areas indicate areas not included in the analysis or
locations with total sediment thickness smaller than one meter.

total thickness [m]

Figure 7: estimated unconsolidated sediment thickness based on Zamrsky et al., 2018. Hashed areas are locations
not included in the analysis or locations with total sediment thickness smaller than one meter.
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3.1.8

Sedimentary rocks and units (GLIM)

The Global Lithological Map Database v1.0 (GLIM) has been developed as tool for global modelling
and it enables regional analysis of Earth surface processes at global scales. GLIM represents the
rock types of the surface of the Earth using more than 1,2 million polygons assembled from 92
regional geological maps, translated into lithological units using additional literature (Hartmann &
Nils, 2012). It has an average resolution of 1:3,750,000 (https://projekte.cen.uni-
hamburg.de/lithomap/). The lithological classification consists of three levels. The first level
contains 16 lithological classes comparable to previously applied definitions in global lithological
maps. The additional two levels contain 12 and 14 subclasses, respectively, which describe more
specific rock attributes. Here, we used a combination of first and second levels of GLIM classes.

Based on the classes identified, we derived hydraulic conductivity (K) values for each unit. It is
important to note that K values vary many orders of magnitude for the same rock type due to local
conditions such as their associated depositional, composition or genesis, weathering degree, and
other specific geological processes. Given this fact, it is not possible to know the most
representative, approximated, value for each location a priori, without local data, and without proper
model calibration, for example.

The Table 2 below shows ranges of horizontal K values for the rock types and units identified in the
study areas with some remarks on what could typically alter K values given local conditions, as well
the values assigned to each identified unit and rock types in the simulations. For the vertical
hydraulic conductivity, we assumed a ratio of 0.1 from the horizontal hydraulic conductivity values.
Figure 8 show a map with the classified GLIM units with their respective horizontal K values
assigned.

Table 2: typical ranges and values of horizontal hydraulic conductivity (K) in m.d for the rock types identified in the
study areas. Note that the K assigned corresponds to values assigned to compartment 2 where GLIM units are

present. For deeper layers, the values were modified accordingly (see text below).
Typical Kange K assigned
(m.d?) (m.d?)

GLIM code Category Remarks and Notes

cRNGG! H2¢ | R
YUHNDI ¢ RUHt R/
N! GRHcGGO! HG6F
101 Alluvial deposits 10-500 mnen o RUAG2T 131 HNI ¢
P DT RGWDUqgt

T 0@ ¥ qlid AHG6 |
102 Dune sands 50-1000 Mnamn ;5 Gl GU¢ARIRGg!
#Yct qclioc YL
i REIGYs UHt R
103 Loess 0.01-1 Mdandn | Gl ¢ ARGRq!
nl ¢Haeal I
9YGARUc qRYU}
104 Mixed sand 10-100 Mpep @7 HYEI + IHE ¢ OT 4
} RiqoHdc!

¢l ' HERNGHGI
510 W1 quUT AHNI
x Y513l HGII G ¢
106 Fine sand 1-50 p@nndn HYCI t WHE ¢ U7
#YUqUUq
fURG2T 13t HE ¢ (
t Riagt qYUut at
é ¢l REHWIHE AR
210 Mixed sedimentary rock 0.00011 nm dm | T WGUUT + HYUH+
¢ UT HGYI Yt Rq!
ucl t qHOGRG I ¢
D+ ql GG HGL

100 Unconsolidated sediments 1-50 MATn O

105 Coarse sand 100-1000 Hpmn ®

200 Siliciclastic sediments 0.002-10 M GEND N

220 Carbonate sedimentary rock  0.01-1000 H dnd n
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For the topsoil compartment and in locations where clay content from SOILGRIDS was above 30%,
we assigned a K value of 0.001 m. d'and a porosity of 0.4. If clay content was below that threshold,
the K and porosity values assigned were the same as the GLIM unit immediately below. Finally, to
account for compaction and reduction in both K and effective porosity values with increasing depth,
we implement them decreasing with depth. For simplicity, we assumed that deeper layers have a
fraction of K values (and porosity) from layer immediately above. This automatically considers for
different compartments and rock types.
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3.1.9

Figure 8: GLIM classes coloured with hydraulic conductivity (K) values assigned to each class. The bar plot shows
their K values.

Sea level and paleo reconstruction

In coastal areas freshwater aquifers are in direct contact with saline seawater. Typically, buoyancy
effects cause freshwater to float over heaver saltwater resulting in a so called fresh/saline interface
of saline seawater penetrating inland below the freshwater (Figure 9). Changes in sea level, over-
exploitation of coastal aquifers, among other processes altering the equilibrium of this interface can
cause seawater to intrude further inland leading to extensive aquifer salinization.

Ee P - o < 23
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Figure 9: Fresh saline interface in coastal areas: natural conditions (left), and under increased seawater intrusion
(right). The orange area in the right plot indicates the additional impact of sea level rise (SLR). (modified from USGS,
Creative Commons 3.0)

Throughout times, global sea level has changed substantially due to different processes such as
climatic fluctuations and other geological processes (e.g., ice ages, Milankovitch cycles, tectonic
activities). Evidence from ice cores and marine sediment records show how the Earth has shifted
from cold phases (glacial) to temperate phases (interglacial) in the recent geological past. During
the last glacial period around 20,000 years ago, the maximum volume and extent of the ice sheets
was reached (Figure 10). Since then, the world has entered in the present interglacial period, in
which global temperatures rose and many of the large ice sheets disappeared, leading to an overall
increase of mean sea level.

' Post-Glacial
Sea Level Rise

-20

Santa Catarina —4— =
Australia —+— | 40 3
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Jamaica &
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kﬂaasiirﬁ:?rﬂal Huon Peninsula ¢ [-100 &
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Figure 10: average sea level changes of the last 24,000 years measured at different locations in the world (source:
https://en.wikipedia.org/wiki/Past sea level#/media/File:Post-Glacial Sea Level.png). The dashed-line square
indicate the period included in the paleo-reconstruction (Table 4 and Appendix A).

Since coastal salinization due to sea-level rise is a rather slow process, a long-term simulation is
equally necessary to ensure enough time for the system to reach equilibrium conditions with more
consistent representation of salt distributions to present situation. To that end, we have carried out
a paleo-reconstruction and simulated the last 10,000 years before present with the main sea level
and climate fluctuations.

Based on the last Holocene sea-level historical data (Figure 10) and other sea-level modelling
studies (e.g., Delsman et al, 2013), we have adopted the following steps and strategy for the paleo-
reconstruction (and simulation of future sea level rise) as presented on Table 4.

Simulations were divided into 10 subsequent stress-periods (i.e., time-slices). Conditions during a
stress-period were assumed constant. The model state (hydraulic heads and concentration) at the
end of each time slice was used as the starting conditions for the subsequent stress-period. In each
stress period, sea level value, groundwater recharge (areas and rates) were updated accordingly.
The first stress-period is a long 20,000 years simulation with constant sea-level, which is used as a
spin-up for subsequent steps.

Table 4: Parameters and values of sea levels and dynamics used for the paleo-reconstruction and simulations.
Step 8 (in bold) indicates the present time-slice.

Length .
Date Years engt Time-step Sea level
step . stress N steps
(Christ. calendar) from present . length [yrs] [m]
period
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Finally, in order to assess how freshwater volumes are likely to be affected by climate change we
carried out runs considering sea level rise (SLR). The current sea level rise is 3.6 + 0.3 mm yri1
over 2006i 2015, and will rise between 0.43 m (0.297 0.59 m, likely range; RCP2.6) and 0.84 m
(0.617 1.10 m, likely range; RCP8.5) by 2100 (medium confidence) relative to 19867 2005
(Oppenheimer et al., 2019). Here, we have assumed that sea level will reach +1m from actual sea
level values by 2100.

Groundwater recharge

Groundwater recharge defines the amount of (rain) water that flows through the soil until the
saturated zone of an aquifer, and it contributes to the replenishment of groundwater. Globally,
groundwater recharge has a very heterogeneous pattern, which is defined by climatic conditions
and geology. Figure 11 shows how this has changed throughout time in the Mediterranean area (a
full set of maps is presented in Appendix A2). The low sea levels in the past (around -9,000 years
ago) it is also evident from the maps, in which areas that are today covered by the sea appear as
dry lands (e.g., large portions of Greece, ltaly, Libya, and Tunisia among others).
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Figure 11: Historical groundwater recharge estimates at the Mediterranean area (in mm d-!) (source: Zamrsky et al.,
2023). Areas in white represents water.

In the mediterranean area groundwater recharge ranges up to 2.0 mm.d-1. Moreover, it also
changes over time given seasonal and short term climatic variations. Therefore, groundwater
recharge is a difficult parameter to be defined and implemented, requiring thorough localized
considerations. For the paleo reconstruction, we used recharge values presented by Zamrsky et al.,
2023 (see also Figure A2, appendix). For simulating the present situation, we used computed
recharge values from the GLOBGM model (Verkaik et al., 2024), with a 10x10km resolution. It is
worth noting that values from GLOBGM and modern estimates from Zamrsky et al., 2023 are very
similar (Figure A3, appendix), and despite locally. values do not show extensive changes in time.
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4.1

Model Characteristics and Model Run

General characteristics

Given the spatial extent of the simulations to be performed, a grid size of 1x1 km (approx. 67 arc-
second interval) was created, which provides enough horizontal resolution to capture major
processes occurring at the coastal zones of the areas of interest. The grid is replicated in the
vertical direction, with | ay eThisi$autorhatically imeglensernted i
during the creation of the model grid. The top layer follows the surface topography, in which is
commonly known as fipancake | ayered model o. A mini
each layer, whereas the first 10 topmost layers have equal thickness of exact 10 m each, which
ensures sufficient vertical resolution where we expect higher fluxes and dynamics to take place due
to salt-fresh water interactions. Similarly, a minimum total thickness of the model domain is set to

200 m, which minimize presence of very thin areas in the models.

Model bottom was defined based on the CRUST dataset, which indicates the total sediment
thicknesses. Moreover, we have excluded the deeper parts of the model domains in areas where
bottom values were below -2500 masl since we do not expect significant flow in such depths (e.g.,
very low hydraulic conductivity and effective porosity values of rocks and formations in such
depths). Moreover, deeper groundwater is typically warmer and more prone to be affected by
geothermal gradients (~251 30°C/km). This could affect the density-dependent flow and solute
transport in models, which would require complex thermo-haline coupling schemes. This means
that cells within layers deeper than -2500 masl are set as inactive in the simulations. The simulation

option was set to fully confined.

As initial conditions, we set hydraulic heads equal to DEM in every layer. For concentrations, we
defined as saline (concentration of 35 g/L) every model cell that is below the initial sea level of the
first stress period and let freshening to take place due to groundwater recharge. This approach is
commonly preferred in the absence of more accurate initial conditions (e.g., interpolated salinity
from measurements, airborne surveys) since freshening is a faster process and it can help in
numerical stability (smooth transition interface is developed) and equilibrium (avoids long spin-up).
Moreover, many coastal aquifers have historically been saline, with freshening occurring due to
precipitation, recharge, and lower-density water displacing saline water. If models start with an
inland saline environment, it can also show whether recharge is enough to maintain seawater from

advancing inland.

Below, we provide an overview of the models for each coastal area. Table 4 summarizes the main

characteristics of each model.

Table 4: main features of models for each coastal region.

Domain area Rows &
Submodel (km2 x1000) Layers columns Elements

Active
elements

AlbaniaMontenegio 111.46 20 595; 618 7,354,200

3,101,900

Lebanon ny toneP H N HypT ¢ 1,818,960

MZnpnzx

[ Aoel PXTHYI M MYy p )T 26,836,524

MMZ2ZO0 Yy

¢cdzy AaaAl NP MO® H N TPTZXT 11,733,500
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4.2

* the number of layers had to be reduced given the computation limit in terms of total number of

elements during simulations.

After the delineation of each model domain using the HydroSHEDS dataset, the active areas within
each domain (i.e., ibound=1) was defined according to the GEBCO data. We have extended model
domains offshore in order to assess possible submarine (fresh) groundwater discharge (SGD),
especially near continental shelves and in nearshore margins. On the other hand, offshore
locations where seabed was deeper than 1000 below current sea level were set as inactive. This
was done mainly because:

Offshore deep groundwater (>1000 m) is often not a viable source for drinking water
due to high pumping costs . Drilling and maintaining wells at these depths is expensive
and technically challenging.

At greater depths (>1000 m), groundwater is more likely to be saline due to prolonged
interaction with bedrock, dissolution of minerals, which are processes we did not
include in our simulations.

Boundary conditions

The numerical models have similar set of boundary conditions (BC) representing the main forcings
on the systems. They can be conceptually presented as in Figure 12 and listed below:

Model top, groundwater recharge

A constant flux is applied to each active cell at the topmost layer of the model
domain in locations where cell elevations are above sea level. We used a spatially-
varying groundwater recharge within each stress-period; for cells with top-elevation
values below sea level (i.e., sea areas) the recharge value applied is zero.

Sea side

On the sea-side of the model domains (including the laterals of the domain that
falls within sea regions), a general head boundary (GHB) is applied to the topmost
cells that are below sea level with a value equal to it. The conductance assigned to
cells with this BC was 10000 m2d-*. Equally, for the SSM package, we assigned a
constant concentration of 35.0 g/L to parcels of water that infiltrates through that
boundary.

Inland lateral boundaries (e.g., mountains)

At the inland sides of the model domains, a similar GHB was assigned based on a
certain depth from the model top. This allows influx and outflux of water to take
place through those boundaries as well. This was selected instead of a no flow BC
since coastal aquifers can be affected by groundwater flow dynamics and recharge
from high elevation areas, which we want to make sure to include in the
simulations to the possible extent. for the SSM package, we assigned a constant
concentration of 0.0 g/L (freshwater) to parcels of water that eventually infiltrates
through that boundary.

Rivers

The rivers were implemented using the river package from MODFLOW, which
allows water to flow from and to the subsurface depending on the relation between
river stages and surrounding groundwater heads. The major rivers were obtained
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from the HydroRIVERS database?. Since there is no information on rivers stages,
widths, bottom values, and proper conductance values, we have derived these
parameter values from their average long-term discharge: rivers presenting higher
values were assigned with higher conductance and slightly deeper bottoms.
(Figure A4, Appendix). Rivers were assigned to the topmost layer given that their
bottom values were not below respective cell bottom values. Moreover, rivers
stages were assigned to match their bottoms. We also acknowledge this is a large
simplification in the simulations. However, given that river bottoms and stages were
not readily available, we chose this appro
scenario where rivers would not contribute to underground freshwater resources
but only drain it.

V. Overland surface flow (SOF)

On the topmost layer of the model domain and in locations where cell elevations
are above sea level a drainage BC is assigned to capture exfiltrating groundwater
in case the phreatic surface comes close to the surface. The drain elevation is
equal to surface elevation and is implemented to avoid overestimating the forcing
of fresh water into the model and thus artificially increase groundwater heads in the
domain.

VI. Wells

To simulate groundwater abstraction, abstraction wells were implemented with the
well package from MODFLOW. Since it was not possible to obtain the exact
coordinates of existing abstraction well from each study area at the moment, we
have assigned one well per active cell within the simulated domains. At the scale of
our simulations, we believe this is an acceptable approach since the probability of
at least one abstraction well exist within a 1 km2 area is large. Similarly, the exact
filter-depths of wells are unknown, thus we have assigned them homogenously at
50-100 meters below surface. We have masked out locations with very low
hydraulic conductivity values (< 0.01 m dt), since we consider wells would not be
installed in such unproductive aquifer units. We set abstraction rates in relation to
local groundwater recharge rates, so that locations with higher recharge rates
would have higher abstraction rates. However, we also masked out locations
presenting very low recharge rates (<0.01 mm d-) to prevent wells in very dry
areas. We acknowledge that this is an oversimplification in our simulations,
however, we still believe it was important to implement groundwater abstractions
locally since it is known to take place. Note: wells were only set as activate within
the last time-steps of the simulations (e.g., from 1950 onward), since the majority of
groundwater wells with significant abstraction rates were drilled and installed from
and at that time.

VII. No flow

At the bottom of the model domains, no flow BCs were assigned. They represent
the impervious hard rock underlying the coastal aquifers.

0000000000008 090
2 https://www.hydrosheds.org/products/hydrobasins
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4.3

4.4

GW recharge

no flow
Figure 12: schematic representation of the boundary conditions (BCs) implemented on the numerical models. The
thick black lines and different colours within the cross-section indicates the different compartments of the models,
Note that the BC values were adjusted according to each model configuration, whereas the set of BC are similar
among models.

Model run

We run the coastal models in parallel (Verkaik et al., 2021), which allows for faster analyses of
results as the parallel computation speeds up simulation time without compromising quality of
results. Specifically, when a simulation starts, the iMOD-WQ automatically partitions the total model
domain in pre-defined, physically overlapping small sub-domains, in which the flow and transport
equations are solved iteratively. Here, we used the uniform partitioning scheme to obtain equally
sized rectangular partitions. It is important to note that, the amount of small domains that a model
can be partitioned should be based on the number of cores available on a specific computer as it is
not recommended to split a domain into more numbers than core available (Verkaik et al., 2021).
Moreover, in comparison to common Seawat run files, to perform iMOD-WQ parallel runs, two
additional files are required. They provide support information on grid characteristics and on
convergence criteria for the flow and transport solutions. Example of these files are presented in
the appendix (Table T1).

We performed simulations in a virtual machine Intel(R) Xeon(R) Platinum 8358 CPU @ 2.60GHz,
with 4 virtual processors (cores) and 32 Gb physical memory. With that, simulation of 10,000 years,
for example, were completed within 2.5 hours for the Tunisia model and within 1.5 hour for the
slightly smaller model of Albania-Montenegro (times already considering post-processing and
merging of partitions. The longer run time was observed for the model from Libya (four hours in
total) It is important to highlight that, the computational capacity was also a determining factor on
the definition of grid size, resolution, and number of numerical layers in each model given that
above a certain number of elements, the simulation cannot be performed due to lack of memory for
model assembly.

Model validation

Simulated heads were compared to results from GLOBGM (Verkaik et al., 2024), which provides
simulated groundwater heads worldwide inland with a resolution of 1x1 km. Due to lack of specific
observation points, we compared simulated heads at 200 random locations from the simulated
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domains in the absence of abstraction wells (e.g., naturalized conditions) given that abstraction
rates, as well as their location are less certain. It is important to note that GLOBGM only simulates
fresh groundwater flow, without transport and any density-dependency. Therefore, we only looked
at the magnitude of values for the validation of our results, as the heads computed by each model
cannot be directly compared (especially at coastal areas) due to the density effects.

It is also important to note that this is not a calibration step in which model parameters were
adjusted in attempt to match the reference results. Nevertheless, this validation indicates the
general quality of model results in comparison to a peer-reviewed, published, global-scale model.
We did not attempt to calibrate the current models based on those values (or additional local data)
since this would require time for longer, repeatedly, simulations under different parameteré s
combination. Given that calibration is an essential step for the verification and further application of
the numerical models, this point is further discussed later in the report (Discussion, Limitations,
Recommendations).

Regarding the validation of the salinity distribution in the subsurface, we could not find publicly
available datasets in the target countries to compare our results with (Thorslund et al., 2020).
Nevertheless, using point data for validation would not be recommended given the great variability
of salinity in space and time, and the often poor reporting of the conditions under which
measurements were taken. However, once local data is provided by local country representatives,
we will assess, treat, and use it to create 3D subsurface salinity distribution maps. These maps
could be used as initial conditions for the models and be the base for the simulation of future
scenarios. This exercise could be conducted in a future phase of the project.
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5.1

Modelling Results

This chapter presents the main results from each numerical model. The structure of each sub
chapter is the same: First a general overview of the created numerical models are given; then the
flow results are presented (e.g., simulated heads, depth to GW) and compared to reference values
(i.e., GLOBGM); finally we present some results from the salt transport simulations (e.g., salinity
distribution, depth to fresh/salt interface).

We mainly focus on the final result of the main simulation. In other words, we present the results
following the 10,000 years simulation, the final time-step from the simulations. This would
correspond to actual conditions, with current scenario of sea level, groundwater recharge, and
groundwater abstraction. We also present results from the 2100 time-slice, which run is performed
to assess possible impacts of sea level rise (SLR) at the coastal aquifers. In the appendix,
additional maps and cross-sections from present time-slice (year 2020) can be found.

The value of these models mostly lies in identifying areas more prone to salinization, areas with
slower or faster freshening, and trend signalling. Given all uncertainties in the input data and model
conceptualization, and the fact that we could not calibrate or validate the results with data, absolute
values should be considered with care.

Albania-Montenegro Coastal Aquifers Model

The numerical model is comprised of a total of 3,101 million active elements. On offshore areas,
the active domain is narrow as bathymetry indicates that values very rapidly drop to below -1000 m
from current sea level. Nevertheless, the model extents up to 100 km from the coast in certain
locations (Figure 13). The model thickness is the largest on the first 20-40 km from the coast,
whereas in the mountains an in the seaside the thickness decreases, which can be related to
estimated sediment thickness (e.g., shallow in the mountains). Groundwater recharge in the model
show maximum values up to 1.8 mm.d1, whereas most values are around 1.0 mm.d-1.

Based on hydrogeological information, the region is covered by sedimentary rocks, which can
greatly vary in terms of hydraulic conductivity values (e.g., karstification, pipes, secondary porosity).
Mostly, values between 0.001 and 2 m.d-! were assigned to rock units in the area based on GLIM
units. Similarly, porosity values show a large range of values, from 0.05 to 0.4.

Paleo GW recharge map, the implemented abstraction wells, and other additional maps and files
for the Albania-Montenegro model can be found in the Appendix B.
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Figure 13: overview of the Buna-Bojana coastal aquifer region and model domain. Note that forthe iHy dr . condo ¢

fi P o r qanly bng layer is showed whereas the parameter changes within different model layers.

Generally, there is a good agreement between the results from the GLOBGM and the current
simulated heads. Higher heads are observed in mountainous areas, whereas near the coast heads
are lower. Locally, there are places showing artesian conditions (i.e., heads above the DEM,
warmer colours in Figure 14), especially around river cells. Moreover, the GLOBGM indicates
relatively deeper GW tables than the current model (Figure 15).
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Figure 14: comparison of simulated heads (top rows) and depth to groundwater (bottom rows) from the GLOBGM
model (left) and the current simulation (right). Note: naturalized conditions (no abstraction wells, sea level = 0 m).
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Figure 15: scatter plot from simulated heads (left) and depth to groundwater (dtGW, right) between the GLOBGM
model and the current simulation. Colours indicate the absolute deviation between values.

The first results from the salt transport simulations are presented in the maps and cross-sections
below. We focus on the results from the present time-slice (i.e., 2020) and the future time-slice
(2120) as well as their main differences (Figure 16). The depth to fresh/salt interface after few
kilometres inland is greater than 200 m below surface for most of the coastal area according to

current simulations.

34 of 91

26 March 2025

Modelling Report on Selected Coastal Aquifers of the Mediterranea Sea

unesco




conc_2020 change in conc_2120

30 ] 08 —
=
2
20 _ 04
< : 5
[#)] o
10 S 0.0 c
c
4 (]
5 8 0.4 9
B
1 - -0.8°
0
d2i_2020 change in d2i_2120
200
— b 8
E —_—
160 = E
= 4 _
. . ~N
1202 o
- 0 £
=
80 o 1 &
) —4 <
£ 2
40 % ] [¥]
] -8
0

Figure 16: comparison of changes in hydraulic heads, concentration, and depth to interface (d2i) from current
situation to 2120 based on simulation results. Note: results are median values from all numerical layers.

Impact of sea level rise (SLR) seems to be minor in the simulated coastal aquifers, whereas a local
impact can be observed, especially in change on concentrations. The fresh/salt interface seems to
be minorly affected by SLR, whereas impacts are much more localized. Nevertheless, from the
cross-sections below, the SLR impact becomes somewhat easier to observe.

For instance, from cross-section number five (xc:5, Figure 17) the advance of salt front with SLR can
be observed (highlighted by the polygon over the cross-sections on the figure), even if minor at this
time. One can observe that, even if the interface seems to get deeper with time, the front is
comparatively more inland at the time-slice 2120. We can also observe considerable amounts of
saltwater in deeper layers. Equally, we can also observe that low lying areas, even if many kilometres
from the actual coast line, still present high levels of salinity in shallow layers.
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Figure 17: cross-section view of salt distribution over time. Time progresses from top to bottom. Cross-section
location is presented in the Appendix B. The dashed polygon highlights locations with concentrations changing with

SLR.

Equally, from cross-section number six (xc:6, Figure 18), we can observe how a fresh water lens
develops near the coast and, with progression of simulation (and thus SLR), the lens shrinks. This
impact can also be amplified due to abstraction wells, which we were not able to thoroughly assess
at this stage.

36 of 91

Modelling Report on Selected Coastal Aquifers of the Mediterranea Sea unhesco
26 March 2025




xc:6, year:-5050

elevation [m]

xc:6, year:-50

elevation [m]

X6, year:2020

elevation [m]

xc:6, year:2120

elevation [m]

20 0 60 ) 100

120

140

conc (mgrL]

150

conc [mgiLl

SERETTITIIT
conc [mgAL)

150
100

conc [mgiL)

Figure 18: cross-section view of salt distribution over time. Time progresses from top to bottom. Cross-section
location is presented in the Appendix B. The dashed polygon highlights location with concentrations changing with

SLR.

Rising sea levels further exacerbate seawater intrusion risks, particularly in low-lying coastal areas
of the model (even if many kilometers from the coast line). The model suggests that without
intervention, increasing stress on aquifers will lead to further declines in fresh water availability and

quality.
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5.2

Lebanon Coastal Aquifers Model

The numerical model is comprised of slightly more than one million active cells (Table 4). On
offshore areas, the active domain is very narrow as bathymetry indicates that values very rapidly
drop to below -1000 m from current sea level. Inland, high elevations (above 2000 m) are also
observed very close to the coast. Total model thickness is generally large (1000 m) over the whole

area apart from the sea side where total thickness decreases.

Mean groundwater recharge is relatively low, reaching values up to around 0.8 mm.d1, whereas

most values are around 0.5 mm.d-2.

Based on hydrogeological information, the region is mainly covered by sedimentary rocks, which
can greatly vary in terms of hydraulic conductivity values (e.g., karstification, pipes, secondary
porosity). Mostly, K values between 0.001 and 20 m.d"! were assigned to rock units. Similarly,

porosity values show a large range of values (Figure 19).

The paleo GW recharge map, implemented abstraction wells, and other additional maps and files

for the Lebanon model can be found in the Appendix C.

Damour aquifer
Overview (DEM) ibound

2000

1000

Qverview (DEM) [masl]

Model thick. GW recharge

u
| |
1000 4
800
-

600
| |

400

Model thick. [masl]

200 u

Hydr. cond. Porosity

GHB cell

river cell

active

inactive

14
=

o
N
GW recharge [mm/d]

o
=3

0.30
025+
>
020%
8
0158

0.10

Figure 19: overview of the coastal aquifer region and model domain. Note that forthe i Hy d r .
only one layer is showed whereas the parameter changes within different model layers.
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In comparison to the GLOBGM results, simulated hydraulic heads patterns are somewhat similar,
with higher heads in mountainous areas and lower near the coast. However, a large discrepancy
can be observed, especially around high elevation areas, where GLOBGM indicate much higher
heads than our simulations (Figure 20). Even if patterns of heads are similar among results,
simulated heads are generally lower than values from the GLOBGM, especially in the mountainous
regions (i.e., higher head areas). Once more, the GLOBGM only simulates fresh groundwater and
no density effects are accounted for. Thus, we only look at magnitude of values in order to validate
the results.
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Figure 20: comparison of simulated heads (top rows) and depth to groundwater (bottom rows) from the GLOBGM
model (left) and the current simulation (right). Note: naturalized conditions (no abstraction wells, sea level = 0 m).

In these locations, depth to groundwater (dtGW) is much larger than values from GLOBGM as well
(Figure 21). This could lead in large underestimate of GW fluxes from higher elevations to the
coast, even if distances are large (>50 km). Care should be taken in analysing results and
delineating conclusions due to this fact.
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Figure 21: scatter plot from simulated heads (left) and depth to groundwater (dtGW, right) between the GLOBGM
model and the current simulation. Colours indicate the absolute deviation between values.

Concerning salt transport simulations, we focus on the results from the present time-slice (i.e.,
2020) and the future time-slice (2120) as well as their main differences. From the salt transport
simulations, we could observe that, especially due to low groundwater recharge rates, there was
still a lot of salt water remaining few kilometres inland, which have not been completely flushed out
(Figure 22). This fact could be verified with direct local and field data once this is available, for
example, or with other indirect methods of salinity inference, such as airborne geophysics or other
geophysical methods (e.g., ERT).
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Figure 22: comparison of changes in hydraulic heads, concentration, and depth to interface (d2i) from current
situation to 2120 based on simulation results. Note: results are median values from all numerical layers.

From the cross-sections, we can observe that mostly of the model layers above current sea level
shows presence of freshwater, while deep layers indicate large presence of brackish and salt

water. At higher elevation areas where groundwater recharge is lower (Figure 19) , we observe a
shallower fresh/salt interface. This is observed in the middle of the cross-section two (Figure 23).
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Figure 23: cross-section view of salt distribution over time. From top to bottom, time progresses from top to bottom.
Cross-section location is presented in the Appendix C.

In comparison to current time-slice, the results indicate that in 2100 and with +1 m SLR, many
areas inland shows fresh/saline interface moving downwards, whereas few locations near the coast
show the interface moving upwards. This can also be visualized in cross-section 5 (Figure 24). The
model shows that without intervention, saltwater intrusion could lead to significant salinization of
coastal aquifers within the next few decades.
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Figure 24: cross-section view of salt distribution over time. Time progresses from top to bottom. Cross-section
location is presented in the Appendix C. The dashed polygon highlights location with concentrations changing with

SLR.
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5.3

Libya Coastal Aquifer

The model domain from Libya covers an extensive area, resulting in more than 600 thousand active
elements per layer in the model. Due to computation limitations, the number of layers had to be
reduced to 18, and the model is comprised of more than 11 million active elements in total.

The offshore area of the domain extents for many kilometres to the sea, whereas seabed are still
relatively shallow. The limits of the model at the sea side were defined by areas with seabed
deeper than 1000m, or up to a maximum of 200 km from the actual coast line (Figure 25). Inland,
the model top is generally flat, and with deep unconsolidated sedimentary units (Figure 8).

Groundwater recharge is generally low with values mainly between 0-0.4 mm.d-1, with local
relatively high values (0.6 mm.d-1). The hydrogeological units were defined based on the GLIM
dataset, and it is mainly comprised of sands, dune sands and some carbonate sedimentary rocks,

whereas assigned K values up to 15 m.d-L.

The paleo GW recharge map, implemented abstraction wells, and other additional maps and files

for the model can be found in the Appendix D.
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Figure 25: overview of the Jifarah coastal aquifer region and model domain. Note that forthe A Hy dr . cond o
fi P o r qanly bng layer is showed whereas the parameter changes within different model layers.

Simulated hydraulic heads show a good match with GLOBGM results, with few points showing
large deviations (Figure 26). Main differences lie near the west of model domain, where slightly
higher elevations are observed in the DEM. In those locations, results also indicate slightly larger

dtGW (Figure 27).
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Figure 26: comparison of simulated heads (top rows) and depth to groundwater (bottom rows) from the GLOBGM
model (left) and the current simulation (right). Note: naturalized conditions (no abstraction wells, sea level = 0 m).
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Figure 27: scatter plot from simulated heads (left) and depth to groundwater (dtGW, right) between the GLOBGM
model and the current simulation. Colours indicate the absolute deviation between values.

The first results from the salt transport simulations are presented in the following maps and cross-
sections. We focus on the results from the present time-slice (i.e., 2020) and the future time-slice
(2120) as well as their main differences (Figure 28).

From the results, we observed considerable amounts of brackish/saltwater still present in deeper
(>500 m) layers, while some fresh water seems to be developed on shallow aquifer systems. This
seems to be true for the whole domain.
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Figure 28:comparison of changes in hydraulic heads, concentration, and depth to interface (d2i) from current
situation to 2120 based on simulation results. Note: results are median values from all numerical layers.

In comparison to current time-slice, the results indicate that in 2100 and with +1 m SLR, especially
shallow areas near the coast will be affected by salinization. This is observed to a greater extent
scale to the East of the domain, where change in mean concentration is higher in 2100 (Figure 28,
top-right map).This can also be observed in the cross-section views, where the first top layers near
the sea, which become more saline in time (Figure 30).
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