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Abstract
The aquifer system of Nefza in northern Tunisia has been exploited for decades in its southern part to meet
the increasing need for drinking water. The drop in groundwater levels observed since the 1980s in this
exploited area has led water resource managers to focus on the depletion of the groundwater resource,
while the availability of groundwater in the entire aquifer system is not well known. To date, the total
amount of groundwater stored in the aquifer system has never been fully estimated. That is the purpose of
this paper. The methodology includes (1) creating a comprehensive database combining all available
lithological and geophysical data (2) designing a three-dimensional model of the aquifer system (3)
incorporating hydrodynamic parameters into the model to estimate groundwater storage. The developed
model illustrates the spatial distribution of groundwater storage, improves mapping of aquifer geometry,
and delineates major aquifers and aquitards. Over 45 km2 of the modeled area, the calculated groundwater
storage in 2019 was approximately 3 × 109 m3 with a highly variable spatial distribution. It was found that
the area currently exploited for drinking water supply represents low groundwater storage between 97 and
377 m3/voxel (voxel size =1000 m x 1000 m x 5 m) while the unexploited area has excellent groundwater
storage up to 798 m3/voxel. Furthermore, over the past 52 years (1976-2019), only 0.2% of the groundwater
storage in the aquifer has been depleted. This paper suggests that water management challenges should
focus on accessing non-exploited areas of the aquifer covered by forests, even though the cost of the land
development and the installation of water pipelines is burdensome. In addition, the water balance of the
aquifer is poorly known and groundwater �ow in this region needs to be better assessed by multiple
methods such as geochemistry and hydrodynamic modeling.

Highlights
- Geoelectrical study of the aquifer system on the massive dunes of Nefza (North of Tunisia)

- Assessment of a complex aquifer geometry in a context of rare and fragmentary geological data 

- Mapping of the maximum storativity of groundwater using geological, geophysical, and hydrodynamic
parameters.

1. Introduction
Climate change and anthropogenic activities are progressively inducing dramatic changes in hydrologic
processes and large-scale changes in water availability (Alcamo and Henrichs, 2002; Becker et al., 2010;
Ceola et al., 2016; Wang et al., 2020). These changes affect key aspects of the water column (including
surface water, vadose zone, and groundwater), surface water-groundwater interactions, and water quality
(Hamdi et al., 2018; Jerbi, 2018; Tang et al., 2017; Zhu et al., 2020). In mid-latitude arid and semi-arid areas,
where surface water is only available for short periods, groundwater generally represents a long-term water
supply; even during severe droughts when river �ows are signi�cantly reduced (Guezgouz et al., 2017;
Loaiciga and Leipnik, 1996; Lin et al., 2015; Zambrano et al., 2018). Groundwater demand is increasing
profoundly with population growth, while global changes are putting additional stress on water resources
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and increasing the likelihood of groundwater scarcity. Declining groundwater levels are by far the most
alarming indicator of aquifer overexploitation and depletion of groundwater storage. This decline can reach
tens of meters per year in the most anthropized Mediterranean areas such as the Crevillente aquifer in
Spain (e.g. Garrido et al., 2005) and a few meters per year in other regions such as the Kairouan plain in
central Tunisia (e.g. Jerbi et al., 2018) or the Saïss plain in Morocco (e.g. Ameur, 2017). In the Nefza aquifer
considered in this paper, the groundwater decline is about 1 m/year according to the o�cial exploitation
report (DGRE, 2018). In this case, examining how groundwater levels are declining in response to climatic
and anthropogenic effects is essential for sustainable water management.

Groundwater availability is a function of storativity, the volume of water released (or brought into) storage
per unit area of the aquifer per unit decrease (or increase) in the hydraulic head (Freeze and Cherry, 1979).
While easily de�ned in words, groundwater storage is much more di�cult to quantify in practice.
Understanding the discontinuous and heterogeneous occurrence and pattern of hydraulic parameters is
essential (Rane and Jayaraj, 2020). Spatial variation in hydraulic parameters is controlled by lateral and
vertical variation in hydrostratigraphic units. For example, evaluation of aquifer geometry is mandatory for
estimating groundwater storage. However, developing a realistic aquifer geometry has never been an easy
task for groundwater systems of detrital origin due to their inherent structural heterogeneity (Galloway,
1977; Pham and Tsai, 2017). In these types of aquifers, the most important factor in�uence groundwater
�ow patterns is the heterogeneity of lithological composition and complexity of geodynamics. A realistic
hydrostratigraphy can be developed using a large amount of well log data to capture the complexity of an
aquifer system. Logging data can provide excellent information on vertical variability of the sediments but
only limited information on lateral variability. Surface geophysics, such as electrical resistivity surveys or
electromagnetic methods, can be a quick and easy way to complete the data set when no logging data are
available. Vertical electrical sounding (VES), a one-dimensional array method, is particularly useful when
correlated with existing hydro-stratigraphic information. However, VES can be subject to ambiguity
problems because low resistivity can be due to various factors such as groundwater chemistry and
formation materials (Song et al., 2007). Flathe (1955) critically reviewed the applicability and limitations of
the vertical electrical sounding method for solving hydrogeological problems. To construct a reliable and
realistic 3D hydrostratigraphic model, all types and sources of geologic and geophysical data must be
used.

To address the gaps between local information and model hydrostratigraphy for different scales of
heterogeneity using various input datasets (e.g., well logs, geophysical data, seismic data, and pumping
tests), a range of specialized geospatial algorithms have been used worldwide. These include methods
widely used in hydrogeology such as two-point variogram statistics, such as indicator geostatistics (Proce
et al., 2004; Tartakovsky, 2013); simple kriging and co-kriging methods (Abou�rassi and Mariño, 1984;
Allard et al., 2012; Vo Thanh et al., 2019), indicator geostatistics based on transition probabilities (Carle and
Fogg, 1996; Lee and Kitanidis, 2014; Zhao and Illman, 2018), Markov chain method (Fogg et al., 1998; Xiao
et al., 2016), Monte Carlo simulations (Delhomme and Del�ner, 1973; Pakyuz-Charrier et al., 2018; RamaRao
et al., 1995) and multi-point simulation (MPS) (Bai and Tahmasebi, 2020; dell’Arciprete et al., 2011; Journel,
2005; Strebelle, 2002). Reviews of these methods can be found in de Marsilly et al. (2005). In his research,
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de Marsilly et al. (2005) recommend that future geologic modeling work focuses on improving facies
models, comparing them, and designing new in-situ testing procedures that would help identify facies
geometry and properties.

The aquifer of the Nefza dunes, in the North of Tunisia, is one of those places where the storage capacity of
groundwater must be studied taking into account the complex spatial distribution of hydraulic properties.
Furthermore, the aquifer is only exploited by the national company of drinking water supply (SONEDE) in its
southern part due to the di�culty of access to other parts covered by forests. The monitoring of the
groundwater levels in this exploited part of the aquifer shows that the piezometric levels have decreased by
about 20 m over the last 30 years (DGRE, 2018). In this case, the exploration of all the extensions of the
aquifer has become an obligation concerning the drinking water supply of the residents. Previous studies in
the region (e.g. de Marsilly, 1972; Djebbi and Gabtni, 2018; Manaa, 1987) were mainly oriented on the
identi�cation of the �ows and barely on the storage. In addition, the geometry of the aquifer has never been
updated since de Marsilly (1972). This study is a component of a larger investigation to assess the
groundwater potential of the massive dunes of the Nefza basin. Thus, the objective of this paper is to
evaluate the aquifer geometry and spatial distribution of groundwater storage. This work provides valuable
information on the spatial distribution of groundwater storage that can be useful in predicting groundwater
availability in the future. It also represents an entry point for future groundwater �ow modeling. Overall, the
methodology described in this paper can be applied to any region of the world because of its simplicity and
best estimate of groundwater storage distribution.

2. Study Area
The Nefza aquifer is located in the northwest of Tunisia along the Mediterranean Sea over a distance of 10
km. It covers an area of 45 km² and corresponds to a collapsed basin �lled with recent and ancient sandy
dunes. The aquifer is delimited in the North-East by the river El Zoura and the dam of Sidi Barak, by an
outcrop of ancient alluvium in the South-West and by a limit without �ow in the East represented by a
dividing line of surface water and groundwater (Fig. 1).

It belongs to the sub-humid to humid Mediterranean bio-climatic region. The rainy season extends from
September to May, with intense precipitation in autumn. For the period 1988–2020, the average annual
precipitation ranges from 293 to 1110 mm, and the average annual temperature ranges from 14 to 20° C
(INM, 2020). July is the warmest month with maximum monthly values between 31.3 and 36.2° C. The
coldest month is generally January with maximum monthly temperatures between 9.4 and 15.5° C
(Bouraoui et al., 2005).

The sedimentological sequences and geological maps of the study area reveal that 40 to 60 m of sandy
dunes lie on a second aquifer composed of alluvial sequences. The substratum is formed by the Flysch
consisting of locally marly and very hard sandstones and outcropping in the coastal zone (de Marsilly,
1972) (Fig. 1).
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The upper aquifer is mainly supplied by direct rainfall recharge which re�ects the good quality of the water
with a salinity of less than 0.3 g/l (de Marsilly, 1972).

The general direction of groundwater �ow is towards the sea from southwest to northwest and southeast to
northeast, following the general topography, with an average hydraulic gradient of 2‰. The groundwater
level is about 30 m below the ground surface in the southwestern part and the aquifer releases its water to
the sea (DGRE, 2018).

Ten wells are operated at high pumping rates (average pumping rate pf 20 L s-1 per well) designated for
public drinking water supply located in the southern portion of the aquifer. In this part of the aquifer,
overexploitation of the aquifer induces a general water table decline of 0.25 to 1 m per year for the last two
decades, depending on local values of pumping intensity and hydrodynamic characteristics (Fig. 1).

3. Methodology

3.1. Borehole Data Gathering and Shaping
The exciting data used in this study was collected from several sources: The General Department of Water
Resources (DGRE), the Hydraulic Inventory O�ce (BIRH), and the National Water Supply Company
(SONEDE).

The aquifer geometry was explored using water well logs that partially or completely penetrated the aquifer.
29 existing boreholes (with complete data) were selected and used to build the 3D hydro-stratigraphic
model. The selection was based primarily on existing geophysical records and geographic proximity. Data
from the main boreholes were available as images, each sheet containing essentially the lithological
section, resistivity record (long normal (Am = 1600 cm), short normal (AM = 40 cm)), spontaneous
polarization, and Gama Ray log. Signi�cant work was devoted to digitizing the logging information in each
sheet to ensure maximum reliability. The data used in this work represent a representative spatial
distribution of the study area. The location of each borehole was veri�ed in the �eld using a Global
Positioning System (GPS) to ensure their exact position (Fig. 2). It should be noted that the reliability of the
lithological description depends on the sampling of the cuttings, the drilling parameters (density of the
mud, speed of advance, etc.), as well as the competence of the geologist or driller. Next, the lithological
information was combined with the logging data from each borehole to ensure the reliability of the
lithological description.

Groundwater levels were obtained from the piezometric time series of 20 piezometers (part of the
groundwater monitoring network of the Tunisian Ministry of Agriculture) (DGRE, 2018). The top of the
aquifer (Topography) was generated from the NASA Shuttle Radar Tomography Mission (SRTM, 1 arc-
second) digital elevation model. Hydraulic properties were inferred from 15 pumping test data (Fig. 2).

3.2. Geophysical data analyzing



Page 6/27

To complete the lithologic data set, 30 existing VESs were used to �ll in missing information where no
lithological data were available. These VES resistivity data were analyzed and then converted to lithological
information. In addition, twelve vertical electrical boreholes (VES) were drilled over the aquifer with a
transmission line spacing of up to 800 m. The Schlumberger array was used by applying small increments
in current electrode separations. A small 1 m increment in current electrode separation was made up to
AB/2 < 50 m and then a 5 m increment was made for additional measurements so that thin layers which
are thicker than 5 m could also be mapped. The maximum separation of AB was between 600 and 1000 m
depending on the availability of free space along the pro�le line. Therefore, the depth investigation is
estimated to be 200 m. IPI2WIN software was used to develop a geoelectric model for each VES.

The interpretation of the geophysical data was approved in two steps. First, the resistivity values were
analyzed and interpolated to construct a 3D geoelectric model. The process developed for the interpretation
of the resistivity data is based on the assumptions that the geoelectric layers are isotropic, homogeneous,
extended horizontally to in�nity, and have distinct electrical resistivity contrast and thickness. Although all
of these conditions are rarely satis�ed, the interpretation techniques are shown to be satisfactory for
inferring the stratigraphy of the subsurface (Befus et al., 2014).

In the second step, the geoelectrical model was correlated with available hydro-stratigraphic information
and adjusted accordingly to de�ne resistivity ranges for each lithological unit. Stratigraphic interfaces are
not always associated with changes in lithological character (Befus et al., 2014). Indeed, the correlation
between stratigraphy and lithology was sometimes di�cult and non-existent for many reasons: (i) thin
layers may be embedded in a thick layer of different lithology, (ii) signi�cant variation in groundwater
quality, and (iii) a lithological unit consisting of multiple geoelectrical interfaces without variation in their
physical properties (Co�n and Russell, 2017).

3.3. Hydrostratigraphic modeling
The lithostratigraphic units from each borehole and VES (converted from the geoelectrical model, see
Section 3. 2) were used to build a complete 3D hydrostratigraphic model. The Rockware (2010) "Borehole
Manager" tool was used to enter the lithostratigraphic units of the boreholes and VES, including the
location, elevation, total depth, and top and bottom of the various lithostratigraphic units. The Rockworks
utility tool was used to interpolate grid models for the top and bottom surfaces of the lithologic model. The
upper part of the model is represented by the topographic surface using a grid extracted from the SRTM
DEM of the same size as the model and the lower part is constrained by using the grid interpolated from the
borehole depth data.

The resolution of the model is 1000 m × 1000 m × 5 m, the resulting grid is 113 X-nodes × 83 Y-nodes × 55
Z-nodes, so the model contains 36743 voxels (8217 sandy dunes, 1444 clay lens, 5287 alluvial deposit, and
21795 sandy clay). Since similar accuracies were obtained with the ordinary and simple co-�xing method
for interpolation, simple co-�xing was used in this study.

3.4. Assessment of groundwater storage
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Groundwater storage can be de�ned as the amount of available water stored in the aquifer in a stable state.
In other words, it represents the extreme case where the objectives are to fully deplete or exploit the aquifer:
which is practically impossible to do. The study considers the total groundwater storage in the study area
as the total volume of geologic reserves.

In the uncon�ned portion of the aquifer, large amounts of groundwater can be stored in the open pore
space connected between materials (Castany et al., 1957). The amount of water that can be released due to
gravity forces was estimated using the speci�c yield parameter (Sy). In the con�ned portion of the aquifer, a
limited amount of water can be released per unit of hydraulic head decrease because it is related to the
compressibility of the mineral skeleton (Castany et al., 1957). Therefore, groundwater storage was
estimated based on speci�c storage (Ss).

Stratigraphic units are considered one by one, so the 3D model remains faithful to the lithological nature
and heterogeneity of hydrodynamic parameters (con�ned and uncon�ned layers are interpreted according
to the lithological composition of the layer). Thus, two assumptions are considered in the calculation of
maximum geologic storage: (i) each stratigraphic unit has a unique uniform speci�c yield or speci�c
storage, and (ii) the aquifer system is taken in a stable state (sum of inputs = sum of outputs).

Considering M [L], the aquifer thickness, H the hydraulic head [L], and A the aquifer area [L²] under
uncon�ned conditions (H ≤ M), the groundwater storage Gsu [L3] was calculated as follows (Castany,
1998):

Gsu = Sy × A × H Eq. 1

Under con�ned conditions (H > M), groundwater storage Gsc [L3] was calculated as follows (Castany, 1998):

Gsc = Ss × A × M Eq. 2

M and A are related to the aquifer geometry and were deduced from the lithological model and
potentiometric surface. The aquifer storativity parameters (Sy and Ss) were deduced from the pumping
tests and assigned to the corresponding lithological unit.

4. Results

4.1. Borehole data interpretation
As de�ned previously by de Marsilly (1972), the data analysis from the drillings shows that the Nefza
aquifer is made of two superposed layers. The �rst one is present in all the boreholes and it is located in a
dune formation of �ne sand sometimes slightly argillaceous. The second is located under the sand dune
sequence composed of alluvium of homogeneous facies (clay and sand) or alternating thin layers
(strati�ed; small layers of sand and clay superposed). These two aquifers are sometimes separated by a
clay lens about 10 to 20 m thick, which acts as an impermeable layer inducing the con�nement of the
second aquifer in some areas. In other areas, this clay layer is absent, leaving the dunes in direct contact
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with the alluvial formations. The second aquifer is not contained throughout the study area and in some
boreholes is absent. The substratum is formed by a sandstone formation sometimes very argillaceous; it
has been captured by some boreholes but it has no hydrogeological potential. It is considered in the rest of
this study as impermeable. This bedrock outcrops along the entire coastal line.

According to this analysis of the borehole data, it seems possible to classify the lithological information
into four well-de�ned groups. The �rst group concerns the chronological succession of four lithological
layers, namely the sandy dune, the clay lens, the alluvial deposit, and the sandstone bedrock (Fig. 3A). In
the second group, the alluvial deposit and the clay lens are absent and the sandy dune relies directly on the
sandstone bedrock (Fig. 3B). In the third group, only the clay lens is absent and the sandy dune is in direct
contact with the alluvial deposits lying on the sandstone bedrock (Fig. 3C). The stratigraphy of the fourth
group shows the absence of all the layers before the alluvium, only the alluvial deposit lies directly on the
sandstone bedrock (Fig. 3D).

4.2. Geophysical data calibration
Conventionally, resistivity data cannot be directly related to the lithological formation of the basement
without sampling other geophysical or lithological information. In addition, the depth of the aquifer
formation is not accurately estimated by resistivity methods. Therefore, the calibration of the measured
values is decisive. For this purpose, four VES were measured in the vicinity of boreholes for each group
de�ned above (see Interpretation of borehole data). The information extracted from the interpretation of the
VES-1 supported by the lithological data of well-1 (group-1) shows the �rst layer of high resistivity (519
ohm.m) corresponding to the dry sandy dune. This is followed by another layer of high resistivity (192
ohm.m) interpreted as the wet part of the sandy dune layer. The latter is underlain by a layer of very low
resistivity (6 ohm.m) marking a major resistivity discontinuity attributed to the clay layer. The sizing also
identi�ed the alluvial aquifer with a resistivity of 73 ohm.m. This aquifer is underlain by a layer of average
resistivity close to 20 ohm.m which corresponds to the sandstone substrate (Fig. 3A). Calibration of the
VES-2 based on lithological information from Well 2 (Group 2) revealed that the upper layer of sandy dunes
had a resistivity ranging from 2680 to 546 ohm.m for the unsaturated zone and resistivity of 160 ohm.m
for the saturated zone. The sandstone substrate was found with a resistivity of 32 ohm.m (Fig. 3B). For the
third group, calibration of the VES-3 using the lithologic information from Well-3 shows that the alluvial
deposit has a resistivity of 253 ohm.m when dry and resistivity of 103 when waterlogged. The resistivity of
the sandstone bedrock was estimated by the same calibration to be 32 ohm.m. The result obtained from
the calibration of the fourth group indicates that the resistivity is about 113 ohm.m, 74 ohm.m and 22
ohm.m for the sandy dune, alluvial deposit, and sandstone bedrock respectively (Fig. 3C). For all four
groups, the results obtained from the calibration of the acquired data improved the interpretation of the
resistivity data and produced depth estimates very close to the true depth (Fig. 3D).

According to this calibration process, it can be pointed out that in all VESs, the topsoil has a highly variable
resistivity due to the large variability of the lithology; it can reach several thousand ohm.m. The substrate
formation is clearly identi�ed as a geoelectric layer and its resistivity varies between 19 and 29 ohm.m. The
resistivity of the sandy dune varies from 160 to 192 ohm.m. The resistivity of the clay lens is estimated at 6



Page 9/27

ohm.m. and the resistivity of the alluvial deposit varies from 73 to 110 ohm.m. Therefore, these results were
used for the interpretation of all the SEVs used in this study. The geoelectric model was then converted to a
lithological model based on the range of resistivity variation listed in Table 1. After being calibrated using
the available lithological information, many errors were observed on the 3D geoelectrical model. Indeed,
many thin layers (e.g. sands, gravels, and clays) are sometimes absent and sometimes di�cult to
recognize. Interpretation of the resistivity data over the entire area reveals that the average resistivity of the
sandy dune is close to 234 ohm.m and its average thickness is about 36 m. The clay lens has an average
resistivity of 10 ohm.m and a thickness of 17 m. The thickness of the alluvial deposit was about 12 m and
its average resistivity was about 52 ohm.m. The resistivity of the sandstone bedrock was estimated to be
34 ohm.m.

The de�ned geoelectrical models were used to de�ne the lateral distribution of each group de�ned above.
Group 3 is the most dominant in the study area, it corresponds to the dune sand succession in direct
contact with the alluvial deposit. The clay lens, which belongs to group 1, is rather present in the southern
part of the aquifer and locally in the middle of the aquifer. Group 2, characterized by the absence of the
alluvial aquifer, is only observed in the extreme northern part of the aquifer (Fig. 4).

Table 1 The variation range of resistivity and thickness of the geoelectrical layer (R: resistivity, T: Thickness;
VES Cal: VES using for calibration) Fig. 4 Lateral distribution of stratigraphy groups. 
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VES Group Sandy dune Clay lens Alluvial deposit Sandstone
substratum

Error
(%)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

VES-1
Cal

1 192 41 6 30 73 40 19 -- 1.35

B3 1 207 32 15 23 110 26 23 -- 2.21

F14 1 314 23 17 21 59 46 23 -- 3.72

F3 1 229 12 4 12 111 43 27 -- 4.27

F9 1 199 47 4 13 77 27 26 -- 5.67

G5 1 299 45 4 15 79 20 37 -- 3.21

G8 1 301 30 5 12 85 37 27 -- 3.31

H3 1 255 28 6 16 99 24 24 -- 4.23

H4 1 261 22 17 28 89 27 27 -- 2.99

H5 1 267 19 15 14 74 44 22 -- 4.12

K5 1 309 16 11 18 91 43 27 -- 5.23

N8 1 222 22 14 11 112 47 31 -- 3.71

SE14 1 227 40 7 15 113 18 35 -- 4.23

SE9 1 165 25 7 15 100 30 42 -- 5.11

SE3 1 157 22 9 16 100 50 17 -- 4.36

SE4 1 179 20 14 13 114 45 22 -- 2.89

SE5 1 197 16 13 17 88 44 19 -- 2.14

SE6 1 211 40 9 14 72 38 38 -- 3.12

G1 3 179 88 4 11 107 24 32 -- 7.23

G2 3 187 90 4 19 111 21 37 -- 3.56

VES-2
Cal

2 160 61 -- -- -- -- 32   1.22

A15 2 566 12 -- -- -- -- 39 -- 5.66

SE7 2 134 67 -- -- -- -- 59 -- 4.98

T5 2 774 12 -- -- -- -- 46 -- 3.28

VES-3
Cal

3 133 46 --   74 39 27   1.23
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VES Group Sandy dune Clay lens Alluvial deposit Sandstone
substratum

Error
(%)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

R
(ohm.m)

T
(m)

A25 3 211 40 -- -- 122 42 39 -- 5.77

B7 3 147 36 -- -- 99 29 39 -- 3.12

C8 3 227 52 -- -- 114 47 34 -- 4.39

D3 3 212 59 -- -- 98 28 29 -- 3.77

D8 3 155 44 -- -- 79 26 48 -- 8.78

E3 3 175 77 -- -- 88 12 47 -- 6.87

F1 3 159 88 -- -- 89 32 51 -- 4.98

F8 3 163 56 -- -- 102 19 28 -- 5.23

SE9 3 220 24 -- -- 87 16 40 -- 2.50

G4 3 181 43 -- -- 79 17 39 -- 4.41

H6 3 209 18 -- -- 89 13 42 -- 4.25

SE8 3 203 13 -- -- 96 37 44 -- 4.36

SE1 3 305 12 -- -- 92 13 41 -- 3.89

SE13 3 248 12 -- -- 93 41 48 -- 2.36

SE2 3 219 13 -- -- 87 16 39 -- 1.25

T2 3 232 14 -- -- 84 18 41 -- 2.69

VES-4
Cal

4 -- -- -- -- 103 52 41 -- 1.32

Mean -- 234 36 10 17 93 31 34 -- 3.98

Max -- 774 90 17 30 122 50 59 -- 8.78

Min -- 133 12 4 11 59 12 17 -- 1.22

4.3. Hydrostratigraphy modeling
The 3D model demonstrates the complexity of the hydrostratigraphic framework of the study area. It also
pinpoints the spatial variability of thickness and the heterogeneity of the hydraulic parameters. The model
covers the entire study area from 100 m below sea level to the ground level at 0–94 m above sea level. The
voxel grid discretization is 200 m laterally and 5 m vertically. These dimensions were chosen to achieve a
su�cient resolution of the modeling, hence, guarantee the reliability and robustness of the model. The
model contains 36743 voxels (8217 of sandy dune, 1444 of clayey lens, 5287 of alluvial deposit, and



Page 12/27

21795 of sandy clay) (Fig. 5). A basic geological conceptual model is proposed based on this modeling.
The 4 different lithological units in the 3D model can be thematized based on either borehole strip log (Fig.
5A) or fence diagram (Fig. 5B). Figure 5C illustrates an overview of the 3D model results. It is in fact an
exploded scheme of Fig. 5D. Figure 6 demonstrates an East-West section (AA’) and a North-South section
(BB’) through the �nal 3D model.

The bedrock of the aquifer is constituted by the sandstone substratum which was found in an interval of
depth that varies from 30 in the coastal zone and more than 120 m in the middle of the modeled area. The
alluvial deposit aquifer is immediately overlying the bedrock consisting of sand-clay sediments. The
average alluvial deposit thickness was estimated to be 31 m with a maximum of 50 m in the southwestern
part of the aquifer system. This is followed by the sandy dunes which cover the entire area. The sandy
dunes and the alluvial deposit aquifers are laterally continuous across the entire area. As interpreted above,
the vertical continuity between these two aquifers is broken by the clayey lens, especially in the south part
of the study area. The average sandy dunes thickness was estimated at around 39 m with a maximum of
90 m observed in the central part of the aquifer. The clayey lens thickness oscillates between 11 and 30 m.

4.4. Estimation of hydrodynamic parameters
The speci�c yield and the speci�c storage for wells tapping the sandy dune aquifer and the deposit alluvial
aquifer were inferred from 15 pumping tests (Fig. 2, Table 2). The time drawdown data was recorded at a
constant discharge rate. The discharge rate was observed in the regular interval of time as to check
variations in the discharge rate. As the test progressed, the interval of time for drawdown observation was
increased. Table 2 provides the details of pumping aquifer test wells.

The Theis solution was used to analyze the pumping test data. Below is a brief description of the
aforementioned solution. Theis (1935) proposed an equation for the drawdown ‘s’ at an observation well
due to the constant pumping rate of a fully penetrated well in a homogeneous, isotropic, and in�nite areal
extent con�ned aquifer.

s =
Q

4πT W(u) Eq. 3

w(u) = − γ − ln(u) + ∑∞
j=1

( −u)
j . j !  Eq. 4

u =
r2S
4Tt  Eq. 5

Where in Equations 3; 4 and 5, s is the observed drawdown at the observation well (m), Q the constant
pumping rate (l/s), r the distance of the observation well from the pumping well (m), t the time since
pumping starts, T the aquifer transmissivity, S the Storativity of the aquifer, W(u) is Theis well function and
is the Euler-Mascheroni constant.

The line on a log-log plot with W(u) along the Y-axis and 1/u along the X-axis is commonly called the Theis
curve. Field measurements are plotted as t along the X-axis and s along the Y-axis. The data analysis
process consists of matching the line drawn through the plotted observed data to the Theis curve.
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Knowing Q and r, T and S are calculated according to Eqs. 6 and 7

T =
Q
4π

W( u)
s  Eq. 6

S =
4uTt

r2  Eq. 7

To apply the Theis formula for both con�ned and uncon�ned layers, the hydraulic parameters were
estimated only at the observation points. Consequently, the Theis formula remains valid for the uncon�ned
layers since the saturated thickness does not remarkably change between the pumping well and the
observation well. This explains why the �ow is dominated by the horizontal path. Also, the Theis equation
can be applied to the uncon�ned layers with the speci�c storage (Ss) for the con�ned aquifer replaced by
the speci�c yield (Sy). Figure 7 shows two interpretation examples of a pumping test in the sandy dune
both in the uncon�ned aquifer (Well 7275, 7276 and 7277; Table 2; Fig. 7A) and the alluvial deposit
con�ned aquifer (Well 7340 and 7137; Table 2; Fig. 7B)

The examination of the pumping test results (Table 2) allows to draw some conclusions which align with
the geological and geophysical study. In general, the transmissivity of the sandy dune aquifer varies from
1.4 to 5.4 x 10− 2 m2/s. The average transmissivity is about 2.6 x 10− 2 m2/s which seems to be reasonable
for the sandy soil layer. For the alluvial deposit, the transmissivity ranges between 0.12 x 10− 2 and 2.6 x
10− 2 m2/s with an average of 1.36 x 10− 2 m2/s, which is clearly lower than those measured in the dune
massif. These values of transmissivity will not be used in this paper but can be very useful subsequently in
other studies of groundwater �ow modeling.

The speci�c yield of the sandy dune uncon�ned aquifer was found between an interval of 10 x 10− 2 and 26
x 10− 2. The speci�c yield of the uncon�ned area measured in well 7136; 7290 and 4821 gives an average
value of 13.6 x 10− 2. However, the speci�c storage measured in well 7137 and 7340 located in the con�ned
area of the alluvial deposit aquifer ranges between 8.9 x 10− 4 and 6.9 x 10− 4. This result is totally in
accordance with the lithological and geophysical investigation.

Table 2 Summary of aquifer properties determined from pumping test analyses for monitoring well
drawdowns 
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Pumping
well

Test
duration
(h)

Pumping
rate (l/s)

Observation
well

Aquifer Distance
to the
pumping
well (m)

Transmissivity
(10− 2 m2/s)

Storativity
(10− 2)

7206 24 37 to 41 7135 Sandy
dune

400 1.5 26

7275 Sandy
dune

1120 2.9 17

7276 Sandy
dune

510 2.2 25

7277 Sandy
dune

165 1.48 10

7274 24 30 to 37 7138 Sandy
dune

200 2.1 12

7055 Sandy
dune

520 5.4 15

7342 152 39 7300 Sandy
dune

250 5.2 15

7052 Sandy
dune

1100 1.5 11

7053 Sandy
dune

390 3 10

7342 38 25 7143 Sandy
dune

630 1.4 18

7056 57 20 to 35 7137 Alluvial
deposit

310 1.5 0.089

7136 Alluvial
deposit

400 1.8 13.2

7289 24 20 to 32 7290 Alluvial
deposit

530 0.78 14.8

7340 Alluvial
deposit

270 2.60 0.069

6077 144 25 4821 Alluvial
deposit

425 0.12 12.9

4.5. Groundwater storage assessment
The groundwater storage was calculated over the study area. The thickness grid for each aquifer layer was
extracted from the 3D model to evaluate the total volume occupied by the aquifer (Fig. 8A and B). To
estimate the groundwater storage in the modeled area, the aquifer had to be evaluated for regions where it
is fully uncon�ned or con�ned. The speci�c yield values were assigned for uncon�ned aquifer where the
clay lens is absent and the speci�c storage for zones where the clay lens is presently using the grid mask
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represented in Fig. 8D. The number of pumping tests (10 values) in the sandy dune aquifer was su�cient to
estimate the spatial distribution of the speci�c yield (Fig. 8C), however, it doesn’t enable a decent spatial
representation of the alluvial deposit (only two values in the con�ned area and 3 values in the uncon�ned
area). Accordingly, the speci�c storage was assigned to an average value of 8 x 10− 4 for the con�ned area
of the alluvial deposit and a value of 13.6 x 10− 2 was attributed to the speci�c yield of the uncon�ned area.

The potentiometric surface grid was obtained by interpolating the water-level values applied to the
piezometric data. The water table contour lines were produced using measurements of all the piezometers
available in 1976 and the nearest corresponding location in 2019 to keep homogeneous information (20
piezometers; Fig. 2). This grid was used to estimate the saturated thickness for the groundwater storage
calculation in the uncon�ned conditions (Cf. Eq. 2).

Considering the water table of 2019, the amount of water storage in the aquifer was found around 3 x 109

m3 (Fig. 9). It shows that the Sand dune can store up to 2.3 x 109 m3 (Fig. 8E) and the alluvial deposit
aquifer can store about 0.7 x 109 m3 (Fig. 8F).

The grid of the groundwater storage distribution in the alluvial aquifer demonstrates that the uncon�ned
aquifer can store up to 292 x 103 m3/voxel, whereas most of the area in the con�ned aquifer can store only
less than 45 103 m3/voxel (Fig. 9). It is mainly due to the variation in storage characteristics con�ned and
uncon�ned aquifer. The grid of the groundwater storage distribution in the Sandy dune aquifer shows
promising groundwater potential covering about 20 km 2 in the middle and the northern part of the aquifer
with maximum groundwater storage of 495 m3/voxel (Fig. 9)

It should be noted that the use of the uniform value of speci�c storage in the storage calculation process
in�uences the result. The amount of groundwater storage in the aquifer soars within the middle and
northern area and become lower in the eastern and western north parts. A visible patch of higher storage
can be identi�ed in the middle south highlighting maximum groundwater storage of 798 m3/voxel while a
patch of lower storage appears in the eastern and western north zones of the aquifer. This is due to the
thickness and the speci�c storage are lower in those parts. It was also found that the area currently
exploited by the SONEDE represents poor groundwater storage ranges between 97 and 377 m3/voxel
(Fig. 9).

The groundwater storage repartition estimated in this study can be used for analyzing the long-term change
in groundwater availability. The total amount of groundwater storage would theoretically represent around
300-fold the exploitation rate of the year 2019, estimated by SONEDE to be 10 × 106 m3 (excluding any
other constraint). In other words, if the aquifer is used at the same rate as actually (10 x 106 m3), the
reserves would support the exploitation of 300 years. To evaluate the quantity of groundwater that had
been withdrawn from the aquifer over the 52 years of exploitation, the same method of groundwater
storage calculation was applied to the year 1976. Results show that only 0.2 x 109 m3 had been pumped
over the 52 years (between 1976 and 2019). This decrease corresponds to only 6% of the total reserves
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while the analysis of the water table chronic over the 52 years reveals an average decline of the order of 40
m in the exploited area of the aquifer.

Considering the current exploitation scheme of the aquifer restricted to the Southwestern part (poor
potential lower than 278 m3/voxel) and the uneven distribution of groundwater storage, this area of the
aquifer is predicted to suffer from groundwater shortage in the mid-term. The overall groundwater storage
will be able to supply drinking water for decades. Therefore, a solution must be provided to access other
parts of the aquifer covered by woodland even if land development and water pipes installations costly. In
this case, more attention must be paid to avoid seawater intrusion.

5. Discussions
The boreholes and VES data distribution allowed a good spatial disposition of the hydro-stratigraphy
information, but some areas would need more investigation. The VES carried out for the study scattered a
part of the indecision in the correlation process, but some equivalences remain in the 3D hydrostratigraphy
model. Since this model depends on interpolation schemes of the simple co-kriging method to interpolate
lithology between boreholes, it is worth mentioning that the hydrostratigraphic representation between
boreholes may not re�ect the reality. For instance, it is recommended that more boreholes be used to
achieve a better resolution and more accurate results. The topography of the model is also subject to
uncertainty due to inaccuracies in the elevation data extracted from the Shuttle Radar Topography Mission
(SRTM) Data which has an absolute vertical height accuracy of < = 16 m. To investigate the impact of this
uncertainty on groundwater storage calculation, a comparison was made between the elevation of 33
boreholes measured by a differential GPS and their corresponding elevation extracted from the SRTM. The
results show that the difference between the two elevations ranges between − 8.61 m and + 4.44 m with an
RMSE of 2.85. Hence, the groundwater storage is biased by this error and a change of the topography of
the sandy dune aquifer by ± 10 m (2 vertical voxels) results in a variation in groundwater storage of ± 0.6 ×
109 m3.

The speci�c storage and the speci�c yield are key terms in this study since they will be used for the storage
calculation. For the alluvial deposit, the variation of the storage coe�cient from one well observation to
another is very high: for the reason that some wells were located in the con�ned area of the aquifer and
others in the uncon�ned part. In fact, the con�ned conditions in the aquifer deeply in�uence the storage
calculation. A change in this thickness of ± 20% clayey lens is used to create con�ned conditions led to a
change of about ± 2% in the estimated groundwater storage which is rather acceptable. The groundwater
storage calculation is correlated to the speci�c yield distribution. Every other thing being equal, a change of
± 20% in the speci�c yield of the sandy dune will lead to a change of ± 0.3 × 109 m3 in the �nal result.

The overall uncertainty generated by the different sources of error is estimated to be almost ± 1 x 109 m3

which is rather signi�cant. The groundwater storage estimated in this study must therefore be considered
as an order of magnitude. It could be improved by incorporating more other lithological and geophysical
information and a better estimation of hydrodynamic parameters. But, the most important �nding is that
the spatial repartition of the groundwater storage represents very useful support for management purposes.
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The direct recharge rate from rainfall is also an important component that should be taken into
consideration for the water budget in the Nefza aquifer. Unfortunately, no consistent estimate has been
made in previous studies. However, archival data shows that a uniform rise of the water levels of around
0.4 m was observed in three observation points located in the north of the aquifer during the exceptional
year 1970–1971 (rainfall of 1244 mm in the Tabraka Airport station). This makes it possible to advance an
in�ltration coe�cient of the order of 30%. Similarly, de Marsilly (1972) considers that the heavy vegetation
cover in the region limits the runoff and promotes in�ltration. The average annual rainfall recorded at the
Tabarka Airport station was around 980 mm over the period 1983–2020. For an in�ltration coe�cient of
30%, the average annual recharge would be close to 300 mm. Over the 45 km² modeled in this study, this
gives an average of 13 x 106 m3 of water in�ltrated each year. This recharge rate is higher than the
pumping rate in the part of the aquifer exploited by the SONEDE (10 x 106 m3). This suggests that the
pumping rate can be raised without any risk to overexploited the aquifer. Nevertheless, the assessment of
the sustainable pump rate for the case study of The Nefza aquifer, requires a reliable estimate of the global
water budget of the aquifer, particularly of the spatial variation of the recharge under undisturbed
conditions. Yet, the latter is insu�cient, because the sustainable pump rate is also related to the variation of
recharge/discharge ratio induced by the abstractions. The conceptual model and groundwater storage
carried in this paper could be an excellent entry point to deepen the study and propose a hydrodynamic
model of the entire aquifer.

6. Conclusion
In a semi-arid region, the depletion of groundwater resources is a common problem. In these regions, the
aquifer systems are not well-known, the hydrogeological studies are rare and very local and the geological
data are sparse and fragmentary. The paper proposes a reasonable approach to tackle this issue by
designing a three-dimensional lithology model using GIS-based approaches. On the one hand, the
combination of lithologic borehole cutting with geophysical logging and VES information had provided a
better comprehension of the aquifer geometry. On the other hand, the integration of hydrodynamic
parameters, in the established 3D geological model, allows evaluating the spatial distribution of the
groundwater storage.

The result shows that the Nefza aquifer is composed of two superimposed layers. The �rst one is lodged in
a dune formation of �ne sand sometimes slightly clayey and the second one is under the dunes sequence
housed in an alluvial deposit composed of homogeneous facies (clay and sand are mixed) or in alternating
thin layers (layered; small sand and clay layers on top of each other). In some areas of the aquifer, these
two layers are separated by a clay lens of approximately 10 to 20 m of thickness, which acts as an
impermeable layer inducing the con�nement of the second aquifer.

The groundwater storage assessment suggests that at least 3 x 109 m3 (± 1 x 109) of groundwater is stored
in the aquifer system. On the one hand, it was also found that the area, currently exploited by the SONEDE,
represents a poor potential lower than 278 m3/voxel. It represents only 2% of the volume of groundwater
stored in the aquifer system. Moreover, the overall groundwater storage will be able to supply drinking water
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for more than 300 years (if the aquifer is used at the same rate as actually 10 x 106 m3). Current measures
of water managers were logically oriented towards the control of the withdrawals in the exploited area of
the aquifer. Though, the most urgent groundwater issue evidenced in this paper is the inequality in the
groundwater availability illustrated by the large variability of the spatial distribution of the groundwater
storage. If the current situation of stress remains the same, depletion of groundwater resources does not
appear to be an urgent problem at the present time. Thus, water management challenges must be focusing
on the future of managing accesses to exploit the unexploited part of the aquifer even if the land
development and water pipes installation costly.

The modeling approach advanced in this study resulted in a highly detailed model of both stratigraphy and
hydraulic parameters. The same methodology may be applicable in other complex geological
environments, where geological conceptualization is crucial for groundwater modeling.
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Figure 1

Situation map of the study area and geological settings.
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Figure 2

Location of borehole data, geophysical data and pumping test data.

Figure 3

VES calibration using logging data. (A) VES1/Well1, (B) VES2/Well2, (C) VES3/Well3, (D) VES4/Well4.
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Figure 4

Lateral distribution of stratigraphy groups.
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Figure 5

The hydrostratigraphic model. (A) borehole strip log, (B) fence diagram, (C) 3D model (D) and 3D exploded
model.

Figure 6

Est-West section (AA’) and North-South section (BB’) through the 3D model.



Page 26/27

Figure 7

Estimation of hydraulic parameters by matching Theis (1935) type-curve solution to time-drawdown data
collected. (A) the uncon�ned sandy dune aquifer (wells 7275, 7276, 7277), (B) the con�ned alluvial deposit
aquifer (wells 7340 and 7137).
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Figure 8

Step by step groundwater storage calculation. (A) Sandy dune thickness, (B) Alluvial deposit thickness, (C)
Speci�c yield distribution, (D) Con�ned and uncon�ned condition, (E) Sandy dune storage, (F) Alluvial
deposit storage,

Figure 9

Spatial reparation of overall storage.


