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Abstract

In semiarid regions, dams are useful for surface water storage, sediment sequestration, and
aquifer recharge. Built in 1987 on the Cap Bon peninsula (in northeastern Tunisia), the Lebna
Dam is considered a good example of a multifunctional reservoir. The dam feeds two
important irrigation networks, stores large sediment quantities, and allows a significant
recharge flow to the underlying aquifer.

This work suggests new leakage flow and dam-aquifer interaction characterizations through
the development of an approach that combines a water balance calculation, geological field
observations, groundwater monitoring, and geophysical research.

The hydrological balance calculation performed over the monitoring period (1990-2017),
shows that an estimated water volume of 3.7 Mm®y™ has leaked from the Lebna reservoir to
the coastal aquifer. Geological mapping of the Lebna Dam basin in summer 2019 revealed the
existence of permeable layers of sands to sandstones exposed along the southern banks of the
reservoir and extending to an elevation that included the water level when the dam is full;
these rocks outcrop at approximately 16 m.a.s.l.

A geophysical survey based on 67 vertical electrical soundings and 8 electrical resistivity

tomography profiles in the area downstream of the reservoir was carried out to identify the



lateral continuity of the recharge zones. Piezometric campaigns consisting of four field
surveys in 2019 and 2020 were conducted in the region downstream of Lebna Dam,
consisting of 71 water well samples.

The collected evidence led to the conclusion that concentrated recharge occurs in the
downstream bank of the dam.

Keywords: Recharge, surface water-groundwater interaction, hydrological balance,

resistivity, Electrical conductivity, semiarid zone



1. INTRODUCTION

In Mediterranean countries, dams play a key role in development. Dams are generally built to
provide supplementary water that can satisfy the needs of the population, mainly including
urban, water flood control and rural irrigation demands. Dams favor the regulation of the
hydrologic regimes of rivers and retain sediments (Altinbilek 2002). Nevertheless, they may
also cause considerable water losses by evaporation, thereby increasing the salinity of the
impounded water and lowering the volume of available water needed for groundwater
recharge and alternative uses. Simultaneously, such structures, in turn, may promote the
recharge of aquifers. According to de Vries and Simmers (2002), the aquifer recharge is
achieved via two key processes: the direct infiltration of precipitation through the soil in
outcrop areas and the localized recharge arising from surface water accumulation and

sideways percolation (as is the case in this study).

Localized recharge in reservoir lakes depends on various processes and mechanisms
(Simmers 1998), and several authors have considered this process to be an indirect supply
process (Nazoumou 2002). Thus, recharge can occur in natural lakes or be caused by dams.
Therefore, the recharge process relies on many different phenomena, such as dam releases,
infiltration wells, and irrigation returns. Leakage through geological embankments that
enclose reservoirs can add to silting and evaporation and may result in considerably high
water losses (Mesney 2004) and pose severe threats to the stability and security of dam
structures (Benfetta et al. 2017). The natural recharge by dams is disrupted in some way by
climate change which is increasing from year to year and has short and long-term negative
effects on surface water and groundwater in the northern part of the African continent. Since

among these consequences the irregularity of precipitation, water degradation, stagnation of



sludge in dams, dead slice, drought, and increased extraction of groundwater, etc. (Hamed et

al. 2018)

Leaks occur through materials geological boundaries with a degree of porosity, permeability
or discontinuity sufficient to allow the occurrence of water movement (Kim 2013). Leakage is
considered a negative effect when it promotes the instability of a dike and/or a significant loss
of water; however, leakage can also be considered a positive effect when a nearby aquifer is
recharged. The amount of available research on this subject is limited, but examples of
reservoir leaks, such as leaks in the such as the Negratin Dam (Spain), Gauting (China),
Karoun (Lebanon), and Congueyrac (France), were cited by Benfetta et al. (2017). Recent
works have focused on studying dam leakage processes by quantifying, qualifying or even
spatially and temporally delimiting leakage terms (Al-Fares 2011; Berhane et al. 2017,
Berhane et al. 2013; Gutiérrez et al. 2015; Kim 2013; Kim and Park 2014; Metwaly et al.
2006; Sevil et al. 2017). Research on the processes associated with leakage through geologic
barriers or natural banks is complex due to limited knowledge of the geometry and properties
of subsurface rocks. Moreover, because different causes cause leakage in different dams

(Benfetta et al. 2017), methods must be adapted to the target case study.

Various techniques have been used to study leakage water entering the boundaries of lakes or
dams. Some authors have used isotopic tracers (Alazard 2013; Grlinberger et al. 2004; Yi et
al. 2018) to detect the contribution of lake water to underground water. Leakage estimates
have been computed using surface water budgets, Darcy's law or even by correlating reservoir
lake levels with underground water piezometric levels (Bouteffeha, Dages, Bouhlila, &

Molenat, 2015). Likewise, researchers have used geophysical techniques such as vertical



electrical sounding (VES) or electrical tomography (Biévre et al. 2018) to study flow path

extents and to delineate leakage areas.

In Tunisia, the government constructed numerous small earthen reservoirs for irrigation,
artificial groundwater recharge, and sediment retention. According to the “General Direction
of Dams and Large Hydraulic Works” (DGBGTH) the state office in charge, numerous dams
in the country are suspected to experience leakage (e.g., Beni M'Tir, Kasseb, Barbra, Bou
Heurtma, and EIl Aroussia). Nevertheless, only a few scientific studies have been performed in
this region (e.g., Alazard 2013; Dassi et al. 2005). The particular case of the Lebna Dam
located in Cap Bon (Tunisia) draws attention. Built to deliver surface water to large coastal
irrigation regions to diminish the overpumping of the coastal aquifer (Gaubi et al. 2017;
Kerrou et al. 2010), the dam quickly showed evidence of noncontrolled recharge occurring
through geological material detected through the modification of piezometric levels. Since its
establishment, the Lebna reservoir has never dried up, indicating that the leakage does not
endanger the surface water supply. Nevertheless, in light of the available evidence
representing this situation, the effectiveness of this recharging system controlled by natural
spills in front of an underground salinization region experiencing sea water intrusion is

uncertain.

The main objectives of this study are to depict the geological barrier formation by employing
fieldwork observations and disclosing the hydrological features of the infiltration processes
across the dam bank. To determine the infiltration rate and the ratio between the increase in
the Lebna reservoir water level and leakage, data collected from the reservoir were used to
characterize groundwater flow through field sampling data. Finally, the aquifer geometry was

established, and a surface water-groundwater relationship was defined in the study area.



2. STUDY AREA

The Lebna watershed situated in Tunisia (Fig. 1a) has an area of approximately 210 km? and
is located in the eastern coastal plain in northeastern Tunisia (Fig. 1b). The watershed is
bounded on the northwest by the Abdurrahman Mountains, which reach elevations of 650
m.a.s.l, to the northwest by the town of Menzel Temime, to the southwest by the town of
Tafelloune, and to the southeast by a slightly marked relief, occupied mainly by annual crops

and orchards at elevations close to sea level (Fig. 1c).

[Insert Figure 1]

In the southern part of the Lebna watershed, a dam was built at the junction of the El
Ouedyenne and Bou Dokhane rivers. The Lebna Dam is the largest constructed dam in Cap
Bon; it has an area of approximately 2.822 km?, and its capacity is almost 30.4 Mm?; its

average yearly water supply reaches 20 Mm?,

As in many coastal regions, overpumping has caused the water table to be overexploited, thus
leading to marine intrusion even before dam construction (Kerrou et al. 2010). Several studies
have aimed to detect, delineate, or even model this marine intrusion affecting the Korba
coastal aquifer. Some of these works include Ziadi rt al. (2019), Ziadi et al. (2017), Kerrou et
al. (2010), Kouzana et al. (2009), Kouzana et al. (2010), Zghibi et al. (2014); Zghibi et al.

(2013); Zghibi et al. (2011), and Paniconi et al. (2001).

3 MATERIALS AND METHODS

3.1 Hydrological Balance



Surface water balance (Thornthwaite and Mather 1957) methods are not frequently used
because, at the end, the recharge rate is considered to be equal to the difference between the
terms characterizing the decrease in the reservoir volume and evaporation effects, and these
terms are often uncertain. However, in our case, this method can lead to satisfactory results,
as we have a well-calibrated station on the Lebna dam site at which regular measurements are

taken.

In this study, the determination of the hydrological balance of the Lebna Dam is based on the
daily water volume conservation method (Albergel et al. 1997). This calculation must
consider all the water inputs and outputs from the reservoir (Bouteffeha et al. 2015; Hatch et
al. 2010; Schmadel et al. 2014). Data on precipitation, evaporation, pumping, dike leakage,
spilling, draining, and pumping for the National Water Supply and Distribution Company
(SONEDE) have been collected from the Lebna Dam and used with water level measurements
taken in the reservoir to assess the water balance. We assume that when no rain or runoff
occurs (most days in the Mediterranean climate), the lake experiences no inflow, and the
decreases are explained only by evaporation, the recharge (or natural leakage) volume through
the geological materials, and other withdrawals. Then, an estimate of the daily leakage [m®
day™] can be calculated as follows:

Vieak = AV- Vey = [Vspitt +Vpump +Vsonepe +Vgate + Vseepage] [1]
Where:

AV is the stock variation in the dam reservoir from day n to day n+1 during a dry period [m®
day™;

Ve is the volume of water evaporated from the reservoir surface [m* day™];

Vi is the volume of water passing over the spillway (when the reservoir is full) [m® day™];

Veump 1S the volume of water directly pumped for irrigation [m? day™];



Vsonepe IS the volume of water pumped by the National Water Supply and Distribution
Company [m? day™];

Veak IS the daily subsurface exchange volume from the dam reservoir to the aquifer (dam
reservoir-groundwater interaction) [m® day™];

Vgate 1S the output drainage volume [m? day™] (the dam operator prepares for floods by
opening the outlet gate to prevent the spillway from working); and

Vseepage 1S the seepage volume [m? day™] under the dam's dike. This value is computed as a
power law fitted on a reserved flow plume and as a function of the water body change in the
reservoir as follows:

Vseepage = 86400*(Q day(n+1) +Q day(n))/2 [2]
Q=a WP

where a is equal to 0.00196702780619;

b is equal to 1.06336220122;

T indicates time;

Q indicates the operating flow rate (m®.s™); and

WI is the water level in cm.

All the variables available for observation were measured during the period from 1990 to
determine dry periods. The rainfall records were obtained from a rain gauge located at the

dam site.

Two slug tests were performed in the two rivers, EI Ouedyenne and Bou Dokhane, at the
entrance of the reservoir dam to assess the permeability and the water exchanges between the

rivers and groundwater upstream of the Lebna reservoir.



Water balance assessments can be applied on different scales depending on the target
resolution. For the Lebna Dam, analysis of the water balance process begins using daily water
level measurements (ESM_1.a). According to the objective of estimating leakage from Lebna
reservoir, only dry-season periods were selected, and the daily negative balance values were
maintained (ESM_2.b). Due to the difference in scale between the water level measurements
(measured on a centimeter scale) and the estimated infiltration corresponding to a few
millimeters, it was necessary to conduct several aggregations at 5-, 10-, 15- and 20-day
intervals. The balance terms were calculated in the same way. However, the value assigned to
the date represented a sum of the 5-, 10-, 15- or 20-day increments. From the water level
graph derived as a function of time at the chosen interval (ESM_1.c), we classified years,
according to the water level intervals, into eight groups (Tab.1). Each group was assigned an
instantaneous average water level value attributed to an average infiltration rate. May, June,
July and August represent the recession period. When estimating the infiltrated water volume,
this period is preferred. The infiltration volume was estimated according to the surface area of

the Lebna watershed.

[Insert Table 1]

3.2 Geological Survey
To complement the existing geological maps, a field mapping survey of the Lebna Basin was

performed in August 2019 at a scale of 1:10000 to determine the levels permitting natural



leakage from the Lebna Dam. The survey was based on previous regional works regarding
sedimentary deposits in the Cap Bon region (northeastern Tunisia) and included
sedimentological aspects (Colleuil 1976; Ben Salem 1992), biostratigraphic aspects
(Hooybergs 1995), tectonic aspects (Salem 1992) and stratigraphic and biostratigraphic
continuity aspects up to the Hammamet region (Temani et al. 2016). Detailed observations
were performed on dam bank outcrops and of two series in quarry pit facies (Q1 and Q2)
located at approximately 300 and 600 m from the reservoir ridge, respectively, representing

useful outcrops for cartography and calibration.

3.3 Applied Geophysical Survey

3.3.1 Vertical Electrical Sounding VES

The VES surveys describing vertical variations in the apparent electrical resistivity of
geological formations (Samouélian et al. 2005) were performed in April 2019 at 68 sites in
the study zone (Fig. 1b) using the Schlumberger electrode configuration, which is less time
consuming and provides the subsurface geologic layers at a higher resolution compared to the
other configurations (Loke et al. 2003). The acquisition was performed using an ABEM
TERRAMET~R SAS 4000 along the downstream part of the Lebna reservoir body. The
principal objective was to determine the extent of leakage through the geological bank, obtain
a global idea of the extension of the recharge zone, and define the geometrical structure of the
region downstream of the dam. The AB length extended up to 150 m and reached 300 m in
some VES regions during data acquisition, depending on field access.

The determination of layers "thicknesses and resistivity is manually obtained by relating the
VES field curves to the theoretical master curves and auxiliary point charts. The interpretation

has been carried out confronting the 1D inversion technique software (IPI2WIN, Russia) and



the WINSEV program (Jenny and Borreguerro 1993). An example of the VES treatment is

shown on (ESM_2)

3.3.2 Electrical Resistivity Tomography (ERT)

Geophysical investigations were conducted using ERT profiles at two sites on the
downstream edge of the reservoir (Fig. 1b). The locations of these profiles were chosen in the
vicinity of the recharge input zone and according to the monitoring wells available for
calibration purposes. A grid of four profiles was formed at each of the two sites. A Wenner-
alpha array with 10-m spacing between electrodes was constructed to collect the resistivity
data, reaching an investigation depth of approximately 70 m. The electrical resistivity

tomography data are presented in the form of inverted resistivity model including topography obtained
using Res2DINV Software. The inversion algorithm is based on the standard smoothness-constrained
least-squares inversion algorithm (Gauss—Newton method) (De Groot-Hedlin and Constable, 1990;
Sasaki, 1992). For all models, the root mean square (RMS) error of the inversion in the resistivity

model is less than 5%, which is well acceptable and the models are tolerable (ABEM, 2010)

3.4 Piezometry and Water Quality
Knowledge of piezometric data is of sharp interest when assessing groundwater flow

directions and identifying aquifer recharge zones (Chenini et al. 2010).

Four piezometric field campaigns were conducted in the Lebna Basin region in the wet
(February) and dry (August) seasons of two successive years, 2019 and 2020. Phreatic
groundwater levels were measured in 71 available wells distributed in the study zone (Fig.
1b). The resulting isopiezometric lines were interpolated with the kriging method using Surfer
14 software (Golden Software, Golden, CO, USA). The water table piezometric level

represented on maps was measured relative to sea level (meters above sea level: m.a.s.l) based


https://link.springer.com/article/10.1007/s41207-018-0068-7#ref-CR15
https://link.springer.com/article/10.1007/s41207-018-0068-7#ref-CR49

on data obtained in the Shuttle Radar Topography Mission (SRTM), on a differential global
positioning system (DGPS) survey conducted at some points and from a 1:25000 topographic
map of the region. The relations between groundwater and the Lebna reservoir were
considered in the interpolation. The dam water level was considered a piezometric level

representing the reservoir shoreline.

For the water quality electrical conductivity measurements, 71 wells were monitored over the
same periods. This monitoring campaign also concerned the Lebna Dam water, and the
resulting data were used to produce spatialized maps to delimit areas affected by the

groundwater recharge induced by the impoundment of the dam.

4 RESULTS

4.1 Lebna Basin Lithological Description

Since 1971, numerous investigations have been conducted in this area, including geological
surveys, drilling, geological logging, permeability tests, and geophysical investigations.
Specifically, many authors have conducted detailed reviews of the geology of the Cap Bon
and Korba regions (Abdeljaouad et al. 1998; Ennabli 1980; Hooyberghs 1995; Ben Salem,
1992, 1995). We focused our research essentially on the Lebna Dam and its downstream
section (Fig. 1b). The formations outcropping in the study area include Mio-Plio-Quaternary
deposits (Ben Salem, 1998). The lower part of the middle Miocene deposits corresponds to
detrital deposits, while the upper part is composed of lenticular sandstones and marls with
some lignite levels, referred to as the Saouaf Formation. In the study area, deposits from the
Upper Miocene are missing due to the widespread erosion that occurred during the Miocene

orogeny (Ennabli 1980). Transgressional marine Pliocene sediments cover unconforming



older folded and eroded formations and constitute the main aquifer corresponding to Astian
sandstone sediments, called the Porto Farina Formation. These deposits are mainly composed
of sandstone, sand, and marl alternations topped by sandstones and sands (Derbel et al.,
1991). This lithology changes laterally to contain argillaceous sands or consolidated
sandstones that are more or less argillaceous. Pliocene formations largely outcrop in the
northern reach of the Lebna River but are completely covered by Quaternary deposits in the
Tafelloune and Diar El Hajjej areas (Ennabli, 1980). These Quaternary deposits are composed
of two units. The lower marine facies unit corresponds to sandy limestones containing
mollusks. The upper unit is composed of continental sediments (Ozer et al. 1980) containing
oolitic limestones and coprolites or pelloides. These deposits currently form a coastal
consolidated wind dune built following marine regression (Chakroun et al. 2005). Old,
consolidated dunes cover the Tyrrhenian deposits (Ozer et al., 1980), forming an essential
feature of the littoral topography of the Cap Bon peninsula. This geological investigation of
the study area allowed us to establish a Lebna Basin map series (Fig. 2), containing seven
units, as follows, from the base to the top (1 to 7):

1. A gypsum gray marl layer;

2. alternating sandstone layers corresponding to a continuity of the Souaf Formation
from the upper Miocene, which is thickest in this zone and forms several depositional
sequences;

3. aseries of 5- to 6-m-thick plastic gray clays, known in the published literature as the
Sidi Barka Formation (Colleuil 1976) of the Lower Pliocene; these clays can be
considered the floor of the aquifer;

4. upon these clays lies a sedimentary unit with a total thickness of 8 to 10 m, composed
of bioclastic sandy levels alternating with lumachelic sandstones and organized in

several layers. The base of each layer shows bioclastic sands with fine and



homogeneous granulometry and an ochre-yellow color, some of which contain sandy
lenses. The fauna appears to be reduced, showing fragments of lamellibranch valves.
This sedimentary unit ends with a very fossiliferous sandstone term containing large
Pectinidae and Ostreidae fossils. This stratigraphic unit is known in the literature as
the Hammamet Formation consisting of sand and sandstone (Colleuil 1976);

5. the section ends with coarse reddish sand that becomes yellowish following breakage
and is fine-grained and beige to pink;

6. the latter end contains magnesian limestone crusts that outcrop extensively in the area.
These crusts likely correspond to the continental Villafranchian described in the
literature; and

7. current alluvium sourced from upstream watersheds during flooding events constitutes

the reservoir lake floor.

[Insert Figure 2]

4.2 Water Balance Analysis

A statistical analysis performed at different lag-time intervals allowed the selection of an
optimal interval time of 10 days; this lag time showed the lowest dispersion in the leakage
estimates. An analysis of the curve plotted after calculations showing the average infiltration
versus the dam water level (Fig. 3) revealed the following information: the infiltration value
rose as the water level increases, and two different slopes exist. One slope was found between
the 12.5 and 16-m levels, where infiltration rises very slowly from 0.015 mm.day™ (3.6x10"
*m3.s™) to 0.025 mm.day™ (6.3x10°m3.s™); under these conditions, the contribution of

subsurface flow is restricted. A second slope was found in which concentrated recharge



increases at 16 m and reaches a maximum of 0.09 mm.day™ (2.1 m®. s) at a water level of

18.04 m.

[Insert Figure 3]

The average effect can be summarized with a curve expression that links the groundwater
recharge to the water level in the lake. This expression, applied to the time series of the dam
water level, allowed us to estimate a volume of 3.76 Mm®.y* over a period of 27 years. The
examination of the reservoir levels from 1990 to 2017 (ESM_1a) showed many periods of
water storage and destocking. The water volume stored in the reservoir reflected rapid and
frequent increases in February of 1996, 1999, and 2015 and in November of 1999; these
increases were related to high rainfall during the corresponding period. Less-frequent flood

events occurred in March 2007 and April 20009.

Notably, low annual recharge corresponds to dry years and high annual recharge corresponds
to rainy years (Fig. 4). Most likely, a linear correlation exists between the total annual rainfall
and the annual recharge. As more rainfall occurs, the reservoir is filled, and more recharge is
thus generated. However, the infiltration tendency is in accordance with the reservoir filling
behavior. Indeed, the maximum infiltration value (5.65 Mm?>.y™) was recorded during the
1999-2000 year, when maximum rainfall occurred, and the minimum infiltration value (1.6
Mm?.y™") corresponded to 2010-2011, when minimum rainfall occurred. In addition, March,
April and May presented the highest dam infiltration values. Based on the infiltration law and
by interpolating these values, the infiltrated volume was estimated to be 17.9407 mm/year
over the entire watershed. The global computed leakage rate represented approximately 16%

of the inflow entering the reservoir. This amount was then compared with the evaporation



value of 29.54%. A schematic figure was drawn to visualize each term separately using

annual averages (Fig. 5).

[Insert Figure 4]

[Insert Figure 5]

4.3 Geophysical Results

4.3.1 Electrical Resistivity Tomography (ERT)

The obtained ERT profiles were inverted to electric tomography resistivity models and
highlighted three distinguished zones (Fig. 6 and 7). The main objective was to detect the
preferential infiltration zones, and the edges of the dam were found to allow more infiltration

than the other zones.

[Insert Figure 6]

[Insert Figure 7]

For the first layer, 2 to 3 meters from the surface, resistivity values between approximately 20
and 60 QQ.m were detected, with a clear change from one profile to another due to the
topography effect. Some heterogeneity existed due to the presence of the clays or marl beds
that had already been mapped around the dam bank. This level was not completely
continuous; thus, it was absent in some zones and formed small, convex shapes on some
profiles. The second layer showed high resistivity values between 140 and 700 Q.m,
contrasting with the deepest part of the ERT profile records corresponding to the clay bedrock

(with resistivity values lower than 20 Q.m). The described layers had the same order of



resistivity as the highest topographic part of the profiles, although their depths varied. This

layer also showed a highly variable thickness.

Lateral changes from high to low resistivity, especially near the surface, may have been
caused by discontinuities and/or abrupt facies changes. The integrated interpretation of the
data aimed to distinguish among the infiltration zones at the two different investigated sites to
identify the zone that was the most susceptible to leakage. The water levels on the day’s
measurements were taken were well marked on the resistivity profiles. The area above the
water level traced on the profiles showed very high resistivity values, belonging to the dam-
aquifer contact zone with the sandy sandstone formation of the upper Pliocene. The contact
areas permitting aquifer recharge at the first site (site 1) were more frequent than those at the

second site (site 2).

4.3.2 Vertical Electrical Soundings (VES) Interpretation

The determination of layers "thicknesses and resistivity is manually obtained by relating the
VES field curves to the theoretical master curves and auxiliary point charts. The interpretation
has been carried out confronting the 1D inversion technique software (IPI2WIN, Russia) and
the WINSEV program (Jenny and Borreguerro 1993). The VES inversion provided an
electrical image of the underground structure from the surface up to a depth of 100 m. six
maps were selected among 14 maps produced (ESM_2). The maps represented the apparent
resistivity variation over the whole zone covered by the Lebna Basin along a section of
subsoil varying in thickness between 3 and 75 m. The resistivity range denoted on the maps
varied between 0 and 700 Q2.m, and high resistivity values [> 90 Q2.m] were concentrated
downstream of the reservoir lake. The apparent resistivity showed circular to subcircular

shapes ranging from green to red on the scale and indicated either the existence of permeable



layers allowing recharge near the dam or even zones farther away that were convenient for the
implementation of water drilling.

In the area near the dam, on the right bank side, the maps show high-resistivity zones (>70
Q.m) at different AB/2 locations in contact with the reservoir. Consequently, the dam bank is
surrounded by high-value contours, allowing water to flow and partly explaining the water
exchange with the Korba aquifer.

The existing borehole BH1 allowed the calibration of the proximal VES, S2-5 (ESM _3).
However, the available lithological columns are reconstructed from field observations and
calibration based also on two quarries pit facies Q1 and Q2. Interpretation of the rest of the
VES will be based on the relationship between resistivity and facies obtained from the BH1
calibration providing the necessary data to develop isobaths and isopach maps of the aquifer
delivering information on aquifer geometry.

As result, the top isobath map of the shallow aquifer (Fig. 8.a) represents deformations that
affect the Plio-Quaternary deposits in the study site. This map shows a NE-SW structure
located approximately 500 m south of the lake bank, corresponding to a high structure
bordered by a lower area ("H2" on the diagram). Faults or monoclines related to the late
Quaternary tectonic extension could have generated this structure; these structures could be
studied by seismic refraction, as was in the study by Burollet (1991). The resulting isobath
map revealed an important element for consideration: the high structure existing in the
subsurface on the southern side of the dam. This structure must also be considered to
characterize the hydrogeological system. "H1" and "H2" on the map also denote high
structures, but their elevations result from topography effects, as they are located farther
upstream with higher inclinations. The isopach map of the shallow aquifer (Fig. 8.b) shows
that the thickness of the sandy aquifer ranged between 5 and 10 m in large areas but was

thicker in certain places. A thick zone was located directly south of the dam, enabling a



preferential flow path toward the SE direction in accordance with the topographic slope

toward the sea.

[Insert Figure 8]

4.4 Piezometric and Electrical Conductivity Results

The general behavior of the piezometric levels of free aquifers is mostly related to
topographic variations (Chenini et al. 2010). This is the case for the piezometric levels of the
sandy aquifer studied herein, the piezometric levels of which are mainly oriented parallel to
the seashore. By reviewing piezometric maps of 2020 (Fig. 9), we detected a southeast
general flow direction exiting the southeast bank of the reservoir. The flow path directions
show discrepancies in their general directions that are in accordance with the aquifer
geometry heterogeneity determined in previous research. Indeed, the average piezometric
gradients range from approximately 3%, and can drop to inferior levels of 5%. in areas where
the aquifer is particularly thick (>20 m); this trend was observed in all 4 seasons, even in
2019, (ESM_4). Near the sea shore (<2 km distance), piezometric levels below sea level
illustrate the influence of overpumping above sea water intrusion, as previously studied by

researchers (Kingumbi et al. 2005; Kouzana et al. 2009; Zghibi et al. 2013; Ziadi et al. 2019).

[Insert Figure 9]

The underground mapping of electrical conductivity (EC) (Figure 10, ESM_5) illustrated EC
values ranging from 0.4 to 7.5 mS.cm™. The lowest EC values identified in the groundwater

were close to those observed in the dam water: 0.8 mS.cm™ in winter and 1.3 mS.cm™ in the
dry season. Around the reservoir banks, the ECs were usually within these values up to a

distance of 1 km during winter and a distance of 500 m during the dry season. Excluding the



August 2020 situation, the EC values identified at some distances from the reservoir seemed
to stabilize between 1.8 and 2.6 mS.cm™ (corresponding to total dissolved solids (TDS)
values of ~0.9 to ~1.3 g/L) in large areas. These values are characteristic of mixing between
the reservoir water and underground water, corresponding to a TDS of 2 g/L (EC ~4 mS.cm™)
(Hamouda et al. 2019). In the southeastern part of the study area, the EC values were
generally high (> 3.5 mS.cm™) due to saline intrusion. Similarly, 2 wells in the northwestern
part of the study area showed EC measurements greater than 3.5 mS.cm™ during the 4 seasons
sampled (wells W60 & W61). In August 2019, a clear and continuous dilution plume was
observed coming from the dam side, while in August 2020, the plume seemed to have been
displaced toward the south, as pronounced increases were identified in EC in the wells located

at distances between 1 and 2 km from the Lebna Dam.

[Insert Figure 10]

5 DISCUSSIONS

A geological survey was performed to identify and map a sandy formation outcrop known as
the Hammamet Formation of upper Pliocene age; this material is present on the southern
ridges of the studied reservoir. The position of the formation lies on a layer of Sidi Barka clay
(Lower Pliocene), favoring infiltration when water levels are higher than 15 m.a.s.l. The rise
of the water level to the dam-dumping height of 18 m.a.s.l should increase at the same time
the infiltration surface area and the hydraulic gradient increase. Dam balance calculations
indicated that an average water volume of 3.76 Mm®>.y™* +/- 0.02 infiltrated into the water
table downstream of the dam throughout the 1990-2017 period, with high variations occurring

between wet and dry years. As mentioned by Kerrou et al. (2010) to be coherent with his



modeling of the Korba aquifer, the estimated volume was approximately 3.73 Mm?®.y ™ in

2004.

Kerrou et al. (2010) used a unique value as a permanent input to represent the coastal aquifer,
whereas we were able to compute varying recharge estimates that could be entered to
represent scenarios dedicated to forecasting the evolution of saline intrusion under climate
change conditions. The extension and limits of the aquifer downstream of the reservoir were
precisely determined by geophysical means combining VES and ETR methods. Tectonic
feature and facies changes influenced the aquifer layer flow paths from the reservoir to the
sea; for example, the Hamamet Formation presented large thickness variations with clear
piezometric patterns. Areas with large aquifer thicknesses implied low piezometric gradients.
This description of the aquifer limits constitutes added value that creates opportunities for the
simulation and understanding of the responses of the aquifer to recharge and pumping. From
the EC and piezometric evolution data, 4 different areas of interest were discriminated:

1- Near the reservoir (0-500 m from the south banks), low EC (<1.8 mS.cm™) and
piezometric levels were connected to the corresponding lake levels with low
gradients, indicating the direct influence of the recharge zone in the
Hammamet Formation.

2- Downstream (0.5-1 km), tectonic structures narrow the flow paths, and a
higher-gradient zone is found with higher EC values [1.8 to 2.6 mS.cm™]. The
salinity in this region is typical of mixing between underground water and
reservoir water

3- Downstream (1-2 km), a thicker aquifer zone with low piezometric gradients

and similar EC values can be found.



4- At approximately the sea shoreline (distance<3 km), the piezometric gradients
are disturbed, and the EC values are elevated (>2.6 mS.cm™), indicating

overpumping and salt intrusion.

A combination of VES and ERT techniques was used in this study, but as Kayode, Odukoya,
Adagunodo, and Adeniji (2018) they found that a combination of seismic refraction and
resistivity methods is adequate for obtaining robust information regarding seepage pathways
in and around dams. Similarly, the self-potential (SP) and induced polarization (IP) methods
are known to be sound for monitoring subsurface seepage (Panthulu et al. 2001); thus, we
considered applying these methods in the future near the lake zone, but these methods may be
inadequate for sites with piezometric levels deeper than 4 to 8 meters. In this study, the
geophysical campaign was carried out during the dry season. It is always possible to perform
regular follow-up measurements at different times to detect the resistivity variations on the

banks of the Lebna reservoir.

The uncertainties in our piezometric maps are difficult to reduce; few points were measured
by DGPS methods (9 out of 71), and for the rest of the analyzed points, SRTM 90 and
topographic map data were used, contributing an accuracy of 2 meters. In our experience
incorporating DGPS values with topographic map data, the errors were under 50 cm. Nearly
all piezometric data are collected in traditional wells that are very often affected by pumping
and/or stand as abandoned wells with suspicious water renewal processes. Pumping for
irrigation and water returns were not evaluated in the study. Kerrou et al. (2010) estimated an
annual pumping value of 100 mm for irrigated zones. We assumed that this value was
insufficient for inducing a large water table perturbation. Nevertheless, we recommend

complementary temporal monitoring with a pressure probe to document these effects. In most



previous works that explored the dam leakage phenomenon (Dreybrodt et al. 2002; Zhang et
al. 2020; Zhao et al. 2012; Zhou et al. 2021), piezometric data were used as the main
evidence. In several cases, the data interpretations were based on punctual measurements
recorded downstream of the studied dam and correlated to the water level in the reservoir
(Zhou et al. 2021). Whenever piezometric maps were presented in the works mentioned
above, they were used to describe the flow in general and not the flow perturbations resulting
from leakage flow contributions. This consideration resulted in our study being more focused

on the detection of zones under the direct leakage reservoir dam effect.

In this study, a relation between the water level and infiltration was established, and the
resulting curve included slope changes that corresponded to the limits of sandy layers located
in the reservoir bank, as described by geology field surveys. This fact illustrated that an
increase in recharge occurs when the lake water level reaches the level of the sandy
formations on the southeastern reservoir ridges. The uncertainty in the estimated infiltration
volume, obtained through the calculation of some terms in the balance equation, resulted from
the manual centimetric measurement accuracy and the simplified working hypothesis
regarding the water budget. In contrast, a leakage-water level relationship was established by
Garcia-Lopez et al. (2009) in a karstic system. They evidenced a progressive decrease in
leakage rates over a certain threshold level and explained this phenomenon by the progressive
“saturation of the rock” (the filling of a hydrogeological compartment via a karstic sinkhole).
In this case, the resulting equilibrium between the piezometric level and the water level of the
reservoir would explain the decrease in leakage flows. In our case, the reservoir level can be
considered a piezometrically imposed limit that conditions recharge through a combination of
the nearly impermeable alluvial sediments and highly permeable aquifer levels that are

reached when the reservoir water level is higher than 16 m.a.s.l.



Boulton et al. (1998) proposed three spatial scales to represent these interactions: the
basin/watershed scale, contact zone scale, and sediment scale; these scales were also
considered in this paper. Despite previous studies being conducted at the basin scale
(Kouzana et al., 2010; Ziadi et al., 2017), few studies analyzed the recharge evolution over
different time periods for dam sites located in basins similar to the Lebna Basin. In addition,
most previous research has analyzed surface water-groundwater interactions using single
methods rather than combinations of multiple field methods; the use of a combination of

methods thus represents the added value of the present work.

6 CONCLUSION

Water leakage should be considered when constructing of hydraulic structures such as dams,
reservoirs or artificial lakes. This phenomenon can contribute to the study region either
negatively (through water losses or dam breakage) or positively (by contributing to the
recharge of the groundwater), as in our case study. Investigating the geological nature of the
bank layers prior to construction is a major step that can be taken to determine whether
leakage will occur and, if so, the order of magnitude. In cases such as our study, the leakage
volume mentioned (17% of the dam inflow) was not as critical as that reported in Somers et
al. (2016), who suggested a 49% exchange with the subsurface. Nevertheless, this
phenomenon was welcomed, as it represented enhanced contribution to the recharge of an

overexploited aquifer affected by marine intrusions.

Recharge through the percolation of dam water into natural beds represents an artificial input
source to groundwater in arid areas. The choice of method for estimating recharge must be

guided by the research objectives, the data availability and the possibility of acquiring



additional data and the scale of the study area. In this paper, we estimated the groundwater
recharge volume over a 27-year period in a Mediterranean catchment area using a water
balance approach. Electrical resistivity measurements were applied downstream of the Lebna
Dam reservoir to precisely detect the locations where leakage occurred. Based on vertical
electrical surveys and tomography, resistivity methods allowed the detection of high-
resistivity regions corresponding to leakage areas.

The current findings are very useful for stakeholders, especially, to enhance the importance of the
Lebna dam as a source of aquifer recharge for the upstream region. Characterization of the Lebna dam
/ aquifer relationship, improved by a non-controlled leakage of 3.7 Mm®. y* from Lebna dam to

upstream aquifer and leakage mapping are calculated and presented for the first time.

The characterizations of water leakage and aquifer (groundwater balance, water level, geometry) are
useful for: i) local and national water management authorities (DGRE and CRDA Nabeul), to improve
sustainable groundwater management strategy, and ii) groundwater uses specially the farms in
upstream dam, to identify the depth of drilling and wells to reach the aquifer and to know the available

groundwater resource.
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Figure 1: Location and geologic map of the study area. (1) Tunisian map; (b) geographical
situation and digital terrain model of the Lebna watershed relative to the Cap Bon peninsula
and to the country of Tunisia; (c) geological setting based on maps (Sheet N° 22: Realized by
M. Arnould (1951), actualized by H. Ben salem (1997) and Sheet N° 15: by Bensalem 1997),
with well-sampled, borehole, quarry and VES locations; and (c) ERT profile locations.
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Figure 2: Geological map of the Lebna Dam basin, illustrated by pictures captured in 2019
depicting the sedimentology and nature of outcropping units in the study area and the AB
cross section realized in the downstream region of the Lebna Basin.
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Figure 3: Infiltration from the Lebna reservoir as a function of the water level.
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Figure 4: Average monthly infiltration rate from the Lebna Dam reservoir
over 27 years (1990-2017).
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Figure 5: Schematic illustration of the water balance terms of the Lebna Dam.
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Figure 6: Resistivity models of site 1 including the topography derived by the ERT method and the Wenner array of site 1.
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Figure 7: Resistivity models including topography obtained using the Wenner ERT method of site 2.
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Figure 9: Piezometric maps of the coastal aquifer: (a) in February 2019; (b) in August 20109.
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Figure 10: Spatial distributions of groundwater electrical conductivity (mS/cm) in the Korba
Basin aquifer: (a) February 2020; and (b) August 2020.
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126 ESM_4: Piezometric maps of the coastal aquifer: (a) in February 2019; (b) in August 2019.
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