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Abstract
In El Haouaria region located in the Cap Bon peninsula (N.E. Tunisia), the hydrodynamic survey revealed a decrease in
unconfined groundwater reserves of approximately 11% over the last 30 years due to the abstraction of water. Over that same
time period, the groundwater table displayed a natural decrease of about 10 m in depth over an area of 230 km2. Hydrogeological
investigations have shown that two aquifers which vertically integrate all of the permeable zones in the region can be distin-
guished: a shallow aquifer formed by filling the Quaternary and another deeper one in the Pliocene. These two aquifers are
separated by a semi-permeable layer through which vertical exchange by seepage is possible. Different methods using geochem-
istry (Na+, Cl−, Br−) and stable isotopes (18O, 2H) are compared with the hydrodynamic information for identifying the main
processes involved in the salinization and recharge. Forty groundwater wells were sampled to obtain additional information on
the hydrochemical and isotopic characteristics of the groundwater defined in previous studies. Estimation of groundwater
recharge in this semi-arid area is difficult due to the low amount and variability of recharge. Two analytical models, taking into
account the long term decrease of the water table, were used to interpret 3H and 14C content in groundwater. The median annual
renewal rate (recharge as a fraction of saturated aquifer volume) varies between 0.2 and 0.3%. For representative characteristics
of the aquifer (30 m of saturated thickness, porosity 14%) this implies a recharge of 10 to 12 mm/yr.
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Introduction

The El Haouaria coastal aquifer is a relatively small aquifer lo-
cated in northeastern Tunisia, characterized by a semi-arid cli-
mate (Ben Hamouda et al., 2011) and located in the Cap Bon
peninsula (Fig. 1). This study aims to integrate hydrogeological
data with major ion geochemistry and the isotopic signatures of
groundwater in order to identify the major hydrochemical pro-
cesses responsible for groundwater mineralization.

Environmental isotopes have been widely and extensively used
over the past 60 years in groundwater investigations. The stable
isotope compositions of oxygen and hydrogen, expressed as
δ18O and δ2H values, respectively, are commonly used in region-
al groundwater studies to identify flow regimes and sources of
recharge (Clark and Fritz, 1997; Mook 2001; Aggarwal et al.
2005). Radioactive isotopes (3H and 14C) can be used to estimate
groundwater ages. The presence of detectable 3H is evidence for
groundwater recharge after the period of nuclear bomb tests
1952–1964(Clark and Fritz 1997). 14C was used as a dating
method to estimate the age of water from several hundred to
about 35,000 years (Tamers 1975; Fontes and Garnier 1979;
Clark and Fritz 1997; Geyh 2000).

Here we measured stable isotopes and major ion chemistry
(Na+, Cl−, Br−) in 40 groundwater samples from the El
Haouaria aquifer. Much of the available water in the plain is
used for irrigation to further agricultural development of the
region. The El Haouaria plain is 12 km wide and 16 km long
and is exposed to the sea on the east and west sides. The geo-
logic map of the Cap-Bon Peninsula (Fig. 2) shows that the

This article is part of the Topical Collection on Geology of North Africa
and Mediterranean regions

* Mohamed Fethi Ben Hamouda
f_benhamouda@yahoo.fr

1 Isotope Hydrology and Geochemistry Unit, CNSTN, Technopark of
Sidi Thabet, 2020 Sidi Thabet, Tunisia

2 LSTE, Institut National Agronomique de Tunisie, 43 Av. Charles
Nicolle, 1082 Tunis, Tunisia

https://doi.org/10.1007/s12517-021-08465-6

/ Published online: 30 October 2021

Arabian Journal of Geosciences (2021) 14: 2246

http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-021-08465-6&domain=pdf
mailto:f_benhamouda@yahoo.fr


North and the South are bordered by clay Miocene outcrops
with intercalations of sandstone. The surface area of the quater-
nary water table is 230 km2. Water resources in this region rely
heavily on its rainfall potential and the atmosphere’s evapora-
tion potential, which takes back the majority of the precipita-
tion. The El Haouaria water table benefits from wet conditions
with an average rainfall of 568 mm/year, a natural depression
which forms a basin for collecting run-off water, and a sandy,
very permeable dunal mantle that ensures the best conditions
for rain infiltration. The average annual temperature varies from
17 to 19 °C. The wettest months are November andMarch, and
the driest are July and August. Potential evapotranspiration cal-
culated using Riou method (Riou 1980) exceeds 1100 mm/
year. Few previous studies have been done on the isotopic
characterization of the El Haouaria aquifer (Ennabli 1980;
Lassoued 1982; Ben Hamouda 2008; Ben Hamouda et al.
2015; Tarhouni et al. 2015). Because of the low amount of
recharge and variability in recharge conditions, the estimation
of groundwater recharge and associated hydrodynamic func-
tioning have been difficult to estimate. This study aims to inte-
grate hydrogeological data with established isotopic and geo-
chemical tools for the assessment of groundwater salinity and to
estimate the groundwater recharge and renewal rates of the
aquifer. This was accomplished using radioactive isotopes triti-
um and carbon 14.

Local geology and hydrogeology

The El Haouaria plain forms a depression (graben) facing
East-West and is bordered by the sea on both sides, with
outcrops of the Oum Douil formation in the north and south.
The study area located in the Cap Bon peninsula is a geo-
graphical entity that constitutes the extension towards the
NE of Tunisian Atlas (Khomsi et al. 2009, 2012, 2016). The
El Haouaria plain settled on a Miocene-age synclinal structure
(Fig. 3) Several geological studies have been carried out in the
region (Khomsi et al. 2019a, b). The structure of the El
Haouaria region results from orogenic movements dating
mainly from the end of the Miocene, these movements gener-
ated folds of orthogonal directions. The region is located at the
intersection of two directions. We distinguish tectonic units
corresponding to these two directions and tectonic accidents
mainly faults (Lassoued, 1982). The tectonic units follow two
directions: the so-called “Tunisian” direction and the so-called
“Sicilian” one because it is the direction of the large faults of
the canal of Sicily.

The reservoir of the El Haouaria groundwater is composed
of an overburden of quaternary sediment 50 m deep and a
dunal cap under which rests a large Pliocene deposit 200 m
deep making up the central filling of this depression.
According to the geological cross sections done on boreholes
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Fig. 1 Location of El Haouaria
study area

2246    Page 2 of 14 Arab J Geosci (2021) 14: 2246



Fig. 2 Geologic map of the Cap-
Bon Peninsula

Fig. 3 Regional cross section showing the current tectonic arrangement of the Cap Bon Peninsula
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in the region (Fig. 4a and b), the quaternary deposits are made
up of intercalations of sandy layers and clay with travertin and
tuff located at the summit.

These two aquifer levels are separated by a semi-permeable
layer of clay 10 to 15 m thick, which fills the deep aquifer
located in the Pliocene deposits, as opposed to the groundwa-
ter table made up of quaternary sediments. Hydrogeological

investigations have shown that two aquifers, which vertically
integrate all of the permeable zones, can be distinguished:
one groundwater table formed during the quaternary and a
deeper aquifer formed during the Pliocene. These two
aquifers are separated by a semi-permeable layer through
which vertical exchange by seepage is possible (Fig. 4a
and b).
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Fig. 4 a Bloc Diagram of El Haouaria region (Ben Hamouda et al., 2015). b Lithostratigraphic cross-section SW-NE
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Our hydrogeological study showed that interconnection
exists between the groundwater towards the deep aquifer at
Dar Chichou and another one in the opposite direction at
Gareât El Haouaria (a salty lake located in the center of the
plain), where the deep aquifer supplies the groundwater.
Examining the changes in piezometry from 1972 to 2004 re-
vealed a continual decrease, which varied from 1 to more than
14 m in some places (Fig. 5).

Compared to 1972 values, an average decrease of 3.38 m
was observed in 2001 across the El Haouaria plain. This de-
crease lessened to 1.4 m in 2006, such that there was a de-
crease of 11% since 2001 and 4.6% since 2006 for the total
depth of the groundwater estimated at 30 m. These two aqui-
fers have more than 200 m of depth in the plain characterized
by an active fault of Azmour located in the southern part of the
study area. For the quaternary unconfined aquifer, transmis-
sivity varies widely from 8.10−4 to 17.10−4 m2/s and the stor-
age Coefficient from 14.10−2 to 45.10−2. For the deep con-
fined aquifer, the transmissivity varies from 10 .10–.4 m2/s to
87 .10–.4 m2/s and the storage coefficient from 1.10−4 to
9.10−4(Ben Hamouda 2008). Depth of the groundwater table
varies across the region. The piezometric map established in
2006 shows that the aquifer is characterized by a groundwater
divide (Fig. 6).

In the southern part of the aquifer, the groundwater flows
towards the Garet El Haouaria (salty lake), located in the cen-
ter of the plain, then flows towards the sea, located to the East
and West. Groundwater flow coming from the north is also
flowing towards the sea located in the East and West.

Material and methods

Previous chemical and isotopic data were taken from (Ben
Hamouda, 2008). For this study, geographical position, depth
to water table, electric conductivity, pH and temperature were
measured with forty (40) Quaternary and Pliocene aquifer
wells, and piezometers in 2002 and 2003 (Fig. 1). Samples
were also collected for identification of major elements (Na+,
Cl−, Ca2+, Mg2+, Br−), stable and radioactive isotopes (2H,
18O, 13C, 3H, 14C) and represented in Table 1. Samples were
taken from piezometers after purging. Boreholes and dug

wells did not need to be purged because at the time of sam-
pling water was being extracted from these wells. Table 1
provides the main results from the spring of 2001 (end of
the rainy period and beginning of heavy agricultural pumping)
as well as the Br− and Cl− contents in 2003.

Chemical analysis of the water samples was performed at
the National Centre for Nuclear Science and Technologies:
Isotope Hydrology Laboratory, (Sidi Thabet, Tunisia). Major
cation (Ca, Mg, Na, and K) concentrations were analyzed in
filtered samples using an Analytic Jena atomic absorption
spectrometer with a furnace AAS Vario 6 and anion (Cl,
SO4 and NO3) concentrations were analyzed in filtered sam-
ples using a Dionex DX 120 ion chromatograph equipped
with an AG14 and an AS14 Ion Pac columns and an AS-40
auto-sampler. Bromide concentrations were analyzed using a
Dionex DX 120 ion chromatographer equipped with AG14
and AS14 Ion Pac columns at the AvignonUniversity, France.
The charge balance between major anions and cations is better
than ±5%.

Isotopic analysis of the water samples (2H and 18O) were
performed at the Institute of Groundwater Ecology-GSF
Research Centre (Neuherberg/Germany) and supported by
IAEA through TC project TUN/8/015 and TUN/8/017.
Stable isotopes of oxygen and hydrogen were determined by
isotope ratio mass spectrometry in a Finnigan MAT Gas
Bench and analyzed using continuous flow on a Finnigan
MAT 252 mass spectrometer. The δ18O values in samples
were analyzed via equilibration with CO2 at 25 °C for 24 h
(Epstein and Mayeda, 1953) and for the δ2H values via reac-
tion with Cr at 850 °C (Coleman et al. 1982). Both δ18O and
δ2H values were determined relative to internal standards that
were calibrated using IAEA SMOW standards. Data were
normalized following Coplen (1988) and are expressed rela-
tive to V-SMOW. Samples were measured at least in dupli-
cates and the precision of the analytical measures is ±0.1‰ for
δ18O and ± 1‰ for δ2H. The results are reported as δ18O and
δ2H, where δ = ((Rsample/Rstandard)-1)×1000. Tritium (3H) was
measured by the IAEA at the Isotope Hydrology Laboratory,
Vienna, Austria. Tritium content was measured by electrolytic
enrichment and liquid scintillation spectrometry (Taylor,
1977). Tritium concentration is reported in Tritium Units
(TU). One TU is defined as the isotope ratio 3H/1H = 10−18.

Fig. 5 Evolution of piezometry in
El Haouaria plain
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Radiocarbon analyses were collected in the field by precipi-
tating BaCO3. Radiocarbon content was determined at the
Isotope Hydrology Unit of the CNSTN (Centre National des
Sciences et Technologies Nucléaires, Tunisia), through ben-
zene synthesis and liquid scintillation spectrometry (Fontes
1971). The measured 14C concentrations are expressed as per-
cent of modern carbon (pMc).

Origin of groundwater salinity

The salinity of the groundwater is determined by the total
dissolved solids (TDS) and ranges from 3 to 8 g/l (the highest
values are measured in the shallow aquifer). The chemical
composition of groundwater plotted in a piper diagram
(Fig. 7) shows a trend of water classified under a Na Cl SO4

Ca water type.
The strong correlation (r2 = 0.94) (Fig. 8) in the Na+/Cl−

relationship suggests that these two elements have the same
origin. Even for samples taken far from the sea, the molar
relationship Na+/Cl− does not differ very significantly from
that of the mediterranean sea (0.86) (Jones et al. 1999;
Bouchaou et al. 2008; De Montety et al. 2008; Vengosh
2014; Moussa et al. 2017). The geographical location of the
study area (peninsula) gives several hypotheses on the origin
of salinity. First, the predominance of sodium and chloride can
be explained by the proximity to the sea, via the spray caused
by prevailing winds from the sea contributing to chloride and

sodium concentrations (Ferchichi et al. 2017). Secondly, the
development of agriculture and corresponding irrigation, in
the El Haouaria region, will increase the concentration of salts.
This is accentuated by evaporation of irrigated water which
will increase soil salinity, and therefore, the contribution of
these salts to the aquifer through the excess of water irrigation.
Finally, the excessive use of fertilizers enriched in Na and Cl
in this region will result in a systematic and additional pres-
ence of Na and Cl in the groundwater. The processes of dis-
solution, precipitation and cation-exchange are actively taking
place within the groundwater system. Results indicate that
groundwater is oversaturated with regarding several mineral
phases (calcite, aragonite, and dolomite). However, most of
the groundwater is unsaturated with respect to gypsum and
anhydrite.

The Br-/Cl- relationship helps to identify the possibility of
seawater intrusion (Jones et al. 1999; Ben Hamouda et al.
2013; Vengosh 2014,) since it is relatively constant (1.5 ×
10−3) in the seawater considering the extremely long residence
time of oceanic masses.Because of this, particular attention to
the Br/Cl ratio (Fig. 9) was paid to sampling points near the
Mediterranean Sea on both the east and west side of the El
Haouaria plain. The water samples whose Br/Cl ratios are
lower than the marine molar ratio (around 0.5 × 10−3) point
to a different mineralization origin. Alternatively, samples
whose molar Br/Cl ratios are above the sea water dilution line
are not affected by seawater intrusion. In this case, the
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Fig. 6 Piezometric map of El
Haouaria
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Table 1 Collected samples

Samp P.L
(m)

EC ms/
cm

TDS Ca Mg Na K mg/
l

SO4 Cl NO3 HCO3 Br δ18O
%

δ2H
%

3H
TU

δ13C
%

14C
pMC

P1 10.2 4.7 3148 349 126 457.5 12.9 145 1333 122 144 -4.53 -25.4 6.9

P3 14.2 1.98 1364 84.2 48.6 200 9.78 72.5 475.07 170.8 44.5 -4.92 -28.4 5.7

P4 16.2 3.14 2090 112 51.1 365.5 10.2 120 709.06 170.8 21.1 -4.43 -24.8 4.0 104

P5 30.1 2.17 1318 76.2 53.5 271.3 10.6 242 375.8 201.3 23.8 -3.53 -20.0 5.1

P8 14.4 2.3 1487 80.2 55.9 298.9 4.69 97 560.16 189.1 56.6 -5.30 -30.9 6.4

P9 15.2 3.65 2331 84.2 102 579.3 7.04 361 914.69 146.4 74.1 -5.06 -31.1 4.5

P10 22 4.77 3119 156 80.2 698.9 4.3 335 1219.6 176.9 24.6 -5.20 -30.4 5.1

P11 7.88 2.39 1571 84.2 72.9 282.8 16 327 496.34 146.4 50.7 2.15 -5.15 -30.2 4.5

P12 13 4.97 3260 319 163 418.4 5.47 264 1460.7 61.01 2.73 -5.19 -31.6 4.2

P14 22.5 4.39 3006 140 136 26 27.4 327 1099 146.4 50.7 -5.07 -30.5 4.3

P15 11.5 1.49 1095 92 41 117 7 88.3 263 152.5 98 0.93 -5.02 -30.0 7.5

P17 2.29 7.68 5130 220 237 1014 9.78 351 2428.5 146.4 58.1 10.09 -4.55 -27.3 3.1 109

P18 9.16 3.45 2370 116 75.4 439.1 13.7 312 797.69 201.3 39 2.46 -4.68 -28.7 4.5

P19 15.9 4.66 3092 128 102 662.1 9.78 279 1219.6 152.5 89.7 -5.12 -29.6 3.5

P20 14.8 3.49 2413 112 48.6 18.4 7.04 307 716.15 176.9 43.3 -4.78 -28.3 4.3 96.3

P25 17.1 8.35 564.1 265 214 1235 15.2 684 2517.2 170.8 1.56 -4.53 -27.0 4.6 88.2

P27 1.96 1.85 1150 88.2 43.8 177 5.08 96.1 379.35 85.41 83.1 2.48 -5.05 -29.7 6.9

P30 13.1 8.17 5611 269 370 1067 19.9 567 2460.4 158.6 29.3 -4.85 -27.4 3.8

P31 -2.02 2.59 1770 156 99.7 246 7.82 173 588.52 158.6 209 2.33 -5.07 -29.5 4.3 106.2

P32 8.97 2.46 1694 120 75.4 246 7.82 121 475.07 140.3 161 2.05 -5.21 -30.2 4.4

P33 11.9 1.77 1129 120 48.6 115 6.26 53.8 375.8 115.9 117 -5.23 -30.5 5.8

P34 -1.32 2.82 2064 180 48.6 243.7 7.04 155 581.43 140.3 137 1.59 -4.74 -28.8 4.8

P35 13.5 2.35 1480 88.2 66.9 236.8 2.74 192 428.98 225.7 102 -5.36 -31.3 2.7

P37 4.71 2.49 1581 68.1 68.1 280.5 10.2 93.2 602.7 195.2 4.29 1.98 -5.20 -29.6 1.3

P39 17.2 1.57 1083 56.1 58.3 112.7 5.87 37 304.9 164.7 60.1 -5.24 -30.7 3.0

P40 14.1 1.52 1040 56.1 53.5 124.1 7.43 31.2 276.53 170.8 62.8 -5.09 -28.9 3.6

P41 3.48 2.33 1546 72.1 65.6 223 5.08 76.8 439.62 170.8 62.8 -5.11 -29.3 7.2 93.1

P43 4.53 3.22 2112 68.1 68.1 12.2 10.2 93.2 602.7 195.2 4.29 3 -4.92 -29.3 4.3

P46 20.8 1.9 1200 124 49.8 151.7 3.13 125 308.44 292.8 81.9 -5.26 -30.7 1.7 -10.29 55.6

P48 18.2 3.01 2010 186 52.3 351.7 3.52 269 606.25 207.4 136 2.28 -5.02 -29.8 4.0

P49 5.14 6.01 4050 275 101 873.6 6.65 524 1545.8 213.5 101 6.1 -4.47 -27.0 4.1

P53 18 1.77 1060 112 42.5 142.5 4.3 115 258.81 268.4 99.9 -5.24 -34.5 2.4

P55 24.9 1.49 980 92.2 29.2 110.4 39.5 19.2 212.72 402.7 11.3 -2.25 -13.7 5.9

11764 1.33 1.2 740 56.1 35.2 140.2 2.74 48 233.99 231.8 34.3 0.77 -5.38 -32.7 10.8 -9.31 78.7

11862 10.8 2.3 1539 90.2 68.1 232.2 5.08 106 496.34 353.8 28.1 -5.40 -30.7 5.2

8305 0.95 548 74.1 20.7 129 1.96 34 152.4 189.1 5.85 -5.35 -30.5 <1.1 -6.63 18.3

8304 15.3 1.4 830 112 45.6 143 12.09 95 245.7 414.8 12.4 -5.29 -34.44 -5.22 28.4

9036 1.66 1047 70.1 57.1 152 6.26 58 379.3 176.9 12.5 -5.33 -31.1 <0.9

9256 23.95 1.29 731 58.1 53.5 122 5.08 67 219.8 225.7 12.9 -5.47 -30.5 <1.3 -7.89 16.5

9444 22.3 1.47 886 80.2 47.4 124 5.87 86 276.5 225.7 10.9 -5.43 -31.3 <1.1

9447 27 1.07 647 58.1 25.5 94 3.91 38 163.1 237.9 9.75 -5.51 -30.8 <1.2 -6.4 11.6

9448 25.4 1.04 653 56.1 28 117 5.08 43 163.1 244 9.75 -6.71 11.4

9457 19.75 1.46 966 70.1 51.1 129 5.87 62 304.9 207.4 7.02

10548 12 1.44 970 112 19.4 115 5.87 82 258.8 250.1 9.75 -5.50 -31.1 <1.1 -3.93 21.3

10575 1.41 821 100 30.4 120 5.87 82 262.4 225.7 10.9 -4.85 -28.9 -6.64 15.6

10581 11.8 3.49 2741 142 99.7 391 7.43 187 939.5 140.3 48 -5.14 -29.6 3.2

11763 0.47 1.24 735 62.1 26.7 124 4.69 72 223.4 195.2 13.3 -5.22 -29.4 <1.0

11765 - 1.04 582 60.1 37.2 97 5.87 48 157 201.3 18.7 -5.53 -31.8 0.9
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salinization of the groundwater would be expected to result
from the ionic concentrations increasing due to both the evap-
oration of recharge waters and the effects of interactions be-
tween the groundwater and the geological formations.

Stable isotopes

Stable isotopes of hydrogen and oxygen are very suitable
tracers for hydrogeological investigations because they are
part of the water molecule and follow their behavior through
the hydrological cycle and they are conservative in most low-
temperature environments (Fontes 1976; Clark and Fritz
1997, Zuber et al. 2000; Kamel 2013, Moussa et al. 2017).
The Deuterium - Oxygen 18 diagram shows two groups
(Fig. 10). In the first group (18O between −5.4 and − 4.43

‰V-SMOW), points are located between the global meteoric
water line (GMWL) and the local meteoric water line of
Tunis-Carthage station (δ2H = 8δ18O + 12.4) (Celle-
Jeanton et al. 2001). The location of these water points, often
near rivers, is compatible with recharge from recent rain
storms. The second group is mainly composed of deep
Pliocene groundwater whose 18O contents vary between
−5.69 and − 4.74 ‰, thus less than −4.41 ‰, the weighted
average of rain in Tunis-Carthage. The quaternary waters of
this group could result from a mixture of new and older waters
(Ben Hamouda 2008). There is no indication of presence of
water enriched in 18O and 2H falling on the mixing line with
seawater. For the other points situated below the mixing line
with seawater, they are under the influence of evaporation. A
separate study of ionic relationships and stable isotopes is not

Table 1 (continued)

Samp P.L
(m)

EC ms/
cm

TDS Ca Mg Na K mg/
l

SO4 Cl NO3 HCO3 Br δ18O
%

δ2H
%

3H
TU

δ13C
%

14C
pMC

11851 2.4 1.66 1105 124 353.2 131 1.96 77 312.6 158.6 49.1 -5.07 -31.0 4.0

11853 -3 4.39 3322 263 75.4 533 5.47 269 1127 170.8 124 -4.98 -29.2 6.7 -12.45 74.6

11854 14 2.62 1555 72.1 91.2 366 8.6 168 627.5 189.1 9.75 -4.74 -26.5 0.8 -4.87 16.47

11922 9.87 1.39 965 96.2 45 76 5.47 67 244.6 189.1 42.1 -5.69 -33.2 4.0 -12.29 74

12393 0.32 1.15 1450 36 33.6 216 11.31 43.2 284 311.1 3.1 -9.88 20.08

12923 9.04 1.51 1010 152 50 131 11.7 67.2 298 378.2 68.2 -12.38 68.5

Fig. 7 Piper Diagram
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able to identify the origin of the water precisely (Negrel et
Petelet-Giraud2011). The combination of these two parame-
ters is more explicit, especially the Cl−Vs. 18O graph (Fig. 11)
that places the samples between different end-members. The
first end-member, around 10 mg/l for Cl− and 4.41‰ V-
SMOW for δ18O, is defined from the rainwater samples at
Tunis-Carthage located about 40 km east of the study area
and at practically the same altitude. The second end-member
is represented byMediterranean waters, having a δ18O content
around (0‰) and a Cl− content of about 19,500 mg/l. The
third end-member is the water from the Pliocene aquifer, with
lower mineralization than the Quaternary water and more de-
pleted 18O content. The other Quaternary points have Cl−

levels varying between 300 and 2000 mg/l and δ18O levels
from −5.5 to −4.0‰ V-SMOW. Their sometimesheavy min-
eralization cannot be understood from only one rainwater–
seawater dipole.

Radioactive isotopes and conceptual model of
recharge

Tritium (3H) is an intrinsic tracer for water molecules with a
half-life of 12.43 years. It comes solely from the atmosphere
and was introduced into the groundwater through recharged

waters with Tritium levels identical to those of rainwater, im-
mediately passing to the unsaturated zone. Carbon 14 (14C),
unlike 3H, is a dissolved tracer and has a longer half-life,
estimated at 5730 years. Similarly to 3H, 14C is immediately
introduced into the groundwater through the unsaturated zone.
The measured activity of 14C, like that of Tritium, could be
considered representative of the water’s residence time in the
aquifer (Favreau et al., 2000b; Ben Hamouda 2008; Guo et al.
2019). The conceptual model estimates renewal rates using
the definition of recharge processes and aquifer boundaries
along with incorporating constraints from hydrodynamic and
geochemical approaches (Favreau et al., 2002a, b). In the El
Haouaria plain, groundwater is recharged quickly across the
land and provides the aquifer with water which has almost the
same isotopic values as the atmosphere. The relatively low
depth of the groundwater (30 m on average) suggests that
groundwater infiltrates during recharge, which is consistent
with the geochemical characteristics, showing a lack of verti-
cal stratification of the aquifer water. Despite obvious simplis-
tic characteristics, a simple model of vertical mixing seems to
be the best adapted to estimate the natural rate of groundwater
renewal:
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Ani ¼ 1−Rrð Þ*Ani−1*e−ln2=Pe þ Rr*Api

Where: Ani = Activity in the aquifer for the year i, Rr =
Annual renewal rate, Pe = period of radioisotope (14C or 3H)
and Api = activity in the rain for the year i.

The model presumes homogenous isotopic features
throughout the depth of the groundwater and constant storage,
meaning, the output of water is exactly compensated by the
infiltration of rainwater.

Since the climate has not changed significantly in the last
4000 years (Favreau et al., 2002a, b), the equation describing
groundwater is considered stable over this period until 1980.
After this date, by taking into consideration the piezometric
drop in groundwater shown by hydrodynamic analysis (Ben
Hamouda 2008), the samemodel can be written for a variation
of the water supply:

Ani ¼ 1−Rrð Þ � Ani−1 � e−ln2=Pe � 1− ∑
i−1

n¼1
Hn

� �
þ Rr� Apið Þ

� �
= 1− ∑

i−1

n¼1
Hn

� �

Where: Hn represents the relative decrease (a dimensional
value) of the groundwater supply in year n, compared to the
initial supply of the aquifer in 1972, before the beginning of
the long-term piezometric decrease.

Atmospheric history in tritium and carbon 14

During the 1950s and 1960s, nuclear testing significantly con-
tributed to the amount of Tritium and Carbon 14 in the atmo-
sphere (IAEA, WMO, 2015). In Tunisia, Tritium has been
sampled in rainwater regularly since 1968. However, there
have been no samples of 14C levels in the atmosphere. The
input functions of the model (“Api” in both equations) were
put together from stations near the study area (Nydal and
Lovseth, 1996), (Fig. 12).

Since 1950, the input function for Tritium has been put
together using the annual weighted rainwater values from

the stations in the GNIP network of the IAEA such as the
stations in Alexandria, Alger, Vienna, Tunis and Ottawa
(1953–97) (Mook, 2001). The natural level at the beginning
of the 1950s was estimated at nearly 5 TU (Kaufman and
Libby, 1954). The recreated history of tritium (Fig. 12) is
similar to that put together by Favreau in 2000.

For the input function of 14C, annual values from the
African stations in Dakar, 1963–68, N’djamena, 1966–76,
Tenerife, 1963–90 and from stations in the northern hemi-
sphere from (Favreau, 2000) was used. Very little difference
in 14C activity could be seen between each of these stations,
similar to the hemispheric homogeneity of CO2 in the
atmosphere.

Renewal rate and estimating recharge deduced from
tritium levels

The model used in this study, takes into consideration the
radioactive decrease in tritium and represents the annual
change in the isotopic composition according to past volume
and activity of the aquifer and infiltrated rainwater up to the
sampling date of 1960. The annual renewal rate can be calcu-
lated for each representative elementary volume presumed
homogenous from a few square kilometers above ground to
a depth equal to the wet depth of the aquifer. Due to their
smallness, whether or not horizontal transfers are taken into
account does not significantly change the results (Fig. 13). To
reduce the difficulties associated with a selective approach,
the aquifer is considered based on its average characteristics
in order to calculate the representative recharge rate in the
study area. According to the average saturated thickness of
the aquifer in 2001 (30 m) and the average (4.7 TU) and
median (4.4 TU) values of Tritium, the median groundwater
renewal rate is calculated at around 0.2% per year (Fig. 13).

Previous measurements of tritium were taken from the El
Haouaria quaternary aquifer. Values varied from 13 to 32 TU
(Lassoued 1982), their median was 20.5 TU for an average of
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21.4 TU and a standard error of 5.6 TU. These results gave a
median renewal rate of around 0.3% per year in 1980 (Fig.
12). Determining the renewal rate of the aquifer thus made it
possible to calculate the recharge rate from the following
equation: R = T x P x Rr (Cartwright et al. 2007), Where: T
represents Thickness of aquifer in m and P the porosity in %.

Presuming a saturated depth of 30 m for the El Haouaria
plain and a possible porosity of 14%, median recharge would
be around 12 mm/year.

Renewal rate and estimating recharge deduced from
carbon 14 levels

The carbon 14 measurements in the groundwater (10 in all),
previously made in 1982, showed activity from 72 to 109 pMc
(Lassoued 1982). Their median was 95 pMc with an average
of 94 pMc and a standard error of 10 pMc. The new recent
analyses supplement these measurements. The median 14C
activity measured on the El Haouaria plain was 74 pMc with
an average of 70 pMc and standard error of 9 pMc.

The renewal rate calculated for 1980 is nearly 0.2%.
Focusing the calculations for the new data, the renewal rate
is 0.04%, with a median value of activity of 74 pMc and an
average of 73 pMc (Fig. 14). This median value thus leads to
an annual recharge of around 3 mm/year, using the same hy-
potheses for calculating with tritium.

Discussion

In the El Haouaria aquifer, irrigation development that induces
leaching of soils with dissolution of evaporate rocks (gypsum
and halite minerals) was identified as the main source of min-
eralization contributing the qualitative degradation as the sa-
linity of the groundwater. The stable isotopic (18O, 2H) results
highlight the recharge of the shallow aquifer from current
rainwater. There is no indication of presence of water enriched
in 18O and 2H with the exception of evaporated water, and
results do not show mixing with seawater. However, special
attention has been given to the problem of possible future

Fig. 12 Chronic reconstructed
and extrapolated from annual
levels of 3H in rain and from
annual tropospheric levels for 14C
since 1950

Fig. 13 Annual renewal rate with
tritium
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seawater intrusion into the wells due to their proximity to the
Mediterranean Sea. Despite the relatively high uncertainty for
Tritium, the similarity of the results can be considered a recip-
rocal validation of these two radioisotopes, which are very
different in both nature and half-life. The differences between
the results obtained for the calculation of the renewal rate from
the model using tritium (Rr varies between 0.2 and 0.3 mm/
year) and 14C (Rr varies between 0.04 and 0.2%) can be ex-
plained by the fact that:

First, the groundwater use in 1980 was not significant;
therefore, was nearly equal to recharge in terms of volume.
Currently, the abstraction has greatly expanded with irrigation
becoming more frequent. Both of these factors encourage the
mixing of old and new water through upward seepage follow-
ing demand for deep water. The mixed water could come from
returned irrigation water. These two factors explain the differ-
ence between the results in calculations of renewal rates from
14C between 1980 (Tr = 0.2%) and 2001 (Tr = 0.04%).

Secondly, a low ratio of old water, which is rich in dis-
solved inorganic carbon, compared to new water predomi-
nantly influences the final concentration of 14C in the mixture.
This hypothesis is confirmed since a comparison of the calci-
um concentrations in the aquifer water in 1980 and 2001
showed a significant increase of Ca2+ levels over time. This
increase in calcium could indicate a growing fraction of water
oversaturated in calcium carbonate minerals due to higher
residence time in the aquifer.

Thirdly, tritium, which is an intrinsic tracer for water mol-
ecules, its concentration depends solely on the ratio of vol-
umes of water making up the mixture. Use of this radioisotope
to determine renewal time is thus more reliable with respect to
14C. The 11% piezometric decrease of the El Haouaria aquifer
since 1972 has not led to a change in the calculated renewal
rate. In fact, the results obtained by the second model which
uses water supply variation (piezometric decrease) in Eq. (2)

did not provide any notable difference compared to the results
obtained without a decrease by using eq. (1). For the El
Haouaria above ground aquifer, calculating the renewal rate
from the 3H model before the groundwater level started to
decrease shows a probable range of 0.2 to 0.3%. In terms of
water residence time in the aquifer, these values are equal to
average flow-through times between 300 and 500 years. This
is consistent with stable isotopes which indicate a mixture of
recent water and water that is older than 4000 years BP. An
attempt was also made to quantify the recharge of this region
using other approaches. Piezometric observations made for
the last 30 years or so in the Cap Bon show that the quaternary
groundwater in El Haouaria aquifer has decreased (11%) but
that this decrease is not generalized to all of the water wells.
The quantification of the Cap Bon recharge was estimated at
36 mm/year by the water balance method (Ennabli 1980),
32 mm/year by Jemai, (Jemai 1998)18 mm/year by Paniconi
(Paniconi et al. 2001) and 10 to 12 mm/year by the isotopic
method. The recharge figures are less than those of 32 to
36 mm/year estimated by the water balance. The difference
between the first method of estimating the annual recharge
and the other methods could be primarily explained by the
difference in the temporal observation scale: the water balance
is strictly annual. Piezometric movement is the result of annu-
al fluctuation and medium-term change. The isotopes are the
result of a mixture occurring over several decades during
which increased use, periods of drought and damage to vege-
tation cover greatly perturbed the balance of resources in un-
derground water. However, the results are quite consistent.

Conclusion

In the El Haouaria aquifer, the water salinization seems to be
acquired by dissolution of minerals in the aquifer system

Fig. 14 Annual renewal rate with
14C
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especially halite and gypsum. The stable isotopic (18O, 2H)
and tritium results highlight the recharge of the shallow aqui-
fer from current rainwater. Indeed, all of the water analyzed
was high in tritium, thus indicating a recent infiltration of
rainwater.

The interconnection between the deep and shallow aquifer
was confirmed by stable isotopes (18O, 2H) and tritium which
showed the presence of leakage from shallow towards the
deep aquifer at Dar Chichou and in the opposite direction at
Gareat El Haouaria. This is consistent with the lithology of the
study area which shows no impermeable separations between
the aquifer levels.

Concerning seawater intrusion, with the exception of evap-
orated water, the isotopic data confirmed the absence of
enriched water similar to seawater, however special attention
has been given to the problem of possible future seawater
intrusion into the wells due to their proximity to the
Mediterranean Sea.

The conceptual model using radioactive isotopes (3H and
14C) are interpreted in terms of renewal rate; the median was
0.2 to 0.3%, respectively, which means a recharge of about
12 mm/yr, which is consistent with other methods of estimat-
ing recharge. This weak infiltration is compatible with the
stable isotope contents (18O and 2H) in groundwater, which
show a mixing of old and recent waters. In addition to a better
understanding of the local hydrogeological conditions, this
study holds a methodological interest since it compares differ-
ent approaches traditionally used to identify seawater intru-
sion in coastal aquifersand shows that a solid interpretation
cannot be based on only one method, whether it be hydrody-
namic or geochemical.
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