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Abstract The origin of groundwater in the Sfax aquifer

system was studied using environmental isotopic tracers

(d18O, d2H, and 3H). In total, 164 water samples were

analyzed for stable isotopes: 73 collected from the Sfax

shallow aquifer, 63 from the Sfax middle aquifer, and 28

from the Sfax deep aquifer. Recent recharge of the

groundwater in the Sfax aquifer was identified using tri-

tium concentrations in 82 groundwater samples from dif-

ferent depths. The isotopic ratios of the shallow aquifer

range from -5.55 to -1.59 % for d18O and from -38.38

to -14.19 % for d2H, and the isotopic ratios in the middle

aquifer range from -6.86 to -2.97 % for d18O and from

-44.18 to -22.38 % for d2H. The deep aquifer exhibited

markedly lower isotopic values, ranging from -6.70 to

-5.70 % for d18O and from -42.40 to -38.89 % for d2H.
The mixing proportions inferred from stable isotopic mass

balance calculations suggest that the deep aquifer con-

tributes significantly to the middle aquifer through geologic

structures and may reach 100 % in the Menzel Chaker

region. The isotopic mass balance model also indicates that

the middle groundwater aquifer may contribute up to

100 % of the shallow Plio-Quaternary aquifer, particularly

in the western and northeastern parts of the study area,

between Bir Ali ben Khalifa and Djebeniana. The tritium

data support the existence of recent recharge. The tritium

and stable isotope data clearly indicate the presence of

mixing processes, especially in the northwestern and

coastal portions of the study area. A conceptual model is

established, explaining the pressure differences that gen-

erate vertical leakage, which is a reasonable mechanism for

flow between the aquifers.

Keywords Isotopes � Aquifer � Leakage � Recharge �
Balance � Sfax

Introduction

Stable isotopes in water have long been used as ground-

water tracers (Clark and Fritz 1997) to identify possible

recharge areas and mixing within aquifer systems. The

identification of recharge sources in semi-arid areas pro-

vides insights into recharge processes that are required to

develop sustainable water resource management plans

within the context of climate variability (Scanlon et al.

2006). Stable and radiogenic isotopes combined with

groundwater chemistry can provide helpful tracers for

identifying the recharge sources of a groundwater system

on both local and regional scales (Edmunds and Tyler
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2002). The study of isotopes is an important complemen-

tary tool in the evaluation of hydrogeological and hydro-

chemical processes that affect water masses, such as

evaporation and mixing in any groundwater system (Tijani

et al. 1996). In this way, isotopic tracers have been used to

highlight the origins of water and residence times (Geyh

2000). In Tunisia, particularly in the south of the country,

groundwater is the main water resource and is used mainly

by agricultural and domestic sectors. The Sfax region,

located on the east coast of the country, has a groundwater

aquifer system featuring a deep confined aquifer, a middle

aquifer and shallow aquifers that are delimited by their

respective catchment areas. Recently, water management

authorities have been facing problems of declining water

quality and increasing water requirements due to a rapidly

increasing population and the expansion of agricultural

activity. The arid climate coupled with intensive exploita-

tion of groundwater resources is leading to water resource

deficits and groundwater quality degradation (Bouchaou

et al. 2008; Yangui et al. 2010). The groundwater of the

shallow aquifer is over-exploited, with approximately

54.45 Mm3 of water pumped from this aquifer in 2014,

corresponding to a deficit of 21.32 Mm3 and resulting in

seawater intrusion. Most of the water needs in the Sfax

basin are supplied by the Miocene deep aquifer, from

which approximately 10 Mm3 of water has been pumped

annually from this aquifer between 1978 and 1986.

Between 1987 and 2000, the annual amount of extracted

water has increased to 26 Mm3. The exploitation of the

deep aquifer reached 112.55 % in 2014. Previous hydro-

geological studies of this region (El Batti and Andrieux

1977; Beni Akhy 1994; Maliki 2000; Fedrigoni et al. 2001;

Trabelsi et al. 2005) have shown that the Sfax plain con-

tains two main aquifers: a shallow aquifer (Plio-Quater-

nary) overlying a deep aquifer (Miocene). However, recent

studies (Gassara and Ben Marzouk 2009; Hchaichi 2008;

Hchaichi et al. 2013) have proved the existence of a middle

aquifer in the detrital Mio–Pliocene deposits. The renew-

able water resources of this middle aquifer were estimated

to be 11.3 Mm3 using the Darcy equation

(Q = L 9 T 9 i) (T = transmissivity of 1.23 9 10-3 m2/

s; L = length of the groundwater flow front; i = hydraulic

gradient). The Sfax aquifer system constitutes the main

water resource in southeastern Tunisia. Intensive

exploitation of the aquifer in recent years, due to the

continuous population and economic growth in Sfax

region, has induced declining water levels and progressive

degradation of groundwater quality due to salinization. To

implement efficient management of these groundwater

resources under heavy anthropogenic stress, quantitative

information on the dynamics, origin and regional mixing

patterns of the groundwater in the Sfax aquifer are needed.

The mixing of waters via upward leakage between deep

and shallow aquifers (Maliki et al. 2000) has been con-

firmed by several previous isotopic studies, and the rate of

leakage has been computed. However, for the first time,

this paper computes the rates between the deep, shallow

and recently identified exploited middle aquifer. The pre-

vious quantifications will be updated with respect to the

addition of the middle aquifer.

In the present study, the Mio-Plio-Quaternary aquifer

system of the Sfax basin was the subject of an isotopic

study, which uses a set of stable isotope tracers (d18O, d2H)
and tritium isotope (3H) to identify the origins of the

groundwaters in the Sfax basin. The objectives were to (1)

identify the origin of groundwaters of the Sfax aquifer

system, (2) estimate the mixing proportions between dif-

ferent aquifers using stable isotopes and (3) verify the

occurrence of recent recharge using tritium isotopes in

terms of recent versus old waters.

Study area

The Sfax region, located on the eastern coast of Tunisia, is

the second largest urban area after Tunis (1.2 million

inhabitants). The Sfax basin is bordered to the east by the

Mediterranean Sea, the N–S axis (J. Gouleb 736 m, J.

Zebbouz 541 m, J. Boudinar 716 m, J. Goubrar 622 m, J.

Krechem el Artsouma 655 m) to the west, the J. Korj, J. Bou

Thadi, and J. Chorbane to the north and Skhira in the south

(Fig. 1). The present study area is characterized by semi-arid

climatic conditions with an average annual precipitation of

239 mm (I.N.M. Sfax 2011) and an evapotranspiration of

approximately 1829 mm/year in 2011 (I.N.M. Sfax 2011).

Geology and hydrogeology

The geology of the area was described by Castany (1953),

Burollet (1956) and Zebidi (1989). The Sahel in the Sfax

area is characterized by a repetitive topography of small

accented hills, separated by wide basins occupied by sab-

khas. The geology of the study area is dominated by out-

crops of Mio-Pliocene and Quaternary deposits. Most of

the outcrops are affected by the major tectonic phases that

have occurred in the region (Ben Akacha 2001). The study

area contains long-wavelength anticlines with relief of less

than 200 m (Belgacem et al. 2010). The lithology includes

the Souar Formation, considered to be of Eocene age and

composed of marine sediments (Bouaziz 1994). The Oli-

gocene sediments feature a lower marine unit and an upper

continental sandy unit. The Miocene deposits are thick and

feature alternating units of clay, sand and sandstone. These

deposits are divided into three units (Tayech 1984): the Ain

Ghrab Formation (Burdigalian), consisting primarily of
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limestone interbedded with gypsum in the lower part; the

Oum Douil Formation (Langian to Tortonian), consisting

of a variable proportion of silt and clay; and the Segui

Formation (Messinian), consisting of alternating conti-

nental sand, silt and clay. Pliocene marl deposits discor-

dantly overlie the older formations. The Pleistocene is

divided into two units: a lower one, characterized by cal-

careous sand, and an upper one, composed of silt and

gypsum. The Holocene deposits are characterized by

granular materials of various origins overlying clayey

formations. The Upper Miocene, Pliocene and Quaternary

sand and silty clay deposits constitute the reservoir of the

region’s shallow aquifer (Fig. 2). These deposits represent

several productive layers separated by semi-permeable

layers.

As shown in the hydrogeological NNW–SSE cross

section, three aquifers are present in the Sfax basin (Fig. 3).

Shallow aquifer

The shallow aquifer is a phreatic superficial unit located in

the Quaternary and Mio–Pliocene deposits, comprising

sand and silty clay layers that are separated by sandy-clays

(Hajjem 1980; Maliki 2000). The aquifer‘s thickness varies

from 8 to 60 m, with an average of 30 m. The substratum

of the reservoir is composed of a clayey–sandy unit of

continental origin. It is characterized by alternations of

unrefined natural sand and conglomerates, with beds of red

sandy marls and clays. Generally, these water-bearing

formations have an alluvial nature and are characterized by

a lenticular geometry with limited horizontal area and an

irregular vertical continuity. Based on pumping tests, the

transmissivity was estimated to 1.5 9 10-3 m2/s (Maliki

2000; Rozanski et al. 1993). The major groundwater flow

direction in this aquifer is from NW to SE (Takrouni et al.

Fig. 1 Location and geological map of the study area (from the geological map of Tunisia at 1/500,000)
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2003). The aquifer is recharged mainly by direct infiltration

of rainwater. The rapid infiltration is favored by the per-

meable layers composed of sand and sandy-clay, which are

characterized by permeability values ranging from

4 9 10-6 to 68 9 10-4 m/s (Ben Brahim et al. 2011). The

aquifer’s highest elevations are located in the north and the

Fig. 2 Hydrogeology of the

Sfax aquifer system

Fig. 3 Hydrogeological cross-section of the Sfax aquifer system (Hchaichi et al. 2013)
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west of the basin, and the Mediterranean shoreline and the

sabkhas are its discharge areas. The reserves of the shallow

aquifer are limited and have been overexploited by the

continuous increase in withdrawal rates, causing saliniza-

tion (Ben Hamouda et al. 2010) and water-quality degra-

dation, particularly in the coastal areas. These processes

threaten the sustainable groundwater resources of the

region, leading to difficulties in establishing a suit-

able management plan of waters especially for irrigation

uses.

The middle aquifer

The middle aquifer, situated between the shallow and deep

aquifers, has been identified at depths between 70 and

200 m. It consists of 150–300 m of Pliocene and Quater-

nary sand and sandy-clay deposits. The aquifer’s thickness

increases from north to south. It constitutes a multilayered

aquifer differentiated into several units of detrital sedi-

ments separated by clay-rich strata, producing

heterogeneity in this aquifer. Several thin, relatively per-

meable layers may be important in controlling the

hydraulic continuity. Transmissivities measured from

pumping tests are in the range of 1 9 10-4 to

4.32 9 10-3 m2/s (Hchaichi 2008; Hchaichi et al. 2013).

The water resources of the middle aquifer were estimated

to be 11.3 Mm3/year (C.R.D.A. Sfax. 2012).

Miocene deep aquifer

The Miocene deposits form the deepest aquifer. This

aquifer is the principal aquifer of the region. It is hosted in

sand and sandstones interbedded with clay. Its thickness

varies, and the maximum thickness is observed in the

central part of the basin. The thickness decreases towards

the Skhira region and is thinnest in the Kerkennah Island

region (Trabelsi et al. 2006). This aquifer is located at

depths between 200 and 700 m, its average thickness is

250 m, and it covers an area of approximately 15,000 km2.

The deep aquifer is characterized by high transmissivities,

Fig. 4 Location map for isotopic samples
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ranging from 0.123 9 10-3 to 130 9 10-3 m2/s with an

average value of 23.32 9 10-3 m2/s (Trabelsi et al. 2006).

The highest transmissivity values, generally approximately

90 9 10-3 m2/s, are observed in the northern part of the

study area, and the lowest values are observed along the

coast and in the southern part, where the aquifer is inten-

sively exploited. The deep aquifer is an important water

source in the study area because of its relatively significant

thickness and its higher water quality relative to the water

quality of the overlying aquifers. The groundwater flow

directions of this aquifer are generally from the northeast to

the southwest, i.e., from the heights of the north–south axis

toward the Mediterranean Sea (Skhira region) (Takrouni

et al. 2003; Hchaichi et al. 2013). Despite the increasing

exploitation coupled with the absence of recent recharge,

the piezometric monitoring from 1987 to 2011 showed

only an average annual decrease of 0.3 m, revealing the

significant reserves of this aquifer (Hchaichi et al. 2013).

This aquifer is artesian along the coast and confined in the

center of the basin. The extracted water volumes have been

raised from 18 Mm3 in 1988 to 28.7 Mm3 in 2014

(C.R.D.A. 2015). The aquifer is exploited for various

purposes, including agricultural (24 %), industrial (31 %)

and domestic uses (45 %) (C.R.D.A. 2015). An analysis of

tritium, a radioactive isotope of hydrogen, revealed the

absence of actual recharge in the aquifer, indicating a

paleoclimatic effect. The deep aquifer was recharged under

colder climatic conditions than at present. This paleocli-

matic origin is supported by the dating data of carbon 14,

which suggests ages between 14,000 and 38,000 years

(Maliki et al. 2000).

Materials and methods

For this study, a total of 164 water samples were collected

from wells and boreholes with depths ranging from 14 to

200 m (Fig. 4) in the basin of Sfax during sampling cam-

paigns in 2012, 2013 and 2014. Of these groundwater

samples, 73 samples were from the shallow aquifer, 63

were from the middle aquifer and 28 were from the deep

aquifer. Stable isotope values (d18O and d2H) were mea-

sured for all samples. Additionally, 82 samples were

selected for tritium analysis.

The stable isotope analyses were performed in the

Laboratory of Radio Analysis and Environment (LRAE) at

the National Engineering School of Sfax (Tunisia). The

stable isotopes analyses (d18O and d2H) were measured

using the Laser Absorption Spectrometer LGR DLT 100

(Lis et al. 2008). The d18O and d2H results are reported in

the usual d notation relative to the Vienna Mean Oceanic

Water (V-SMOW) standard, where d = [(R/RV-

SMOW) - 1]/1000; R represents either the 18O/16O or the

2H/1H ratio of the sample, and RV-SMOW is the 18O/16O or
2H/1H ratio of the V-SMOW standard (Coplen 1996).

The tritium analyses were performed in the LRAE by

electrolytic enrichment and liquid scintillation spectrome-

try (Taylor 1976). The tritium concentrations are reported

in Tritium Units (TU), in which one TU equals the isotope

ratio 3H/1H = 10-18.

The precisions of isotope measurements were ±0.1 and

±1 % for d18O and for d2H, respectively, and ±0.3 TU for
3H.

Results and discussion

Stable isotope composition of groundwaters

The stable isotopes 18O and 2H can be used to distinguish

between waters from different sources. Hence, they can

improve the knowledge of groundwater balance between

lakes or reservoirs and an aquifer (Gay 2004; Gonfiantini

1986). The d18O and d2H values of the shallow aquifer

groundwaters range from -1.59 to -5.55 % and from

-14.19 to -38.38 %, respectively. Those of the middle

aquifer samples range from -2.97 to -6.86 % and from

-22.38 to -44.18 %, respectively. The stable isotope val-

ues in the deep aquifer are generally homogeneous. The

oxygen and hydrogen isotopic values are lower in the deep

aquifer than the values measured in the shallow and middle

aquifers, with d18O values between -5.70 and -6.70 %
and d2H values between -38.89 and -42.40 %.

The d18O and d2H values of the groundwater samples

are presented in Tables 1, 2 and 3 and are plotted on a

d18O/d2H diagram (Fig. 5), which shows the position of the

groundwater samples relative to the Global Meteoric Water

Line (GMWL) (d2H = 8 9 d18O ? 10; Craig 1961) and

the Regional Meteoric Water Line (RMWL) of Sfax

(d2H = 8 9 d18O ? 13.5; Maliki et al. 2000).

The d18O/d2H diagram (Fig. 5) shows that most of the

groundwater in the Sfax basin plots below the meteoric

water lines, except for several points that plot between the

GMWL and the RMWL.

Shallow aquifer

According to the position of samples relative to the mete-

oric water lines in Fig. 5, the Plio-Quaternary aquifer can

be divided into three different groups, indicating separate

flow paths and recharge areas: the majority of the Sfax

shallow groundwater samples are young strongly evapo-

rated groundwater, characterized by d2H and d18O
enrichment with an average values of -4.57 % for d18O
and -30.62 % for d2H (Fig. 5). The sampled groundwater

plot near the evaporative enrichment line (d2H = 4.5 9
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Table 1 Stable isotope values

and tritium measurements from

the shallow aquifer system

Sample no. Aquifer Depth (m) 2H (% vs. SMOW) 18O (% vs. SMOW) 3H (TU)

1 Shallow 30 -32.43 -4.63 NM

2 Shallow 41 -28.51 -4.07 NM

3 Shallow 14 -22.85 -3.36 NM

4 Shallow 37 -30.08 -4.48 NM

5 Shallow 40 -24.81 -4.10 NM

6 Shallow 30 -31.27 -4.30 NM

7 Shallow -25.93 -4.07 NM

8 Shallow -28.05 -4.71 NM

9 Shallow -33.52 -5.56 NM

10 Shallow -14.20 -1.60 NM

11 Shallow 30 -27.31 -4.41 1.25

12 Shallow 50 -33.26 -5.40 NM

13 Shallow 45 -30.62 -4.88 5.82

14 Shallow 50 -36.05 -5.32 NM

15 Shallow 67 -37.05 -5.09 NM

16 Shallow 48 -36.11 -5.18 NM

17 Shallow 40 -30.97 -4.48 0.47

18 Shallow 30 -34.27 -5.55 NM

19 Shallow 80 -38.38 -5.36 1.42

20 Shallow 20 -27.60 -4.58 2.01

21 Shallow 35 -35.28 -5.08 NM

22 Shallow 45 -36.00 -5.25 NM

23 Shallow 50 -36.55 -5.15 NM

24 Shallow 35 -32.76 -5.47 NM

25 Shallow 60 -33.25 -5.16 1.14

26 Shallow 41 -32.28 -5.47 NM

27 Shallow 70 -32.22 -4.46 1.39

28 Shallow 45 -30.64 -5.24 4.51

29 Shallow 50 -35.17 -4.95 NM

30 Shallow 50 -34.44 -4.99 NM

31 Shallow 29 -35.17 -5.55 NM

32 Shallow 35 -29.26 -3.92 0.82

33 Shallow 16 -29.03 -3.80 0.48

34 Shallow 45 -34.89 -5.04 NM

35 Shallow 50 -25.67 -4.50 1.75

36 Shallow 17 -24.42 -4.41 NM

37 Shallow 45 -33.81 -4.10 0.70

38 Shallow 90 -31.35 -5.61 0.92

39 Shallow 40 -30.76 -4.73 1.02

40 Shallow 26 -28.07 -3.92 5.06

41 Shallow 45 -29.59 -3.69 0.57

42 Shallow 35 -33.87 -4.08 0.00

43 Shallow -30.69 -3.67 NM

44 Shallow 57 -31.91 -4.13 0.63

45 Shallow 47 -31.35 -4.05 NM

46 Shallow -29.87 -4.16 NM

47 Shallow 40 -30.05 -4.12 NM

48 Shallow 73 -27.77 -4.08 0.22

49 Shallow 22 -29.34 -4.48 NM

50 Shallow 20 -27.80 -4.16 1.13
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d18O -9.7, R2 = 0.6). A slope of 4.5 is indicative of

evaporation from an open water body under conditions of

low relative humidity in a semi-arid region (Clark and Fritz

1997). The intersection of the evaporative line with the

GMWL gives values of -6 and -38 % for the respective

d18O and d2H contents of the recharging precipitation,

before evaporation. The oxygen-18 value of the intersec-

tion point is depleted than that of the weighted mean pre-

cipitation for Sfax (d18OWMPS) by approximately 1.4 % for

oxygen-18. This can be explained either by an elevation

effect or by a paleoclimatic effect. We can verify this

hypothesis by calculating the Recharge elevation. The

calculated groundwater elevation is approximately 1466 m

a.s.l., which is much higher that the elevation of the aquifer

outcrops. These groundwaters have been recharged at

elevations higher than the elevation of the WMPS station

(EWMPS = 10 m a.s.l.). These stable isotope results may

also result from the mixture of recent groundwater and

ancient groundwater that formed under a different climate.

The stable isotope compositions of the evaporated

groundwater samples likely resulted from the evaporation

effect experienced by the return flow of irrigation water.

This irrigation water was pumped from the wells of the

shallow aquifer, and the long residence time of the waters

allowed it to experience evaporation before returning to the

aquifer. The long-term practice of irrigation causes the

infiltration of water that commonly experiences intense

evaporation in the soil and in the irrigation channels (Ben

Moussa et al. 2014). The study area’s arid climate would

contribute to the strong evaporation of water at the surface

and during infiltration through the unsaturated zone before

reaching the aquifer. This process supports the enriched

isotopic compositions of the groundwater samples relative

to those of the WMPS. Certain groundwaters samples (nos.

8, 35, 36, 51 and 52) fall on the GMWL. These samples,

with relatively low d18O values (-5.1 to -4.5 %), likely

represent recent meteoric water recharging directly from

precipitation, implying rapid infiltration of rainwaters. The

isotopic compositions of these samples are close to that of

the precipitation (d18O = -4.6 % and d2H = -23.3 %;

Maliki et al. 2000). This non-evaporated groundwater may

reflect recharge at lower elevations and depths and may

suggest young recharge water originating from infiltrated

rainwater masses. The third group represents a mixture

of old and young groundwater and is represented primarily

by samples from the western part of the basin. The isotopic

compositions of most of these samples fall below the

global meteoric water line (d18O values range from -5.7 to

Table 1 continued
Sample no. Aquifer Depth (m) 2H (% vs. SMOW) 18O (% vs. SMOW) 3H (TU)

51 Shallow 34 -29.72 -5.03 0.83

52 Shallow 20 -28.59 -4.92 NM

53 Shallow 29 -23.56 -4.00 1.52

54 Shallow 40 -26.48 -3.64 0.32

55 Shallow 35 -29.85 -4.45 NM

56 Shallow 22 -27.09 -4.42 0.29

57 Shallow 35 -30.00 -4.53 NM

58 Shallow 32 -28.30 -4.70 NM

59 Shallow 42 -27.85 -4.21 NM

60 Shallow 56 -28.30 -4.70 NM

61 Shallow 65 -30.30 -3.93 NM

62 Shallow 76 -31.62 -4.91 0.53

63 Shallow 70 -28.12 -3.79 NM

64 Shallow 82 -33.43 -4.97 NM

65 Shallow 97 -38.38 -5.62 0.65

66 Shallow 70 -35.84 -5.29 NM

67 Shallow 42 -30.34 -4.95 1.01

68 Shallow 24 -32.75 -4.98 1.08

69 Shallow 27 -31.90 -4.81 NM

70 Shallow 12 -31.39 -4.76 1.36

71 Shallow 35 -27.53 -3.69 NM

72 Shallow 26 -29.20 -4.67 1.84

73 Shallow 60 -28.60 -4.35 NM

NM not measured
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Table 2 Stable isotope values

and tritium measurements from

the middle aquifer

Sample no. Aquifer Depth (m) 2H (% vs. SMOW) 18O (% vs. SMOW) 3H (TU)

1 Middle 160 -34.52 -4.97 NM

2 Middle 83 -36.59 -5.18 0.65

3 Middle 100 -35.03 -5.07 NM

4 Middle 71 -31.04 -5.34 3.35

5 Middle 96 -32.24 -5.26 0.87

6 Middle 107 -33.87 -4.95 NM

7 Middle -31.77 -5.55 4.27

8 Middle 75 -34.00 -5.37 NM

9 Middle 104 -37.06 -5.57 0.97

10 Middle 62 -33.51 -5.56 2.28

11 Middle 73 -32.54 -4.84 0.00

12 Middle 85 -32.56 -5.65 0.47

13 Middle 103 -35.97 -5.13 1.3

14 Middle 145 -37.38 -5.19 1.32

15 Middle 118 -38.90 -5.42 0.73

16 Middle 84 -23.50 -3.36 NM

17 Middle 99 -26.65 -4.22 0.86

18 Middle 123 -36.81 -4.83 NM

19 Middle 164 -34.43 -4.49 0.75

20 Middle 180 -28.34 -3.68 1.53

21 Middle 196 -30.45 -4.48 NM

22 Middle 100 -34.49 -4.97 1.21

23 Middle 100 -34.07 -4.45 NM

24 Middle 84 -34.56 -4.28 NM

25 Middle 95 -37.59 -4.73 NM

26 Middle 98 -35.27 -4.48 0.60

27 Middle 67 -35.88 -4.87 NM

28 Middle 88 -34.45 -4.22 NM

29 Middle 160 -37.72 -4.61 NM

30 Middle 97 -34.90 -5.38 1.01

31 Middle 127 -38.34 -5.17 NM

32 Middle 110 -35.26 -5.40 0.47

33 Middle 70 -33.48 -5.32 NM

34 Middle 110 -34.47 -4.84 NM

35 Middle 100 -36.40 -5.47 0.68

36 Middle 136 -38.23 -5.03 1.36

37 Middle 114 -26.07 -4.39 NM

38 Middle 110 -35.93 -4.89 1.04

39 Middle 110 -37.73 -4.96 0.20

40 Middle 133 -35.79 -5.18 0.60

41 Middle 125 -36.38 -5.57 NM

42 Middle 142 -36.86 -5.17 0.67

43 Middle 103 -27.27 -4.77 0.95

44 Middle 160 -30.73 -4.72 0.20

45 Middle -37.71 -5.04 NM

46 Middle -37.90 -5.37 NM

47 Middle 80 -22.38 -2.97 0.00

48 Middle 90 -32.59 -3.47 0.26

49 Middle 94 -29.23 -3.91 NM

50 Middle 80 -27.59 -4.02 1.04
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Table 2 continued
Sample no. Aquifer Depth (m) 2H (% vs. SMOW) 18O (% vs. SMOW) 3H (TU)

51 Middle 120 -27.56 -3.76 0.50

52 Middle 120 -30.07 -3.95 0.18

53 Middle 107 -34.06 -6.17 0.00

54 Middle 70 -33.24 -6.14 0.00

55 Middle 137 -33.62 -5.28 0.00

56 Middle 124 -44.18 -6.86 1.07

57 Middle 180 -38.12 -6.30 0.12

58 Middle 125 -33.49 -5.37 0.21

59 Middle 115 -37.51 -5.04 NM

60 Middle 63 -32.01 -4.64 0.25

61 Middle 63 -32.32 -5.07 3.22

62 Middle 60 -32.60 -4.90 1.56

63 Middle 247 -40.14 -5.76 NM

NM not measured

Table 3 Stable isotope values

and tritium measurements from

the deep aquifer (NM = not

measured)

Sample no. Aquifer Depth (m) 2H (% vs. SMOW) 18O (% vs. SMOW) 3H (TU)

1 Deep 573 -41.71 -6.57 NM

2 Deep 570 -39.55 -5.74 0.95

3 Deep 518 -40.49 -5.91 NM

4 Deep 500 -41.68 -5.70 NM

5 Deep 520 -38.89 -5.85 NM

6 Deep 509 -40.90 -6.06 NM

7 Deep 510 -40.47 -6.24 NM

8 Deep 473 -39.99 -6.28 0.86

9 Deep 506 -41.42 -6.14 0.83

10 Deep 452 -40.24 -6.39 0.85

11 Deep 670 -41.20 -6.13 0.05

12 Deep 525 -40.5 -6.30 0.00

13 Deep -39.14 -5.84 NM

14 Deep 680 -40.35 -6.60 NM

15 Deep 670 -40.59 -6.25 0.20

16 Deep 702 -40.52 -6.17 NM

17 Deep 450 -42.16 -5.93 1.07

18 Deep 263 -42.14 -6.12 NM

19 Deep 240 -42.20 -5.80 NM

20 Deep 276 -42.10 -6.40 0.28

21 Deep 246 -39.80 -6.40 NM

22 Deep 525 -40.60 -6.20 0.00

23 Deep 650 -42.30 -6.10 0.32

24 Deep 523 -40.70 -6.00 NM

25 Deep 332 -40.95 -5.99 0.94

26 Deep -42.40 -6.50 NM

27 Deep 500 -41.90 -6.70 NM

28 Deep 450 -42.00 -6.01 NM

NM not measured
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-5.1 %), likely reflecting upward leakage from the deeper

levels into the shallowest aquifer. The leakage in this study

is vertical. Hydraulic head differences between the aquifers

and overexploitation appear to be the main drivers of

upward leakage in the Sfax region. The amount and

direction of leakage is governed in each case by the dif-

ference in piezometric head that exists across a semiper-

vious formation (Bear 1972). Previous observations made

in Sfax basin (Maliki 2000; Takrouni et al. 2003) confirm

the contributions of the deep groundwater to the shallow

aquifers via upward leakage, which varies from zero to

74 % (Maliki 2000). This mixing process appears to be

controlled by tectonic features. This situation suggests a

possible communication between the shallow aquifer and

the deeper formations of the middle aquifer, which is

controlled locally by the semi-permeable layers composed

of sands and clayey sands. This observation indicates that

the middle aquifer contributes to the recharge of the shal-

low groundwater, especially in the region of Bir Ali Ben

Khalifa in the western part of the Sfax basin.

Middle aquifer

The d18O/d2H diagram (Fig. 5) shows that the most of

groundwater samples form a group of points that plots

below the meteoric water lines and has a regression line of

d2H = 3.75 9 d18O -15.5, indicating that the water has

experienced evaporation. The long-term practice of irri-

gation causes the infiltration of water that has evaporated in

the soil and in the irrigation channels (Ben Moussa et al.

2014). These groundwaters are characterized by relatively

high d18O and d2H values (d18O values from -5.6 to

-3.4 %), which may highlighting the influence of the

return flow of irrigation water from the shallow aquifer in

the recharge of the middle aquifer. In fact, slower infil-

tration or seepage of the surface water through stagnant

parts of sabkhas, salt depressions on the surface (e.g.,

sabkha Mechiguigue, sabkha Boujmel and sabkha En

Noual), and/or low-permeability layers in the unsaturated

zone of the middle aquifer (clayey/evaporitic layers) favors

the occurrence of the evaporation effect, leading to an

enriched groundwater compositions. The intersection of the

evaporation line and the GMWL, at the d18O and d2H
contents of approximately -5.9 and -39 %, respectively,

is indicative of recharge with water that has not been

subjected to extensive evaporation. Because sample nos. 4,

5, 7, 10, and 43 plot above the GMWL, they may represent

young groundwaters. The similarity in isotopic composi-

tion between these groundwater samples and local precip-

itation supports a mechanism of rapid infiltration of runoff

water before significant evaporation at the soil surface can

take place. The isotopic composition of this group of

groundwaters (d18O values of -5.6 to -4.8 %) is close to

that of precipitation (d18O = -4.6 and d2H = -23.3 %),

confirming the relationship of these groundwaters to recent

rainwater infiltration. Several other points (nos. 53, 54, 56,

57, and 63) exhibit clearly lower d18O and d2H values

(d18O values of -6.86 to -5.76 %). This group may

represent mixing between old and young water, possibly

via upward leakage from the deep aquifer to the middle

aquifer, which may explain the depleted isotope composi-

tions of the middle groundwaters. The hydraulic head

differences in these aquifers at the northwestern zone due

to overexploitation, and most importantly the tectonism

(faulting), seem to be the main causes of this per-ascendum

flow of the deep groundwater. The mixing process is

Fig. 5 The d2H vs. d18O
diagram for the groundwater

samples from the Sfax basin
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mainly through upward leakage of the deep Miocene

groundwater replenishing the shallowest Mio-plio quater-

nary aquifers. The deep Miocene aquifer (200–700 m

depths), also called the pressure aquifer, is located above

and below impervious formations (Fig. 2) and features a

high pressure of approximately 116 atm. This large pres-

sure difference contributes to upward leakage across the

semipermeable stratum. Indeed, the elevations of the

piezometric surface of the deep aquifer rise above the

ground surface toward the coast, generating artesian flow.

The wells in these areas flow freely without pumping. The

groundwater originating from these mixing and leakage

processes are located primarily in the western and north-

western parts of the Sfax basin area. This pattern suggests

that the deep aquifer of Sfax contributes to the recharge of

the middle aquifer. This process is confirmed by the similar

isotopic compositions of the groundwater samples from the

two aquifers (Fig. 5). The leakage process appears to be

controlled not only by the tectonic features but also by the

increasing exploitation of the shallow aquifers, which

likely favors upward leakage from the deep aquifer (Maliki

et al. 2000).

Deep aquifer

The stable isotope compositions of the deep groundwater

samples are homogeneous. The observed variations in the

stable isotope values vary between -6.70 and -5.70 % for

d18O (average -6.15 %) and between -42.40 and

-38.89 % for d2H % (average -40.96 %) during the

sampling campaigns in December 2013 and January,

February and March 2014 (Table 3). The most of points

plot primarily below the GMWL, thereby exhibiting sig-

nificant isotopic depletion. The stable isotope values of the

deep groundwater in Sfax are lower than the weighted

mean d18O and d2H values of precipitation

(d18O = -4.6 % and d2H = -23.3 %; Maliki et al.

2000), indicating either recharge at higher elevations or a

paleoclimatic effect (recharge under colder climatic con-

ditions than at present). Assuming an 18O gradient with

elevation of approximately 0.3 % per 100 m in the pre-

cipitation (Blavoux 1978), the calculated recharge eleva-

tion for the deep aquifer is between 1366 and 1700 m a.s.l.,

which is substantially higher than the elevation of the

aquifer outcrops (667 m). Therefore, the depleted isotopic

composition is likely due to the paleoclimatic effect. This

effect may correspond to ancient water that recharged

during a period with a cooler climate than that of the

present day. Thus, the difference between the isotopic

composition of the deep groundwater and that of present

precipitation is likely the result of the paleoclimatic effect

(Maliki 2000). The hypothesis of paleorecharge is also

confirmed by the low 14C concentrations in the deep

groundwater, indicating groundwater older than

10,000 years (Maliki et al. 2000). In the plot of d2H/d18O,
samples from deep aquifer feature significantly lower d18O
values, represents mixing with groundwater from the

middle aquifer. This process is particularly clear in the

recharge areas of Menzel Chaker region observed in sam-

ples nos. F56, F57 and F63 and Bir Ali ben Khalifa in

samples nos. F53 and F54. This depletion pattern support

the mixing with old groundwaters by leakage process. The

homogeneity of the stable isotope values and 14C concen-

trations suggests slow groundwater flow and very weak

fluxes from the recharge area in the topographic highs of

the north–south axis to the Mediterranean Sea (the Skhira

region) (Maliki et al. 2000). The radiocarbon data are very

important to characterizing ancient hydrological systems

and determining the different rates of mixing between

young and old groundwater bodies (Clark and Fritz 1997).

The almost ‘stagnant’ state of this deep coastal aquifer may

be related to sea level fluctuations during the recent Qua-

ternary. Starting at approximately 15 ka BP, sea level has

increased, reaching a relative plateau at approximately 7 ka

BP (Fairbanks 1989). Groundwater flow in the deep aquifer

may be primarily controlled by this induced increase in

hydraulic head in the coastal discharge zone following the

recharge period (Maliki 2000).

Tritium isotope

The tritium content in the groundwater system primarily

depends on the original atmospheric concentration at the

time of recharge. The radioactive decay that has occurred

since infiltration indicates the groundwater age. This

requires that the initial tritium value of the precipitation be

identified in order to semi-quantitatively interpret the

groundwater age from the pattern of tritium values along

the groundwater flow path (Ma et al. 2009). In total, 30

shallow wells, 40 boreholes of the middle aquifer and 12

groundwater samples from the deep aquifer were analyzed

for tritium content.

In general, water with tritium contents of \1 TU is

regarded as having a pre-1952 age, the date that represents

the peak in the artificial release of tritium through nuclear

(atomic bomb) tests. Such waters are said to have been

affected by little or no secondary processes, such as

evaporation before infiltration or isotopic exchange with

the aquifer materials (Mazor 1991). However, 3H concen-

trations above 1 TU indicate recent water infiltration,

indicating that at least some of the groundwater infiltrated

after the early 1950s, therefore featuring ages of\50 years.

The tritium contents of precipitation were measured

from rainfall samples collected between 1992 and 2003 at

the ENIS meteorological station in Sfax (10 m a.s.l.) (This

station is part of the Global Network of Isotopes in
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Precipitation, or GNIP). The mean measured value is 5.6

TU (Hchaichi 2008). This tritium value is mentioned in

Fig. 7.

For the groundwater samples, the ranges of tritium

values in the shallow, middle and deep aquifers are 0–5.82

TU, 0–4.27 TU and 0–1.07 TU, respectively (Fig. 6).

These values clearly indicate a local recharge contribution

for the groundwaters in the Sfax aquifer system. This

contribution is particularly evident in the shallow and

middle aquifers and to a lesser degree in the deep aquifer,

which features negligible tritium values. These low tritium

values are characteristic of ancient recharge, which likely

occurred during a cool regime in the past. These

observations agree with the results of several studies in

southern Tunisia, which were interpreted to indicate that

recharge occurred during the late Pleistocene and early

Holocene periods (Edmunds et al. 2003; Zouari et al. 2003;

Kamel et al. 2008; Kamel 2010). The paleoclimatic origin

of the deep aquifer groundwater is also supported by the

negligible radiocarbon content, which corresponds to ages

of 14,000 to 38,000 years (Maliki 2000).

The relationship between the tritium and stable isotopic

values (Fig. 7) confirms that the groundwaters of Sfax have

experienced recent recharge, except for the deep aquifer,

which contains ancient water with low tritium values

(\1 TU) and stable isotope compositions (18O and 2H) that

reflect recharge under colder climatic conditions than the

present day. The relatively low values seems to be the

result of pre-nuclear recharge and/or a mixture between

pre-nuclear and contemporaneous recharge.

The high tritium activities ([1 TU) and the groundwater

isotopic values that are similar to those of the local pre-

cipitation observed in the shallow aquifer indicate recent

recharge through the rapid infiltration of rainwater. The

highest tritium values are observed in the northeastern part

of Sfax basin, i.e., mainly in the northeastern part of

Menzel Chaker (sample no. 40), east of Bir Ali Ben Khalifa

(sample nos. 13, 19, 20, 27, and 28), Djebeniana (sample

nos. 50 and 53) and Skhira (sample nos. 11, 70, and 72).

These areas, which feature tritium values larger than 1 TU

(Fig. 8), confirm the presence of recent infiltrated water.

Several samples in this group (sample nos. 13, 28 and 40)

are located in the recharge area (northwestern part) and

have high tritium values that are slightly lower than the

tritium values measured in the collected Sfax precipitation

(5.6 TU) at the ENIS meteorological station. However,

certain groundwater samples yielded low or unde-

tectable tritium concentrations, such as sample nos. 17, 33,

41, 42, 48, 54, 56, 62 and 65 (Table 1). The lack of

Fig. 6 3H activities of the groundwater samples from the Sfax basin:

a the shallow aquifer, b the middle aquifer, and c the deep aquifer

Fig. 7 d18O/3H relationship of the groundwater samples in the Sfax

basin
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significant tritium in these samples is likely due to mixing

processes associated with the migration of groundwater

from the middle aquifer to the shallowest aquifer levels.

These mixing processes are influenced by the transmis-

sivity of the aquifers’ clayey formations, which delay the

infiltration of water, thereby increasing the groundwater

residence time. Indeed, the presence of tritium values

below 1 suggests a mixing process between saline sabkhas

groundwater and a source of contamination with a tritium

value of 0.83 TU (sample 32). These results also confirm

the significance of the atmospheric processes (meteoric

water, evaporation, surface wadi water, sabkhas, etc.).

Thus, we conclude that the waters from the phreatic aquifer

have two principal recharge sources: the middle ground-

water aquifer and rainwater. An additional source may be

seawater intrusion, particularly in the coastal areas (Tak-

rouni et al. 2003; Trabelsi et al. 2005; Trabelsi 2008),

which should be confirmed by combining the current iso-

tope datasets with geochemical approaches.

Several tritium concentrations in the middle aquifer are

greater than 1 TU, revealing the occurrence of recent

recharge by rainfall infiltration (Fig. 8). These values are

primarily observed in samples located in the Bir Ali Ben

Khalifa and Menzel Chaker regions, as well as a portion of

the Skhira region (sample nos. 30, 61, and 62). The out-

crops of the Mio-Pliocene formations are considered to be

the infiltration zone, which constitutes the recharge area.

The tritium contents measured in sample nos. 4 and 7,

which are located in the recharge area (western part), are

similar to the weighted mean value of Sfax precipitation

(5.6 TU), indicating rapid water infiltration through the

wadi of Chaal. In contrast, most of the groundwater sam-

ples have lower or undetectable 3H concentrations below

than 1 TU, ranging from 0 to 0.9 TU (Table 2), indicating

that recent recharge is very limited in the middle aquifer.

Mixing with water from the deep aquifer, the significant

depth and the low transmissivity of the clayey levels

interbedded with sandstones all likely contribute to these

low tritium levels, which indicate an old component is

present in the middle aquifer. The presence of clay sedi-

ments extends contact times, leading to longer groundwater

residence times.

Most of the groundwater samples from the deep aquifer

have low tritium values between 0 and 0.95 (Table 3); only

sample no. 17 produced a tritium value as high as 1.07 TU

(Fig. 8). These negligible values confirm that the groundwater

from the deep aquifer (200–700 m depth) are old waters. This

is consistent with its isotopic signature and therefore with the

low carbon content as cited previously. Hence, these data give

reasonable idea of the non-tritium content in the samples. The

hydrogeological aquifer formations composed of clayey and

sandy clays levels interbedded with sandstones contributes to

delay the water infiltration in the unsaturated zone and hence

to increase the groundwater residence time until reaching the

deep aquifer. The age of the groundwater is likely greater than

10,000 years, and the groundwater can be regarded as ‘‘fos-

sil’’ water (Maliki et al. 2000). The measured tritium values,

i.e., mostly\1 TU, support the absence of modern recharge.

Isotope balance model

The long residence times, the hydraulic head differences

between the Mio-Plio-Quaternary aquifers and the over-

exploitation appear to be the main drivers of upward

leakage in the Sfax basin.

Fig. 8 Tritium distribution map: a the shallow aquifer, b the middle aquifer, and c the deep aquifer
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Table 4 Results of the isotopic

mass balance calculations
Sample no. Aquifer 2H isotope balance (%) 18O isotope balance (%)

1 Shallow 86.17 10.40

2 Shallow 49.24 0.00

3 Shallow 0.00 0.00

4 Shallow 64.04 0.00

5 Shallow 14.26 0.00

6 Shallow 75.23 0.00

7 Shallow 24.82 0.00

8 Shallow 44.81 32.40

9 Shallow 96.48 100.00

10 Shallow 0.00 0.00

11 Shallow 37.90 0.00

12 Shallow 94.03 100.00

13 Shallow 69.11 84.40

14 Shallow 100.00 100.00

15 Shallow 100.00 100.00

16 Shallow 100.00 100.00

17 Shallow 72.41 0.00

18 Shallow 100.00 100.00

19 Shallow 100.00 100.00

20 Shallow 40.62 0.00

21 Shallow 100.00 100.00

22 Shallow 100.00 100.00

23 Shallow 100.00 100.00

24 Shallow 89.30 100.00

25 Shallow 93.96 100.00

26 Shallow 84.81 100.00

27 Shallow 84.19 0.00

28 Shallow 69.35 100.00

29 Shallow 100.00 100.00

30 Shallow 100.00 100.00

31 Shallow 100.00 100.00

32 Shallow 56.30 0.00

33 Shallow 54.11 0.00

34 Shallow 100.00 100.00

35 Shallow 22.34 0.00

36 Shallow 10.57 0.00

37 Shallow 99.20 0.00

38 Shallow 76.02 100.00

39 Shallow 70.42 39.49

40 Shallow 45.01 0.00

41 Shallow 59.41 0.00

42 Shallow 99.83 0.00

43 Shallow 69.82 0.00

44 Shallow 81.28 0.00

45 Shallow 76.02 0.00

46 Shallow 62.09 0.00

47 Shallow 63.76 0.00

48 Shallow 42.21 0.00

49 Shallow 57.01 0.00

50 Shallow 42.53 0.00
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Table 4 continued
Sample no. Aquifer 2H isotope balance (%) 18O isotope balance (%)

51 Shallow 60.66 100.00

52 Shallow 49.98 97.96

53 Shallow 2.41 0.00

54 Shallow 30.02 0.00

55 Shallow 61.87 0.00

56 Shallow 35.77 0.00

57 Shallow 63.26 0.00

58 Shallow 47.19 29.22

59 Shallow 42.99 0.00

60 Shallow 47.19 29.22

61 Shallow 66.07 0.00

62 Shallow 78.58 93.63

63 Shallow 45.55 0.00

64 Shallow 95.66 100.00

65 Shallow 100.00 100.00

66 Shallow 100.00 100.00

67 Shallow 66.51 100.00

68 Shallow 89.27 100.00

69 Shallow 81.19 63.92

70 Shallow 76.38 47.22

71 Shallow 39.95 0.00

72 Shallow 55.74 20.09

73 Shallow 50.08 0.00

1 Middle 63.53 23.85

2 Middle 75.26 37.32

3 Middle 66.43 30.23

4 Middle 43.81 47.46

5 Middle 50.60 42.28

6 Middle 59.87 22.28

7 Middle 47.95 61.54

8 Middle 60.61 49.88

9 Middle 77.91 62.90

10 Middle 57.82 62.22

11 Middle 52.34 15.34

12 Middle 52.46 67.86

13 Middle 71.72 34.07

14 Middle 79.72 38.18

15 Middle 88.33 53.20

16 Middle 1.12 0.00

17 Middle 18.96 0.00

18 Middle 76.51 14.63

19 Middle 63.04 0.00

20 Middle 28.52 0.00

21 Middle 40.48 0.00

22 Middle 63.36 23.78

23 Middle 61.01 0.00

24 Middle 63.77 0.00

25 Middle 80.91 8.64

26 Middle 67.80 0.00
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Quantification of the mixing proportions in the Sfax

basin has been previously performed (Maliki 2000; Maliki

et al. 2000; Takrouni et al. 2003). The results showed that

the contributions from the deep groundwater to the shal-

low aquifers in Sfax basin ranges from zero to 74 %.

These previous estimates were based on a conceptual

model of only two aquifers, the shallow aquifer and the

deep aquifer.

This study quantified the contributions from the deep

aquifer to the shallow aquifer based on the new data. The

equation of the mass balance using d18O or d2H is for-

mulated as follows:

dEns ¼ XdEnp þ 1�Xð ÞdEp ð1Þ

where X represents the contribution (%) of the middle or

deep aquifer, and dEns, dEnp and dEp are the 18O or 2H

Table 4 continued
Sample no. Aquifer 2H isotope balance (%) 18O isotope balance (%)

27 Middle 71.25 17.51

28 Middle 63.12 0.00

29 Middle 81.64 0.85

30 Middle 65.71 50.24

31 Middle 85.19 36.59

32 Middle 67.74 51.38

33 Middle 57.66 46.32

34 Middle 63.25 15.49

35 Middle 74.18 56.13

36 Middle 84.56 27.88

37 Middle 15.71 0.00

38 Middle 71.53 18.63

39 Middle 81.72 23.06

40 Middle 70.74 37.24

41 Middle 74.05 62.27

42 Middle 76.76 37.07

43 Middle 22.48 11.21

44 Middle 42.08 7.83

45 Middle 81.62 28.70

46 Middle 82.65 49.63

47 Middle 0.00 0.00

48 Middle 52.60 0.00

49 Middle 33.59 0.00

50 Middle 24.27 0.00

51 Middle 24.12 0.00

52 Middle 38.32 0.00

53 Middle 60.94 100.00

54 Middle 56.27 99.19

55 Middle 58.42 43.92

56 Middle 100.00 100.00

57 Middle 83.94 100.00

58 Middle 57.70 49.99

59 Middle 80.44 28.14

60 Middle 49.35 2.65

61 Middle 51.06 30.49

62 Middle 52.67 19.46

63 Middle 95.36 74.84

NC no contribution, values B0, represented by 0 %, MC maximum contribution, values C100 %, repre-

sented by 100 %)
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values of the shallow groundwater, middle groundwater

and precipitation, respectively.

Two fluxes should be estimated separately, the first

representing the relationship between the deep aquifer and

the middle aquifer and the second representing the leakage

from the middle aquifer to the shallow aquifer as is high-

lighted in the d2H/d18O diagram.

The mean d18O and d2H values of -4.93 and

-33.89 %, respectively, were used for the middle

groundwater. For the deep aquifer, the mean d18O and d2H
values were -6.15 and -40.96 %, respectively. Finally,

the weighted mean values of precipitation

(d18O = -4.6 % and d2H = -23.3 %; Maliki et al. 2000)

correspond to the isotopic composition of rainfall events

greater than 5 mm.

The mixing proportions for both scenarios (deep aquifer/

middle aquifer and middle aquifer/shallow aquifer) were

calculated independently for 18O and 2H, and the results are

presented in the Table 4.

Based on Eq. (1) using 18O, the computed contribution of

the middle aquifer to the shallow aquifer system ranges from

0 to 100 % (Table 4). The high contribution values are

observed primarily in the western part of Sfax and locally in

the coastal areas (Djebeniana and Skhira). The contributions

of the deep aquifer to the middle aquifer are large, achieving

values as high as 100 % in four of the boreholes located in

Bir Ali ben Khalifa and Menzel Chaker (in the western and

northwestern parts of the Sfax region, respectively). The

contribution of the deep aquifer decreases progressively

toward the coast, where the recharge is likely dominated by

rainwater. The mixing rates seem to be somewhat controlled

by depth. However, the thickness of the aquifer decreases

toward the coast, which may explain the low leakage rates

associated with samples located near and along the coastal

areas, e.g. sample nos. 3, 5, 7, 10, 35, 36 and 53. This pattern

highlights the recharge of the shallow aquifer from other

sources, such as rainwater and marine intrusions, particu-

larly in coastal wells.

Based on the deuterium mass balances, most of the

investigated groundwaters presented significant mixing

proportions, with mean contribution values of approxi-

mately 67 and 60 % for middle aquifer contributions and

deep aquifer contributions, respectively. These significant

percentages show the importance of leakage between the

semi-permeable layers in the recharge of the Sfax aquifer

system. For the deep–middle aquifer interaction, the

highest mixing proportions are observed in Bir Ali Ben

Khalifa and Menzel Chaker. In contrast, the vertical leak-

age of the deep aquifer is insignificant in the coastal part of

the Djebeniana region (sample nos. 16 and 17) and locally

in the northern and central parts of the basin (sample nos.

47, 50, and 51), where the contributions are low. The

highest calculated values are observed in the western and

northwestern parts of the basin, where the contributions

reach 100 % for the relationship between the middle-

shallow aquifer. These values are generally lower in the

coastal part, particularly in the Djebeniana region (sample

nos. 3, 5, 10, 24, 53, etc.), and the central part (sample nos.

35 and 36) (Table 4). The low mixing proportions in these

wells may be related to the contribution of rainwater

infiltration and the possible marine intrusion in the coastal

wells due to the shallow well depths and proximity to the

coast. These factors contribute to the recharge of the

aquifer via direct water infiltration (the permeability values

are between 4.10-6 and 68 9 10-4 m/s) (Ben Brahim et al.

2011). The recharge of the shallow aquifer is largely

controlled by atmospheric exchange (precipitation and

evaporation), the middle aquifer and likely seawater

intrusion in the coastal northern portion of the basin (Ma-

liki et al. 2000; Fedrigoni et al. 2001; Takrouni et al. 2003).

These findings suggest that in these areas, the aquifer

recharge is not derived solely from the mixing process but

from the infiltration of precipitation and likely marine

intrusion in coastal wells located in the Djebeniana and

Skhira regions (Trabelsi et al. 2005). The shallow depths of

these wells and their proximity to the coast favors rapid

Fig. 9 Diagram of mixing proportion (%) versus sample depth using

deuterium and oxygen-18 balance for a the contribution of the middle

aquifer to the shallow aquifer and b the contribution of the deep

aquifer to the middle aquifer
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recharge via rainwater infiltration and the possible con-

tamination by Mediterranean water masses.

The mixing proportion calculations show several

important differences between the 18O and 2H bal-

ances (Fig. 9). These differences are related to the fact that

the representative groundwater data points are not on a

pure mixing line between precipitation and deeper

groundwaters. Such differences in the computed values for

some samples exist when using 18O and 2H as a d
parameter. The isotope values are controlled not only by a

mixing phenomenon but also by other process that should

be taken into consideration. They may derive from the

more prominent evaporation process (for the stable iso-

topes), which tends to enrich more 18O than 2H or even

dilution. For example, evaporation may affect the water

during infiltration, and the contribution of seawater may

alter the isotopic values, especially in the shallow coastal

areas. Both of these process tend to increase isotopic val-

ues. The contribution estimates based on the 2H balance

appear to be the most reliable and precise, but they must be

considered as minimum values. The results are precise

values that do not feature many 0 % contributions. How-

ever, the computed results obtained using the 18O balance

feature many 0 % values that indicate estimate not possible

about the mixing ratios. Therefore, these values must be

considered to be minimum values (Maliki et al. 2000).

These results are useful for groundwater evaluation and

management in the Sfax basin, especially with the dramatic

increase in exploitation and other anthropogenic impacts.

Conclusions

The Sfax aquifer system is among the most important

groundwater systems in southern Tunisia. This multilayer

aquifer is composed of a deep aquifer in Upper Miocene

sands and a shallow aquifer in Mio-Plio-Quaternary sands

and sandy clays. The reliable assessment of the system’s

groundwater resources is important to planning for the

demographic and economic development of the region.

The stable isotopic compositions of the groundwaters in

the Sfax region have been analyzed to provide basic

information on their origin and to identify interactions and

mixing rates between the deep, middle and shallow

aquifers. The stable isotopic values show that the upper

Sfax groundwaters are primarily young, evaporated infil-

trated precipitation. The isotopic values of these samples

are typical for water that has been subject to open surface

evaporation in semi-arid regions. However, two other

groups of groundwaters were also identified: young

groundwater derived from rainwater associated with rapid

infiltration and mixed groundwaters with markedly lower
18O and 2H isotopic values, indicating the interaction

between the different Sfax aquifer layers. The deep

aquifer consists of ancient groundwater with low isotopic

values, which are distinguishable from those of the shal-

low and the middle aquifers. The results of this study

confirm the presence of large-scale interactions between

the deep, middle and shallow aquifers. The leakage pro-

cess (Fig. 10) is confirmed by the isotope mass balance

Fig. 10 Conceptual

groundwater dynamics model

showing the vertical leakage

process
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calculations. The mixing proportions inferred from the

stable isotope mass balance calculations demonstrate the

existence of two types of upward leakage in the Sfax

basin: (1) leakage from the deep aquifer to the middle

aquifer and (2) leakage from the middle aquifer to the

shallow aquifer. These contributions, quantified by iso-

tope mass balance calculations, are highly variable and in

places reach 100 %. The increasing exploitation of the

shallow aquifers appears to be driving vertical leakage

from the deeper levels, which are also heavily exploited at

present. The deep aquifer almost appears to be in a

‘stagnation state’ with slow horizontal circulation. The

contribution proportions of the deep aquifer to the middle

aquifer are large and may even reach 100 % in the Bir Ali

ben Khalifa and Menzel Chaker regions. The contribution

of the middle aquifer to the shallow aquifer is observed

primarily in Bir Ali ben Khalifa and locally in the

Djebeniana and Skhira regions, where it reaches 100 %.

The tritium analyses provide evidence of the presence of

modern recharge, but several Mio-Plio-Quaternary

groundwater samples show low to undetectable tritium

concentrations, likely due to the large depths of the middle

aquifer and the migration of groundwaters from deeper

levels to shallower aquifer levels. The low transmissivities

in the evaporitic deposits (gypsum/anhydrite) may also

contribute to decreasing the tritium content by increasing

the groundwater residence time.

This assessment should be corroborated through com-

parison with the results of chemical analyses of the col-

lected samples, especially for the coastal aquifers, which

are likely contaminated with seawater. Using chloride

concentrations or isotopic mass balance equations, a future

analysis could quantify the contribution of seawater to the

groundwaters. A study that combines chemical and isotopic

approaches will be able to precisely define the mixing

endmembers involved in recharging the Sfax aquifers and

more precisely quantify their respective contributions.
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(Tunisie). Thèse de Doctorat, Univ. Claude Bernard, Lyon I

Taylor CB (1976) IAEA isotope hydrology laboratory, technical

procedure note no. 19. International Atomic Energy Agency,

Vienna

Tijani MN, Loehnert EP, Uma KO (1996) Origin of saline ground-

waters in the Ogoja area, Lower Benue Trough, Nigeria. J Afr

Earth Sci 23:237–252
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