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9 Abstract Major ion geochemistry and environmental

10 isotopes were used to identify the origins and the miner-

11 alisation processes of groundwater flowing within the three

12 aquifer levels of the multilayer system of the Gafsa-south

13 mining district (Southwestern Tunisia). It has been dem-

14 onstrated that groundwaters are characterised by a Ca–Mg–

15 SO4 water type. Geochemical pattern is mainly controlled

16 by the dissolution of halite, gypsum and/or anhydrite as

17 well as by the incongruent dissolution of dolomite. d18O

18 and d
2H values are much lower than the isotopic signature

19 of regional precipitation and fall close to the meteoric

20 water lines, indicating that groundwaters have not been

21 significantly affected by evaporation or mineral–water

22reactions. The distribution of stable and radiogenic isotopes

23(d18O, d2H, d13C and 14C) within the aquifer levels sug-

24gests that the deep confined aquifer receives a significant

25modern recharge at higher altitudes, while, the shallow

26unconfined aquifer has been mainly recharged under cooler

27paleoclimatic condition, likely during Late Pleistocene and

28Early Holocene humid periods. However, waters from the

29intermediate confined/unconfined aquifer have composite

30isotopic signatures, highlighting that they are derived from

31a mixture of the two first end-members.

32

33Keywords Major ion geochemistry � Environmental

34isotopes � Multilayer aquifer system � Tunisia

35Introduction

36The Gafsa-south mining district in Southwestern Tunisia is

37one of the most important producers of phosphate in the

38world. The exploitation of this district started at the

39beginning of the twentieth century a few years after the first

40discovery of this valuable resource in 1885 by the French

41amateur geologist, Philippe Thomas (1893). Since 1896,

42date of the foundation of the French phosphate company

43‘‘la Compagnie de Phosphate et de Chemin de Fer de

44Gafsa’’, the first excavation took place with a total

45production of 200,000 metric tons/a (CPG-GCT 2009).

46Currently, the merchant rock output rises to more that

478 million metric tons/a, placing Tunisia fifth in the word

48for phosphate production (CPG-GCT 2009). This produc-

49tion is ensured by the Tunisian phosphate company, ‘‘la

50Compagnie des Phosphates de Gafsa-CPG’’, which oper-

51ates seven open-pit quarries and one underground mine

52scattering within ca. 1,250 km2 area around the of Mou-

53larès and Redeyef cities (Boujlel et al. 2008). In order to
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54 meet the international standards of quality, the Tunisian

55 phosphate undergoes several refining and enrichment pro-

56 cedures, such as mechanical separation (grinding, sieving,

57 etc.), washing and floatation, which increase the P2O5

58 concentration in phosphate rocks from 12 to 29.5% (Naeili

59 et al. 2008). The latter two procedures basically depend on

60 groundwater resources pumped totally from the Gafsa-

61 south multilayer aquifer system. On the basis of available

62 statistics, the global consumption of the phosphate mining

63 sector is currently put at some 25 Mm3/a, and if this figure

64 is compared to the current total exploitation, provisionally

65 put at ca. 39 Mm3/a (DGRE 2009), the proportion corre-

66 sponding to the CPG utilisation represents 65%. This per-

67 centage is, however, two times more agricultural and urban

68 water supplies.

69 Despite uncertainties about the exact volume of gr-

70 oundwater reserve within this multilayer aquifer system, it

71 is certain that more water is being removed from its

72 resources than is replenished by recharge. In fact, within

73 the last two decades, water tables have display some signs

74 of over-exploitation due to the long-term withdraw. These

75 are water-level declines in boreholes, drying of several

76 springs due to the acute decrease of artesian head, and

77 significant increase of groundwater salinity.

78 Although the importance of this aquifer system in the

79 regional and national economy, fundamental hydrogeologic

80 patterns, such as groundwater hydrodynamics, hydrochem-

81 ical characteristics, origins and migration pathways of water

82 masses remain poorly defined. It is within this framework

83 that the present study is undertaken, which aims to pro-

84 vide baseline information about (1) the hydrochemical

85 characteristics of groundwater, (2) the main groundwater

86mineralisation processes and (3) the sources of different

87groundwater bodies and their migration pathways.

88Physiographic settings

89The study area, which extends over about 1,250 km2,

90belongs to the foreland Gafsa basin located in the North

91African Oriental Atlas (Fig. 1). It constitutes the eastern

92part of an important endoreic basin shared between Tunisia

93and Algeria. It is boarded to the northeast by the major

94northwest–southeast Gafsa fault and to the south by the

95east–west Chott trough. Ground elevation in the Gafsa-

96south mining district ranges from 524 m a.m.s.l. near

97Sbeitla outlet to 1,150 m a.m.s.l. in the Bouramli Moun-

98tain, in the northeastern limit of the basin (Ahmadi 2006).

99The climate is semi-arid with a long-term mean annual

100rainfall ranging from about 200 mm at the highest eleva-

101tions to less than 130 mm in the lower portion of the basin

102(Hamed 2008). The potential evapotranspiration exceeds

1031,600 mm. The mean annual temperature is 22�C with

104maximum temperatures of up to 43�C in summer (Hamed

1052008). Regionally, the surface drainage is toward the south

106reflecting regional topographic gradients. The principal

107drainage network is constituted by several ephemeral wa-

108dis, which collect surface runoff from the surrounding hills

109and from the Algerian territories toward the endoreic salt

110lake depressions (locally known as Sebkha or Chott) of

111Chott El Gharsa and Garet Douza (Fig. 1). At the foothills,

112pediments are generally overlaying thick conglomerate

113alluvial fans. Below 500 m a.m.s.l., the topography flat-

114tens, relatively thin sandy and clayey soils are present

Fig. 1 Location and geologic map of the study area
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115 (Ahmadi 2006). The eastern portion of the basin, in the

116 vicinity of Garet Douza endoreic depression, evaporite

117 deposits are abundant. The dominant tree type changes

118 from a mix of semi-arid climate trees such as Olea europea

119 L., Pistacia vera L., Ficus carica L. and Phoenix dacty-

120 lifera L. in the floodplain and near the wadis, to sparsely

121 distributed halophytes such as Zygophyllum album L.,

122 Halocenem strobilaceum L. near Garet Douza salt lake

123 depression, and finally to annual terrestrial xerophytes such

124 as Artemisia herba alba L., Astragalus armatus L., Arte-

125 misia campestris L., Moricandia suffruticosa L., Lygeum

126 Spartum L., on the mountain slopes and seldom at the

127 highest elevations (Chaieb and Boukhriss 1998).

128 Geology

129 The sedimentary series in the study area range from the

130 Triassic sandstone and evaporite to Quaternary siliceous

131 deposits. Considering the aim of this work, only the upper

132 stratigraphic column extending from the Upper Cretaceous

133 to the Actual will be presented in detail (Fig. 1). The Upper

134 Cretaceous series begin with a thick Cenomanian–Turo-

135 nian dolomite and claystone unit, locally interbedded with

136 gypsum levels, belonging to the Zebbag Formation. This

137 unit is overlaid by the Aleg Formation deposits constituted

138 of thick Late Turonian–Early Campanian marly and cal-

139 careous claystone, locally intercalated with fossiliferous

140 thin limestone layers that increase in thickness and fre-

141 quency to the top (Burollet 1956). On the Aleg Formation

142 reposes the Early Campanian–Late Maestrichtian lime-

143 stone and dolomitic limestone of the Abiod Formation,

144 which represents the end of the Upper Cretaceous series.

145 The lower and the middle parts of this formation are

146 dominated by clayey and marly thin layers, while, the

147 upper part is distinguished by a fissured feature (Ahmadi

148 2006). Above the Abiod Formation reposes the Late

149 Campanian-Paleogene claystone of the El Haria Formation,

150 which represents the Cretaceous–Tertiary transition. This

151 formation is overlaid by shallow marine to shore-face

152 Paleocene–Early Eocene series belonging to the Metlaoui

153 Group. This latter consists of thin gypsum, clay and highly

154 fossiliferous dolomitic intercalations belonging to the Selja

155 Formation, which is overlaid by the phosphatic carbonates

156 and claystone series of the Chouabine Formation and the

157 massive limestone layer of the Kef Eddour Formation. On

158 these formations reposes the Late Eocene thick gypsum-

159 rich dolomite of the Seugdal Formation that constitutes the

160 last marine facies. The oldest continental Neogene For-

161 mation is represented by the Sehib clayey and silty con-

162 glomerate, which is overlaid by the Middle–Late Miocene

163 sandstone of the Beglia Formation. This latter is made up

164 of loose to locally friable well-sorted sands (Burollet

1651956). The uppermost deposits in the study area belong to

166the Segui Formation of Late Miocene–Pleistocene age. It is

167a heterogeneous Formation represented by silty and gyp-

168siferous claystone in the bottom; sandstone, siltstone, thin

169claystone intercalations and paleosoil with pedogenic cal-

170cite nodules in the middle, and finally by sands, gypsifer-

171ous and argillaceous silts with thick sandy conglomerates

172layers in the top (Ahmadi 2006).

173From the tectonic point of view, the sedimentary series

174of the oriental Atlas, particularly in the study area, have

175been controlled by extensive tectonics during the Mesozoic

176age leading to the setting up of normal east–west and

177northwest–southeast fault networks (Zargouni 1985; Zouari

1781995). During the Cenozoic age, the Gafsa foreland basin

179was affected by compressive deformation events producing

180fault-related fold belts in relation with a thin-skinned

181mechanism (Ouattani et al. 1995; Ahmadi et al. 2006).

182These compressive tectonic events, mainly acting during

183the Quaternary age (Dlala and Hfaiedh 1993; Ahmadi

1842006) and controlled by inherited fault directions, created

185east–west fold belts such as Mratta-Bellil and Satah-Alima-

186Bliji.

187Hydrogeology

188A three-level multilayered aquifer system exists within the

189Gafsa-south mining district (Fig. 2). The shallowest aquifer

190occurs within the Plio-Quaternary detrital deposits and

191ranges typically from 50 to 250 m in thickness (Hamed

1922008). It is unconfined throughout the study area and

193consists of varying proportions of carbonate conglomer-

194ates, gravel, sand, silt, clay, reworked phosphate grains,

195evaporites and abundant pedogenic calcite nodules. This

196surficial level is not usually a large producer of water,

197likely due to its low hydraulic conductivity. However, in

198the eastern part of the study area, numerous privately

199owned wells tap this aquifer due to the presence of rela-

200tively high permeable conglomerate lenses. The clayey

201bedrock in the lower parts of the Plio-Quaternary deposits

202separates this shallow groundwater reservoir from the

203intermediate aquifer. Groundwater circulation in the shal-

204low unconfined aquifer is somewhat complicated. Water

205flowing from a height from the potentiometric surface

206generally follows the topography. In the central part of the

207basin, precisely in the Zeller and Mazreg Chems elevated

208areas, groundwater divides, likely in relation with tectonic

209substratum uplifts, determine three flow pattern compart-

210ments. In the eastern compartment, groundwater converges

211radially from the surrounding highlands toward the salt

212lake depression of Garet Douza. In the central compart-

213ment, between the two divides, groundwater discharges

214into the Berka Wadi following two northwest–southeast
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215 and northeast–southwest flow directions. Finally, in the

216 western compartment, groundwater flows east–west and

217 northeast–southwest and discharges in the El Khanga Wadi

218 near the Tamerza outlet zone.

219 The intermediate aquifer, with an average thickness of

220 ca. 225 m, is hosted in the Miocene deposits. It is made up

221 of loose to locally friable well-sorted sand, which gives an

222 excellent intergranular porosity and high permeability

223 (Hamed et al. 2008). This aquifer is confined in major part

224of the study area, except in the foothills and the discharge

225areas, where the overlying Plio-Quaternary deposits are

226completely eroded. In these zones, the intermediate aquifer

227is drained by several perennial springs. Elsewhere, this

228aquifer is tapped by hundreds of private dug wells and state

229deep boreholes with depths ranging from ca. 10 to 500 m.

230From a production potential point of view, the Miocene

231confined/unconfined aquifer represents the main ground-

232water reservoir due to its relatively important thickness and

Fig. 2 Hydrogeological cross-sections of the studied multilayer aquifer system
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233 the presence of several highly permeable zones, separated

234 by clays and finer grained clastics deposits. The degree of

235 connection between these permeable zones and their areal

236 extent is not well understood because of the bad distribu-

237 tion of boreholes tapping this aquifer (Hamed et al. 2008).

238 Groundwater flow pattern in the Miocene aquifer is rela-

239 tively simple. Surface runoff infiltrates in the foot of the

240 surrounding mountains and converges to the central part of

241 the basin. There, a general flow from east to west carries

242 the groundwater to the Tamerza and Ras El Ayoun outlet

243 areas, where the water discharges via several overflow

244 springs.

245 The Upper Cretaceous deep aquifer is constituted of

246 vertically continuous carbonate sequences with generally

247 high permeability that are hydraulically connected in vary-

248 ing degrees (Hamed 2008). It typically consists of ca.

249 300 m-thick fissured limestone and dolomitic limestone

250 with fracture density ranging from 5 to 20 m/m2 (Ahmadi

251 et al. 2006). This aquifer is confined far and wide the study

252 area and yields a great artesian pressure, especially in the

253 central part of the hydrologic basin where it reaches its

254 maximum depth. Hence, along the major faults it is drained

255 by several artesian springs. However, there are no boreholes

256 tapping this aquifer till now because of its relatively

257 high degree of confinement within the study area. Despite

258 this it undoubtedly constitutes an important potential water

259 resource for the next decades. This deep aquifer is separated

260 from the overlying Miocene aquifer by impermeable (to

261 slightly permeable) Palaeocene/Eocene carbonate units

262 consisting of phosphatic-rich clayey and marly limestone

263 and dolomite with abundant gypsiferous deposits. Ground-

264 water circulation within this deeper reservoir is not well

265 understood as lateral flow paths are not well defined. How-

266 ever, it is thought that the deep flow regime involves local-

267 scale flow systems, which recharge in the upland highly

268 permeable outcrops and discharge partially to adjacent

269 lowlands via several artesian springs. Far away to the deeper

270 parts of the basin, upward head gradients produce more

271 discharge to the overlying intermediate Miocene flow

272 regime through sub-vertical major faults.

273Groundwater sampling and analytical methods

274Water samples were collected from private and state-

275owned wells, and springs taping the different aquifer lev-

276els. Spring waters were sampled as close to the spring

277orifice as possible. All Upper Cretaceous springs are

278located in the foot of the bordering mountains, where the

279aquifer formation crops out (Fig. 3). Wells were pumped

280for some minutes (ca. 5 min) before sampling. In situ

281measurements i.e. electric conductivity (EC), temperature

282(T) and pH of the discharge water were monitored, and

283sample bottles were filled after these parameters stabilised.

284Sample bottles were kept in a cooler or refrigerator upon

285collection.

286Cation and anion analyses were performed at the labo-

287ratory of the ‘‘Compagnie des phosphates de Gafsa

288(CPG)’’, Tunisia, using a Dionex DX 100 ion chromato-

289graph equipped with a CS12 and an AS14A-SC Ion Pac

290columns and an AS-40 auto-sampler. The total alkalinity

291(as HCO3) was determined by titration with 0.01 or 0.1 M

292HCl against methyl orange and bromcresol green indicators

293(APHA 1998). Charge balances for all samples with HCO3

294data are less than 5%.

295Deuterium (d2H) and oxygen-18 (d18O) isotope analyses

296were performed at the laboratory of the IAEA, using mass

297spectrometer after standard CO2 equilibration (Epstein and

298Meyada 1953) and zinc reduction preparation techniques

299(Coleman et al. 1982), respectively. All oxygen and

300hydrogen isotopes analyses are reported in the usual d

301notation relative to Vienna Standard Mean Oceanic Water

302(VSMOW). Owing to financial constraints, a limited

303number of water samples was selected for carbon isotope

304analysis (14C and d13C). Radiocarbon analyses were carried

305out at the laboratory of the ‘‘Ecole Nationale d’Ingénieurs

306de Sfax, Tunisia, by scintillation counting on C6H6 syn-

307thesised from BaCO3 stripped in the field from ca. 150-l

308water samples. Results are reported as percentage of

309modern carbon (pmC) (Stuiver and Polach 1977). The d13C

310was measured at the laboratory of the IAEA, by converting

311the DIC to CO2 with 100% phosphoric acid (H3PO4)

Fig. 3 Sampling map
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312 followed by cryogenic separation and analysis by mass

313 spectrometry (Boaretto et al. 1998). Reproducibility is

314 typically better than ±2% for hydrogen isotopes, ±0.1%

315 for oxygen, and ±0.2% for carbon.

316 Discussion

317 Chemical composition of groundwater

318 Water types

319 Analytical results of major ions in groundwater samples

320 and their saturation indexes with respect to some minerals

321 are reported in Table 1.

322 In order to classify groundwater samples into different

323 water types and to identify the hydrochemical processes

324 that control the mineralisation within the multilayer aquifer

325 system, a Chadha diagram (Chadha 1999) was used. This

326 diagram is a somewhat modified version of the Piper dia-

327 gram (Piper 1944) and the expanded Durov diagram (Du-

328 rov 1948). The difference is that the two equilateral

329 triangles were omitted (Chadha 1999). When plotted in the

330 Chadha diagram, groundwater samples of the Gafsa-south

331 mining district fall within the field 6, revealing a Ca–Mg–

332 SO4 water type (Fig. 4). In this field strong acidic anions

333 (Cl- and SO4
2-) exceed weak acidic anions (HCO3

- and

334 CO3
2-). Furthermore, alkaline earths (Ca2? and Mg2?)

335 exceed alkalies (Na? and K?). The predominance of cal-

336 cium and sulphate over sodium and chloride can be

337 explained by the dissolution of gypsum and/or anhydrite,

338 which dominate the dissolution of halite. However, the

339 dominance of magnesium and the lack of bicarbonate are

340 likely related to the incongruent dissolution of dolomite,

341 which is generally associated with the calcite precipitation

342 and gypsum dissolution.

343 Origin of mineralisation

344 In order to accurately determine the origin of groundwater

345 mineralisation in the Gafsa-south multilayer aquifer sys-

346 tem, the sum of major anions and the sum of major cations

347 were separately correlated to each anion and to each cation,

348 respectively (Fig. 5). The well-defined relationships char-

349 acterising mainly the Cl, SO4, Na, Ca and Mg plots lend

350 support to their significant contribution to the groundwater

351 mineralisation. To precisely identify the principal origins

352 of the referred ions, Na versus Cl and Ca versus SO4,

353 bivariate plots were established (Fig. 6). The plot of Na

354 versus Cl shows that the majority of groundwater samples

355 falls on the 1:1 line, suggesting that these ions mostly

356 derived from the same origin; likely in relation with the

357 dissolution of halite (Shouakar-Stash et al. 2007). This

358process is, however, confirmed through the negative satu-

359ration indexes with respect to the referred mineral, which

360exhibit a proportional evolution when correlated to the sum

361of ions deriving from the NaCl eventual dissolution (Ben

362Moussa et al. 2009) (Fig. 7a).

363Most of the groundwater has elevated Ca2? and Mg2?

364concentrations relative to HCO3
-, and is charge balanced by

365SO4
2-. These sulphate-rich waters likely evolved from

366gypsum and/or anhydrite (CaSO4) dissolution as indicated

367by the well-defined relationship in the plot of Ca versus SO4

368(Barth 2000) and by the proportional, parabolic, trend

369observed in the correlation of the negative saturation

370indexes, with respect to the referred minerals, versus the

371sum of ions resulting from the CaSO4mentioned dissolution

372(Kamel et al. 2005) (Fig. 7b, c). Even though all ground-

373water is saturated with calcite and dolomite (Table 1), it

374is undersaturated with gypsum/anhydrite; the dissolution

375of anhydrite continues and the concentration of Ca2? and

376SO4
2- increases further. This causes, according to the

377common ion effect, calcite supersaturation and precipita-

378tion, which may decrease Ca2? concentrations as the plot of

379Ca versus SO4 reveals. The decrease in HCO3
- concentra-

380tions, resulting also from calcite precipitation, may then

381cause de-dolomitization process, adding Mg2? to the waters

382and decreasing the Ca/Mgmolar ratios (Marfiaa et al. 2004).

383This process, which is evidenced by the 1:1 relationship

384in the plot of Ca2? ? Mg2? versus SO4
2-
? 0.5HCO3

-

385(Fig. 8) (McIntosh and Walter 2006), corresponds to the

386incongruent dissolution of dolomite (incongruent means

387dissolution during which a solid product remains) to form

388calcite with a crystalline structure similar to dolomite; cal-

389cite formed in this way is called ‘‘dedolomite’’ (Hanshaw

390and Back 1979). The net reaction for the de-dolomitization

391process is (McIntosh and Walter 2006):

CaMgðCO3Þ2ðsÞ þ CaSO4 � 2H2OðsÞ þ Hþ ¼ CaCO3ðsÞ

þ Ca2þ þMg2þ þ SO4
2� þ HCO3

� þ 2H2O:

393393
394Isotopic composition of groundwater

395d
18
O and d

2
H contents

396Deuterium and oxygen-18 isotopes of the water molecule

397are indicators of conditions present at the time and place of

398groundwater recharge (Faure 1986). They are influenced by

399processes affecting the water, rather than the solutes, and

400can help identify waters that have undergone evaporation,

401recharge under different climatic conditions than the

402present, and help further to resolve overall questions

403relating to mixing of waters from different sources. (Sacks

404and Tihansky 1996). The d
2H and d

18O signatures of

405groundwaters are generally compared to those of the

Environ Earth Sci

123
Journal : Large 12665 Dispatch : 26-10-2010 Pages : 14

Article No. : 806
h LE h TYPESET

MS Code : ENGE-D-10-00008 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

T
a
b
le

1
In

si
tu

m
ea
su
re
m
en
ts
,
g
eo
ch
em

ic
al

d
at
a
an
d
sa
tu
ra
ti
o
n
in
d
ex
es

o
f
g
ro
u
n
d
w
at
er
s

W
el
l/
S
p
ri
n
g

p
H

T
(�
C
)

E
C

(m
S
/c
m
)

T
D
S

(m
g
/1
)

C
a

M
g

N
a

K
(m

eq
/l
)

H
C
O
3

S
O
4

C
I

N
O
3

S
at
u
ra
ti
o
n
in
d
ex

(S
I)

A
n
h
y
d
ri
te

G
y
p
su
m

H
al
it
e

C
al
ci
te

D
o
lo
m
it
e

A
m
ar

B
R
m
el

7
.7
5

1
9

3
.2
5

2
,3
5
0

1
4

1
3
.5
6

8
.4
8

0
.6
8

3
.6
1

1
9
.4
5

1
0
.8
6

0
.9
8

-
0
.7
7

-
0
.4
8

-
5
.7
7

0
.6
6

1
.4
0

A
b
ed
ja
li
l
el
h
an
i

7
.3
3

1
7

3
.5
1

2
,6
0
0

1
5

1
5
.7
8

1
0
.0
0

1
.0
2

4
.3
8

2
1
.9
6

1
1
.0
0

0
.2
3

-
0
.7
4

-
0
.4
2

-
5
.7
0

0
.3
1

0
.7
0

A
li
B
S
al
ah

7
.6
5

1
8

4
.2
0

3
,8
5
0

1
7
.2
5

1
3
.5
6

1
3
.4
8

1
.0
4

4
.0
0

2
4
.0
2

1
2
.9
7

0
.1
9

-
0
.6
5

-
0
.3
5

-
5
.5
0

0
.6
5

1
.2
6

M
ed

B
H
am

ed
7
.8
0

1
8

4
.9
9

3
,8
4
0

2
6

1
1
.8
4

2
2
.0
0

1
.4
8

4
.0
0

2
8
.9
5

2
3
.0
1

0
.3
9

-
0
.4
7

-
0
.1
7

-
5
.0
6

0
.9
2

1
.6
0

H
m
ed
a
B
G
ay
ed

7
.8
4

1
8

2
.9
4

2
,2
8
0

1
5

8
.5
5

1
4
.0
0

0
.6
2

1
.6
0

1
8
.9
7

1
4
.0
2

0
.4
1

-
0
.7
4

-
0
.4
4

-
5
.4
4

0
.4
2

0
.6
6

C
h
an

II
b
is

8
.1
0

1
7

5
.2
5

6
,8
5
0

2
8
.2
5

1
6
.0
3

2
3
.9
1

1
.6
6

4
.3
5

3
4
.9
4

2
3
.9
7

0
.5
8

-
0
.4
0

-
0
.0
9

-
5
.0
0

1
.2
4

2
.3
0

M
ed

S
ad
o
u
k

7
.9
0

1
8

1
5
.8
5

1
5
,6
0
0

2
9
.7
5

1
5
.6
2

2
5
.6
5

1
.9
2

5
.2
5

3
6
.6
1

2
6
.7
9

0
.8
4

-
0
.3
7

-
0
.0
7

-
4
.9
0

1
.1
5

2
.1
0

Ja
b
ar
ia

I
8
.0
1

2
0

1
.9
5

2
,0
1
0

1
6

4
.5
2

5
.2
2

0
.2
2

3
.6
1

1
6
.3
3

4
.9
4

0
.1
8

-
0
.7
0

-
0
.4
2

-
6
.3
6

1
.0
3

1
.6
0

C
h
an
o
u
fi
a
II

8
.0
3

2
2

7
.2
0

5
,3
8
0

2
8

9
.8
6

3
0
.0
0

1
.2
2

4
.3
0

3
3
.9
5

2
6
.0
3

0
.1
3

-
0
.3
6

-
0
.1
1

-
4
.8
9

1
.2
2

2
.1
3

C
h
an
o
u
fi
a
I

8
.0
4

2
1

3
.2
3

2
,4
0
0

1
4

7
.8
9

1
4
.0
0

0
.1
4

3
.3
9

1
5
.9
7

1
4
.0
2

0
.2
4

-
0
.7
9

-
0
.5
3

-
5
.4
5

0
.9
6

1
.7
8

N
az
ia

8
.0
0

2
1

2
.9
5

2
,4
0
0

1
9

5
.3
4

5
.4
4

0
.3
5

3
.5
3

1
6
.0
2

1
3
.7
1

0
.1
4

-
0
.6
6

-
0
.4
0

-
5
.8
0

1
.0
8

1
.7
1

H
.G
al
le
l

8
.0
1

2
2

2
.8
0

2
,3
0
0

1
6

6
.9
9

1
5
.2
2

0
.2
9

3
.7
7

1
6
.8
5

1
4
.4
4

0
.2
4

-
0
.7
2

-
0
.4
7

-
5
.4
0

1
.0
4

1
.8
4

M
az
re
g
ch
am

es
7
.0
2

1
8
.5

3
.2
5

1
,5
6
0

1
0
.7
5

6
.4
1

1
7
.9
1

0
.2
5

3
.1
2

1
6
.0
2

1
2
.9
7

0
.0
8

-
0
.8
0

-
0
.6
1

-
5
.3
6

-
0
.2
1

-
0
.5
7

B
er
k
a
4

7
.0
4

2
0

3
.7
0

3
,8
0
0

1
5

6
.9
0

1
9
.0
0

0
.8
2

3
.8
0

1
9
.9
7

1
7
.0
3

0
.3
0

-
0
.7
5

-
0
.4
4

-
5
.2
4

0
.0
1

-
0
.2
0

T
ar
fa
y
a
8

7
.7
2

2
2

1
.5
9

1
,3
4
0

1
1

4
.9
3

3
.0
0

0
.2
3

2
.3
9

1
4
.9
8

1
.9
7

0
.2
6

-
0
.3
1

-
0
.5
6

6
.9
4

0
.4
6

0
.7
0

M
ra
tt
a
II

8
.1
0

1
9
.5

5
.6
5

4
,8
5
0

2
1
.2
5

9
.2
1

2
1
.0
9

1
.3
8

4
.4
3

3
0
.3
7

2
4
.1
1

0
.3
2

-
0
.5
0

-
0
.2
2

-
5
.0
6

1
.1
8

2
.1
0

O
.S
ar
d
o
u
k

7
.4
8

1
9

3
.5
5

2
,6
0
0

1
4

5
.9
2

1
7
.0
0

0
.4
1

3
.3
0

1
7
.9
7

1
5
.0
3

0
.1
6

-
0
.7
7

-
0
.4
8

-
5
.3
3

0
.3
7

0
.4
4

B
ar
h
o
u
m
i

7
.5
0

1
8

1
1
.2
0

8
,2
5
0

2
8

1
5
.2
1

2
5
.1
3

1
.9
9

4
.5
9

3
3
.0
7

2
4
.1
1

0
.9
0

-
0
.4
1

-
0
.1
2

-
5
.0
0

0
.7
0

1
.2
1

A
li
M
es
sa
o
u
i

7
.7
0

1
6

8
.9
7

8
,2
4
0

1
4

9
.8
6

1
0
.0
0

0
.3
5

2
.8
0

1
5
.9
7

1
2
.0
1

1
.2
0

-
0
.8
3

-
0
.5
1

-
5
.6
0

0
.5
0

0
.8
6

S
al
ah

M
ab
ro
u
k
i

7
.8
2

2
0

1
0
.7

8
,0
8
0

3
0
.5

1
2
.8
2

2
4
.5
7

1
.5
4

5
.2
5

3
6
.4
0

2
6
.7
9

0
.8
8

-
0
.3
3

-
0
.0
6

-
4
.9
6

1
.1
1

1
.9
6

T
.S
O
N
E
D
E

7
.7
5

1
9

4
.2
7

3
,2
5
0

1
5
.2

2
0
.4
9

2
2
.8
0

0
.1
8

4
.1
7

2
8
.6
3

1
6
.0
2

0
.2
9

-
0
.6
8

-
0
.3
9

-
5
.2
1

0
.6
8

1
.5
9

S
.T
am

er
za

7
.9

2
0

2
.1

1
,7
6
0

1
5
.9

3
.8
7

9
.0
1

0
.2
0

2
.7
0

1
5
.2
8

4
.8
2

0
.2
7

-
0
.7
2

-
0
.4
5

-
6
.0
9

0
.8
0

1
.0
9

R
m
it
h
a

8
1
9
.5

1
8
0
0

5
.4

4
.1
2

1
.3
9

0
.1
0

2
.3
4

6
.8
9

2
.0
0

0
.3
6

-
1
.3
2

-
1
.0
4

-
7
.2
4

0
.4
9

0
.9
5

A
in

G
at
âa
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406 precipitation represented by the Global Meteoric Water

407 Line (GMWL) (Craig. 1961) and the Regional Meteoric

408 Water Line (RMWL). Stable isotope values that plot along

409 the meteoric water lines are compared to local precipitation

410 mean values to determine if groundwaters derive from

411 recent local recharge or they originate from water that

412 recharged the aquifer under climatic condition different

413 than the present. Deviations from the meteoric lines indi-

414 cate modification of the groundwater by evaporation or

415 extensive water–rock interactions (Uliana et al. 2007).

416 One major impediment for understanding the relation-

417 ship between isotopic compositions of precipitation and

418 groundwaters is long-term stable isotope records in the

419 study area. In the present study, oxygen-18 and deuterium

420 values for local precipitation are not well documented. A

421 general estimate, however, can be derived from data and

422 study results from nearby areas. Data from the nearest

423 Global Network for Isotopes in Precipitation (GNIP) sta-

424 tion, located in the Sfax coastal city (GNIP station

425 7622500), at an elevation of about 10 m have yearly

426 weighted means of oxygen-18 and deuterium of -4.60 and

427 -23.30%, respectively (IAEA/WMO 1999). The meteoric

428 water line established from these data, generally used as a

429 RMWL in southern Tunisia studies, has the equation:

430 d
2H = 8d18O ? 13.5 (Maliki 2000; Maliki et al. 2000).

431 The isotopic composition of d
18O and d

2H of all

432 groundwaters of the Gafsa-south mining basin, range from

433 –8.29 to –6.33% and from –55.8 to –35.30%, respectively

434 (Table 2). When plotted in the d18O/d2H standard diagram

435 (Fig. 9), waters from different aquifers of the multilayer

436 system show several observations in relation to each other

437 and to the local modern rainfall. Firstly, they fall practi-

438 cally around the GMWL and do not show patterns of

439enrichment that could be attributed to either evaporation of

440meteoric water during recharge (Allison 1982) or extensive

441mineral–water interactions following recharge (Banner

442et al. 1989). The d
18O contents reflect, therefore, the con-

443ditions present at the time of aquifers recharge. Secondly,

444they are all strongly depleted in both d
18O and d

2H relative

445to the weighted mean of the modern local rainfall by up to

4463.6% in 18O, indicating lower condensation temperature of

447the precipitation that contributes to the recharge. This

448could be related either to an altitude effect (recent high-

449altitude recharge) or to a paleoclimatic effect i.e. recharge

450under colder climatic conditions than at present. Thirdly,

451the whole groundwater samples from the deeper aquifer,

452outcropping at higher altitudes, show greater depletion

453(difference up to 2% d
18O) relative to waters from the

454shallower Miocene and Plio-Quaternary aquifers that crop

455out at lower altitudes, which brings insight to an altitude

Fig. 4 Chadha diagram showing the water type of the groundwater

samples

Fig. 5 Plots of R anions versus each anion and R cations versus each

cation
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456 effect of the deep waters. Fourthly, water samples from the

457 unconfined Plio-Quaternary and the confined Upper Cre-

458 taceous aquifers constitute two agglomerations with iso-

459 topically homogenised compositions, while, samples from

460 the confined/unconfined Miocene aquifer scatter along a

461 linear trend with relatively heterogeneous 18O and 2H

462 compositions, indicating that they derive from more than

463 one origin.

464 The more depleted waters of the Plio-Quaternary aquifer,

465 which show the largest difference with the isotopic compo-

466 sition of the modern local precipitation (difference of about

467 3% d
18O), likely represent recharge during cooler climatic

468 conditions rather than altitude. In fact, they are comparable

469 to depleted Late Pleistocene and Early Holocene paleo-

470 groundwaters identified at local (Edmunds et al. 2003; Dassi

471 et al. 2004, 2005; Kamel et al. 2005, 2006) and continental

472 scales (Gonfiantini et al. 1974; Fontes et al. 1983; Fontes

473 1985; Edmunds et al. 1997; Guendouz et al. 2003). These

474 paleo-groundwaters, observed elsewhere across Africa

475 (Clark and Fritz 1997; Edmunds 2005), were interpreted as

476 evidence of continental effect asAtlantic airmasses travelled

477 away from their source (Sonntag et al. 1978).

478 The more enriched waters from the Upper Cretaceous

479 aquifer, which crops out in the surrounding mountains,

480 have an average d
18O composition of -6.62, being some

481 2.0% lighter than the weighted mean of the modern local

482 rainfall. This discrepancy in isotopic contents could be

483 attributed to the recharge at a higher altitude than that of

484 the GNIP station, where d
18O of the modern precipitation

485 was measured. In fact, air masses rise adiabatically owing

486 to increases in elevation, which forces rainout; decreasing

487 air temperature with increasing elevation causes isotopic

488 fractionation so that rainfall becomes increasingly isoto-

489 pically depleted (Fritz et al. 1992; Leybourne et al.

490 2006). To confirm this altitude effect it is necessary to

491 estimate quantitatively the recharge altitude of the deep

492groundwaters and verify whether it actually matches with

493the elevation of the aquifer outcrops in the recharge

494areas. This estimation can be made on the basis of the

495known heavy isotope content of precipitation and altitude

496effect in the considered region, by using the simple

497equation (e.g. Grabczak and Kotarba 1985)

HR ¼ HGN þ 100� ðD=AGÞ

499499where HR is the estimated recharge altitude and HGN is the

500altitude of the GNIP station (in m), D is the difference

501between oxygen-18 compositions in precipitation and

502Upper Cretaceous groundwaters (D = d
18OPrecipitation -

503d
18OGroundwater, per mil), AG is the local altitude gradient

504for oxygen-18 (per mil per 100 m). By assuming an oxy-

505gen-18 altitude effect (AG) between 0.25 and 0.35% per

506100 m with regard to the global variation range of

5070.15–0.5% per 100, suggested by Gat (1981) as well as by

508Clark and Fritz (1997), the approximate altitudes of the

509potential recharge areas calculated with the aid of the

510above equation and values vary between 581 and 810 m.

511This range, which matches practically with the elevation of

512the recharge areas of Upper Cretaceous aquifer in the

513surrounding mountains, may confirm the assumption of its

514recharge by modern rainfall at higher altitudes.

515Waters from the confined/unconfined Miocene aquifer

516have an intermediate and relatively wide range of 18O and

517
2H contents. They plot along an approximately linear trend,

518which involves the same paleowaters, already identified in

519the unconfined Plio-Quaternary unit; more or less mixed

520with the relatively modern waters deriving from the

521underlying confining Upper Cretaceous aquifer. The iso-

522topic composition of these mixed waters is largely con-

523trolled by extent of the upward leakage from the deeper

524aquifer, which naturally occurs along the major faults of

525the study area but may be locally enhanced by pumping or

526interconnection of wells open to both aquifer systems.

Fig. 6 Plots of Na versus Cl

and Ca versus SO4
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527
14C activities and d

13C contents

528 The 14C of dissolved inorganic carbon (DIC) still gains

529 interest as an alternative practical radioactive tracer due to

530 its potential dating range that makes it the most useful tool

531 for reliable estimation of the mean groundwaters residence

532 time over timescales to ca. 30 ka (Clark and Fritz 1997).

533 However, the interpretation of radiocarbon activities to

534 provide absolute ages, which permit more reliable dating

535 resolution, is limited by geochemical complications related

536 to water–rock interaction and requires knowledge of car-

537 bonate hydrochemistry added by understanding of the d13C

538evolution (Clark and Fritz 1997; Edmunds and Smedley

5392000).

540Carbon-14 activities and d
13C contents in DIC (mainly

541HCO3) of the groundwater in the Gafsa-south aquifer

542system range from 3 to 75.3 pmC and from -11.3 to

543-4.98% versus PDB, respectively (Table 2). The varia-

544tions of 14C activities with d
18O and d

13C contents are

545shown in Figs. 10 and 11, respectively. Groundwater

546samples collected from the Plio-Quaternary unconfined

547aquifer show the lowest values of 14C activities ranging

548from 3 to 44.2 pmC, with a mean value of 14.9 pmC, and

549the heaviest d13C contents varying from -6.32 to -4.98%

550versus PDB, with a mean value of -5.72% versus PDB.

551Low 14C activities agree with relatively depleted 18O and

552
2H contents of these groundwaters and verify their old

553paleoclimatic origin. This enriched d
13C and low 14C

554activities can be explained by the long groundwater resi-

555dence times leading to the extended interaction with ped-

556ogenic calcite nodules and carbonate conglomerates

557particularly, abundant within this unconfined aquifer,

558where the influence of renewable soil CO2 is negligible

559(Grassi and Cortecci 2005).

560Water from the Upper Cretaceous carbonate aquifer

561displays 14C activities ranging between 26.4 and 63 pmC.

562High activities in some samples lend support to the recent

563origin of these deep groundwaters, already confirmed by

564the enriched 18O and 2H signatures, while, relatively low

565activities that characterise other samples provide insight to

566the interaction with old carbonate rocks in this confined

567aquifer. Indeed, these low 14C-samples show slightly

568enriched d
13C contents, varying from -7.5 to -6.8%

569versus PDB, relative to high 14C-samples, which have d13C

570values between -9.4 and 7.8% versus PDB. In any case, as

Fig. 7 Plots of (Na ? Cl) versus SIhalite (a), (Ca ? SO4) versus

SIgypsum (b), (Ca ? SO4) versus SIanhydrite (c)

Fig. 8 Plot of (Ca ? Mg) versus (SO4 ? 0.5HCO3)
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571 a carbonate aquifer, the Upper Cretaceous does not show

572 highly enriched d
13C contents, deriving from massive

573 exchange with heavy CO2, comparatively to the Plio-

574 Quaternary non-carbonate aquifer. The slightly enriched

575 d
13C values of the Upper Cretaceous groundwaters (pre-

576 senting an average value of ca. -8% vs PDB) likely

577 suggest significant contribution of modern recharge by

578 meteoric waters equilibrated in due time with atmospheric

579 CO2 that has d
13C ranging between -9 and -7% versus

580 PDB (Deines 1980; Traganos et al. 1995).

581 Waters from the confined/unconfined Miocene aquifer

582 exhibit wide ranges of 14C activities and d
13C contents,

583 ranging from 3.4 to 75.3 pmC and from -11.3 to -4.98%

584versus PDB, respectively. Higher 14C and depleted d
13C

585are consistent with the presence of a greater component of

586younger water through upward leakage from the under-

587laying Upper Cretaceous confined aquifer. While, lower

588
14C and relatively enriched d

13C plead in favour of some

589contribution from the overlaying Plio-Quaternary uncon-

590fined aquifer. However, in general, a significant proportion

591of the carbon likely comes from plant respiration and

592production of CO2 in the soils. C4 plants, represented in the

Table 2 Isotopic data of groundwaters

Well/Spring d18O d2H 14C 13C

(%o vs SMOW) (pmC) (%o vs PDB)

Amar B Rmel -8.28 -55.80 – -6.32

Abedjalil elhani -7.72 -50.60 – –

Ali B Salah -7.80 -52.80 16.00 -6.07

Med B Hamed -8.00 -52.30 – –

Hmeda B Gayed -7.72 -50.60 – -5.04

Chan II bis -7.39 -46.10 – –

Med Sadouk -7.76 -51.20 44.20 –

Jabaria I -7.77 -51.30 8.00 -5.94

Chanoufia II -7.39 -46.10 10.00 -5.68

Chanoufia I -7.73 -52.80 – –

Nazia -7.94 -52.60 8.20 -4.98

H.Gallel -7.96 -54.60 3.00 -6.03

Mazreg chames -7.03 -45.40 59.00 -9.83

Berka 4 -7.83 -53.20 35.00 –

Tarfaya 8 -8.29 -55.30 3.40 –

Mratta II -6.82 -42.40 59.00 -8.63

O.Sardouk -7.12 -52.30 36.00 -9.91

Barhoumi -7.73 -53.30 51.00 –

Ali Messaoui -6.36 -41.30 75.30 –

Salah Mabrouki -7.33 -50.50 31.00 –

T.SONEDE -7.90 -54.30 18.00 -11.30

S.Tamerza -6.18 -38.48 67.20 -8.56

Rmitha -6.53 -43.30 39.40 -8.32

Ain Gatâa -6.74 -38.24 61.40 -8.18

Ain Wssaief -6.80 -36.80 28.60 -7.39

Ain Damous – – – –

Ras El Mâa -6.33 -35.30 63.00 -7.80

Ejnan – – – –

Ain Sarraguiya – – – –

Ain El Mourra – – – –

Ain Morchen -6.10 -39.00 34.00 -7.50

Ain Tahar -6.10 -38.30 26.40 -6.80

Ain Makhfia -6.80 -43.20 – -9.40

Fig. 9 Conventional diagram of d18O versus d2H

Fig. 10 Plot of d18O versus 14C activity
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593 area by semi-arid halophytes and annual terrestrial xero-

594 phytes, have d
13C values of -17 to -9% versus PDB

595 (Romanek et al. 1992; Vogel 1993). Isotopically light CO2

596 liberated by decay of C4 organic matter in the soil enters

597 the soil waters and likely equilibrates with the Miocene

598 groundwaters making lower d13C and higher 14C (Fig. 11).

599 Conclusion

600 Groundwaters in the Gafsa-south mining district play a

601 significant role in the development of the phosphate mining

602 sector in Tunisia. The results of this study provide impor-

603 tant information that can be useful for the management and

604 the preservation of this valuable resource. Major ions

605 investigation shows that the Ca–Mg–SO4 groundwaters

606 within the Gafsa-south multilayer aquifer system acquire

607 their mineralisation through water–rock interaction pro-

608 cesses, involving the dissolution of halite, gypsum and/or

609 anhydrite as well as the incongruent dissolution of dolo-

610 mite. Oxygen-18 and deuterium signatures were very

611 effective in identifying the origin and the migration path-

612 ways of groundwaters. Indeed, the more depleted values of

613 d
18O and d2H in the Plio-Quaternary surficial groundwaters

614 lend support to their old recharge likely in relation with

615 Late Pleistocene and Early Holocene cooler, humid peri-

616 ods. Likewise, the more enriched values in the deeper

617 Upper Cretaceous aquifer groundwaters provide insight to

618 their recent recharge occurring probably at higher altitude

619 outcrops. However, intermediate values in the Miocene

620 aquifer groundwaters highlight the mixture between these

621 old and recent end-members. Stable and radiogenic iso-

622 topes of the DIC agree with the above-mentioned origins of

623 the different groundwaters and provide supplementary

624valuable information about the interaction with carbon

625from different sources.

626
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663Tunisie Centrale. Ann Mines Geol 18:345
664Chadha DK (1999) A new diagram for geochemical classification of
665natural waters and interpretation of chemical data. Hydrogeol J
6667:431–439
667Chaieb M, Boukhriss M (1998) Flore suscinte et illustrée des zones
668arides et sahariennes de Tunisie. APNES, Tunis, p 29
669Clark ID, Fritz P (1997) Environmental isotopes in hydrogeology.
670Lewis Publishers, New York, p 328
671Coleman ML, Shepherd TJ, Durham JJ, Rouse JE, Moore GR (1982)
672Reduction of water with zinc for hydrogen isotope analysis. Anal
673Chem 54:993–995
674CPG-GCT (2009) Tunisian phosphate industry. Accessible at:
675http://www.gct.com.tn/francais/secteur.htm
676Craig H (1961) Isotopic variations in meteoric water. Science
677133:1702–1703
678Dassi L, Zouari K, Faye S (2004) Identifying sources of groundwater
679recharge in the Merguellil basin (Tunisia) using isotopic
680methods: implication of dam reservoir water accounting. Envi-
681ron Geol 49:114–123
682Dassi L, Zouari K, Seiler KP, Faye S, Kamel S (2005) Flow exchange
683between the deep and shallow groundwaters in the Sbeı̈tla

Fig. 11 Plot of d13C versus 14C activity

Environ Earth Sci

123
Journal : Large 12665 Dispatch : 26-10-2010 Pages : 14

Article No. : 806
h LE h TYPESET

MS Code : ENGE-D-10-00008 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f

http://www.gct.com.tn/francais/secteur.htm


U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

684 synclinal basin (Tunisia): an isotopic approach. Environ Geol
685 47:501–511
686 Deines P (1980) The terrestrial environment. In: Fritz P, Fontes JC
687 (eds) Handbook of environmental isotope geochemistry, vol 1.
688 Elsevier, Amsterdam, pp 75–140
689 DGRE (Direction Générale des Ressources en Eau) (2009) Annuaire
690 de l’exploitation des nappes profondes de la Tunisie. DGRE,
691 Tunis
692 Dlala M, Hfaiedh M (1993) Le séisme du 7 Novembre 1989 à
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721 drologie isotopique de l’wadi el Akarit (sud tunisien) au
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