Sigma J Eng Nat Sci, Vol. 40, No. 2, pp. 252-267, June, 2022

]
Sigma Journal of Engineering and Natural Sciences Sl
Web page info: https://sigma.yildiz.edu.tr Journal of Engineering
DOI: 10.14744/sigma.2022.00030 Winandiai ve Fon -

Bilimleri Dergisi

Research Article

The hydrogeological functioning of the karstic aquifer in Sidi Kada
Mountains (North-Western Algeria) from hydrochemical records

Benyekhlef BENAMINA'®, Habib AZZAZ'®, Benali BENZATER?*®,
Abderrahmane HAMIMED?**

IScience and Technology of Water Laboratory, University of Mascara, Algeria
’Biological Systems and Geomatics Laboratory, University of Mascara, Algeria

ARTICLE INFO ABSTRACT

Article history
Received: 09 September 2020 This study focuses on the hydrodynamic and hydrochemical functioning of the karst system in

Accepted: 28 June 2021 Sidi Kada Mountains. These later extend between the Ghriss plain in the North and the Saida
Mountainsin the South. The hydrochemical approach was used to understand the hydrodynamic
Key words: behaviour of the karst system which is represented by dolomitic limestone formation of Upper
Hydrogeology; Hydrochemistry; Jurassic. The geological data were used to delimit an impluvium with an area of 535.1 km?
Karst aquifers; Sidi Kada and a perimeter of 220.7 km. The functioning of this karst system was studied using several
Mountains; North-western physic-chemical parameters, namely pH, temperature, electrical conductivity, TDS, Ca**, Mg**,
Algeria Na*, HCO;, CI, NO;, SOZ". Frequency distributions of the water electrical conductivity (CFD)
indicate that the system is characterized by two hydrodynamic sub-regimes, in which fracture
networks control the base flow and conduit networks control the quick flow. The results of the
hydrochemical analysis show that the waters facies are bicarbonated and magnesian. During
periods of high water, the contents of chemical elements decreased, except for calcium and
nitrates. During periods of low water, the participation of the saturated zone generates an
increase in Mg?* contents. The waters are typically characterised by an average conductivity of
848 uS/cm in deep waters. The shallow waters, influenced by anthropogenic actions, have an
average conductivity of 1344 uS/cm and waters where exists the evaporite lenticular mass have
relatively high values of conductivity, ranging from 1886 to 2644 pS/cm with an average of 2102
uS/cm. The good correlation between the chlorides and sulphates indicates the leaching of the

soil layer. The correlation between Ca** and SO?~ is negative but weak (r = —0.176), implied
that Ca?* was no derived from gypsum in the majority of samples. In contrast the water points
whose chemistry is marked by the dissolution of gypsum or anhydrites have a good correlation
between Ca’* and SO}~ (r = 0.93). The supersaturating regarding calcite and dolomite indices
indicates mainly a flow in the saturated zone and through the unsaturated zone with a relatively
high pCO, (from 1.5 x 10”to 4 x 107). Biogenic CO, initiates the mineralisation process
in the unsaturated zone within an open system. The relationship between the saturation
indices regarding calcite and dolomite shows that 87% of water varied from equilibrium and
oversaturated. This is indicative of a slightly aggressive water with relatively slow circulation.

*Corresponding author.
*E-mail address: hamimed @univ-mascara.dz

This paper was recommended for publication in revised form by
Regional Editor Pouria Ahmadi

Published by Yildiz Technical University Press, Istanbul, Turkey
Y No Copyright 2021, Yildiz Technical University. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).



https://orcid.org/0000-0002-2762-9517
https://orcid.org/0000-0002-5219-6354
https://orcid.org/0000-0001-5157-1338
https://orcid.org/0000-0002-3141-6813

253 Sigma J Eng Nat Sci, Vol. 40, No. 2, pp. 252-267, June, 2022
Cite this article as: Benamina B, Azzaz H, Benzater B, Hamimed A. The hydrogeological
functioning of the karstic aquifer in Sidi Kada Mountains (North-Western Algeria)
from hydrochemical records. Sigma ] Eng Nat Sci 2022;40(2):252-267.

INTRODUCTION crossed rocks nature, the residence time of water in the sys-

The karst fascinates amateurs and professionals with the
diversity of its forms which start on the surface and extend
to depths, still untouched by any exploration. Many scien-
tific communities are still trying to unlock its secrets and
offer keys to explain the past and present functioning of
a karst system. In addition to its remarkable morphologi-
cal expressions, its drinking water resources make it a very
important topic, especially in the Mediterranean region
where this type of aquifer is prevailingand the drinking
water needs are significant [1,2].

These aquifers are distinguished from the porous aqui-
fers by the high degree of heterogeneity featured in both
surface and underground [3]. Carbonate sedimentary
formations such as limestone and dolomite are the most
important karst-prone rocks [4]. However, karstification
can also occurs in other rock types such as carbonatic con-
glomerates [5], carbonatic metamorphic rocks such as mar-
ble or calcite [6], and evaporitic formations such as gypsum
or anhydrite [7].

Because of their hydrogeological characteristics, karst
aquifers are particularly vulnerable to anthropogenic activ-
ities and are difficult to manage [8-10]. Many researchers
carried out hydrogeochemical analyses to assess the geolog-
ical and anthropogenic influences on the hydrochemistry of
aquifers [11-18]. These analyses have been successfully used
to reveal groundwater circulation depth, vulnerability and
hydrogeochemical evolution [19-21]. Groundwater flows
in karst aquifers are extremely variable in space and time,
and depend on several factors such as the hydrogeological
heterogeneity of the system, the configuration of the karst
network and local recharge conditions [22]. Understanding
the functioning of the karst aquifer system is generally an
essential condition to improve the management of water
resources, their protection and their vulnerability study
[23]. Studies of karst systems have traditionally focused
on the analysis of natural responses of sources to recharge
events. Also, hydrogeological research for this type of aqui-
fer can be achieved by studying techniques based on natural
hydrodynamic responses [24-26]. However, the high degree
of anisotropy of this type of aquifer requires the applica-
tion of different categories of approaches: hydrogeologi-
cal, geomorphological, geophysical, structural, etc. Several
factors, such as climate, geology and geomorphology can
change the dynamics of groundwater. Although hydrocli-
matic conditions remain the main factors responsible for
the evolution of the functioning of karst aquifers [27-29],
the chemical composition of groundwater depends on the

tem, the climatic conditions prevailing in each zone and
geochemical processes along the groundwater flow paths
[30-34, 23]. The hydrochemical data were analyzed using
different procedures. The electrical conductivity frequency
distributions (CFD) of the spring water inform on the vari-
ability of the mineralization and on the degree of functional
karstification into the system [30, 35]. Unimodal distribu-
tions are indicative of little annual variation in mineraliza-
tion and consequently hydrochemical homogenization,
mostly due to a low degree of karstification (diffuse flow),
while multimodal distributions should be associated with
systems having higher degree of karstification (conduit flow
system) [35]. A methodology for a better quantification and
interpretation of the conductivity frequency distributions
(CFD) has been published by Massei et al. (2007) [36]. After
this approach, a single water type transported through a
karst conduit network is chemically homogeneous and its
electrical conductivity shows a normal distribution. The
analysis of CFD allows the identification of different modes,
corresponding to water types influenced by hydrological
and meteorological conditions (recharge, recession and
depletion), and their contribution to the spring flow. The
contribution of each peak to the CFD can be quantitatively
assessed, which can be useful to characterize the aquifer
behaviour and mixing processes [35].

The Piper diagram constitutes a basic tool for spatial
characterization of the chemical composition of waters. It
allows establishing clusters or families depending on litho-
logical, geographical and anthropogenic factors [37-39].
Binary diagrams have also been broadly used to interpret
hydrochemical data. The relationship between different
chemical components dissolved in water can be useful to
identify and to characterize hydrogeochemical processes
in karst systems [40, 41]. The use of natural hydrochemical
tracers such as dissolved organic carbon (DOC), nitrates
(NO;), chlorides (Cl), or magnesium (Mg*) is useful for
characterizing infiltration processes, water transit times,
flow conditions and, above all, the degree of participation of
saturated and unsaturated zones in the functioning of karst
systems [27, 40, 44-47]

To better understand the role of the unsaturated zone in
the acquisition of groundwater chemistry, calcocarbon bal-
ances are particularly used. The equilibrium pCO, and the
saturation index with respect to calcite and dolomite are the
well suited elements for understanding the hydrodynamic
functioning of karst aquifers. They provide valuable infor-
mation on the origin of the different types of water flowing
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at the outlet, on their flow conditions and their residence
times [35].

The Sidi Kada Mountains (located in Northwest Algeria)
is a semi arid area, represented by a calcareous-dolomitic
plateau of Kimmeridgian (Upper Jurassic) age. Because of
the lack of surface-water and precipitation, groundwater
has been the main water resource in this area. Sustainable
management of groundwater has become a critical issue for
this area. Understanding the hydrochemical characteristics
of the local groundwater could provide guidance for sus-
tainable groundwater development.

This research mainly presents a hydrochemical investi-
gation of groundwater in Sidi Kada Mountains to determine
the hydrochemical characteristics, mineral sources, and
hydrochemical evolution along the groundwater flow path.
The absence of speleological networks and caves in our
study area gives the impression that the flows are mainly in
the volumes of fissured rock with low permeability. Epikarst
plays an important role in regulating aquifer recharge: part
of the water infiltrated into the epikarst is stored in its base
and flows slowly through the underlying cracked volumes
(base flow); if the infiltration is sufficient, part of the water
directly overflows from the epikarst to the karst network
(rapid flow). The springs are characterized by a relatively
low and constant spring flows. Its hydrochemical charac-
teristics are mainly determined by the geochemical process
of rocks in the area (dolomitic limestones), and are affected

by climate, precipitation, soil, vegetation and human activi-
ties. The precipitation in this area is the main recharge of
groundwater.

The main objective of this study is to characterize the
hydrogeological functioning of the karst system in Sidi
Kada Mountains (Figure 1), based on its hydrodynamic
properties and its hydrochemical response during the sam-
pling period, with rainfall variability, and therefore differ-
ent hydraulic conditions. To do so, the first objective is to
characterize water types and origins over the hydrogeologi-
cal catchment using natural hydrochemical tracers.

STUDY AREA

The Sidi Kada Mountains cover an area of 486.1 km?2,
located in the North-West of Algeria between longitudes
0° 12’ E and 0° 36" E and latitudes 35° 13’ N and 35° 22’
N (Figure 1), and aligned with the Beni-Chougrane
Mountains, which is the main massif between the
Mediterranean and the High Oran Plains. This Mountain
barrier is located between 540 m and 1200 m above the sea
level [48].

The region is characterized by a semi-arid climate, with
a mild winter and a hot summer in addition to relatively
remarkable of rainfall seasonal variations. The average
yearly precipitation value during the period 19692016 is
about 473mm with relative monthly irregularities (69 mm
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Figure 1. Location of the study area map.
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for December and 3 mm for July). The Sidi Kada Mountains
are drained superficially by the Froha wadi. The mean
annual relative humidity of the air is about 65% and the
mean annual temperature is of 25°C. These climatic con-
ditions are favorable for the weathering of rocks and con-
sequently have a significant impact on the groundwater
quality.

GEOLOGY

The Sidi Kada Mountains are spread between the Saida
Mountains in the South and the Ghriss plain in the North.

The Tiffrit’s granite mole locally separates Sidi Kada and
Saida Mountains (Figure 2). The structural of the study area
is characterized by horsts and grabens. These reliefs show a
brittle tectonics with faults oriented Northwest-Southeast
and northeast-southwest.

Through Sidi Kada Mountains, the Kimmeridgian dolo-
mitic limestones with a passage in lenticular mass or fibrous
gypsum, clays and marls, overcome (surmounts) the
Lusitanian Marls and sandstones-dolomitic alternations.
Locally, the Kimmeridgian is surmounted by Quaternary
formed by clay-sand with gravel alluvial deposits occupy-
ing the grabens zones. The tectonic of the region generated
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Figure 2. Geologic map. 1- Paleozoic, 2- Devonian, 3- Carboniferous, 4- Permo-Triassic, 5- Triassic, 6- Middle Jurassic
(Dogger), 7- Upper Jurassic (Oxfordien), 8- Upper Jurassic (Kimmeridjien), 9- Miocene, 10- Plio-queternary, 11-
Quaternary, 12- Fault. (Ref: geological Mostaganem and Saida map 1/200000; National Agency of Water Resources).
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graben with releases that vary between 10 to 50 m (Figures
2 and 3).

HYDROGEOLOGY

The Kimmeridgian dolomitic limestones represent the
main aquifer with an average thickness of 250 m outcrop
over more than 90% of Sidi Kada Mountains with a plunge
to the North under the Plio-Quaternary alluvium. The
aquifer bottom is represented by the alternations of marl,
sandstone and dolomites of the Lusitanian (Figure 3).

The piezometric map shows a general flow oriented
South-East North-West with depths varying between 8 and
101m. This aquifer is recharged from the outcrop areas. The
discharge rates of the existing boreholes in the North of
the study area oscillate between 10 1/s (ESKC borehole, see
Figure 1) to 20 l/s (E.SK5 borehole, see Figure 1).The bore-
holes in the southern part of the study area vary between 7
1/s (NE borehole) to 15 1/s (ZL1 borehole), whereas in the
springs, the flow rates vary between 0.60 1/s and 2.1 1/s (1.2
1/s for the spring S1 (1.10 I/s high water and 0.80 /s low
water), 0.951/s for the spring S4 (1.501/s for high water and
0.60 /s for the low water) and 1.90 /s for the spring S6 (2.1
1/s high water and 1.80 1/s low water). the piezometric level
in the well (P) is 916 m in the high water period and 913 m
in the low water period.

METHODOLOGY AND TECHNIQUE

The hydrochemical study of the dolomitic limestone
aquifer water was carried out on the basis of seasonal moni-
toring over the period 2013-2018 through 16 representative
water points (seven sources, eight boreholes and one well)
(Figure 1).

The pH, temperature, conductivity, salinity, dissolved
oxygen and TDS were measured in-situ using a multi-
parameter device, model HI 9828.

The water chemical analysis, namely the cations (Ca**
Mg, Na*, K*) and the anions (HCO;, CI;, SO?;, SiO,, NO;)
were carried out at the National Agency of water resources
(ANRH) of Oran and the Water Distribution Agency (ADE)
laboratories.

The processing of hydrochemical data using the
Diagram software [49] allowed us to study the binary rela-
tionships between the chemical elements (chlorides, sul-
phates, sodium, saturation index and CO, pressure). The
frequency distributions of electrical conductivity (CFD)
inform us about the variability of the mineralisation and
chemical composition of the water [30].

RESULTS AND DISCUSSION

The results of water analysis as shown in Table 1 allow
characterizing the water in the region according to their
conductivity values. The boreholes water located at the
foothills of Sidi Kada Mountains in the northern part of the
basin and the springs located in the south-west are char-
acterized by conductivity values ranging from 774 to 1100
uS/cm. For the springs in the north part of the basin and
the boreholes located in the south-eastern, those values
vary between 1200 and 1402 uS/cm. However, the springs
located in the center of the study area are individualized by
the high values of conductivity ranging from 1886 to 2644
uS/cm. The boreholes located in the south-Est (Zelamta
and Nesmot regions) show relatively high hydrochemical
contents compared to the boreholes located in the north-
ern foothills. This is due to the influence of the Lusitanian
aquifers (sandstone, dolomite and marl) which does not
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Tablel. Presentation of the physicochemical parameters of Sidi Kada Mountains aquifer.

Sample TDS T°C pH c25°C Ca Mg Na HCO3 Cl SO4 NO3 Mg/Ca IsC IsD pCO,
[mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/l] [mg/I]
Group 1 Min 378 16.76 7.20 756 31 8 23 460 41 19 5 0.09 0.15 -0.32 0.0124
Average 404 21.72 7.36 848 79.5 47 25 477 46 25.1 17.7  1.24 0.38 0.22 0.0181
Max 419 25.83 7.50 1107 154 80 28 514 54 32 25 4.26 0.58 0.68 0.0289
Group 2 Min 973 14.85 7.16 1249 61 30 51 365 101 113 80 0.25 -0.25 -0.24 0.0082
Average 1030 17.60 7.30 1344 105 77.6 586 401.7 131.7 130.8 93.8 1.37 0.26 0.10 0.0168
Max 1133 20.10 7.61 1429 196 105 64 417 157 176 120 2.84 0.66 0.62 0.0237
Group 3 Min 897 14.44 7.13 1886 44 86 177 556 184 320 10 0.82 -0.16 -0.21 0.0324
Average 1025 14.85 7.14 2102 99 111 223 589.8 2052 439 10.7  2.04 0.11 -0.04 0.0335
Max 1321 16.07 7.17 2644 174 136 357 642 249 786 15 4.87 0.36 0.27 0.0350

outcrop. The pH values of the study area ranged from 7.13
to 7.84.This means that the waters in this area are neutral
and correspond to waters of the carbonate system [50]. The
temperature varies between 14.95°C and 23.74°C and the
salinity is in the range of 0.36 and 1.39 g/l. The total dis-
solved solids (TDS) is divided into three ranges: the first
varies from 331 to 552 mg/l, corresponding to the boreholes
located in the north and springs located in the south-west,
the second is in the range 630-888 mg/l which correspond
to the perched emergency (shallow groundwater) located
in the high altitudes, and the third ranged from 990 to 1730
mg/l, corresponding to the sources located in the center of
the basin (water points whose chemistry is marked by gyp-
sum or anhydrite). The waters of the first range are fresh
waters according to the international standard with TDS <
600 mg/1.

The decomposition of the conductivity frequency distri-
butions (CFD) into different peaks, following the approach
proposed by Massei et al. (2007) [36], can be useful for the
identification of different sources of water and the influence
of hydrologic (recharge, recession and depletion) and mete-
orological conditions on their contribution to springs flow.

This approach has been applied at monthly scale and
at each rain event. The EC data set is recorded during the
period Junary 2014-March 2015 at S1, S4, S5 and S6 springs
(Figure 1). These four springs present diverse patterns of
hydrogeological behaviours, with differing hydrochemical
responses to recharge events (Figure 4).

Thus, the CFD values for the EC data corresponding
to S1 spring have been divided in three different peaks or
modes (P1, P2 and P3), representing water types with dif-
ferent mineralization, which contributed to the spring flow
during the research period (Figure 4). The P1 (20%) repre-
sented the first precipitation after the dry period (recharge).
The high water period is represented in P2. These waters
are drained with a progressively longer residence time due
to either slow infiltration or storage in the saturated zone.
Groundwater runoff components released from small

and medium karst fissures. The pick 3 (P3) with a higher
conductivity should represent the drainage of fissures and
matrix (mainly saturated zone) during depletion period.

In contrast, S4 Spring (Figure 4), the peak P1 represents
a dilution of the spring water after dry period (rainfall event
of 49 mm in June 2014). These can be represented a rapid
infiltration of low conductivity surface water through frac-
tures, which then directly drained to the spring through
conduits (water dilution). The largest peak (P2) corre-
sponds to periods when the aquifer is either slowly filling or
draining and as such reflects a “baseline” specific conduc-
tance. The P3 corresponds to the waters bases period with
absence of rainfall grades. These waters are drained through
the fissures (saturated zone) during depletion period. The
peak P4 reflect the progressive increment of water miner-
alization in the spring, caused by corresponding changes in
SO?, CI, Mg** and Ca** contents, produced as consequence
of recharge events that provoke a piston effect (event rain-
fall 54 mm in March 2014). This increase is linked to the
contribution of evaporites (gypsum or anhydrite).

For the S5, the CFD values measured in the water from
spring (Figure 4) show relatively high variability. The P1
reflects the progressive increment of water mineralization
in the spring, after dry period (June 2014 and September
2014), caused by corresponding changes in Mg** and Ca**
contents, and produced as consequence of recharge events.
This corresponds to the water previously stored within the
unsaturated zone towards the spring (event rainfall 49 mm
and 53 mm respectively). These increments are propor-
tional to the quantity and magnitude of rainfalls recorded
during recharge events, with a relatively fast response time.
The P2 peak contributes 67% to the global frequency dis-
tribution and represents the water drained during the high
water period (presence of rain), with a low conductiv-
ity variation. Peaks P3 (26%) should represent the drain-
age of fissures and matrix (mainly saturated zone) during
depletion period. After the event rainfall (54 mm in March
2014), the piston effect causes variations in hydrochemical
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Figure 4. The electrical conductivity frequency distributions (CFD) for the springs S1, S4, S5 and Sé6.

components, characterized by an increase of Mg*/Ca*
ratio, which indicate the participation of the water previ-
ously stored in unsaturated zone (P4) [46, 35]. The P1, P2
and P4 (74%) represent the water drained from the unsatu-
rated zone.

Finally, the CFD obtained from the EC data of S6 spring
presents three major modes (Figure 4). The Peak P1 (40 %
of the total distribution) corresponds to the water with the
lowest EC values (high water condition), rapidly flowing
from the soil and epikarst to the spring through karst con-
duits. These waters types related at events rainfall (54 mm in
March 2014; 49 mm in June 2014 and 53 mm in September
2014). The peak P2 represents the transition between the
previous hydrodynamic conditions, during which karst
conduits with different hydraulic conductivities are still
active and they interact with the low permeable or matrix
portion of the aquifer. The last Peaks P3 (20 %) should rep-
resent the drainage of fissures and matrix (mainly saturated

zone) during depletion period. Peak P, , corresponds to
periods when the aquifer is draining. The hydrogeological
functioning of the S4, S5 and S6 springs are fundamentally
influenced by the unsaturated zone of the aquifer (peaks P1
and P2 for S6 and P1, P2 and P4 for S4and S5), which affect
their functioning more than does the saturated zone (P3)
(especially under recharge conditions). These springs drain
an aquifer with a moderate degree of development of karst
drainage, which means that the hydrodynamic and hydro-
chemical responses present some inertia as regards precipi-
tation events. In contrast, the CFD values measured in the
water from S1 (Figures 4 and 6b) show a low variability in
conductivity (40 pS/cm). The hydrogeological functioning
of the S1 is fundamentally influenced by the saturated zone
of the aquifer. Both zones (saturated and unsaturated zone)
present a relatively low degree of functional karstification.
The springs are characterized by two hydrodynamic sub-
regimes, in which fracture networks control the base flow
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and conduit networks control the quick flow, as mentioned
by [22].

For most cases, the SO?" contents vary from 19 to 176
mg/l, while some samples are characterized by high con-
tents of SO, varying between 320 and 786 mg/1 (Table 1).
This may be due to a layer of gypsum and/or anhydrite
(CaSO,+H,0 or CaSO,) near their measurement loca-
tions as mentioned by [51-53] and existence of gypsum
lenses. Generally, NO," concentrations vary between 15
to 25 mg/l with the except for water points located near
urban agglomerations which show high contents (80 to
120 mg/l).

The presentation of the water analysis results on the
Piper diagram (Figure 5) shows that the waters of the study
area are divided into two chemical facies: 59% of waters
are bicarbonate calcium and magnesium and 41% are chlo-
rinated and sulphated magnesium and calcium. The waters
with high concentrations of chlorides and sulphates are
from epikarst, influenced by human actions (agriculture
and domestic wastewater discharge) or by the existence of
evaporite.

The variograms presented in Figure 6 show good corre-
lation between the major chemical elements (HCO;, Mg*,
SO, CI and Na*) and the conductivity. The decrease of
the electrical conductivity (EC) after each rain indicates
the dilution effect [10] (Figure 6). The shallow karst zones
expedite the transport of recharge, so shallow systems
respond very quickly to rain events, always exhibiting
rapid increases in EC (Figure 6a). A slight increase of the

EC after rain event means a mixture between the waters
of the saturated zone and the unsaturated zone [47,54, 55]
(Figure 6).

The synchronous increase in precipitation and conduc-
tivity indicates the arrival of water with a long residence
time on emergence by the piston effect. During recharge
events in shallow waters, the first flood event leads to
an increase of the ratios Mg?*/Ca’: 1.25 on 07/03/2014
and 1.00 on 03/03/2014, and 3.00 on 05/06/2014 and
2.00 on 02/06/2014. Similar results are found in the deep
water showing an increase of the ratios Mg?*/Ca*": 4.4 on
27/03/2014 and 1.4 on 03/03/2014, and 3.5 on 01/06/2014
and 2.5 on 14/06/2014. The increase in the ratios Mg**/Ca**
results in the mobilization the water storage in the unsatu-
rated zone of the aquifer. For comparison, the shallow water
and the deep water have residence time of 15 days and 45
days, respectively.

The variations in Ca®* and Mg** concentrations are in
the ranges 30-196 and 32-136 mg/l, respectively. The sum-
mer floods at the surface water cause a relatively rapid
increase in Ca?* concentrations (about 15 days) with a
decrease in Mg** elements (Figure 6a) confirmed by signifi-
cant negative correlation (r = -0.944) (Figures 7a and b).
This indicates that the water is drained from the unsatu-
rated zone, whereas the waters drained from the saturated
zone show a relatively slow residence time (about 45 days)
(Figure 6b).The deep waters are characterized by a ratio
Mg?*/Ca®* greater than 1.2 throughout the year (1.24 to
4.25) (Figure 6b). This indicates a large predominance of
dolomite which confirms the geological data [21, 47, 50,
51, 56]. While for the shallow water, the ratio is ranged
between 0.5 and 3.5 (Figure 6a). The NO," leaching can
occur throughout the year (Figure 6a), with particularly
peaks concentrations during fall infiltration and summer
flooding [57-59] (Figure 6a). In the shallow water during
recharge events, the first flood event leads to an increase
of NO,” concentrations: 121 mg/l on 05/06/2014 and 112
mg/1 on 15/ 05/2014, and 144 mg/l on 27/09/2014 and 104
mg/l on 31/08/2014, associated with increase of Mg**/Ca*'.
The increase in concentrations results in the mobilization of
NO; storage in soil and the unsaturated zone of the aquifer
during low-water periods (Figure 6a). However, in the deep
waters (Figure 6b), there is an increase of NO,™: 23 mg/l on
15/05/2014 and 18 mg/l on 15/ 05/2014, with an increasing
of Mg**/Ca*'.

The chlorides fluctuate with nitrates, recording a sig-
nificant positive correlation (r = 0.78) (Figure 7a). This
correlation suggests an anthropogenic input indicating the
same origin (soil and epikarst) of these elements which are
considered as tracers of infiltration [54, 60]. There are sig-
nificant correlation between SO? and CI (r = 0.97) indicat-
ing an anthropogenic origin (Figure 7a). Whereas, in S4 the
significant correlation (r = 0.87) indicates the existance of
evaporites (Figure 7b). The correlation between Ca?* and
SO;" is negative but weak (r = -0.176) (Figure 7a) implied
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that Ca** was no derived from gypsum in the majority of
samples, and indicates that the SO’ is acquired in the unsat-
urated zone with direct infiltration. The carbonate rocks of
the area rarely contain measurable concentrations of sul-
phur minerals. Thus, it can be concluded that agricultural-
related parameters (nitrates and sulphates) are derived
from fertilizers and manures applied on the agricultural
areas [61]. In contrast, the water points whose chemistry
is marked by gypsum or anhydrite have a good correlation
between these elements (r = 0.93) (Figure 7b).

Shallow karst systems are easily contaminated by anthro-
pogenic pollutants. Human effects are most evident in sum-
mer when recharge conveys high concentrations of nitrate
from the farmed areas into the aquifer (Figure 6a). These

Variables (axis F1 and F2 : 69.20 %)

- axis F2 (32.28 %) ->

- axis F1(36.92 %) —>

Variables (axes F1 et F2 : 82.28 %)

05

- axe F2 (23.86 %) ~>
°

05

- | 05 0 05 1
-~ axe F1(58.42 %) >

Figure 7. Distribution of the principal component analysis
(PCA) scores: (a) all the aquifer springs and (b) the S4

spring.

shallow waters are much more vulnerable to NO, contam-
ination than the deep water. The variations of nitrates in
shallow water are remarkable (with an increase of about 13
mg/l compared to the observed average), especially after the
rains which follow a dry period (Figure 6a). However, the
nitrate contents are relatively stable for deep water (Figure
6b). Generally, in shallow waters the NO," concentrations
presented a similar distribution as SO,* and there is a posi-
tive correlation (r = 0.71) between them (Figure7a), sug-
gesting a common source (Figure 6a). Both ions (SO,*and
NO,) can be introduced with the urea and ammonium-
sulphate applied during fertilization of the croplands [62].
The high concentration rate is explained by anthropogenic
factors affecting water quality include impacts from agri-
culture, use of fertilizers [63], manure and pesticides, ani-
mal husbandry activities, domestic wastewater (existence of
settling basins and non-watertight septic tanks). The nitrate
deposits will be washed out to the outlet. The intense evapo-
ration also produces an increase in NO," [22, 64].

Generally, pCO, varies between 1.2 x 107 and 3.5 x
102 atm which is high than that of the atmosphere (3.4 x
10*atm). During the high water period the pCO, values are
relatively stable (2.3 x 102t0 2.2 x 102 and 1.2 x 10 to 1.4
x 10?) (Figure 6a and b). While during low-water periods
these values show a relative fluctuation.

The relatively high pCO, values indicate an open sys-
tem on CO,. In general, the saturation indices vary from
saturated to oversaturated. The increase in HCO; concen-
tration with decrease in Mg**/Ca*" molar ratio (Figures 6a
and b) could be due to the increase in pCO, values [65, 10]
or could have been due to saturation and precipitation of
calcite [66]. The pCO, values confirm the carbonate origin
of the groundwater and indicate that the residence time of
the water is relatively long [66].The dolomites saturation
indices are higher than those of the calcite in the majority of
waters, reflecting the predominance of the dolomites. The
negative values of the saturation index at surface sources
after each heavy rain mean that the flows are at the unsatu-
rated zone where the role of the dissolving power of the
calcite with respect to the dolomite is determining (Figure
6a). Water in contact with carbonate rocks approaches the
saturation with respect to calcite much faster than with
respect to dolomite, since dolomite dissolution kinetics is
approximately two orders of magnitude slower than cal-
cite [4, 67-69]. The springs located in the south-western
area which drains the deep waters shows supersaturating
throughout the year (Figure 6b). The relatively high pCO,
at the borehole level indicates a continuous infiltration of
surface water towards the saturated zone.

The synchronous variation of NO; and pCO, indi-
cates the origin of surface water. The waters of Sidi Kada
Mountains show inverse variations in pCO, with respect to
ISd and ISc and mineralization (Figures 6a and b). During
the period of high water, the systems which drain the unsat-
urated zone show ISc values lower than those of ISd. This
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indicates the dissolution of calcite (Figure 6a). The variation
of Sodium (Na*) in the hydrogelogical context of this sys-
tem is related to climatic conditions. The origin of sodium,
chlorides and sulphates in waters is from the soil sur-
face. Leaching of these elements after evapotranspiration
increases their concentrations by direct infiltration [70].
The chloride, sodium and sulphate ions are considered as
surface markers [31, 27]. These hypotheses are confirmed
by the significant agreements between Na* and SO, (r =
0.85) and Na* and CI (r = 0.75) (Figure 7a). Also, there are
significant correlation between TDS and Mg* (r = 0.56),
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Figure 11. HCO; versus total cations.

TDS and Na* (r = 0.61), TDS and Ca*" (r = 0.53), TDS and
Cl (r=0.65), TDS and SO (r = 0.77) and TDS and NO; (r =
0.51) (Figures 7a and b), suggesting the influence of human
activities on the water chemistry [62]. Exceptionally, the
increased Na*, Cl" and SO}  contents observed in group 3
(Table 1) could be attributed to the presence of the evapo-
rites [71].

The evolution of HCO, and Ca’* contents shows syn-
chronous fluctuations with high bicarbonate contents.
Figure 8 illustrates that most of the water samples are plot-
ted above the 1:1 line, showing that the HCO; is greater than
Ca*, which indicates the dissolution of dolomite. However,
a part of water samples lie along the 1:1 line, suggesting that
the main source of Ca** and HCO); results from the dissolu-
tion of calcite. Furthermore, some water samples are under
the 1:1 line, indicating that there is an excess of Ca*', which
results from the dissolution of gypsum (Figure 8) [21, 72].
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These two elements (Ca’* and HCO);) are significantly cor-
related (r = 0.70) (Figure 7a).

The emergent waters that drain the south-western
system of Sidi Kada Mountains throughout the year are
characterized by Mg**/Ca*" ratio more than 1 (Figure 6b).
This may be due to the dissolution of Mg, contained in
the Kimmeridgien dolomites [73]. The other systems show
Mg?*/Ca? ratios less than 1 after the heavy rains which indi-
cate that the waters are drained from the unsaturated zone
with an average residence time of about 15 days. The dia-
gram Ca®* versus Mg** (Figure 9) shows the types of water
according to their residence time: the waters above the 1:1
line indicate a long period of time (low flow conditions)
[47] (Figure 9), while those below the 1:1 line indicate a
short residence time (high flow conditions) and a predomi-
nance of water from the unsaturated zone. However, a part
of water samples lie along the 1:1 line, suggesting a mixed
waters.

Figure 10 shows the relation between Ca** and SO} It
is observed that some of the groundwater samples lie along
the 1:1 line, suggesting that the dissolution of gypsum is a
source for Ca’* and SOZ. Nevertheless, the Ca** and SO
concentrations in groundwater samples located above the
1:1 line result from simple gypsum dissolution because
there are competing reactions involving calcium and/or
sulphate ions. Indeed, a part from gypsum dissolution, cat-
ion concentrations may also be affected by ion exchange
[74], which is justified by even the presence of clay in the
aquifer formation. In the other hand, the most of ground-
water samples lies below the 1:1 line, implying that dissolu-
tion of calcite and dolomite is dominant in this study area
(Figure 10).

The relationship between HCO; and the total cations
illustrated in Figure 11 shows that the dissolution of car-
bonate increase alkalinity and total major cations with
nearly a 1:1(group 1) [72]. The group 2 presents shallow
water affected by the surface and the group 3 present the
waters having an excess of SO and CI (Figure 11), that
could be attributed to gypsum or anhydrite dissolution.

The waters of Sidi Kada Mountains are classified into
three groups according to their degree of karstification and
the residence time of the waters: a) Group 1, where ISc and
ISd are generally greater than zero. This indicates non-
aggressive waters with relatively slow circulation and cor-
responds to the drainage of water during low water periods
(Figure 12); b) Group 2, where the waters are characterized
by positive saturation indices with respect to calcite and
negative with respect to dolomite. These indices indicate an
average residence time (water arriving at the outlet about
45 days after a rainfall event). These waters are generally
drained by piston effect during periods following floods
(Figure 12); ¢) Group 3, which are characterized by nega-
tive saturation indices with respect to calcite and dolomite.
This indicates aggressive waters with relatively rapid circu-
lation. These waters which emerge following strong floods
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Figure 12. ISd/ISc diagram.

usually have a short residence time (water arriving at the
outlet about 15 days after a rainfall event) (Figure 12). With
the exception of shallow water during floods where the val-
ues are negative, the majority of the waters (about 87%) in
the region generally have positive saturation indices with
respect to calcite and dolomite (Figure 12).

CONCLUSION

Integrated analysis of hydrogeochemical data (EC
frequency distribution, the time series of hydrochemical
parameters) allow us to characterize the hydrogeological
functioning of the karst aquifer in the Sidi Kada Mountains
under variable hydroclimatic conditions. Magnesium—
bicarbonate hydrochemical facies are usually indicative
of dolomite as predominant mineral species in the aquifer.
The frequency distributions of electrical conductivity (with
its different peaks) is a useful tool for the identification of
different sources of water and for studying the influence
of hydrologic (recharge, recession and depletion) and cli-
mate conditions on the springs flow. The hydrogeological
functioning of shallow water is much more influenced by
the unsaturated zone than by the saturated zone (especially
under recharge conditions). Both zones (saturated and
unsaturated zone) present a relatively low degree of func-
tional karstification. According to our results, the drained
water characterizes the contribution of capacitive elements
(small karst conduits, fractures and joints) to the ground-
water flow, mainly in the saturated zone of the aquifer in
the deep water.

The evolution of the analyzed physical and chemi-
cal parameters in response to rainfall events (high water
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period) is characterized by marked decreases in EC of
most parameters (Mg*, SO and CI'), and an increase in
Ca?".The waters drained are undersaturated or in equilib-
rium with respect to calcite, and presents relatively high
values of pCO2, indicating a participation of the unsatu-
rated zone; while the waters showing supersaturation
indices indicate the participation of these waters in the sat-
urated zone. The Mg** concentrations in the spring waters
indicate different groundwater flow paths, with dissimilar
lengths and residence times in the aquifer, but also a major
proportion of dolomite. A good correlation between the
sulphates, chlorides and nitrates is explained by anthropo-
genic impact. However, the good correlation between Ca**
and SO reflect the existence of gypsum lenses in our karst
system.

The NO; contents are high during floods and then
gradually decrease. However, during the low water period,
the drained water is more mineralized. The shallow karst
zones accelerate the transport of recharge, so shallow sys-
tems respond quickly to rain events, always exhibiting rapid
increases in EC. The Mg**/Ca*" ratio indicates the predomi-
nance of dolomites in the study site. The high pCO, values,
pH around 7 and the zero concentration of CO? ions indi-
cate that the waters are drained in an opened system. The
saturation indices for calcite and dolomite show that 87% of
the water in the region is supersaturated. The waters in our
system are less aggressive with relatively low flow velocity
through a relatively small network of cracks.

In perspective, we suggest that a periodic monitoring
should be performed with adequate sampling frequency
in order to study and characterise the processes in which
the aquifer is subject to various hydrodynamic conditions,
because a better hydrogeological characterization is crucial
for the protection and optimal management of these scarce
water resources.
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