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Abstract

The hydrogeochemical characteristics and processes affecting the groundwater chemistry of the Berrechid Basin, central
Morocco, were determined using chemical and isotopic data from 71 groundwater and six surface water samples. Chemical
data shows a wide variation in mineralization, notably exceeding the permissible level of potability. Unlike the northern
area, which seems to be separate from the main system, the salinity profile demonstrates a rising trend from the intake area
in the south to the downstream area in the east and west, where the groundwater becomes more saline. Three basic hydro-
geochemical facies are distinguished: Na—Cl, Na-Mg—Ca—Cl, and Ca-Mg-HCO;—Cl. A trend was also noticed for the last
two types toward Na—Cl. Chemical composition of the groundwater is mainly determined by the influence of evaporation,
cation exchange, rock weathering, salt dissolution, and anthropogenic activities. The dolomitization process has also been put
forward as an explanation for groundwater saturation with respect to the carbonate minerals, particularly in the eastern and
western parts. The groundwater is enriched with ?H and !0, which independently, as well as with C1~ and NO;™ strengthens
the findings from the chemical data by affirming the dominant effects of evaporation, the dissolution of minerals, and anthro-
pogenic activities in assessing the geochemical evolution of the groundwater. Furthermore, this allows a twofold identifica-
tion of recharge sources in the Berrechid aquifer: a lateral flow from the Phosphate Plateau, mainly along the southern part
of the basin, and a vertical downward movement of evaporated water from rainfall, rivers, and the return of irrigation flow.
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Introduction

The development of groundwater resources for water sup-
ply is a prevalent practice in Morocco. The Berrechid Basin
with its fertile soil is particularly productive, and its con-
siderable groundwater resources contribute greatly to the
region’s socio-economic development (Elfarrak et al. 2014).
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Nonetheless, the groundwater in the Berrechid Basin faces
a serious threat from overexploitation for irrigation, while
domestic/industrial uses have substantially increased the
abstraction and pollution of groundwater and induced nota-
ble changes in the hydrologic system. Indeed, agricultural
development has led to a discernible rise in the drawdown
of regional groundwater level and significant environmental
issue of groundwater pollution (El Bougdaoui et al. 2008;
El Assaoui et al. 2015). The population of the Berrechid
basin was only around 712 in 1926, but it had grown to
484,518 habitants in 2014 (HCP 2015) According to a sur-
vey released by the Basin Agency of Bouregreg and Chaouia
(ABHBC 2005), the total irrigated area and the abstraction
rate have increased from 7147 to 13,300 ha and 46 Mm3/y to
58 Mm?/y, respectively, between 1986 and 2007, leading to
a deficit of 20 Mm?>. What is more, the groundwater vulner-
ability assessment of the area reports a high level of suscep-
tibility to contamination (Ait Sliman et al. 2009; Elfarrak
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et al. 2014; Aboulouafa et al. 2016), as well as critical levels
of groundwater pollution due to anthropogenic activities,
wastewater leaching, and the use of large amounts of fer-
tilizers in agriculture (Kholtei et al. 2003; El Bougdaoui
et al. 2009).

Although considerable studies focus on the behavior of
the dynamic system in the Berrechid Basin (El Mansouri
et al. 1992; El Mansouri 1993; ABHBC 2005; Droubi
et al. 2008; El Bouqdaoui et al. 2008; Smaoui et al. 2012;
El Assaoui et al. 2015), the field remains in its infancy, so
the factors controlling the chemical composition of the
groundwater are still little known. Few studies have dealt
with weathering reactions and solute acquisition by meteoric
water (Hazan and Moullard 1962) for example. There are
also limited recent hydrogeological studies conducted in the
basin, comprising just the reports published by the Hydraulic
Basin Agency of Bouregreg and Chaouia (ABHBC) based
on the hydrological monitoring of wells and springs in the
area. These studies remain insufficient to characterize the
groundwater recharge and chemical evolution or to describe
the geochemical processes taking place in the system in
response to local reactions conditions.

The sustainable management of groundwater resources
requires a large degree of available knowledge and informa-
tion about understanding the aquifer hydraulic properties
and the chemical composition variation. The behavior of
groundwater chemistry is influenced by several factors, such
as climate, the quality of recharge water, geology, residence
time, the manner of groundwater’s flow through the rock
types (dissolution, precipitation, and cation exchange) from
recharge to discharge areas, and inputs from other anthro-
pogenic activities (Freeze and Cherry 1979; Hem 1985;
Appelo and Postma 1993).

Over recent decades, geochemical methods have contrib-
uted greatly to understanding how structural, geological,
mineralogical, and hydrological features control the flow
and chemistry of these systems (Lakshmanan et al. 2003;
Rajmohan and Elango 2004, 2006; Srinivasamoorthy et al.
2008; Hamed and Dhahri 2013; Zaidi et al. 2015; Bozdag
2016). Likewise, isotopic techniques are broadly used in
Morocco, and they act as effective tools in hydrogeology
for identifying groundwater recharge origins and evolu-
tionary trends (IAEA 2010; Qurtobi et al. 2010). Indeed,
several investigations have used geochemical and isotopic
techniques to evaluate the sources of recharge and the chemi-
cal evolution (Dindane et al. 2003; Bouchaou et al. 2008;
2009; Al-Charideh and Abou-Zakhem 2010; Srinivasa-
moorthy et al. 2011; Abderamane et al. 2013; Warner et al.
2013; Liu et al. 2014; Ait Brahim et al. 2015; Boukhari et al.
2015). Thus, geochemical and isotopic methods are clearly
important tools for developing sustainable, integrated water-
management policies for protecting water resources. Hence,
the primary purpose of this study is to employ chemical
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and isotopic analyses to contribute to a better understand-
ing of the hydrochemical characteristics of groundwater but
also to identify the hydrological and geochemical processes
responsible for the chemistry and the recharge origins of the
Berrechid Basin in central Morocco.

Study area

The study area, the Berrechid basin, covers an area of
approximately 1500 km? in the southern part of the province
of Casablanca in the central portion of Morocco (Fig. 1a).
The region’s climate is semi-arid and influenced by the
North Atlantic air masses that circulate from the west over
northern Africa (the air humidity gradient is determined by
the distance from the coast, with fog commonly forming in
winter), as well as the Mediterranean air masses that circu-
late from the north (El Ghali et al. 2018b). Thus, this con-
figuration of geographic flow opens the way to the overflow
of cold air masses in winter and the sea breeze to refreshes
the atmosphere in summer. The long-term mean annual rain-
fall ranges between 280 and 310 mm, with 93% of precipita-
tion occurring during the rainy season, which lasts for about
seven months between October and April. The dry season
typically comprises a dry spring and the summer months,
lasting for about four months between May and September.
The mean annual temperature is about 19.04 °C, with tem-
peratures reaching about 26.43 °C in summer (in August)
and dropping to a low of 6.38 °C in January. The poten-
tial evapotranspiration is about 946.59 mm/year (ABHBC
2005). The main socio-economic activities in the Berrechid
basin are livestock and cereals.

Topographically, the basin is a flat area and characterized
by elevations and gradients ranging from 140 m and 0.2%,
respectively, in the north to 350 m and 0.8% in the southern
portion (El Assaoui et al. 2015). It is bounded on the south
by the Phosphate Plateau, by the El Mellah Valley on the
northeast, by the Chaouia plain to the north, and by primary
outcrops to the west and northwest (Fig. 1a) (ABHBC 2005).

The Berrechid basin’s geology has been broadly studied
over time (Ruhad 1975; El Mansouri 1993; Lyazidi et al.
2003; El Gasmi et al. 2014) and the findings of the availa-
ble geological studies have been examined. The Berrechid
Plain forms part of the marine area of the western Moroc-
can Meseta. Its complex tectonic history has been marked
by several periods of transgression and regression of the
sea. During the Pliocene Epoch, carbonate and evapor-
itic sediments were deposited (Ruhad 1975; Lyazidi et al.
2003). Under semi-arid climatic conditions, combined
with the very old subsidence and sedimentation ranging
in age from primary to recent sediments, various geologi-
cal formations were deposited in the form of a wide bowl
(Hazan and Moullard 1962). From bottom to top of the
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Fig.1 (continued)

stratigraphic scale, the litho-stratigraphic sequence of the
formations encountered is presented as follows (Fig. 1b,
1c): Primary: The bedrock consists of schist intercalated
by layers of sandstone and quartzite. The main outcrops
are Silurian and Devonian along the southeast and green
Acadian alongside the northwest, along with 150-m-thick
Mediouna and Bouskoura close to El Hank (EI Mansouri
et al. 1992; Smaoui et al. 2012). Triassic: The deposits
here are characterized by siliciclastic and saliferous red
clays intercalated by minor basalts and evaporates (e.g.,
rock salt, potash, gypsum). These are distributed in the
northeast portion west of the city of El Gara, and they
gently dip under the Cenomanian deposits toward the
southwest (E1 Mansouri 1993; Lyazidi et al. 2003; Ben-
salah et al. 2011). Infra-Cenomanian: These consist of
detrital red clays that are rich in gypsum, sometimes with
some conglomerate levels followed by layers of white-to-
yellow marls and limestone, with a total thickness of 40 m
(Ruhad 1975). Cenomanian: These sediments comprise
yellow marls and dolomitic limestone with greenish marl
intercalations for a thickness of 120 m. Pliocene: These
form the main regional aquifer of the Berrechid Basin and
comprise sands, sandstones, sandy limestone, and minor
conglomerates at the base for a total thickness ranging
from 5 to 40 m (Droubi et al. 2008). Quaternary: The Qua-
ternary deposits are the prevailing facies and fundamen-
tally comprise silt and conglomerate series followed by
red silty clays and then pebbles and gravel at thicknesses
of 0-50 m. At low elevations in the upstream part of the
catchment basin, widespread alluviums (silt and gravels)
have been shaped as a result of erosion and then moved
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by water streams (seasonal wadis), such as flash floods,
or by the wind during dry periods. These layers provide
confined conditions for the Berrechid aquifer, which is
only unconfined in the center.

Tectonic movements in the basin have resulted in three
normal faults (Fig. 1b): fault F1 in a NNE-SSW direction,
which passes by Mediouna and creates a tectonic boundary
between the primary bedrock and post-Triassic formations;
fault F2, which orients in a NW-SE direction and joins
fault F1 in Mediouna; and fault F3 that moves in a NE-SW
direction and passes by El Gara and defines the SE limit
of the Berrechid Basin (ABHBC 2005). Depending on the
aquifer thickness, the storage coefficient and transmissivity
vary from 0.5 to 3.5%, respectively, and from 2.8 x 107
at the borders to 2.8 x 10! m?/s at the center. The direc-
tion of flow goes toward the north and the northeast of
the plain, thus reflecting the regional topographic gradient
(Droubi et al. 2008). According to the water recharging the
Berrechid aquifer derives from (i) lateral inflow from the
Phosphate Plateau aquifer (ii) infiltration from the surface,
such as through rainfall and seasonal rivers (El Himmer,
Mazer, Tamdrost, Boumoussa, Bouassila), and (iii) the
return flow of water from irrigation and wastewater. The
flow rate of the seasonal rivers is controlled by dams (El
Himmer, Mazer, Tamdrost) that were constructed to pre-
vent periodic floods and provide artificial recharge. The
discharge of water from the Berrechid aquifer takes place
by pumping water for irrigation and drinking purposes, as
well as a lateral flow towards Chaouia Plain and the val-
ley of the El Mellah in the form of a few local springs (El
Bougdaoui et al. 2008).
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Materials and methods

Over the period of this study, three sampling campaigns
were conducted in April and July 2013 and March 2015.
This resulted in the collection of a total of 71 groundwater
samples from 45 boreholes, 20 wells, and 6 springs. What
is more, because of the lack of rain measurements for the
studied area, 41 precipitation samples were collected from
the six closest stations located near the tributaries in the
Berrechid Basin (Tamdrost, Mazer, El1 Haimer, El Maleh,
El Gara, Tamasna). In addition, to evaluate the recharge-
discharge relationship between the surface water and
groundwater in the study basin, six surface-water samples
were collected during the final sampling campaign at two
different sites along the El Maleh River, two lakes, and
two dams.

The sampling locations were selected based on spatial
coverage within the aquifer. Most sampled points were
used for private domestic supply, but others were agricul-
tural and industrial water supplies or permanent monitor-
ing wells. Depths ranged between 15 and 140 m. Shallow
wells were usually finished near the top of the aquifer and
generally located in the east and northwest of the plain,
while deeper boreholes were mainly located in the parts
between the south and north of the study area. Prior to
sampling, all wells and boreholes were purged to remove
stagnant water and ensure representative water samples.
Physical parameters such as pH, temperature (T), and elec-
trical conductivity (EC) were measured immediately in the
field using portable field kits (Multi 440 Conductivity-
pH meter). The total alkalinity (as HCO;) was determined
through titration with 0.1 M HCI against phenolphthalein
and helianthin indicators. Following this, polyethylene
containers were perfectly rinsed using distilled water and
filled with sample water. The collected samples were fil-
tered using 0.45 mm Millipore filter paper and acidified
with nitric acid for analysis. The samples were then placed
in a refrigerator at 4 °C upon collection. Immediately fol-
lowing the collection of water samples, the analysis was
performed at the Hydro Geochemistry Lab of the Depart-
ment of Water and Climate Unit, National Center for
Energy Sciences and Nuclear Techniques (CNESTEN),
Rabat, Morocco.

The major ions (Na*, K*, Ca®*, Mg®*, HCO;™, CI-,
S0, NO;™) were analyzed through ion chromatogra-
phy (Thermo scientific, Dionex ICS 5000" DC) with a
limit detection of 0.1 umol/l. The quality of the water
analyses was computed by taking the equivalent differ-
ence between the sums of cations and anions and dividing
it by the sum of the cations and anions. Ion balance error
for all samples was found to be within+ 5%. Total dis-
solved solids (TDS) was calculated by summing all the

concentrations of constituents, while the total hardness
(TH) was determined using the following expression:
TH (as mg CaCO;) = (Ca’** +Mg?*) meq/l x 50 (Hem
1985; Sawyer et al. 2003). The pressure of carbon diox-
ide (pCO,), saturation indexes (SI), and chemical facies
of groundwater were determined by means of the Piper
(1953) and PHREEQC (Parkhurst and Appelo 1999) com-
puter programs. The default PhreeqC thermodynamic data-
base was used to calculate all mineral saturation indexes.

For stable isotopes of oxygen and hydrogen, the meas-
urement was carried out by employing the standard H, and
CO, equilibration (Epstein and Mayeda 1953) followed by
analysis on a DELTA PLUS mass spectrometer. The results
for hydrogen and oxygen were reported in parts per mill (%o)
in “d” notation relative to Vienna-Standard Mean Oceanic
Water (V-SMOW) with an analytical accuracy of +0.1%o
for §'%0 and + 1%o for °H.

The spatial distribution maps were generated using the
ordinary kriging method, which is one of the best spatial
interpolation methods in the geostatistical gridding exten-
sion of the Golden Surfer software. Graphics were also cre-
ated using the Microcal Origin 6 software. The groundwater
quality was assessed by comparing it to the World Health
Organization’s criteria for drinking water.

Results and discussion
Geochemical study
Groundwater chemistry

The statistical parameters—such as minimum, maximum,
mean, and standard deviation—for different physical and
chemical data for the groundwater were calculated. These
are summarized with surface water characteristics and
the maximum permissible limit in Table 1.

The pH of the groundwater ranges between 6.83 and 8.31
with an average of 7.32, indicating an alkaline trend for the
groundwater. The acidic values were found in water from
the southern and central parts of the study area, and these
probably resulted from carbonates weathering or fertilizer
use. While the higher pH values were found in water from
the eastern and the western parts of the study area. Ground-
water temperatures show relative heterogeneity, ranging
between 17 and 25 °C. This reflects the possible influence
of multiple factors, such as the depth of the groundwater, the
residence time, and the groundwater’s flow time from the
recharge to the discharge area. The concentration of major
components within the study area demonstrates important
variations, and each differs significantly in salinity and ionic
composition, as reflected in the higher standard deviations
for EC (x1833.59 puS/cm) and TDS (£ 1079.1 mg/1). The

@ Springer



Carbonates and Evaporites (2020) 35:37

37 Page6of21

6°01 €TT SO°ST 189 (%) $890XH-p

6961 — LT'6 09C — §S6E — (°%) H,

€8¢ — 48! IS°1 - L6'S — (°%) Og;
uoneydioalg
- 6C1 Se'8 8y'81 — Iv'LE — So¢r — v'81 — 18°CC — ve G861 — €5'8C — (°%) H
- €0 €51 YL'T — LT9— 97T — L6T— eLe— €50 99'C — SSy — (°%) Og;
- - - - - - - STSI Ity SY9T 1T°L (une ,_01) “0Dd
- - - - - - - 60— LSO 60y — 069 — SN[EH JO IS
- - - - - - - 65T — 620 SO'T — €TT— wnsd43 jo IS
- - - - - - - 990 90 681 9T — SYIWO[Op JO IS
- - - - - - - 810 920 6L°0 LEO — SIO[ED JO IS
- - - - - - - $00 920 $9°0 160~ SIUOTEIE JO IS
- - - - - - - 187 — 620 LTT — 9T — sipAyue jo IS
001 L9052 I'L¥91 LTT WY Y Eve ¥'8L01 8191°'816 €1's¢6 16°LSY 9'v0TT L9TET HL
0001 LTLL8'YT €Y Er8s ¥7'896 LT'18Y ' 125€ 0T'9vCT STTISHT 1'6L01 SETTES €v STy sawL
0S 000 000 881 989 0TS 17°€T T6°EL 619 1€°88¢C v6'S _‘ON
00% 66'7S0T LT'€98 6526 01°0% 08°0z¢ S6'18T 78791 L6'98 91 9¢t 9G°L1 _'os
0ST LEL6SET 1+'09LY 16+2¢ ereel 0T’ 1191 7€°€68 9GS HITI 1168 TLLTST L0zl o)
00€ 9¢°L01 88°L81 08'T€T 84°€91 81°68¢ 81°8C¢ T8°TTE ¥6'S6 1T°LLY 9L6 _‘0DH
99 6'7S €T°€9 68°L €rs ¥e'8 89°L (487 LTY 1TLT 70 |
002 S8YLEY LTTTST 8L'IST 8¢S LET08 1€y €L08Y 19°88¢ T0°STLT L8°9¢ +EN
0S 01°88% ST6TE LL9S €8°6T 9Pl 10°L21 LSTHI 8L $8'8¥¢ 96’9 +SIN
SL 89°661 TULIT 08 L6'YS 487! ¥SOLT 9°0v1 ¥'59 9°L0€ YT +80
00%1 00¥°6¢ 0S9°v1 971 vLS 0€LS 06%¢ 1€°STTY 65°¢€81 0+88 118 od
- 00'ST 0S°LT 00°L1 00°L1 06°ST 0T°LT LTTT €0 ST LT ol
$'8—69 LT0T 96'6 9L 89°L LO'8 ST'8 L LTO 1¢'8 €89 Hd

6Ld TLd sd 0sd L9d 9¢d
soye | swe( TOATY YaTeIA [ UBIIA UONBIAJD pIepuel§ WNWIXeA WNWIUTA

#002) OHM I9)em doeyINg JI9)empunoIn) Jo)owrered

wo/sn ut DY ‘I/8w ut ‘(1007) OHA SpIepuess 0} paredwiod sojdures 1o9jem 9oejIns pue Iajempunold pozATeue jo d3uey | d|qel

pringer

Qs



Carbonates and Evaporites (2020) 35:37

electrical conductivity of groundwater also varies consider-
ably from 811 to 8840 uS/cm (average of 4115.31 puS/cm).
Likewise, TDS ranged from 425 to 5322.35 mg/] (average
of 2452.25 mg/l). Most of the major cations (Na*, Ca**,
Mg?*) are all high with mean concentrations of 480.73,
140.62, 141.87 mg/l respectively, while potassium has a
mean concentration of 4.12 mg/L. Similarly, most of the
major anions (C1=, HCO;~ and NO;~ but not SO,>") are
also high with mean concentrations of 1114.56, 322.27,
82.92 and 156.31 mg/l, respectively. Overall, the gen-
eral dominance of cations and anions goes in the order of
Na*>Mg**>Ca** > K" and CI">HCO,”>S0,>">NO,",
respectively. Except for sulfate and potassium, the concentra-
tions of all other chemical components significantly exceed
the maximum permissible limits set by the WHO (2004).

The pH values of the surface water show significant vari-
ation according to the type of water catchment. For exam-
ple, the waters from the dams have a neutral pH with an
alkaline tendency (pH of 7.26 and 7.68), while the waters
of the El Maleh River (pH of 8.05 and 8.25) and lake waters
(pH=9.96 and 10.17) have basic pH values. The water tem-
perature shows a clear variation. It ranges from 15.90 to
17.10 °C when measured along the El Maleh River and in
the waters of the two dams, and from 25 to 27.50 °C when
measured in the lakes. The electrical conductivity (EC)
(Table 1) measured in surface water varies from 574 to 1462
pS/cm when measured in the waters of the Mazer (p5S0) and
the El Haimer dams (p52), respectively. The highest values
were recorded along the El Maled River (between 3490 and
5730 pS/cm). The highest EC values were those measured
in the waters of the two lakes (p72’s EC is 14,650 pS/cm and
p79’s is 39,400 pS/cm), with the latter EC value being simi-
lar to that of seawater. Thus, the temperature and EC values
of the waters from the El Maleh River and the dams are close
to the averages of these three groundwater parameters.

As per TDS classification (Fig. 2), only 12.68% of
points have water with a TDS < 1000 mg/1 and are natural
freshwater, mostly originated in the intakes zones within
the southern and northern Cenomanian regions, which is
mostly composed of marls and limestone. Some 25.35%
of points have a TDS greater than 3000 mg/l, meaning
they are classified as very hard-brackish. These samples
came from Primary and Triassic deposits primarily com-
posed of shale and quartzite in the extreme east and west,
respectively. Nonetheless, as shown in Fig. 2, approxi-
mately 62% of groundwater samples have a TDS in the
range of 1000-3000 mg/l, demonstrating the hard brack-
ish water of the Pliocene—Quaternary aquifer, which was
the result of mixing the groundwater of the two previous
aquifers (Freeze and Cherry 1979; Fetter 1990). In terms
of TH classification, all samples exceed the maximum per-
missible limit (100 mg CaCOa/1) set by the WHO (2004),
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and almost all groundwater samples are above 300 mg
CaCOs4/1, meaning they are in the category of hard and
very hard waters, with only 2 samples (p30 and p31) being
classed as natural freshwater (<300 mg CaCO»/1) (Sawyer
et al. 2003).

As discussed earlier, when moving from the west to the
center of the plain, groundwater flows through Primary
shale, Triassic and Infra-Cenomanian clay, Cenomanian
limestone marl, and finally the sandstone of the Pliocene
and Quaternary. These layers go in the reverse order, with
the exception of Primary toward the EL Mellah River.
Similarly, the spatial distribution of TDS (Fig. 3) shows
that it increases from 900 mg/l in the high topographic
areas in the south to 2400 mg/l in the north, with a com-
plete coincidence with the regional groundwater flow. This
gradual increase in TDS provides evidence of a significant
lateral input of freshwater from the Phosphate Plateau,
which dilutes the groundwater mineralization and partici-
pates in this recharge of the Berrechid aquifer. In contrast,
the higher concentrations of TDS are located in the eastern
and western parts of the plain. In addition, the sharp drop
in TDS value from 2400 to 400 mg/1 to the north of Medi-
ouna reflects probably the low groundwater flow in this
zone. These results perfectly concur with those of Hazan
and Moullard (1962), who suggested that samples from
the Primary, Triassic, and Cenomanian areas located in the
east and west correspond to saltwater, while samples from
the Pliocene and Quaternary areas in the north, center, and
south of the plain correspond to freshwater, regardless of
the distance travelled. In general, it becomes apparent that
upstream of the basin in the south, the groundwater quality
is appropriate for any purpose, but quality degrades down-
stream toward the central parts and the borders.
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Fig. 3 Iso-concentration map of TDS (mg/l)

Water type

To better illustrate the different chemical composition of the
groundwater in the Berrechid aquifer, chemical data is plot-
ted in a Piper diagram (Fig. 4). This allowed distinguishing
between three main water types for groundwater:

1. Ca-Mg-HCO;-Cl, representing the low mineralization
waters circulating in the Cenomanian formations located
to the south of the Phosphate Plateau and north, down-
stream of the basin;

2. Mixed Na-Mg—Ca—Cl, corresponding to the waters cir-
culating in the Cenomanian and Plio-Quaternary aqui-
fers in the central portion of the basin; and

3. Na-Cl, representing the waters with the highest miner-
alization due to their circulation in the Primary, Permo-
Triassic, and Infra-Cenomanian formations encountered
at the points located to the east and west of the study
area.

Nevertheless, it seems that almost all groundwater sam-
ples fell into the last two water types. Moreover, the transition
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of waters from Ca—Mg-HCO;—Cl and Na-Mg—Ca—Cl
toward Na—Cl type without an increment in the percentage
of CI™ indicates the adsorption of Na*.

The chemical composition of surface water in the piper
diagram shows significant variation. Indeed, the waters of
the two dams (p50 and p52) are distributed between the
first two facies, thus reflecting a predominant meteoric
contribution supported by anthropogenic influence. The
samples from the two lakes (p72 and p79) are plotted very
close to the p38, p70 and p73 samples, having sodium
chloride facies. On one hand, this indicates an intense
evaporation and/or alteration of the silicate rocks (the Pri-
mary scales and quartz). On the other hand, meanwhile, it
could well indicate the interconnection between the waters
of these lakes and the groundwater in the region. The
samples from the El Maleh River appear in the diagram
next to the groundwater samples, and its evolution from
Na-Mg—Ca-Cl (p56) to Na—Cl (p67) display enrichment
in the chemical composition of the river’s water, indicating
the existence of a mixture with the groundwater provided
by the dispersed springs along the northeastern part of the
plain. On the basis of these results, and inasmuch the study
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Fig.4 Piper diagram
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area is characterized by a semi-arid climate, low perme-
ability values mainly in the borders, and by a mineralogi-
cal composition rich in carbonate and evaporate rocks, an
initial approximation leads one to suspect that evaporation,
the weathering of rocks, and cation exchange contribute
to the groundwater’s chemical evolution in the study area.

Saturation indexes

The calculated values of saturation index (SI) for carbonate
minerals; aragonite, calcite, and dolomite (Table 1, Fig. 5),
range from — 0.51 to 0.65, — 0.37 to 0.79, and — 1.46 to
1.89, with averages of 0.04, 0.18 and 0.66 respectively.
Average SI values show that carbonate minerals are ther-
modynamically oversaturated in the groundwater samples
from the border areas in the east and the west, and they
are near saturated in the samples from the rest of the plain,
indicating that precipitation is expected for these minerals.
In contrast, all of the groundwater samples are below the
equilibrium for anhydrite (— 2.46 <SI<— 1.27), gypsum
(— 2.23 <SI<- 1.05), and halite (— 6.9 <SI< - 4.24),
suggesting that these evaporate minerals are expected to
dissolve.

e T CeNOZ  ©

Correlation matrix

Pearson’s correlation matrix was applied to describe the rela-
tionships between two or more chemical parameters. The
interpretation of the dataset was accomplished by consid-
ering component loadings more than r*=0.6. When refer-
ring to absolute coefficient values less than 0.5, 0.5-0.6,
0.60-0.75 and greater than 0.75, the correlations are
described using the words “weak,” “modest,” “good,” and
“strong,” respectively. The significance of correlation coef-
ficients was tested at alpha level p <0.05 for the samples
(n="171). In this study, the correlation matrix was calculated
using the X1Stat software. The results (see Table 2) show
how TDS is highly correlated with the concentrations of
CI~ (0.99), Na™ (0.91), SO,*~ (0.81), Mg>" (0.76), and Ca>*
(0.62), indicating that a high level of groundwater minerali-
zation is related to the dissolution of these ions.

Identification of hydrogeochemical processes
The unequal distribution of salinity appears to originate
from many factors, and this probably reflects the heterogene-

ity of the Berrechid aquifer, as well as the impact of varying
environmental conditions. The chemical characteristic of the

@ Springer



37 Page100f21

Carbonates and Evaporites (2020) 35:37

4 Dolomite
A Calcite
® Aragonite
v Gypsum
®  Anhydrite
*  Halite
4 — A -
*
*
i *k *x x|
*, L x X * X * **** * ok o **** S
-5_*******, x. : k.. XK. % : ***. * e
] o * ** * ***** % * G * ]
* * %
6 * ok *r ok .
~ * E
74 *k .
IIIIIIIII]III[IIlIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIII'IIIII]IIIIIII'III
2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 51 54 57 59 61 63 65 68 70 75 77
Sample numbers
Fig.5 Saturation indexes of groundwater samples
Table 2 Pearson’s correlation matrix for hydrochemical parameters at the probability of 95%
T (°C) pH TDS Ca** Mg?>*  Na* K* HCO,~ CI” SO,”  NO;~ pCO,
T (°C) 1
pH -0.42 1
TDS - 0.31 0.12 1
Ca®* -023 -013 062 1
Mgt -0.19 -0.13  0.76 0.88 1
Na* -0.35 0.3 0.91 0.29 0.45 1
K* -0.18 0.45 0.27 -0.02 0.02 0.37 1
HCO;~ -0.29 0.13 0.29 -0.11 0.09 0.42 0.32 1
ClI- - 031 0.11 0.99 0.66 0.79 0.88 0.25 0.20 1
S0, -0.15 0.13 0.81 0.42 0.54 0.79 0.27 0.38 0.77 1
NO;~ —0.195 0.12 0.26 0.43 0.39 0.12 0.12 0.06 0.21 0.07 1
pCO, 0.315 —0.88 -0.03 0.01 0.10 -0.13 -0.27 0.33 -0.07 0.02 —0.11 1

Values in bold indicate significant correlations (correlation coefficient > 0.6) at the 0.05 level

groundwater is generally related to the concentration of its
different constituents. In turn, the concentrations of these
species depend on their availability in the rocks. Climatic
conditions, lithology, geological formations, carbon dioxide,
salt solubility, and anthropogenic activities all play impor-
tant roles in the chemical evolution of groundwater (Appelo
and Postma 1993; Lakshmanan et al. 2003).
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Water moving through the aquifer during infiltration and
residence reacts quite readily with sedimentary rock, and
since carbonates are present in these rocks, their concentra-
tion in water is mostly related to the interaction between
water and these carbonate rocks. The limestone, sandstone,
marble, shale and even some carbonate rocks make up the
main sources of carbonate in the study area. The results of
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the geochemical modeling study conducted by El Ghali et al.
(2018a) using NETPATH program along the regional flow-
path in the Berrechid aquifer, have shown that from the south
to the center of the open conditions system, the dedolomiti-
zation process (dolomite dissolution and calcite precipita-
tion driven by gypsum dissolution), dissolution of halite and
cation exchange are strongly be in charge of the mineraliza-
tion of groundwater, and further to the north in downstream
area where CO, gas was consumed, the previous reactions
are fully reversed for calcite dissolution and precipitation of
gypsum and dolomite, probably indicating, low water flow
and differences in recharge water composition in this zone.

The strong negative correlation (— 0.88) between pH and
the partial pressure of carbon dioxide (pCO,, indicate the
natural dependence of these properties. The pCO, values
range between 7.21 x 107 and 26.45 x 1072 atm, and they
are generally greater than the value of atmospheric CO,
(0.039x 1072 atm) (Van der Weijden and Pacheco 2003).
This indicates that groundwater has acquired excess CO,
from atmospheric CO,, the deterioration of organic soil
matter, and vegetative root activity (Subba Rao 2002). In
turn, the interaction between CO, and water forms a weak
carbonic acid (H,CO;), which then dissociates into hydrogen
and bicarbonate as explained below.

H,CO; — H* + HCO;

The groundwater of the study area demonstrates a good
relationship between calcium and magnesium (0.88), sug-
gesting common sources for these elements. Datta and
Tyagi (1996) explained that if Ca’" and Mg?* in the sys-
tem only originate from the dissolution of carbonate and
evaporate minerals, the points will fall along the equiline
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Fig.6 (Ca’"+Mg’") vs. (HCO,™+S0,>)

(1:1) in the (Ca** +Mg**) versus (HCO;™ +S0,%") scatter
diagram. However, the data for the study area as plotted in
Fig. 6 shows that almost all of the samples’ points lie far
above the equiline (1:1). Only two samples (p70 and p73)
lie below the equiline, and these probably derive from sili-
cate weathering and/or reverse cation exchange. This clearly
indicates that the calcium and magnesium ions in ground-
water are not derived solely from the weathering of car-
bonate rocks. Therefore, the large excess of (Ca** +Mg>*)
over (HCO;™ +S0,*") can be thought of as being related to
other processes, such as cation exchange again (Lakshmanan
et al. 2003; Rajmohan and Elango 2004; Bozdag 2016). In
addition, despite carbonate rock being abundant in the aqui-
fer, HCO;™ is not the major anion in the groundwater and
displays a weak correlation with Ca®* (— 0.11) and Mg>*
(0.09) indicating that carbonates have been balanced out by
alkalis (Na* and K*) (Singh and Hasnain 1999; Subba Rao
2002; Kumar et al. 2006) and thus reflect the presence of an
additional source of Ca** and Mg?* such as cation exchange.

Again, if Ca** and Mg?* result only from carbonate
weathering and dissolution, the ionic concentrations should
be close to the slope 0.5 in a plot of m(Ca*" +Mg>*) versus
m(HCO;™) (Sami 1992). Nonetheless, all the samples used
in the present study lie above this slope (Fig. 7). Therefore,
the high ratios of Ca** and Mg** cannot be related primarily
to carbonate weathering, nor can they be explained by the
consumption of HCO;™ in the formation of carbonic acid
(H,CO;), because this cannot form under existing basic
conditions (Spears 1986). In addition, it is also important
to observe in Fig. 6 the noticeable trend toward increasing
the (Ca’* + Mg?") content, which is mostly prominent in
groundwater collected from wells located in the eastern
and western parts characterized by low permeability. These
highly saline groundwater with TDS greater than 3000 mg/1
were classified as very hard brackish water (Fig. 2) and are

25 | I | I I
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Fig.7 (Ca’*+Mg®") vs. HCO,~
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thermodynamically supersaturated with respect to carbon-
ate minerals (aragonite, calcite, and dolomite). Hence, to
explain the observed trend, many factors are considered;
groundwater circulation through the dolomitic limestone-
rich formations in these areas, the potential water—rock inter-
actions in cation-exchange reactions through the liberation
of exchangeable cations (Ca** and Mg?*) previously fixed to
the surface of the aquifer’s clay minerals and the retention of
Na* present in the water, and the concentration of recycled
irrigation water constituents during evaporation (see below).

Although sulfate is strongly correlated with Na® (0.79)
and TDS (0.81) (Table 2), its concentration in the groundwa-
ter is feeble, reflecting presumably a weak dissolution of sul-
fate and evaporate minerals [weak correlation between Ca®*
and SO,*~ (0.42)]. Furthermore, the graph of Ca®* versus
SO,>~ (Fig. 8) shows that most of the groundwater samples
points plot above the gypsum dissolution line and point to
Ca** enrichment or significant removal of SO,*~ from the
groundwater system. The excess of calcium behavior over
sulfate is particularly a significant indication for additional
geochemical processes such as cation exchange reactions
of Ca®* with Na* and dissolution of other evaporites asso-
ciation’s minerals like calcium chloride (a good correlation
(0.66) between Ca>* and CI17). Gypsum precipitation cannot
be considered as an explanation for sulfate deficiency as SI
gypsum values are quite negative in all groundwater samples
(Fig. 5). However, the lower ratios of SO,*7/CI~ in all sam-
ples let expecting to be related to sulfate reduction. Similar
behavior was reported by (Datta and Tyagi 1996), where
groundwater is characterized by higher chloride concentra-
tions and low sulfate content..

The predominant chloride and sodium elements in
groundwater samples are strongly correlated (0.88) to each
other and are strongly correlated with TDS, with values of
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0.98 and 0.91, respectively. As shown in Fig. 9, the inverse
parabolic correlation between (Na* + C17) and the negative
saturation indexes of halite suggest that halite dissolution
could be a common source of these elements. In addition,
compared to the other evaporate minerals anhydrite and
gypsum, halite present the most undersaturated state, indi-
cating that halite dissolution can undergo an important role
in the chemical evolution of the groundwater. If chloride
and sodium are derived from halite dissolution, the Na*/
Cl™ molar ratio should be equal to 1. However, the Na*/
CI™ relationship (Fig. 10), shows that the majority of sam-
ples fall above the 1:1 (Na:Cl) line, and the average ratio
of Na*/Cl™ in the study area is 0.67, which is lower than
the expected dissolution of halite highlighting thereby, a
disequilibrium and a divergence to more chloride, caused
either by excess of chloride and/or the depletion of sodium.
The silicate weathering marked by high levels of Na* and
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HCOj;™ in the two samples p70 and p73 lying below the hal-
ite dissolution line, cannot be a major source of all ground-
water samples since HCO;™ is not the dominant anion in
groundwater of the study area. As result, higher concentra-
tions of Cl1~ and depletion of Na™ suggest further modifica-
tion during water circulation, such as the long history of
evapotranspiration, cation exchange, the mixing of freshwa-
ter with saline water, rock salt dissolution, and agricultural
contamination (Datta and Tyagi 1996).

For better determination of the prevailing hydrochemi-
cal processes controlling the groundwater chemistry, Gibbs
diagram (Gibbs 1970) was created by plotting the ratios of
Na* to (Na* +Ca**) and CI” to (C1~+HCO; ") against TDS.
Figure 11 shows that almost all of the groundwater samples
fall into the evaporation zone, and only a few groundwater
samples are in the zone of rock weathering, implying that
evaporation is the principal control of groundwater chem-
istry in the study area. Evaporation greatly increases the
concentration of ions and deposition of evaporites that are
eventually leached into the saturated zone leading to high
salinity and TDS. Its effect is manifested in several signifi-
cant relationship discussed throughout the following sec-
tions. For example, the relationship between Nat/Cl~ and the
electrical conductivity (Fig. 12), shows an almost horizontal
line, which would be a substantial indicator of ion concentra-
tion by evaporation (Jankowski and Acworth 1997).

It is usually known that in typical areas under semi-
arid conditions, leaching of saline soil residues into the
groundwater system is a common source of Nat, K*, CI-,
and SO,%~ ions (Datta and Tyagi 1996; Srinivasamoor-
thy et al. 2011; Bozdag 2016). This is, indeed, the case
in Fig. 13 which demonstrates that the concentrations
of (Na*+K*) and (CI~ +SO,?") in the sampled points

Fig. 11 Plots of the major ions 10000

1.3 T T T T
1,2 4 " -
11 B
1,0 4 . 9 .
= 1 L
g 0'9 T '] [ T
: 078 . [ ] I.I -. " -
U 1 . - L]
= 074 - PR R n A -
2 ® ] Ll . .
0,6 4 L] am . ® no . . -
1 .. L[ ] - " -l.= . [ ]
054 " " e Ty Rown -
1 L} n L}
04 i
B -
0,3 T T T T T T T T T
0 2000 4000 6000 8000 10000
EC (uS/cm)

Fig.12 Na'/Cl~ vs EC

increase simultaneously. Furthermore, the lower ratios of
SO,*/CI™ ranging between 0.05 and 0.3, indicating the
application of gypsum fertilizers (Rajmohan and Elango
2006). The application of fertilizers in the study area in
the form of (NH,),SO, and MgSO, is also highlighted by
the modest correlation between Mg2+ and SO42_ (0.54).
In addition, the chloride ion in wind-driven aerosols may
be absorbed in the atmosphere by rainwater and released
into the groundwater, thereby increasing the excess of
chloride in the groundwater. Salama et al. (1993) explain
that during the dry period or in low-rainfall areas, aerosol
salts and dissolved salts in the subsoil are concentrated by
water uptake by plant roots (salt input exceeds salt output).
These are then transported into the deeper formations by
water recharging the system. Then, during a wet period, a
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dissolution of salt-like halite (NaCl) and magnesium chlo-
ride hydrate (MgCl,.MgCO;) occurs, facilitating the down-
ward movement of Na* and C1~ along desiccation cracks in
the upper soil (Jankowski and Acworth 1997). Consequently,
the enrichment of groundwater with CI~ and Na* could be
caused by evaporation, the dissolution of halite, the leaching
of soil salt and anthropogenic activities.

The modest concentration of potassium in the groundwa-
ter may be ascribed to its low geochemical versatility due to
the resistance of rocks containing Kt (feldspars and illite)
to chemical weathering and its tendency to be reincorpo-
rated into weathering solid products especially clay minerals
(Garcia et al. 2001; Al-Charideh and Abou-Zakhem 2010).
Significant potassium values in the waters of the Berrechid
basin are namely recorded in the western part of the basin,
whether in groundwater (8.56 t027.21 mg/l) or in lake waters
(11.38 to 63.23 mg/l) circulating in the Primary formations
(schists and quartzite). These high concentrations are mainly
due to the dissolution processes of potassium-containing
silicate minerals (K-feldspar) and reverse cation exchange
previously noted in both p70 and p73 samples.

The excess observed for Ca** and Mg?* in the ground-
water versus HCO,™ and SO,*~ (see Fig. 6) and the relative
excess of CI~ with respect to Na* clearly demonstrate the
presence of a cation-exchange process (Salama et al. 1993;
Rajmohan and Elango 2004; Zaidi et al. 2015). Evidence
of a cation-exchange reaction is well shown on the Piper
diagram (Fig. 4), with the line connecting the water com-
position changed by exchange starting parallel to constant
magnesium and then moving down toward the sodium apex
(Hounslow 1995). Cation-exchange reactions are considered
an important geochemical process controlling the chemi-
cal composition of groundwater if, the relationship between
((Ca** +Mg*") — (HCO;™-S0,*7)) and ((Na™+K™)—CI™)
is linear with a slope of — 1 (McLean et al. 2000). Figure 14
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shows that for data from the study area, this is close to
being a straight line with a slope of (— 0.99), indicating an
increase in (Ca** + Mg?*) related to a decrease in (Na* +K*)
or (HCO;™ + SO42‘) (Garcia et al. 2001; Srinivasamoorthy
et al. 2008; Bozdag 2016). During cation-exchange reac-
tions, Na* present in the solution is eliminated and replaced
by the exchangeable cations Ca®" and Mg?* fixed at the sur-
face of clay minerals in the aquifer according to the follow-
ing reaction (Salama et al. 1993).

+
(groundwater)

(Ca’* + Mg>*) — clay + 2Na

2 2
=4 Na2 - Clay + (Ca * + Mg +)(groundwater)

This reaction reduces the concentration of Nat and
increases the concentrations of Mg>™ and Ca®' in the
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groundwater, except for the two p70 and p73 samples that
originate from silicate weathering and a reverse cation
exchange.

With the exception of the two samples p30 and p31 from
calcite-limestone bedrock, Fig. 15 shows that most ground-
water samples have higher ratios of Mg**/Ca®*, ranging
between 1 and 2 generally and exceeding 2 in some sam-
ples. Such ratios could be explained by the circulation of
groundwater through the carbonate rock in the Berrechid
basin demonstrated by the dedolomitization process shown
in mass-transfer calculations (El Ghali et al. 2018a). Dur-
ing dedolomitization process, groundwater moving from
recharge area to downgradient through the aquifer with a
high concentration of CO, and low dissolved solids content
cause solution of calcite, dolomite and gypsum from the
mineralogical framework. This result causes an increase in
the total CO, and increases in many of the other chemi-
cal constituents, particularly SO,>~, Ca?* and Mg**. When
equilibrium with respect to calcite is reached, Ca>* ions
from the two sources and carbonate from dolomite com-
bine to precipitate calcite. However, the groundwater is still
undersaturated with respect to dolomite and gypsum and it
continues to dissolve both of these minerals. As a result, the
Ca** concentration decreases while the other constituents all
continue to increase. Long residence times of water in such
systems would produce Mg>*/ Ca®* ratios above 1 and a high
pH., with both tending to increase along the flow path. This
continues until saturation with respect to dolomite occurs,
at which time dolomite may precipitate concurrently with
calcite. Higher Mg?* /Ca** ratios could also be related to
the cation exchange behavior of magnesium because during
this process, the release of Mg?* by aquifer material and
adsorption of Na* is more efficient than that of Ca®* for Na*
(Salama et al. 1993). Another important origin of the higher
Mg?*/ Ca** ratios is probably the mixing between freshwater
and the more Mg-rich fluids that have encroached into the
deeper parts of the aquifer. This idea is supported by con-
sidering the historical marine conditions of the study area
marked by several periods of transgression and regression
of the sea; under these conditions dolomitization may occur
in the zones of brackish water (Hanshaw and Back 1979;
Machel and Mountjoy 1986; Machel 2004).

The presence of such as conditions for dolomitization pro-
cess in the eastern and western parts of the plain could be
used to explain the oversaturation with aragonite, calcite and
dolomite reported in samples located in these parts (Fig. 5),
according to the following hydrodynamic model: The high
level of CO, dissolved in freshwater favors the dissolution
of carbonate and evaporate minerals stored in different sedi-
mentary rocks in the unsaturated zone. However, during the
water’s flow through the aquifer, the CO, is used up and the

water becomes saturated with minerals, thereby permitting
its direct precipitation (Subba Rao 2002). Moreover, cation-
exchange reactions contribute much more to the rise in calcium
and magnesium ion concentrations. In addition, the tectonic
history of sedimentation in the study area together with the
presence of some favorable thermodynamic conditions like
a high evaporation rate, high ratios of Mg?**/Ca* and a low
concentration of SO,2~ promote the precipitation of carbon-
ate minerals. As result, dolomite formation occurs through a
secondary replacement (dolomitization) of less soluble min-
erals (calcite and aragonite) that were previously precipitated
according to the reaction below (Machel and Mountjoy 1986;
Machel 2004):

2CaCO; + Mg** — CaMg(CO,), + Ca**

Nitrate water contamination

Nitrate concentration values in the groundwater samples show
a wide variation from 5.94 to 288.31 mg/l, with an average
of 73.92 mg/I (Table 1). Some 60% of the samples exceed
the maximum limit normally expected in unpolluted water
(50 mg/l) (WHO 2004). The spatial distribution of nitrate
(Fig. 16) that with the exception of the recharge area in the
south and following the flow direction toward the north, all
areas of the plain contain high nitrate concentrations over
the limit (50 mg/1), rising up to 100 mg/I close to the urban
zones of cities. The examination of the nitrate distribution
map (Fig. 16) indicates high levels that appear to be related
to the impact of human activities. In fact, the implementa-
tion of large-scale flood irrigation in agricultural practices
on the plain of Berrechid promotes the leaching of fertilizers
and pesticides and their transport back to the aquifer through
the infiltration of precipitation and irrigation flow return.
The excessive enrichment of groundwater near urban areas,
meanwhile, could be caused by direct infiltration from vari-
ous sources of pollution, such as septic tanks, sewage efflu-
ent, and industrial waste (Fekri et al. 2012). El Bougdaoui
et al. (2009) explains that the undue nitrate concentration in
the study area is particularly caused by an overuse of artificial
fertilizers and industrial activities. Furthermore, this study’s
result is consistent with that found in the assessment of the
Berrechid aquifer’s vulnerability to pollution conducted by Ait
Brahim et al. (2015) and Elfarrak et al. (2014) which report
that the highest levels of vulnerability manifest in areas when
water is shallow and in areas not protected by quaternary clays,
specifically the southeast and northwest parts of the study area.
These results should also support the idea of recharge through
irrigation water return, which would likely have an evaporation
enrichment signal.
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Fig. 16 Iso-concentration map of nitrate in mg/l

Isotopic study
Deuterium and oxygen-18

The environmental isotopes of oxygen-18 and deuterium are
widely used in hydrology as natural tracers for elucidating
water sources and flow paths, as well as to determine the
hydrological processes influencing the chemical reactions
occurring along hydrologic pathways, such as evaporation
and mixing (Clark and Fritz 1997).

The isotopic composition of precipitation at six mete-
orological stations is described in Table 1 and plotted in
Fig. 17. The 8'%0 values range from — 5.97 to — 1.51%o
and from — 35.55 to — 2.60%o for 5°H. The data yields a
Local Meteoric Water Line (LMWL) characterized by the
equation: 3*H=7.78 §'%0 +10.09, R>=0.94 (EI Ghali et al.
2018b). This line, which is characteristic of an Atlantic
origin for the rains in the Berrechid basin, is very close to
the Global Meteoric Line (GML: 8" H=8.17 8'%0 + 10.35)
(Rozanski et al. 1993) and the Regional Meteoric Water Line
(RMWL: 8°H=7.34 §'%0 +10.19) defined by Ouda et al.
(2005) from the daily rainfall measurements at the Rabat

@ Springer

station (located 100 km from Berrechid at an altitude of
75 m) (Fig. 17). Deuterium excess values were calculated
as d=d’H — 8 8'0 (Dansgaard 1964), and these vary from
6.87 to 15.05%0, with most values being higher than the
average 10.92%o, indicating the attendance of the evapora-
tion phenomenon imprint. Considering the fact that it is a
semi-arid region with Atlantic-originating precipitation, the
moderately high deuterium excess values denote a contribu-
tion of recycled continental water vapor and/or evaporated
surface water to precipitation (Clark and Fritz 1997; Ouda
et al. 2005; Marah et al. 2010).

The isotopic values of oxygen and deuterium for the 71
groundwater samples collected from the Berrechid aquifer
(Table 1) range from — 4.55 to — 2.66%o for 5'80 and from
— 28.53 to — 15.85%o for 8°H. The regression results for
8'80 and 8°H yielded an equation defined by 8*H=5.83
580 — 1.064 (Fig. 17). Therefore, in a comparison of
the obtained values to the three meteoric water lines, the
global 5°H=8.17 §'%0 + 10.35 (Rozanski et al. 1993), the
regional, and the local lines show most groundwater data
points being plotted to the right, defining a single tendency
with a slope of 5.83 and reflecting an evaporation slope of
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between 4 and 6 in semi-arid areas (Clark and Fritz 1997,
Al-Charideh and Abou-Zakhem 2010; Srinivasamoorthy
et al. 2011; Abderamane et al. 2013). However, a few
samples located close to the LMWL and GMWL show an
absence of evaporation phenomena, implying rapid infil-
tration of meteoric rainwater. Deviations from the three
meteoric water lines suggest that evaporative enrichment
has taken place for groundwater before recharge occurs.
This suggests either raindrop evaporation before reaching
the ground (Hoefs 1997), a delayed infiltration of precipi-
tation in low permeability zones (the aquifer is covered by
Quaternary alluvium consisting of very low permeabil-
ity silt), and a mixing of meteoric water with evaporated
water from rainfall, rivers, and irrigation return flow. The
intersection of the evaporation line and the LMWL with
values of — 2.12 for d'80 and — 33.85%o for d’H repre-
sents the initial isotopic composition of the groundwater
before evaporation. Based on the locations the groundwa-
ter samples were taken from and the range of evaporation,
an examination of the data plotted in Fig. 17 allows three
major groups of groundwater to be distinguished. First, G1
groups samples located in the southern areas close to the
entrance zone, with points sampled in the separated part
of the north indicating that little water evaporative enrich-
ment has taken place (Cenomanian and Triassic aquifer).
G2 comprises groundwater located in the broad central
part of the plain, implying a mixing of evaporated and

natural water (Quaternary and Pliocene aquifer). Finally,
G3 depicts shallow groundwater that is highly evaporated
in the borders of low-permeability formations composed
primarily of shale and quartzite in the west and by basalts
in the east.

The location of surface water in Fig. 17 shows two dif-
ferent behaviors. The strongly evaporated lake waters (p72
and p79) and heavily depleted Mazer Dam waters (p50) are
plotted far from groundwater and show no relationship with
the groundwater of the study area. However, the location
of the waters of the El Haimer dam (p52) and the waters of
the ElMalleh River (p56 and p67) are close to that of G3,
clearly demonstrating their relationship with the groundwa-
ter in this group.

The isotopic enrichment of groundwater by direct evapo-
ration means that the raised salinity observed is, for the most
part, a consequence of the concentration of its constituents
and predominantly chloride. Moreover, the arrangement
of groundwater on the evaporation line and its distribution
among the three groups shows a mixing of no less than two
end-member waters, natural water, and evaporated water.
This result would support the notion that the Berrechid
aquifer is essentially recharged by an underflow of sparsely
evaporated groundwater originating from the Phosphate Pla-
teau (principally in the intake area), slow surface recharge
from rainfall and occasional rivers, and irrigation drainage
in the rest of the plain.
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Correlations between isotopic and chemical data

The relationship between conservative elements ClI™ and
880 is further established to demonstrate the importance
of the evaporation process and the dissolution of evaporate
minerals to the control of groundwater chemical minerali-
zation (Al-Charideh and Abou-Zakhem 2010; Hamed and
Dhahri 2013; Boukhari et al. 2015). The data plotted in
Fig. 18 shows that chloride concentration correlates well
with the oxygen isotope (correlation coefficient=0.7).
This indicates that the evaporative enrichment is reflected
in the values of the oxygen isotope, which controls the
salinity of groundwater by increasing the concentration of
its solutes. On the other hand, some samples’ profiles show
that chloride concentration increases independently of the
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oxygen isotopic composition, inferring the dissolution of
salt and evaporate minerals during recharge.

Similarly, Fig. 19 shows that nitrate concentrations
increase with the enrichment of oxygen-18 (correlation
coefficient =0.43), demonstrating that the groundwater was
meteoric in nature but later changed to its current nature
by the concentration of ions due to the evaporation process
and anthropogenic activities. These appear to have added
significant quantities of nitrate to the groundwater during
vertical recharge from rainfall and return irrigation flow.
In fact, during successive agricultural cycles, salt accumu-
lates in the soil through evaporation and leaches. Soluble
salts move with water and are carried along soil moisture
and groundwater flow. Similar features have been observed
in investigations conducted in the Souss-Massa Basin,
Morocco (Tagma et al. 2009) where an isotopic enrichment
in evaporated water and nitrogen-fertilized irrigation water
is recharging the aquifer.

Consequently, we conclude that the Berrechid aquifer
forms an open hydrological system dominantly recharged
by isotopically enriched water. In addition, according to
the placement of the points and their isotopic signature, the
recharge is achieved by lateral flow of groundwater from
the Phosphate Plateau and vertical infiltration from surface
water from rainfall, rivers and irrigation return flow.

Conclusion

The combined hydrochemical and stable isotope (5'%0, §°H)
approach addressed in this study, has provided a better under-
standing of the functioning of the Berrechid aquifer system
and the mineralization processes that underpin the signifi-
cant compositional variations. Hydrochemical data revealed
that the dominating cations and anions are in the order of
Na*>Mg?*>Ca** > K" and CI">HCO,”>S0,>">NO,".
Regarding TDS and TH classifications, most of ground-
water samples are very hard-brackish and only a few are
fresh. Three dominant hydrochemical facies are observed
in groundwater of the study area: Na—Cl, Na—Mg—Ca—Cl,
and Ca—-Mg-HCO,—Cl. However, a transit toward the Na—Cl
of the two ultimate types was noticed. The lowest salini-
ties were observed in the recharge area in the south, with
an increasing trend along the flow path, while the highest
salinities were located in the eastern and western parts of
the plain. The major processes controlling the water qual-
ity are the evaporation phenomenon, mixing of saline water
with fresh recharge water, cation exchanges, minerals and
salt dissolution, and anthropogenic activities. Furthermore,
it has been suggested that for brackish waters supersaturated
with respect to aragonite, calcite and dolomite, located in
the eastern and western parts of the plain, with conditions
such high evaporation rate, high ratios of Mg?*/Ca** and
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low concentration of SO42_, the dolomitization process may
occur through a secondary replacement of less soluble min-
erals (calcite and aragonite) previously precipitated. Shal-
low groundwater is seriously polluted by nitrates (exceeding
50 mg/l) owing to the anthropogenic activities. Stable iso-
tope data highlighted a significant recharge origin of mete-
oric water related to an underflow from the Phosphate Pla-
teau along the southern part of the Berrechid basin, as well
as by rainfall and irrigation waters infiltration, particularly in
areas characterized by poor groundwater quality. In addition,
the combination of $'%0 values with C1~ and NO,~ concen-
trations has extended demonstration of the prevalent role of
evaporation in increasing salts concentration. Considerable
information about the variable nature of groundwater min-
eralization has been gained through this study, which can
help to optimize groundwater resources management and the
decision-making process in the Berrechid basin.
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