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ARTICLE INFO ABSTRACT
Keywords: Seawater intrusion is one of the most severe problems confronting coastal aquifers. These aquifers are often
Hydrogeochemistry considered significant freshwater sources, particularly in arid regions. The water resources mobilized at the Al
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Seawater intrusion
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Hoceima (Northeastern Morocco) come from the Ghiss-Nekkor aquifer and the Abdelkarim El Khattabi dam. The
degradation of groundwater quality of the aquifer and the probability of marine intrusion has become a severe
concern for the communities. The current study provides multidisciplinary research using hydrogeochemical and
statistical approaches to evaluate groundwater quality and determine the origin of salinity in this aquifer.
Depending on the direction of the water flow, he results indicate that most wells have a total salinity exceeding 2
g/L. The dominant chemical facies encountered are Na-Cl-Na-SO4 resulting from rock-water interaction,
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meaning that the breakdown of halite was the predominant source of groundwater mineralization. However,
septic waste, water irrigation inflows, and locally seawater intrusion seem to substantially influence groundwater

quality in this area.

1. Introduction

Groundwater is adopted as a strategic source of drinking water in
semi-arid and arid climates. At least half of the world’s population uses
groundwater for drinking (Connor, 2015). About one-third of the
world’s population relies on groundwater to satisfy its daily re-
quirements (Bieranye et al., 2016; UNESCO, 2012), and it is suspected
that this is attributable to a decrease in the quality and availability of
surface water resources (Beyene et al., 2019). Globally, approximately
2.1 billion people currently lack access to safe drinking water (WHO,
2017).

When aquifers hydraulically connected to the sea are subjected to
excessive pumping, disequilibrium occurs, and the hydraulic gradient
reverses. This causes seawater to move inland, producing what is known
as seawater intrusion (Dunlop et al., 2019; Sato and Iwasa, 2011). The
consequence is salinization of groundwater and deterioration of aquifer
quality (Gaaloul and Cheng, 2003).

Seawater intrusion is the most severe environmental threat to
Morocco’s coastal aquifers (Benabdelouahab et al., 2018; Elmeknassi
et al., 2021). The impacts of recent climate change on precipitation and
temperature and vertical groundwater movements, affected by natural
and anthropogenic processes, are leading the freshwater/seawater
interface to advance and retreat (Kazakis et al., 2016).

The groundwater recharge and discharge balance determine the
extent to which saltwater infiltrates, the piezometric level of the aquifer,
the distance from the aquifer to the saltwater sources and its geological
structure (Kumar, 2015).
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Salinization of coastal aquifers may be attributed to direct saltwater
intrusion or to a variety of complicated geochemical processes that
affect water quality in a variety of ways, including water-rock in-
teractions, brine mobilization, and anthropogenic pollution (Mondal
et al., 2010). In this context, it is critical to understand the chemical
mechanisms behind the salinization of coastal aquifers to manage these
vulnerable water resources in the future.

Morocco’s groundwater salinization has been intensively investi-
gated in the last years (Elgettafi et al., 2013; Elmeknassi et al., 2021;
Himi et al., 2017). Understanding the source of groundwater salinity is
critical for effective aquifer management. (Kamal et al., 2021; Rochdane
etal., 2022). Groundwater’s chemical composition is strongly altered by
the liquid phase and the solid matrix interactions. (Mahlknecht et al.,
2017). Chemical interactions have been studied using hydro-
geochemistry approaches such as minor, major, and trace elements,
ionic ratios, ionic deltas, mixing calculations, and geochemical model-
ling (Liu et al., 2017). Geochemical analyses of groundwater can provide
valuable information and explain possible areas of salinization, their
source and related geochemical processes in the saltwater/freshwater
transition zone (Panteleit et al., 2001). The HFE-Graphic developed by
Giménez-Forcada (2010) is a diagram that explains the hydrochemistry
of intrusion and recovery of marine intrusion-related processes in an
aquifer system. However, it may be substituted by other hydrochemical
diagrams, such as the Piper diagram. Multivariate data analysis is used
to categorize variables and observable units and define their relation-
ship. The procedures for classification are non-hierarchical and hierar-
chical clusters analysis and discriminant analysis. Several techniques
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Fig. 1. Location map of the Ghiss-Nekkor aquifer and simplified geological map of the studied area showing sampling points with groundwater flow directions.
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Fig. 2. Simplified geological cross-section in the Ghiss-Nekkor aquifer.
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Fig. 3. Piezometric map of the Ghiss Nekkor auqifer (January 2018).
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Fig. 4. Spatial distribution of TDS (a) and electrical conductivity (b) in the Ghiss-Nekkor aquifer.

quantify those statistical parameters that distinguish groups from pre-
vious data. Integrated research of hydrogeochemical and statistical an-
alytic methodologies was carried out to understand the source of
groundwater salinity and the causes of pollution in the Ghiss-Nekkor
aquifer. It is common practice to utilize chemical elements and statis-
tical analysis to determine the complex contribution of many different
sources to a simple combination of them. The relationships between
major ions and Cl/Br ratio are very dependable and widely used meth-
odologies for assessing the source of salinity and contaminants.

2. Geological and hydrogeological setting

The Ghiss-Nekkor aquifer is located in Al Hoceima province, north-
east of Morocco. It is a coastal plain covering an area of 100 km?
drained and crossed by two rivers: Nekkor River in the centre of the site
(From South to North) and Ghiss River in the Ouest part (Fig. 1). From a
geological perspective, the study area is a Plio-Quaternary alluvial de-
posit, with a predominance of detrital sediments, mainly gravel, sand,
silt, and clay, resting on a bedrock formed by blue shales, marls and
primary quartzites, and silts of middle and ancient quaternary age. In
the east and southwest, we find a series of grey or black sericite schists
with quartzite banks of the Albo-Aptian and the simultaneous presence
of dolomites. In addition, volcanic formations are arranged in an
andesitic flow. To the north of the plain, we find successively in the west
flysch, a series of marl-sandstone and microbrecciated limestone banks
of Eocene of the nappe of Ajdir.

To have a better understanding of the lithological complexity of the
aquifer, we represent the lithological logs of some boreholes (36/5, 50/
5, 252/5, 1685/5, and 268), which shows a variety of facies (Fig. 2),
towards the centre, we find a more critical dominance of sands, silts,
silty clays, gravels and marls, marly sands along the Ghiss River. As well
as, to the west, we note the dominance of carbonate formations, which is
the dorsal limestone massif of Bokkoya. Indeed, the informations in the
centre bevel laterally and generally influence the geometry of the
reservoir, thus giving rise to the presence of water tables within marly
lenses.

A primary piezometric survey was conducted in 2018 for this
investigation (Fig. 3). The total piezometric survey included 73 wells.
Each piezometric study was carried out over a week to ensure compa-
rable groundwater levels. The sampling point’s data altitudes (land
surface elevations) were derived using ArcGIS software from a Digital
Elevation Model. A system of aquifers containing a free water table,
flows mainly SE-NW toward the Mediterranean Sea. In the southeast
part, the hydraulic gradient is relatively elevated. It is high in the up-
stream section (7.3%) and defined by relatively narrow piezometric
lines but low in the downstream part (0.8%). It is characterized by
dispersed piezometric lines in the northwest area close to the sea. The
variance in piezometric levels is influenced by several causes, including
less rainfall due to the drought period and overuse of water resources.
Moving towards the sea, we note the presence of the 0 m isopiez inland
(Fig. 3) which reflects the contribution of marine intrusion in the sali-
nization of the groundwater aquifer. A system of aquifers containing a
free water table flows mainly SE-NW toward the Mediterranean Sea. In
the southeast part, the hydraulic gradient is relatively elevated. It is high
in the upstream section (7.3%) and defined by relatively narrow
piezometric lines, but low in the downstream part (0.8%) and charac-
terized by dispersed piezometric lines in the northwest area close to the
sea. The variance in piezometric levels is influenced by several causes,
including less rainfall due to the drought period and overuse of water
resources. Moving towards the sea, we note the presence of the 0 m
isopiez inland (Fig. 3) which reflects the contribution of marine intru-
sion in the salinization of the groundwater aquifer.

3. Materials and methods
3.1. Sampling and laboratory analysis

Seventy-three samples were collected during field missions in May
2018 to characterize groundwater’s hydrogeochemistry. Temperature
(T), pH, Total Dissolved Solids (TDS) and electrical conductivity (EC)
were measured in situ immediately after sampling using the multipa-
rameter device (HANA HI 98194), which has an accuracy of +0.01 units
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Fig. 5. Spatial variability of major element concentrations in groundwater of the Ghiss-Nekkor aquifer. (a) Magnesium Mg2+, (b) Calcium Ca", (c) Sulfate SOZ~, (d)
Bicarbonate HCO3, (e) Chloride Cl-, (f) Sodium Na*, (g) Nitrate NO3, (h) Bromide Br .

for pH and +1% (or 1 puS/cm) for electrical conductivity. The samples
are taken in the field in two bottles after filtration at (¢ = 0.45 pm), one
for the anions and the other for the acidified cations. For wells equipped
with a pump, samples are taken after pumping.

The analyses cover 13 parameters; these are pH, T, TDS, EC, Na™,
Mg%", KT, CI~, Ca?t, Br™, SO, HCO3 and NO3. The measurements of
cations (Nat, Mg?*, K*, and Ca?"), and anions (Cl~, HCO3, SO3~, Br~
and NO3) of the sampled waters were carried out using the spectro-
photometer Shimadzu UV-1800, Flame Photometer CL 361, HACH

LANGE DR 1900 at the laboratory LSA-GE2 of ENSA Al Hoceima, except
that for the concentrations of bromides which were carried out in the
technical and scientific services of the University of Barcelona. The
statistical analyses were performed under the software Python 3.8 and
XLSTAT. The parameter values were compared to those established by
the WHO. The ionic charge balance error for the obtained result was
between 5% and 10% for all samples, which is an acceptable error for
this study and shows the chemical analysis accuracy.



Y. El Yousfi et al.
3.2. Statistical analysis

The study and determination of the relationships between chemical
elements and their graphical representation revealed that many of
physicochemical and chemical parameters were relevant when consid-
ered separately (Hamzaoui-Azaza et al., 2011). Most of the time, there is
one (or more) relationship between these factors that explain the evo-
lution of groundwater chemistry. As a result, it was interesting to put the
data through a statistical procedure using a multivariate statistical
technique set of core component analysis (PCA). These approaches can
be used with graphical depictions to improve the interpretation of
hydrochemical parameters. The PCA was performed using all hydro-
chemical data, including important cations and anions. As well as PCA
condenses the information into numerous variables through a set of
linear weighted combinations of all those variables, which makes no
distinction between common and unique variants (Kim and Lee, 2017).
The intermediate correlation matrices and variable projection in the F1
and F2 axes space were generated using the Python 3.8 program. The
hydrochemical approach involved the application of a “Piper diagram”
under the software diagrams for the classification of waters according to
their hydrochemical composition. GIS tools are necessary when it comes
to manipulating and processing diverse and meaningful spatial data, as
they offer excellent possibilities for the spatial variation of parameters
(Alitane et al., 2022; Mohajane et al., 2021).

4. Results and discussion
4.1. Characteristics of groundwater and its hydrochemistry

The TDS (total dissolved solids) shows a substantial spatial difference
varying between 1130 mg/L and 5035 mg/L with an average value of
2222 mg/L. Based on the TDS classification of Robinove et al. (1958).
The saline waters are classified into four groups of freshwater. Overall,
the Ghiss-Nekkor samples are highly mineralized (between 1000 and
5035 mg/L). The spatial distribution (Fig. 4a) of TDS shows the increase
of the saline load towards the outlets (Sea, Ghiss and Nekkor Rivers)
with concentrations above 2500 mg/L. The highest TDS values were
recorded mainly in the North (Ait Youssef Ou Ali and Ahdid).

Electrical conductivity (EC) is a good indicator for determining the
degree of overall mineralization of water. Electrical conductivity ob-
tained from this analysis are included between 2280 pS/cm and 10,070
pS/cm with an average of 4433 pS/cm =+ 0,4 ps/cm (Fig. 4b). Thus, its
values indicate a significant variation in the chemical components of the
water; the lowest value corresponds to well N°9 (2280), while the
highest value has been recorded in the well N°16 (10,070). According to
the standards recommended by the WHO (2011) for the assessment of
overall groundwater quality where the electrical conductivity of
groundwater should not exceed 2700 pS/cm. Generally, the electrical
conductivity is beyond the threshold of the standards defined by WHO;
only about 8.22% of the samples meet these standards. The remaining
91.78% have conductivity between 2747 and 10,070 puS/cm, indicating
mineralized waters and are unfit for human consumption.

The hydrogen potential (pH) and temperature values of the studied
well water are in the normal range of the World Health Organization
(WHO, 2011) guidelines. More than 79% of the water in the
Ghiss-Nekkor aquifer has a pH above 7. They vary between 6.6 and 8.0
for pH and 18.1 °C and 25.4 °C for temperature. Therefore, the proof is
made that these waters studied come from shallower aquifers for the
most part.

Magnesium contents range from 53.8 to 254.4 mg/L (Fig. 5a), the
highest concentrations are observed in areas such as Ait Youssef Ou Ali,
Azrar, Trougout, and Sfiha. The calcium element (Ca2+) at concentra-
tions vary between 94.6 and 400.8 mg/L (Fig. 5b) with very low values
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Fig. 6. Hydrochemical classification of groundwater from wells in the Ghiss-
Nekkor aquifer by Piper diagram (Piper, 1944).

from South-West (Beni Bouayach) to North-East (Azrar) and higher
values in the North-West (Imzouren) to North (Ait Youssef Ou Ali).
Significant levels in Trougout, [jermaous, and Ajdir are also observed.

Sulfates (Fig. 5c) in the groundwater have a content ranging from
64.6 mg/L (Ahdid, Azrar) and 1514.3 mg/L (Soauni, Ait Youssef Ou Ali).
There is an extreme increase in the contents in the North and South-
West; they are very concentrated around the bay of Al Hoceima. The
average frequency of Bicarbonate element HCO3 is 381,7 mg/L with the
maximum amount of 744,2 mg/L (Fig.5d) and a minimum of 256,2 mg/
L.

Cl™ ion concentrations vary from 213 mg/L (Trougout) to 2698 mg/L
(Azrar) (Fig. 5e). They do not comply with WHO standards (200 mg/L).
Mapping of this component indicates the highest concentration in the
North-East and North-West parts of the valleys up to the summits. Low
concentrations are recorded in the south-eastern part, increasing pro-
gressively towards the north-eastern and north-western parts.

The values of Na® ion concentrations vary from 170 mg/L (Ait
Youssef Ou Ali) to 954 mg/L (Azrar) (Fig. 5f). With an average value of
381.7 mg/L. Potassium (K") concentration ranged from 1.4 to 45.3 mg/
L, with an average value of 6.3 mg/L. The highest allowed value of K" in
groundwater is 12.0 mg/L (milligrams per liter of water) (Standard,
1997), and 87.67% of the samples were within the allowable limit. It is
present in trace amounts with variations of 1.4 mg/L (Tanouthouzag,
Oued Nekkor River) and 45.3 mg/L (Sfiha, Ait Youssef Ou Ali) and
(Rhach, Azrar). Bromide levels (Fig. 5h) generally increase from up-
stream to the ocean.

4.2. Groundwater hydrochemical facies evolution

The hydrochemical facies describe groundwater bodies in an aquifer
that differ in geochemical characteristics (Yang et al., 2016).

The hydrochemical facies of the Ghiss-Nekkor aquifer is given in
Fig. 6. For this investigation, a modified Piper diagram (Kelly, 2005) was
used from the analysis of this diagram. We observe two types of chemical
facies: chloride and sulfate calcic and magnesic and chloride sodium or
sulfate sodium with a tendency to the chloride and sulfate poles for the
anions subtriangle and a tendency towards the calcium and magnesium
poles for the cations subtriangle. The waters of some local wells tend
different facies, chloride calcic for the waters of Azrar and Beni
Bouayach. However, the sulfated calcic facies exist and is observed in
the water points of Ait Youssef Ou Ali.
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Table 1
Results of physicochemical analysis of groundwater of the Ghiss-Nekkor Aquifer.
Wells pH T(°C) EC TDS Na* K" Mg** Ca®" cl NO3 HCO3 S07 Br- Cl/Br~  Ionic balance
(uS/cm) (mg/L) mg/L) (mg/L) (mg/L)  mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%)
1 7,5 19,5 6310 3155 470,5 5,3 199,7 343,1 1065 2,1 478,9 1311,7 4,1 259,8 -9
2 7,4 18,3 6110 3055 485 6,5 194,2 376,1 1029,5 3,4 386 1514 4,1 251,1 -9
3 7,1 18,1 6244 3122 470,5 7,4 201,6 384,8 1047,3 9 466,7 1479,9 4,1 255,4 -9
4 7,3 19,4 5244 2622 414,5 4,1 176,6 349,5 869,7 11,4 378,2 1166,4 4,1 212,1 -5
5 7,4 19,5 3303 1652 281 6,3 82,6 275,8 461,5 7,1 326,4 718,9 3,1 148,9 -1
6 7,3 20,1 3514 1757 292,5 3,8 97,9 285,4 266,2 6,4 335,5 772,5 3,5 76,1 9
7 7,4 20,3 5601 2800 417,5 4,3 172,8 400,8 1100,5 2,9 381,3 1242,8 3,4 323,7 -9
8 8,0 19,3 2901 1130 236,5 3,3 86,4 240,5 426 2,4 298,9 543 2,4 177,5 2
9 7,8 18,9 2280 1140 236 3 126,7 208,4 568 9,7 414,8 458,9 2,4 236,7 -2
10 7,4 19,5 7218 3609 536 13,7 232,3 333,5 1668,5 5,5 445,3 799,2 2,4 695,2 -9
11 8,0 20,3 3869 1934 401,5 45,3 50,8 143,5 710 79,9 260,2 349,9 2,5 284,0 -5
12 7,5 20,4 3880 1935 396,5 2,5 85,4 139,5 781 8,7 427 151,1 1,9 411,1 -2
13 7,7 21,0 9166 4581 886 17,2 187,6 210,4 2272 18,5 405,7 432,1 3,7 614,1 -10
14 7,7 20,0 6156 3065 564,5 13,5 127 160,3 1455,5 11,7 332,5 279,5 3,7 393,4 -10
15 7,8 21.7 2310 1155 260,5 10,7 61,4 125,1 639 4,1 326,4 64,6 3,7 172,2 —4
16 7,8 20,8 10,070 5035 974 29,1 227,4 270,1 2598 33,8 471,9 506,3 3,7 702,2 -10
17 7,7 25,4 5695 2847 438,5 9,5 190,1 307,8 1065 3,4 469,7 1001,9 3,6 295,8 -8
18 7,7 19,3 4298 2149 385,5 9,2 131,5 216,4 674,5 2,2 340,4 860,4 2,8 240,9 -5
19 7,6 23,2 3414 1707 338 1,4 97 165,1 568 3,1 445,3 501 2,2 258,2 —4
20 7,6 20,8 4538 2269 379,5 3 111,4 304,6 852 8,3 397,7 753,4 3,1 274,8 —6
21 7,3 21,5 3180 1590 298 1,7 115,2 192,4 639 8,6 433,1 439,8 2,8 228,2 -4
22 7,4 20,8 6687 3344 896 4,8 121 253,3 1349 12,9 463,6 1040,2 3 449,7 -5
23 7,4 21,5 3178 1593 270 4 120 184,4 568 3,9 341,6 546,8 2,4 236,7 -3
24 7,0 19,6 3386 1933 334 1,7 158,4 224,5 497 3,8 378,2 833,7 3 165,7 2
25 7,0 20,3 4521 2259 357 1,7 201,6 232,5 639 9,9 457,5 1021 2,4 266,3 —4
26 7,0 18,9 3280 1637 262,5 3,3 144 208,4 603,5 4,3 384,3 520,1 4,3 140,3 -1
27 7,0 20,0 2747 1674 331 2,8 201,6 240,5 603,5 3,2 390,4 718,9 2,8 215,5 6
28 6,6 20,9 5594 2802 423,5 8,9 172,8 272,5 994 23,7 420,9 661,6 2,4 414,2 -3
29 7,0 24,3 5159 2602 408,5 3,9 163,2 280,6 816,5 10,8 396,5 699,8 2,5 326,6 1
30 6,7 20,9 5049 2524 411,5 3,8 163,2 288,6 816,5 9,6 420,9 703,6 2,6 314,0 1
31 7,1 18,9 3693 1845 279 2,9 124,8 264,5 603,5 2,5 311,1 485,7 2,6 232,1 5
32 7,2 20,5 2305 1260 278 2,9 119,6 2225 461,5 4,8 305 462,7 2,3 200,7 9
33 7,0 19,5 2475 1224 341,5 7,5 172,8 264,5 852 9,2 384,3 481,8 5,3 160,8 2
34 7,0 21,0 3284 1699 262,5 3,8 120 256,5 497 5,9 341,6 393,9 2,4 207,1 10
35 7,0 19,7 8037 4019 535,5 10,5 254,4 336,7 1775 21,2 427 546,8 2,5 710,0 —6
36 7,0 19,9 4960 2470 400 3,6 187,2 264,5 710 6,8 463,6 776,3 2,3 308,7 2
37 7,0 19,9 4528 2251 354,5 3,5 158,4 288,6 639 4,9 341,6 699,8 2,3 277,8 6
38 7,1 20,6 3950 1973 170 1,5 134,4 272,5 568 58 317,2 569,8 2,6 218,5 -2
39 7,0 19,8 3256 1632 247,5 2,8 96 232,5 355 5,9 256,2 497,1 2,7 131,5 10
40 7,4 19,8 4061 2033 320 3,8 124,8 272,5 568 6,7 347,7 600,4 2,3 247,0 5
41 7,0 21,4 5337 2669 443 9,1 182,4 256,5 852 9,1 340,1 734,2 2,8 304,3 2
42 7,0 24,5 5363 2681 267,5 3,4 153,6 240,5 852 10,2 430,1 623,3 3,1 274,8 -10
43 7,4 21,2 2881 1441 234,5 3 115,2 216,4 745,5 6,6 256,2 358,6 3,1 240,5 —4
44 7,6 20,7 4249 2124 400 4,6 105,6 192,4 674,5 7,9 353,8 546,8 3,2 210,8 -1
45 7,1 20,7 4807 2403 440,5 4,3 86,4 200,4 958,5 11,2 439,2 342,6 3,4 281,9 -7
46 8,0 20,9 5546 2773 500,5 5 148,8 160,3 1065 15,3 366 550,7 3,6 295.8 —6
47 7,0 22,3 4100 2048 374 2,4 124,8 216,4 639 5 353,8 631 2,5 255,6 0
48 7,4 23,4 3235 1618 259 3,2 96 240,5 497 3,6 268,4 455,1 2,9 171,4 6
49 8,0 20,4 3512 1756 318 4 134,4 208,4 568 4,2 280,6 543 3,2 177,5 5
50 7,2 21,1 3538 1770 257,5 2,2 105,6 232,5 568 4,4 329,4 489,5 3,1 183,2 0
51 7,5 20,3 3982 1991 390 2,7 96 144,3 639 4,7 500,2 271,1 2,1 304,3 0
52 7,3 23,0 4530 2366 386 6,5 148,8 248,5 852 14,4 372,1 493,3 2,1 405,7 1
53 7,0 24,1 3580 1796 309,5 4 115,2 240,5 532,5 4,6 311,1 504,8 3,1 171,8 7
54 7,0 20,6 3540 1771 307 4,5 129,6 216,4 568 1,9 305 516,3 3,2 177,5 5
55 7,2 22,4 6124 3034 533,5 14,3 134,8 158,3 1349 10,8 347,7 322 4,2 321,2 -9
56 7,7 20,9 4148 2065 339 14 117,6 204,4 852 13,8 262,3 274,6 3,7 230,3 1
57 7,2 22,4 2286 1166 218,5 12,1 86,4 124,3 568 3,9 292,8 69,6 3,7 153,5 2
58 7,2 20,9 6216 3108 469,5 6,2 142 210,4 1455,5 18,1 352,1 258,9 3,7 393,4 -10
59 7,3 21,1 4774 2393 399 16,6 175,2 240,5 887,5 13 460,6 611,9 3,9 227,6 -1
60 7,0 25,1 3811 1906 442 9 141,6 212,4 923 3,1 744,2 443,6 2,1 439,5 -7
61 7,5 25,0 4898 2449 452,5 9,1 181 94,6 816,5 10,7 424 634,8 2,8 291,6 -5
62 7,2 25,2 4236 2118 363 7,2 156 200 639 4,7 366 501 4,7 136,0 6
63 7,4 25,3 3836 1918 251,5 3 172,8 200 461,5 5,8 359,9 600,4 2,5 184,6 6
64 7,0 24,6 3417 1708 272 3,9 153,6 204,4 426 5,8 405,7 642,5 2,2 193,6 4
65 7,5 21,6 6466 3177 490 4,4 220,8 220,4 1242,5 13,9 460,6 631 3,2 388,3 -5
66 7,5 23,3 3679 1840 396,5 2,9 86,4 132,3 674,5 0,9 555,1 281,8 3,1 217,6 -5
67 7,8 22,0 3818 1910 353 4,4 139,2 152,3 603,5 7,6 463,6 451,2 3,2 188,6 1
68 7,5 20,6 4744 2372 378 2,6 136,8 316,6 816,5 5 298,9 722,8 3 272,2 1
69 7,3 20,6 3153 1574 272,5 3,2 91,2 208,4 426 53 286,7 501 3,4 125,3 5
70 7,1 20,6 2530 1265 211,5 2,1 84,8 150,3 213 5,5 436,2 314,3 2,9 73,4 9
71 7,3 20,6 3575 1788 322 2,5 110,4 204,4 603,5 7,2 375,2 489,5 3 201,2 0
72 7,2 20,6 3575 1788 302 3,7 110,4 224,5 532,5 2,7 295,9 588,9 3,1 171,8 2
73 7,0 22,8 4697 2342 463 3,4 120,4 166,3 1136 6,7 401,8 366,4 2,1 541,0 -9
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Table 2
Pearson correlation matrix for Ghiss-Nekkor aquifer parameters.
pH T(°C) EC TDS Na* K" Mg>* Ca%t cl- NO3 HCO3 SOF Br-
pH 1.00
T(°C) —-0.07 1.00
EC 0.09 —0.05 1.00
TDS 0.06 —0.05 1.00 1.00
Na™ 0.20 —0.04 0.87 0.88 1.00
K* 0.35 —0.02 0.40 0.40 0.46 1.00
Mg2+ -0.21 —0.04 0.66 0.68 0.47 0.09 1.00
Ca%t —-0.25 —0.36 0.39 0.39 0.16 -0.10 0.54 1.00
cl™ 0.17 —0.06 0.91 0.91 0.89 0.50 0.57 0.23 1.00
NO3 0.23 —0.07 0.33 0.33 0.37 0.82 0.02 —0.10 0.37 1.00
HCO3 —-0.11 0.22 0.33 0.33 0.39 —0.03 0.38 0.04 0.32 —0.06 1.00
S0%~ -0.11 —0.26 0.35 0.36 0.22 —0.14 0.56 0.78 0.10 -0.13 0.19 1.00
Br~ 0.13 —0.13 0.20 0.19 0.20 0.20 0.16 0.14 0.25 —0.01 —0.10 0.17 1.00
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Fig. 7. (a) Variable projection on the F1-F2 plane using Principal Component
Analysis. (b) The chemical composition of groundwater from Ghiss-Nekkor was
used to generate a principal component analysis plot.

The values generated from the analysis of groundwater samples from
the Ghiss-Nekkor aquifer and plotted on Piper’s diagram reveal that the
loss of sodium could be accounted by the cation exchange process and by
carbonates equilibrium, as are the elevated Ca%" concentrations and
decrease in Na* levels explained by the retention of Na* by exchange
with Ca®* and Mngr (see Table 1).

4.3. Statistical analysis

4.3.1. Correlation analysis

Since the correlation factor is applied as a preliminary assessment of
the hydrochemical source of the facies and to make suggestions of
possible geochemical processes that may be controlling the origin of
water chemistry, establishing the significant source of salinity based on
TDS and EC, a bivariate correlation technique is initially applied,
assuming that a correlation factor R2 >0.5 implies a statistically sig-
nificant degree of correlation. EC and TDS show a good correlation with
Cl~, Na* and Mg?" (Table 2), suggesting that these elements are the
principal sources of mineralization. There was also a good and positive
correlation between Cl~ and Na™, and C1~ and Mg?* demonstrating that
these elements could be originated from seawater and weathering of
chloride minerals (NaCl, MgCl). SO%’ is significantly correlated with
Ca?" and Mg?" (R? = 0.78 and 0.56 respectively), suggesting that they
probably have an evaporite origin (CaMgSO4,). In addition, NO3 shows a
strong correlation with K™ (R? = 0.82), suggesting an anthropogenic
source of these ions. No relationship was found between Ca2*, Mg* and
HCOs3, indicating that carbonate alteration did not significantly regulate
the origin of sulfate in the groundwater under investigation.

4.3.2. Principal component analysis (PCA)

To determine the most significant elements affecting groundwater
chemistry, a principal component analysis (PCA) was done. Eleven
hydrochemical variables were considered: EC, TDS, Mg?*, Ca®*, K¥,
Na*, SO4-, Br—, C1~, HCO3, and NOs. Two factors (F1 and F2) allowed us
to reinforce the perceived tendencies and to classify the variables into
four distinct groups (Fig. 7a), Nat, CI~, Mg?*, EC, and total dissolved
solids (TDS) comprise the first correlation group, NO3 and K the second
group and Ca?" and SO3~ make up the third group. HCO3 make alone
the fourth group. The horizontal axis is used to plot PC 1, and the vertical
axis is used to plot PC 2 (Fig. 7b). This proportion is modest, implying
that the variance is only somewhat structured. This is because the
chemistry of water is influenced by various variables (Trabelsi et al.,
2012). The first component (PC1) entered at 38.51% of the variance is
highly related to the EC, TDS, Mg?*, CI~ and Na*. Which explains the
dissolution of sedimentary and evaporate rocks that are present in the
Ghiss-Nekkor aquifer (Benyoussef et al., 2021) or seawater intrusion. As
a reason, this component represents the signature indication of the
water-rock interaction process. The second component (PC2), which
contains in majority SO3~ and Ca?*, explains 12.75% of the variation
and indicates gypsum dissolution. Anthropogenic activities and their
effects on the Ghiss-Nekkor aquifer is mainly related to the NO3 and K*
chemical fertilizers.

4.4. Groundwater salinization processes

4.4.1. Gibbs diagram
Gibbs R. J., (1970) describes five mechanisms (precipitation
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Fig. 9. Linear regression between Cl~ concentration and Cl/Br ratio of groundwater samples in the research area Projected in data from (Alcala and Custodio, 2008).

dominance, evaporation, rock dominance, precipitation, and mixing)
that control the overall groundwater chemistry (Fig. 8). The majority of
the Groundwater samples are near seawater and are plotted graphically
in the upper right corner of the Gibbs diagram, indicating that
groundwater of Ghiss-Nekkor is mainly influenced by evaporation pro-
cesses and mixing with seawater.

To highlight and define the processes involved in groundwater sali-
nization, various chemical correlations were established (Fig. 9) illus-
trate a correlation between Cl~/Br~ and Cl~, Chloride and bromide ions
are assumed to be conservative groundwater components since they do
not interact in ion-exchange or redox reactions and do not produce an
insoluble precipitate (Daniele et al., 2011; Davis et al., 1998). Chloride
shows high concentrations in the wells (35, 13, and 16) is generally near
the coastal fringe. The salinity of these samples is probably attributed to
seawater intrusion. This growth is associated with the dissolution of
marine aerosols rich in chloride. Aquifer saltwater intrusion may be
caused by deep faults cutting through impermeable layers of clays and
silts or by lateral facies alteration in shallow deposits, which might

explain the occurrence of saltwater. A high Cl”/Br™ ratio is almost al-
ways considered a good predictor of domestic water impact. (Vengosh
and Pankratov, 1998). The existence of polluted discharges without
prior treatment (agricultural products and wastewater) can also explain
the high chloride concentration in areas far from the threat of maritime
intrusion. The samples collected in the Ghiss-Nekkor plain indicate
Cl/Br variations in the range of 73.4-710, with an average value of
273.1. Most samples are distributed between agricultural pollution and
septic waste, with a tendency to leach evaporate rocks (Fig. 9). C1I”/Br~
ratios enabled the identification of two major sources of human-induced
pollution: (i) septic effluents, particularly in urban zones where houses
lack proper sanitation systems, and (ii) synthetic fertilizers used in
agriculture. Similar behaviour is shown in the Neogene basin of the
coastal aquifer of Bou Areg (Re et al., 2013).

4.4.2. Ionic deviation versus conservative freshwater (FW)/seawater
mixture (SWmix)
To understand the hydrogeochemical processes that occur in the
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Fig. 10. The Plot of chemical parameters versus Cl™

aquifer. SI and ionic deviations were determined. The ionic deviations
(D) are calculated by comparing each constituent’s measured concen-
tration to its theoretical concentration in an established theoretical
freshwater-seawater mixture determined from the sample’s Cl
concentration.

AC; = G, simpte — Cimix 1)

In which AC; denotes the ionic deviation of the ion i, C; sample is the
determined ion i concentration in the sample, where C; n;x is the theo-
retical ion i concentration for a theoretical (conservative) freshwa-
ter-seawater mixture. Depending on the chloride values in the sample
(Ccy, sample); the freshwater Cl concentration (Ccy,f), and the saltwater Cl
(Ccl, sea) concentration, the theoretical mixture concentrations were
determined, considering the seawater contribution (fsea).

The aquifer water concentration is obtained using the percentage of

seawater (fsw).

Met sample — Mt freshwater

(2

fsea=

1 seawater — Ml freshwater

The theoretical concentration from each ion was then calculated
using this seawater contribution:

Ci mix :fsewci.sea + (1 7ﬁea)-ci,f

Cl is a conservative tracer (Tellam, 1995); thus, these measurements
get it. Because of its high solubility, Cl is seldom eliminated from the
system (Appelo and Postma, 1993). To investigate potential mixing with
seawater, (Fig. 10) correlates major elements with Cl ions, which can
identify the source of salinity and function as a tracer for mixing (Ako
et al., 2011; Re et al., 2013; Xing et al., 2013).
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Fig. 11. Representation of Ghiss-Nekkor coastal groundwater samples in the
HFE diagram. (modified from (Giménez-Forcada & Sanchez San
Romadn, 2015)).

The excess of Ca for all samples is also clearly observed (Fig. 10).
Therefore 76.71% of the sampling points show Ca?" values above the
maximum permissible limit according to WHO (200 mg/L). This excess
of Ca content has also been observed by other authors (Chafouq et al.,
2018) and implicated in various processes, including gypsum and calcite
dissolution. Noting also that dissolution of gypsum and evaporation of
accumulated water from the Abdelkarim El Khattabi Dam before infil-
tration plays a significant role in increasing Ca?* in the groundwater of
the plain. The ionic relationship between CI~ and Mg?* (Fig. 10) shows a
moderate correlation. In general, higher Ca?* and Mg?* with increasing
Cl-values may be attributed to reverse ion exchange (Jankowski et al.,
1998) or salt minerals weathering. The dissolution of sedimentary and
evaporate rocks that dominate the aquifer of Ghiss-Nekkor is most likely
to blame for the high sulfate concentration. Several coastal wells are on
the Na-Cl correlation line and are located NE of the plain. This suggests
the presence of a freshwater-saltwater mixing mechanism that is not
accompanied by ionic exchange processes. Since Cl™ is significantly
correlated to Na® for most groundwater samples collected in the
Ghiss-Nekkor aquifer. They likely come from the dissociation of halite or
seawater intrusion. We also note an excess of Na™ (13, 16, and 22)
somewhat related to the dissolution of sodium aluminosilicates than
halite which releases one Cl~ for one Na™.

4.4.3. Hydrochemical facies evolution diagram

As per Appelo & Willemsen (1987), the penetration of seawater in a
freshwater aquifer triggers the inverse base exchange phenomenon by
releasing Ca®* and the fixation of Na* by the aquifer matrix. In contrast,
Na® release and Ca' fixation (direct base exchange phenomenon)
proceed during the refreshing.

Above 71% of the samples are situated in the Mix Na—Cl intrusion
zone (Fig. 11). In comparison, more points are localized in the fresh-
ening area and achieve the MixNa-HCO3 and Na-HCOj facies. This in-
dicates that the aquifer is ruled by the intrusion phase, caused by an
inadequacy of the recharge since the substage has evolved from 5% to
34%. The reversed bases exchange phenomena can describe the for-
mation of the facies Mix Ca—Cl (Fig. 11), induced by seawater intrusion
and results in the aquifer matrix fixing Na*™ and liberating Ca®". This
suggestion is corroborated by the existence of the i3 sub-stage (39%) and
SW.
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5. Conclusions

The present research based on hydrogeochemical parameters com-
bined with statistical analysis showed that local sea intrusion, evaporite
dissolution and anthropogenic processes drive groundwater
mineralization.

Comparing the data to WHO drinking water standards show that
water quality deteriorates. Water sampled in wells 10, 35 and 36 located
in the Ajdir (West area), wells 13, 16 and 58 located in the Northeast
area (Ahdid), well 65 located near Trougout (East area) and well 22
situated between Beni Bouayach and Imzouren have concentrations
above the drinking water law limitations and should thus be treated
before to human use. The findings of this research, along with other data
on water quality, should be taken into account when formulating plans
to ensure that people have safe drinking water. Moreover, the
geographical distribution of mineralization revealed that the degrada-
tion in groundwater quality was concentrated in the downstream area.
Geospatial analysis indicated significant spatial variation and hetero-
geneity in water quality measurements. In the study area, seawater
intrusion is caused by normal faults along the plain to the west and east
through which marine waters flow.
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