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Abstract: The geological and hydrogeological approach of the structure of the basin OuladBouSbaa
led to the definition of the geometry of the main aquifers. In general, the profiles show the complexity
of the geological configuration. The filling of the depression of OuladBouSbaa is from the Eo-
Cretacian. At this level, the aquifer is recharged by direct water infiltration. The quaternary, Eocene,
and Cenomanian-Turonian formations constitute the main aquifers. Horizontal as well as vertical
heterogeneity lead to a higher diversification of aquifer characteristics. To define the origins and
understand the groundwater flows in this complex zone, we used a multi-tracer approach with the
analysis of major elements and the isotopes of §*H and §'80. The chemical composition is mainly
governed by the interaction with the rock with low electrical conductivity except in areas around
domestic landfills. Geochemical results analyzing groundwater in the Piper diagram show two
distinct chemical facies: the sulfated calcium and magnesium, and the hyper-chloride calcium. The
levels of §'80 range from —7.60 to —4.25 while those of §*H vary between —53.07 and —27.03.
Analyses of signature isotopes differentiate two groups. The first contains high levels of heavy
isotopes (highest levels of §°H and §'80) having therefore been submitted to evaporation. The
second with lower levels of §*H and §'80 did not undergo evaporation. The first one belongs to the
unconfined free aquifer while the second corresponds to the captive aquifer.

Keywords: central Morocco; groundwater; piezometry; geochemistry; isotopes stable

1. Introduction

Groundwater is almost the only available resource to satisfy water needs for drinking
and irrigation in semi-arid areas such as Morocco and other Mediterranean countries [1].
However, the quality as well as the quantity of this valuable resource in these areas are
increasingly threatened by human and natural processes such as salinization, pollution,
and climate change [2-11]. This can hamper social development, especially in areas where
agriculture is still the main activity of the population. The agricultural sector can be
significantly affected by the increasing contamination of groundwater by chemicals that
can limit crop growth and change soil properties such as permeability [12-16].

Groundwater salinization was related to natural processes such as climate change [17],
the interaction of water and geological layers [18-23], seawater intrusion [24-30], the ascent
of fossil saline waters from deep layers [31], and the contamination by saline waters [32-34].
Man-made activities (septic tank effluent, synthetic fertilizer use) can also amplify the effect
through intensive irrigation, reduction in the quality and usage of groundwater, and the
development of landfills [35-39].
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Groundwater pollution issues are of serious concern nowadays [40]. Increased rates
of nitrates, found in drinking water, are considered a health hazard since they may lead to
methemoglobinemia in human infants, a life-threatening syndrome involving impaired
oxygen transport in the blood.

Geochemistry of the aquifers can explain some factors such as prior geological con-
ditions and current anthropic activities that affect groundwater quality [41]. However,
the local and regional importance of the aquifers, the main hydrogeological governing
models, and the origin of groundwater remains poorly understood [42]. Hydro-chemistry
and isotope marking have been used to approach the effect of these multiple factors on
the origin of the mineralization as well as its evolution [8,43]. The multi-tracer approach,
using isotopes and solute concentrations in water, was used to establish the origin and the
interaction between different aquifers [44—48].

In addition, this multidisciplinary approach can lead to efficient exploitation of the
groundwater systems [49-51], such as establishing new boreholes for agricultural and
drinking water supply [52].

The Ouled BouSbaa basin is home to around 212,778 inhabitants mainly working in
agriculture and herding, and occasionally artisanal crafts such as tapestry. The aquifers in
this area are overexploited because they are the only resource for the increasing needs of
drinking water and irrigation.

The main objective of this study is to analyze the hydrogeological basin of Ouled BouS-
baa in central Morocco using a multidisciplinary approach including geology, piezometers,
hydro-chemical, and isotope evaluation. We will define the number and nature of the
hydro-geological structures, the extension of the aquifer system, and explore the effect of
salinization, pollution, and the different modes of water supply in the different aquifers.

Our area is in the form of a set of superimposed and juxtaposed reservoirs. It is very
complex and that is what makes studying in this region very difficult. Across the western
limit of Ouled Bousbaa formed by the Haouz plain which is a subsidizing basin, contains
many isotopic studies (**O and 2H) which show that the water table is fed at the level of
the High Atlas [53]. Its results are identical to the results found by the deepwater table of
Ouled Bousbaa.

The main issue of our study is nitrate contamination in the line. They are very high in
places, and this is due firstly to the diffuse pollution of nitrates used in agriculture, secondly
to the discharge of untreated wastewater from urban areas and unsealed landfills, and
thirdly to phosphate deposits in the formations of the Eocene. The drinking water supply is
provided by boreholes carried out by the National Office of Electricity and Drinking Water
showing low nitrate values. This makes the risk of human contamination low.

The main objective remains to develop a water management model for efficient and
sustainable use of surface and groundwater in this basin.

2. Geographical and Geological Context

The area under investigation of 6560 km? is part of the ‘Hydraulic Basin Agency of
Tensift wadi in the center-west of Morocco. The basin is delimited by the western High
Atlas Mountains to the South-West, Tensift wadi to the North, Chichaoua wadi to the
East, and the Meskala-Korimate basin to the West. The main localities of the investigated
area are Chichoua in the North-East, Sidi El Mokhtar in the North, Taftacht North-West,
Imin'Tanout in the South, and Bouabout in the Southern-West part.

The Ouled BouSbaa basin (Figure 1) is located in the Western Meseta of Morocco.
The regional geology shows that the deposits started in the Primary (Cambrian) up to the
Quaternary (Holocene). The Primary layers outcrop in the Southern part of the area. They
are mainly composed of shales, sandstone shales, clay shales, and conglomerates of the
Cambro-Permian.
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Figure 1. Geographical location and Geology of OuledBouSbaa basin (according to the 1:50,000
geological map of Morocco).

The synthetic stratigraphic log (Figure 2) shows the different geological formations in
the investigated area. In general, the thickness of the different geological layers varies from
a zone to another one. According to many authors [54-58], all the geological formations of
the Quaternary-Tertiary can reach up to 600 m thickness while those of the Cretaceous reach
1800 m. Figure 2 below gives the thickness of the different layers and the main lithological
facies. Four geological profiles were developed from the drilling logs, geological maps, and
field observations (Figure 3).

e  Profiles 1 and 2 describe two synclines and one anticline separated by Cretaceous layers
under Lower Cretaceous formations (Sidi Mokhtar). The first cuvette of Sidi Mokhtar
shows Eocene formations in the surface laying on limestone from Cenomanian-
Turonian. These structures cover green marls and marl limestones of the Lower
Cretaceous. The anticline of Marmouta favors the occurrence of resurgences of the
aquifer (source 497/52). The second cuvette of Douirane is formed by the Quaternary
that sits on the Mio-Pliocene and the Cenomanian-Turonian (that comes to the surface
toward the west).

e  Profile 3 highlights the Sidi Mokhtar Syncline with Mio-Pliocene and Eocene filling
over the Cenomanian-Turonian limestone. Cretaceous outcrops around the Sub-Atlas
structure as shown in the southern part of the profile.
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Profile 4 displays the part of the High Atlas where the Primary formations become
almost vertical, the structures of the Douirane basin (mainly quaternary and Mio-Pliocene),
and the anticline of Marmouta.
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Figure 2. Litho-stratigraphy of western Haouz plain [59].
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Figure 3. (a) Geological cross-sections; (b) Location of the profiles.

3. Climate and Hydrology

The climate of the area is influenced by its continental localization as well as its
proximity to the High Atlas Mountains [60]. Rainfall is generally low characterized by a
wide Spatio-temporal variability. The average annual rainfall (Figure 4b) is around 205 mm,
ranging from 86 mm to 386 mm. The rainy season generally extends from October to May
(Figure 4b).

The average temperature is between 15 and 20 °C with important contrasts in daily,
seasonal and annual variations. In general, the climate of the area is arid in the plains and
semi-arid in the mountain piedmont, and relatively rainy in the Mountains, which is the
main supply for rivers coming from the Atlas.

The average annual evaporation varies between 1800 mm in the north on the Atlas
foothills and 2600 mm in the center (basin of Sidi Mokhtar) and the south (region of
the Tensift river) of the plain. The minimum values are recorded during January, while
the maximum values characterize the months of July and August. Almost 60% of total
evaporation is recorded during the four months from June to September.
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The hydrographic system is less dense in the central part. The area is drained in its
Eastern zone by Chichaoua wadi (Figure 1). All the drainage network contributes to Tensift
River (main collector in the Haouz area) flow during the rainy periods.

Rainful (mm)
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Figure 4. (a) Average monthly rainfall distribution in the station of Chichaoua (1965-2014);
(b) Average annual rainfall distribution in the station of Chichaoua.

The relief of the anticline of Marmouta trending NE-SW between Bouabout and
Chichaoua gives two sub-watersheds. The Douirane sub-basin, located to the SE of the
plain, is drained by the Chichaoua wadi and its tributaries; Wadi Ameznas in the west,
Imintanout in the center, and Sekssaoua in the east. These three wadis Ameznas, Imintanout,
and Sekssaoua are often dry; their flow depends on the importance of the rainy episodes
and the flow of the sources. The northern sub-basin of Ouled BouSbaa (Sidi Mokhtar basin)
is drained by the Mramer wadi and its tributaries Bourgua and Fagh and the Matil wadi in
the Bouabout area.

The hydrographic network plays an important role in its «underflows». The transver-
sal plains with their low altitude are the outlets for the excess water of each sub-basin. The
streams that perpendicularly cross the geological formations can have a draining effect.

4. Hydrogeology

Three main aquifers could be identified in the Ouled Bousbaa basin based on the
results of geology, structure, and geophysics, along with the inventory of water sources and
borehole logs. They are aquifers of the Quaternary, Turonian, and Vraconian (belonging to
lower Cretaceous) representing complex aquifer profiles with unequal sizes.

The water table of white limestone of the Quaternary is limited by green marls of the
Coniacian: it is separated into two parts by the Marmouta anticline. The first represents the
syncline of Sidi Mokhtar, and the second called cuvette of Douirane. The thickness of the
aquifer is variable but increases from the riverside towards the center of the plain.

The deep aquifer of Turonian limestone, limited by Cenomanian grey marls, spreads
out to almost all the basins except in areas of the anticline structures where Vraconian and
Cenomanian formations crop out (Figure 3(al,2)). The thickness of this aquifer varies from
20 m in the cuvette of Sidi Mokhrtar to 200 m towards the East and South. In the Douirane
sector, the thickness is greater than 140 m in the central south area (Figure 3(a3,4)).

The deep aquifer of Vraconian limestone limited by the green marls of the Aptian
covers almost all the basin except in the anticline zones. The height of the Vraconian wall
ranges from 850 to 1400 m to sea level. In the northern sector, the map shows the extension
limit of the Vraconian towards the Northeast and North area along with an important
asymmetrical depression that outcrops in the southern area. In the southern sector, there is
a wide depression corresponding to a structure oriented SW-NE [61-64].

The transmissivity has been raised during pumping tests carried out by the Haouz
hydraulic basin agency. For the free water table, these values vary from 1.1 x 107> to
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6.5 x 1072, while for the captive aquifer the values are between 4 x 10~° to 5.6 x10~2. This
reflects the good productivity of the two reservoirs.

Indeed, the two aquifers are homogeneous and isotropic.

This work will report mainly on the quaternary and Turonian aquifers, the deep
Vraconian aquifer is represented only by two sample sites.

Piezometry

The hydrological system of the study area showed the existence of impermeable as
well as permeable series that can allow interstitial or fissured groundwater flow. Ground-
water circulation is mainly longitudinal but can be transversal in anticlinal relays and
faults [58-67].

The depth of groundwater varies from 22 to 240 m under the soil level. Nevertheless,
the exceptional depth of 508 m was the only borehole capturing water from the Vraconian.
The shallow groundwater was observed close to the surface water streams while the deepest
were observed in the frontal zone. The lowest elevation of groundwater was 325 m close to
the Tensift wadi in the North-western zone, while the highest reached 740 m in the South
close to Imintanout at the High Atlas piedmont.

5. Methodology

A sampling campaign was carried out in May 2017 in the whole area. The Electrical
Conductivity, pH, and temperature of the groundwater were directly measured in the field.
Water samples were collected in 1 L polyethylene bottles, thoroughly washed and rinsed to
avoid any contamination. The bottles were transported at 4 °C and kept at this temperature
in the lab. The sampling points were chosen to be distributed over the different parts of the
area depending on the aquifer captured.

A total of 46 samples (including 27 capturing the phreatic aquifers and 18 capturing
the captive aquifer) were analyzed for the major anions (Chloride, Nitrate, and Sulfate) and
cations (Calcium, Magnesium, Potassium, and Sodium). Volumetric methods were used for
HCO3, Ca, Mg, and Cl dosage in the Laboratory of Applied Geology and Geo-Environment
(LAGAGE); Ibn Zohr University.

A flame photometer was used to measure Na and K and a spectrophotometer for SOy.

Analyses of 2H and 80 were carried out on 30 samples collected and stored as
recommended by [65].

The §*H and 80 of groundwater were obtained by H, and CO, equilibrium, respec-
tively, using Isotope Ratio Mass Spectrometry (IRMS) on a delta S Finnigan Mat in the
Laboratory of Applied Geology and Geo-Environment (LAGAGE); Ibn Zohr University.

The isotope ratios are expressed in terms of %o relative to V-SMOW (Vienna Standard
Ocean Mean Water). The ratios were calculated using International and Internal standards.
Simple reproducibility was within £0.5%o for §?H and +0.2%. for §'8OH,0.

Stable isotope ratios were expressed in part per thousand (%o) using the conventional
delta notation:

5% — lR(”’"”’e) _ 1] £103 1)
Ry _smow)

With R representing one of the ratios: 180/160 and 2H/1H for the samples (R(Sample))

and the Standards (R(V-SMOW)).

6. Results: Hydrochemistry Characterization

The map (Figure 5) shows the scattering of the groundwater sampled points in the
study area. Table 1 presents chemical and isotopes data of the sampling campaigns for the
investigated aquifers. The data and discussion that follows are presented as a function of
geographic distribution in the basin (Figure 5).



Water 2022, 14,9

9 of 24

130,00[0 140.00[0 150,00'0 160,00|0 170.00|0 180,00'0 190,00[0 200,00[0
g~ -8
Ed’ 21
o\,
g- 30 U -8
g S X ~ a g
/ .
[ 22 N
h‘/( / B b ’\)’\ ! o~
2 f\ - N EL
8- 19 o -3
g i/ o5 o ! g
4 ‘
A
~~ ‘\‘ \
. . 36 g_\ %
= 34 | =3
= Tafetachtg28 40 23 @ ~32 <
w2 ® 16 o
) Sidi Mokhtar o 18
38 .
g o % 15 b ¢ Cl-blchaoua g
3 L] 12’. ]
g * 8 g
- 20 ' -
Mdadah ® 9 32
Q e
27
o_ w ! —o
8 13 2
g g
24
26 45
" bod Takhenza
¢
11
g 4 ¥
S 44 W9 g
° w 10
* 883 46 W 4
at e o 43
Bouzbout *25 ™
g 31 8 "8
= " 5 S
g TaSL:AIzukoul ( * 2
\ 7
J 7
J 148/ |
r b (1
8~ [ o, -8
% /J Imin'Tanout % TH .E'!
=5 -_—
S | [ [ l [ | | | g
& 130000 140000 150000 160000 170000 180,000 190p00 200000 g
Kilometers
1:400 000 0 3 6 12 18
[ Localities * Isotopic samples @ Maijor elements samples

Figure 5. Location of hydrochemical and isotopic samples.

During the sampling campaign of May 2017, the temperature of groundwater samples
ranged from 20.4 °C (well 31) to 27.2 °C (well 9), with an average of 23.98 °C (Table 1).
These values are typical for the hypothermal cold waters reflecting the seasonal changes.
The values of pH varied from 7.1 (well 24) to 8.4 (well 26), indicating the neutral to alkaline
nature of groundwater. The Electrical Conductivity (EC) was variable in the zone extending
from 228 uS/cm in the South to 3245 puS/cm toward Tensiftwadi which constitutes the
main collector of the global area.

6.1. Spatial Distribution of the Electric Conductivity (EC)

The objective of the electrical conductivity map (Figure 6) is to investigate the origin
and the spatial evolution of groundwater mineralization and the interaction of water with
the geological layers. EC values in the free aquifer are ranging between 228 and 3245 puS/cm
(Figure 6a). High values were observed downstream from Chichaoua and Imintanout.
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Table 1. Hydrochemical and isotopic values of collected samples from OuleBouSbaa plain, Morocco.
Depth T EC Ca M Na K HCO; SOy NO; Saturation 180 (0 o
Wells ID o) e pH (us/em)  (mg/L) (mg/t) (mg/L) (mg/L) mgm) @D g (mg/L) Index 510 () 5°H (o)
Cal Dol Gyp

1 84 21.6 7.26 386 156 144 49.8 44 244 69.225 137.9 166.9 0.29 -17 -1.03 -5.91 —42.74
2 91 21.3 7.61 299 190.4 74.64 93.4 4.5 329.4 202.35 422 111.2 0.77 0.88 —0.56 —6.37 —48.68
3 147 211 7.7 412 204 50.88 104.3 5.6 231.8 2272 4455 88 0.74 0.62 -0.5 ~5.69 —46.28
4 80 25.6 7.17 343 78 59.44 70 34 230 2485 43.03 138.6 —0.07 ~045 -185 —6.98 —50.81
5 204 23.7 7.36 496 156 107.6 80.8 2.7 219.6 230.75 19.84 477 0.32 0.26 -1.95 —5.6 —40.88
6 210 24.8 7.08 925 108 45.576 116.3 30.9 378.2 1349 76.74 62.6 0.18 -0.22 ~146 —5.61 —43.77
7 144 21.8 8.1 370 114.4 75 54.3 2.5 256.2 142 99.92 186.8 1 1.56 —1.34 —5.06 —39.24
8 70 25.6 6.94 964 264 2116 100.9 6.2 302 1042.5 309.3 44.88 0.2 013 ~0.63 ~5.79 —4125
9 53 27.2 6.92 2000 584 268.8 317 38.5 3172 1402.25 4224 245.5 051 0.52 -0.22 —6.1 —40.01
10 120 23.8 7.49 231 97.6 144 15.6 14 207.4 63.9 28.27 79.6 0.33 -0.39 -1.87 ~7.6 ~53.07
11 160 245 7.51 372 104.8 28.8 33.4 2.1 268.4 127.8 55.67 51 047 0.18 -1.58 -7.22 ~50.8
12 90 26.2 7.29 575 129.6 38.4 60.5 3.7 341.6 177.5 89.39 69.4 0.45 0.19 -1.31 —4.93 —32.39
13 200 27 7.29 420 1224 38.88 47.2 22 305 216.55 47.24 33.78 039 0.12 -16 -5.01 -33.15
14 75 24 7.57 1062 528 211.2 20.8 7.7 207.4 106.5 1651 25.61 0.89 118 0.33 ~6.67 —42.87
15 130 25.5 7.34 579 176 100 58.3 2.8 280.6 181.05 548.8 27.8 0.46 0.49 —0.48 —4.92 —32.46
16 160 26.2 7.14 1017 236 166.8 77.8 42 2545 674.5 475 1135 031 0.29 -0.47 -429 —31.28
17 88 23.1 7.29 1000 528 187.2 116.1 121 244 388.725 1533 4.58 0.66 0.66 0.29 —4.25 —32.06
18 150 22.7 6.84 1045 212 136.8 81.2 6.2 292.8 568 390.7 28.23 —0.01 -045 ~0.59 ~5.76 —4221
19 40 24.8 7.11 956 328 153.6 1221 39 439.2 422.45 795.4 40.2 0.61 0.7 -0.13 ~5.24 ~39.32
20 120 25 7.39 1823 232 98.52 118.3 4.6 305 468.6 312.8 287.5 0.64 0.71 —0.63 —55 —37.29
21 100 253 7.92 1282 272 196.8 145.6 6 390.4 639 563.5 94.8 1.3 2.27 —0.36 —4.94 —29.88
2 120 218 7.88 1056 496 2784 1432 8.5 170.8 1029.5 1564 49.2 1.02 1.56 0.24 —6.92 —47.33
23 135.6 25.7 8.01 1011 160 125.6 85.4 26 305 284 525.6 157.9 111 1.94 ~0.56 —5.47 —34.48
24 240 26.1 6.95 503 100 78.8 46.4 3 122 163.3 308.6 103 —048 ~1.24 -0.92 -49 -30.16
25 80 25.8 7 483 195 109.2 52.1 29 300 550 55.67 200 0.21 —0.02 —1.42 —5.96 —37.18
26 62 252 8.85 686 208 86.4 56.1 3.8 317.2 182.825 316.4 289.8 2.1 3.62 —0.64 —5.74 —30.84
27 90 24.1 7.5 591 144 54 51 21 366 181.05 80.96 2455 0.68 0.72 ~1.34 -5.19 —31.44
28 106 235 7.93 555 124 84 54.3 22 439.2 12425 80.9 330.4 111 1.82 ~142 —491 ~27.03
29 165 23.6 7.99 471 120 52.8 56.5 23 280.6 184.6 45.1 176.3 0.99 1.39 ~1.65 -7.13 —47.43
30 120 24.6 7.55 1282 240 148.8 147.9 49 4148 610.6 534 36.4 091 141 -0.42 -488 ~28.98
31 80 20.4 7.1 228 136 76 19.8 2.2 268.4 248.5 32.49 235.8 0.06 -0.4 -1.76
32 167 21.7 7.3 490 170 98 52.1 2.8 4314 319.5 40.92 298.6 055 0.62 -1.61
33 22 215 7.5 1260 232 118.6 422 45 353.8 355 502.4 146.5 075 0.96 ~0.44
34 125.5 245 7.9 3245 261 182 210.2 14.7 374.8 640 736.6 349.8 122 2.08 -0.28
35 56 25.3 7.1 2646 320 202.2 146.2 5 402.6 674.5 740.6 322.8 0.54 0.7 -0.19
36 120 254 6.9 1485 236 109.6 84.4 5.1 292.8 355 426.6 162 0.14 -0.23 —0.49
37 160 234 7.3 485 96 103.2 140 4 3782 301.75 43.03 470.6 0.28 0.36 -1.82
38 130 23.2 7.01 520 144 74 52 29 353.8 266.25 1442 5.17 0.15 -0.21 -11
39 180 21 7 645 176 57.6 112 45 329.4 372.75 152.6 159.3 0.14 —0.46 -1.02
40 200 22.7 6.9 1152 365.6 134.88 76.2 48 231.8 195.25 9113 5218 0.15 -0.37 -0.02
41 508 23.8 7.2 702 240 33.6 30.4 3 402.6 159.75 55.6 73.78 0.64 0.2 —1.28
2 224 7.3 711 248 178.8 58.9 57 305 177.5 951.3 258.9 049 0.61 -0.17
43 24 7 633 94 51 433 16 292.8 92.3 34.6 196.1 -0.07 ~0.61 ~1.85
44 243 7.9 431 408 1152 24.7 6.9 244 142 1270 371 123 171 0.16
45 232 6.3 395 119.2 58.08 47.8 2.3 317.2 168.625 144.2 160.5 —0.67 —1.88 —1.16
46 25 7.5 344 127.6 67.64 26.7 26 408.7 67.45 40.92 159.6 071 0.94 ~1.66
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EC values in the captive aquifer are ranging between 228 and 3245 uS/cm (Figure 6b)
and increase globally from South to North following the flow direction. The lowest values
appear upstream (recharge zone) while the highest values occur downstream close to the
Tensift wadi.

6.2. Main Ionic Character

The groundwater hydrochemical characteristics of the Ouled BouSbaa plain are shown
in Table 1. The pH of the groundwater in the study area is 6.3; 8.85, and the average value
is 7.37; the groundwater is weakly alkaline.

The main cation in groundwater is Ca?*, with a concentration between 94 and 584 mg/L.
The average value is 216.99 mg/L. The order of cations concentration is Ca?* > Mg?* >
Na* > K*. The main anion of groundwater is SO4%~. Its concentration range is between
34.6 and 1651 mg/L. The mean concentration of SO42~ is 395.78 mg/L. The order of anion
concentration is: SO42~ > Cl~ > HCO3~ >NO; ™.
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Figure 6. Spatial distribution of groundwater EC in the study area. (a) In the free aquifer; (b) In the
captive aquifer.

It is worth noting that the concentration of NO3 ™ is 3.71; 477.0 mg/L, and the average
concentration is 152.64 mg/L, with an over-the-standard (50 mg/L) [9]; rate of 76.1%. It is
obvious that groundwater in the area has been seriously polluted by NO; ™.

6.3. Water Types

To identify the water types in the study area, the contents of analyzed elements
were reported on the diagram of Piper (Figure 7) illustrating the existence of different
types of facies. The dominant cations were Calcium followed by Magnesium. The anion
concentrations show two groups with one dominated by carbonates and chlorides and a
second rich in sulfates and chlorides. Thus, there seem to be two different facies with the
first one characterized by sulfate and calcium-magnesium representing the confined aquifer
of Turonian and one sample from Vraconian. The second of hyper-chlorides and calcium,
that represents a mixing between the Quaternary water and the unconfined Turonian to
the upstream.
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A\ Quaternary samples
() Free Turonian samples
B captive Turonian samples

@ Vraconian samples

Figure 7. Piper diagram. Major-ion relationships in groundwater in BouSbaa Basin.

6.4. Isotopes

The estimate of aquifers’ recharge altitudes is of particular interest where recharge
areas are poorly known. Generally, the isotopes of the water molecule (Oxygene-18,
Deuterium) are among the most used in aquifer investigations. They are expressed using
the Delta notation (), defined by Craig [68] as:

8 (%0) = [(Rsample/Rreferance) — 1] x 1000 2)

R is the ratio of isotopic abundance, expressed as 180 /160 or 2H/!H. Positive values
of 6 indicate that the sample is enriched relative to the reference standard and negative
values indicate that the sample is depleted.

For Oxygen-18 and Deuterium, the standard corresponds to the average isotopic
composition of SMOW (standard mean ocean water), oceanic waters having by definition a
value equal to 0%. On a global scale, the Oxygene-18 and Deuterium contents of precipita-
tions that did not undergo evaporation are characterized by a linear relationship [68]. The
equation of this line, called the global meteoric water line (GMWL), is written as follows:

8 %o PH) =8 x & %o (0) + 10 (3)

Thirty groundwater samples were collected in the study area. The sampled points
were distributed over the entire area (Figure 8). Stable isotopes values are reported in
Table 1.The altitude of the water points ranges between 830 m (sample 30) and 212 m
(sample 21). Oxygene-18 values range from —7.60%o (well 10 at 640 m altitude) to —4.25 %o
(well 17 at 374 m), those of Deuterium between —53.07 %o (well 10 at 640 m altitude) and
—27.03%0 (well 28 at 412 m). The relationship between Deuterium and Oxygene-18 is
shown in Figure 9, with the global meteoric water line [68]. All water samples plot along
the GMWL or are very close to this line. Some samples below the GMWL show very slight
evaporation.
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Figure 8. Plot of the levels of §'0 versus ?H;. The samples are sorted according by geographical
and system distribution.
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7. Discussion

In general, the groundwater level in the study area is quite deep (22 to 240 m below
ground level). Even with a deep aquifer, the groundwater flow is controlled by surface
topography. In the eastern part, groundwater flows towards the north and in the western
part, towards the south-west. As expected, the hydraulic gradient is low in the plains and
high in the pediment zones in the north and the south. Collected groundwater samples are
divided into three groups based on the type of geological formation the wells encountered.
As the majority of the samples (28 no.) are distributed within the Free Aquifer, 18 samples
represent the Quaternary formation, 10 samples are from the Turonian formation, and the
last 17 points belong to Turonian captive aquifer.

The analysis of EC (Figure 7) indicates that the quality of the water in the captive and
the free aquifers were mostly good except for well 34 with a value of 3245 puS/cm exceeding
the Moroccan and OMS standards. The lowest values of conductivity were observed
around the Seksaouawadi (upstream of Chichaoua’s Wadi). The low EC freshwater of this
stream feeds the aquifer according to [69].The highest EC values were recorded north of
Chichaoua and Sidi Mokhtar probably resulting from leaching related to raw wastewater
discharge and the surrounding fields [70].

The values of total dissolved solids (TDS) vary between 508 and 3740 mg/L. The
concentration of ions varies widely with Chlorides from 63.9 to 1402.25 mg/L, Calcium
from 78 to 584 mg/L, Sodium from 19.84 to 317 mg/L, sulfates from 19To 1651 mg/L,
magnesium from 1.44 to 278.4 mg/L, and nitrates from 3.71 to 477 mg/L.

To better clarify the origins of mineralization, Figure 10 reports correlation between
TDS and major elements. These correlations reflect the main elements contributing to
groundwater salinity.The graphs show a clear distinction of two groups of samples. Those
originating from the deep aquifers (captive Turonian) with a low salinity compared to those
originating from the Quaternary and unconfined Turonian aquifers. This is consistent with
the interaction above of the Piper diagram (Figure 8).
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Figure 10. (a) Relationships between Sodium and Chloride; (b) Diagram of the cation exchange process.

However, (Figure 10) showed that despite the high saturation index of carbonates, they
are the evaporite formations that correlate better with minerals in groundwater samples.
Hence, sodium and chlorides originated from the dissolution of halite contained in Triassic
evaporates and also from de fertilizers as indicated by the spatial distribution map of
EC [71-73].

Water is in equilibrium with a mineral when the salinity index Is = 0, under-saturated
when Is < 0, and over-saturated when Is > 0 [74,75]. The graph of the salinity index
(Figure 11) shows that minerals with carbonates are in saturation while the minerals of
evaporites are under-saturated.
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Figure 11. Variation of the different Minerals saturation indexes.

The concentrations of SO,2~, CI~, Ca?* and Na* presented a very similar distribution.
The highest concentrations occurred in the Northern part of the aquifer. The concentrations
of Calcium and Magnesium may originate from the dissolution of carbonate formations of
the Cenomanian-Turonian and dolomites of lower Cretaceous in addition to leaching from
encrusted salts but in majority from the dissolution of evaporates; Gypsum and Anhydrites
in Cenomanian-Turonian and Permo-Triassic halite (Figure 12c), [76]. Calcium ions also
originated from trickling waters of Chichaouawadi and AssifElmal and springs upstream
of the Plio-Quaternary water table [77]. Nevertheless, the highest values of Magnesium
and Sulfates can be justified by the presence of gypsiferous marls from evaporite deposits.
Sodium and chlorides were found in the Southeast and Northwest parts of the aquifer.
Chlorides can have many origins such as sandy gypsiferous clays, gypsiferous marls,
and halite.

The graph of the evolution of CI™ as a function of Na+ (Figure 12d) shows that they
are correlated with an excess of chloride ions in some points. The projection of all samples
on the Na+/Cl~ and Ca?*/(HCO3S0,) diagram showed that 44 of the 46 water samples
were in the natural state.

As the free aquifer and the captive are segregated by an impermeable layer, the nitrates
contamination mainly affects the water table, not the deep aquifer. It is therefore essential
to establish its spatial distribution to know its source.

The high concentration of nitrates is certainly related to human activities including the
presence in the area of many landfills with leachates, domestic wastewater effluents, septic
tanks, and larges agricultures exploitations using big amounts of fertilizer that can infiltrate
the groundwater as shown in the special distribution of the Nitrates map (Figure 13) [78].
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Figure 13. Spatial distribution of the Nitrates in the study area.

7.1. Isotopes

Stable isotopes of the water molecules can be used to understand the source of ground-
water recharge, connectivity between aquifers [54,78], groundwater flow regime, and
aquifer recharge [79,80].

It often represents the most effective tool to study the possibility of a connection
between waters of different origins [81] since they are conserved as soon as they reach the
level of the aquifer. Previous observations in the study area have shown heterogeneous
values (—24.4% to —110.7% for d*H and —5.5% to —15.6% for d'80) representing the
isotopic variation of rainfall from the plain to the High Atlas Mountains.

Based on the values of 580 and §*H and their relative position to GMWL (Figure 8),
our samples could be divided into two groups:

e  The first with points 14, 21, 25, 26, 27, 28, 29, and 30 located a little above the GMWL,
which may indicate that the trickled waters were not submitted to evaporation;



Water 2022, 14,9

18 of 24

e  The second that encloses all the remaining samples appeared below the GMWL and
seems to be partitioned by evaporation.

The analysis of the relation between oxygen 18 and the depth of groundwater samples
(Figure 14) showed that the evaporation affects mostly the shallow groundwater samples.
The origin of the deep groundwater samples with low levels of 5'80 is distant coming from
the high altitudes. This confirms the hypothesis that the aquifers are fed by the junction of
the two aquifers at the High Atlas piedmont.

Deep (m)

550 (%o)

8 4

Figure 14. 5'80 versus the depth of the boreholes.

The graph of §'80 versus chloride levels (Figure 15) that can explain the different
processes such as groundwater mixing and halite dissolution [82,83], showed two trends.
The first, characterized with high chloride values resulting from the leaching of evaporite
formations and the second with low values shows that the origin is far away.
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Figure 15. Plot of the levels 5'80 versus the concentration of C1~.

Nitrate contamination of groundwater is a growing problem worldwide and consti-
tutes a major challenge to drinking water supplies dependent on groundwater [84]. To
check the sources of the nitrates, several patterns have been illustrated in Figures 16 and 17.
According to Figure 16a, several samples represent high nitrates values associated with
high 80 values. These results indicate that the nitrates leached from the land surface to
groundwater via infiltration. The irrigation water is marked by enrichment in 580 due
to considerable evaporation at the surface and a concentration of NO3 more or less high
depending on the degree of fertilizer use. Since we have a significant correlation between
§'80 H,0 and NOj3-in general, this suggests that irrigation water return is an important
source of nitrate.
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As shown in Figure 16b,c, CL and EC have a constant trend with increasing NOs.
Increased NOj3™ in groundwater without influencing other variables is evidence that infiltra-
tion of polluted water from the surface is mixing with mineralized groundwater. Figure 16
indicates that waste infiltration contributes significantly to nitrate pollution of water.

7.2. Charging Altitude

In the context of the evolution of groundwater resources in an arid to semi-arid zone
combined with increasing socio-economic development which has led to overexploitation
of the aquifer; it is necessary to locate the feeding areas.

From the isotopic composition of the water (Figure 17), we can calculate the average
water supply altitude [85]. For this, it is necessary to calculate the regional altitudinal
gradient. However, the lack of data in SO4 and 2H on rainfall in the study area led us to
synthesize previous studies ... in order to obtain a gradient of 0.25 pr per 100 m for 120.

The projection of the sample points made it possible to locate the recharge altitudes
between 570 m and 1600 m for the free aquifer, and 800 m and 1900 m for the captive
aquifer. This confirms the feeding by the connection of the Turonian aquifer in the free
Plioquaternary aquifer in the foothills of the High Atlas.

8. Conclusions

The groundwater flow in the study’s area is controlled by surface topography; ground-
water flows towards the north in the eastern part and in the western part, towards the
south-west. The quality of the water in the area was mostly good, except for well 34 with
a value of 3245 uS/cm, exceeding the Moroccan and OMS standards, probably resulting
from leaching related to raw wastewater discharge and the surrounding fields.

According to the analysis and Piper diagram, samples originating from the deep
aquifers (captive Turonian) have a low salinity compared to those originating from the
Quaternary and unconfined Turonian aquifers.

Hence, the geochemical composition of the groundwater in the area shows that min-
erals mostly originated from the water-rock interaction such as the dissolution of halite
contained in permo-Triassic evaporates the sandy gypsiferous clays, the gypsiferous marls
and Gypsum and Anhydrides from the Cenomanian-Turonian. Entropic activities such
as landfills with leachates, domestic wastewater effluents, and the use of fertilizer in
agriculture generate high concentrations of nitrates.

For the values of §'80 and §?H and their relative position to GMWL, our samples could
be divided into two groups, the first where the trickled waters were not subjected to evapo-
ration and the second encompassing all the remaining samples partitioned by evaporation.

The analysis of the relation between oxygen 18 and the depth of groundwater samples
showed that the evaporation affects mostly the shallow groundwater samples. The origin
of the deep groundwater samples with low levels of §!80 is distant coming from the high
altitudes. This confirms the hypothesis that the aquifers are fed by the junction of the two
aquifers at the High Atlas piedmont.

The analysis of the isotopes in addition to the other corposants and the altitude
recharge confirm that showed two trends. The first, characterized by high chloride values
resulting from the leaching of evaporite formations, and the second with low values
showing that the origin is far away.

This confirms the feeding by the connection of the Turonian aquifer in the free Plio-
quaternary aquifer in the foothills of the High Atlas.
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