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Abstract: The objective of this research was to determine the recharge of the Cretaceous aquifers by
the High Atlas, as well as the interaction and possible mixing phenomena between the waters of
the different aquifers, by investigating the hydrochemical and isotopic evolution of groundwater
flow paths from the limestone karst systems of the High Atlas to the Cretaceous basin of Errachidia.
Geological techniques were used to investigate and confirm the chemical and isotopic characteristics
of the waters. Although the Gibbs diagram shows that water—rock interaction is the dominant hydro-
chemical process, some water samples in the Cretaceous basin are influenced by both evaporation
and water-rock interaction, indicating a mixture of rainfall and deep waters. A saturation index study
indicated that limestone minerals were supersaturated in parts of the groundwater samples (calcite
and dolomite). This result was confirmed by isotope data. Indeed, some Cretaceous basin samples
show isotopic similarities to those from the Jurassic High Atlas. The geological cross-sections illustrate
that the High Atlas Jurassic limestones are in direct contact with the Cretaceous basin’s permeable
rocks, allowing groundwater to circulate from the High Atlas to Errachidia’s Cretaceous basin.

Keywords: groundwater; hydrochemistry; isotope; High Atlas limestones; Cretaceous basin

1. Introduction

Fractured and karstified aquifers are major sources of drinking water worldwide [1-5].
Their protection requires careful studies, often concentrated in recharge areas, to avoid
potential pollution. It has already been identified that climate change and global population
growth are having a substantial impact on global water resources [6]. Thus, the study of
water resources in arid and semi-arid areas is the main focus of many current scientific
investigations, as the natural stresses of development in these regions are directly related
to the scarcity of water resources. In the majority of developing countries, there is a lack of
systematic monitoring of hydrological systems, although the decrease in water levels and
the degradation of their quality are generally remarked despite sometimes being detected
in an advanced stage of deterioration of the aquifer.
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The focus of the present study is the geochemistry of groundwater in the Errachidia
region, which is an arid to semi-arid area located in the southeastern part of Morocco. It
includes the Jurassic aquifers of the High Atlas and the Cretaceous aquifers of the Errachidia
basin. The study area shows a very diversified lithology with a dominance of carbonate
formations of Jurassic Atlas and Turonian limestones, as well as sands and sandstones of the
Senonian and Infracenomanian. These formations are very fissured and faulted with karstic
phenomena advanced in the carbonates. These formations are the potential location of
aquifers that manifest in many springs of varying importance, the groundwater of which is
a major source of life for the local population. Despite the prolonged drought cycles that this
region has suffered in recent years and which have caused a significant water deficit, as well
as the low effective rainfall in the basin, the majority of springs from the Cretaceous basin of
Errachidia continue to show a significant flow rate [7,8]. The hypothesis of a feeding of the
aquifers of the basin from the Jurassic aquifers of the High Atlas has been proposed [7,9,10].
The usual methods of estimating the recharge of the aquifers often do not provide the
desired precision [11,12]. On the other hand, hydrogeochemical investigation methods,
some of which are based on stable isotopes, have become an essential means for better
understanding the hydrological functioning of aquifer systems in recent years [13-18].
Multi-trackers combined with stable isotopes of the water molecule are used to study
groundwater movement, mixing patterns between different groundwater sources, salinity
origin and recharge area [19-22]. This information is essential for improving groundwater
resource management, especially in arid and semi-arid regions [23-25].

Major and trace elements are widely applied for geochemical characterization of
groundwater and to define anthropogenic input [26-30]. Stable isotopes are also used
as tracers of different processes, such as groundwater hydrodynamics, mixing processes,
seawater intrusion and groundwater contamination [14,26].

The objective of the present study was to study the hydrochemical and isotopic
evolution of subsurface flows from the carbonate karst systems of the High Atlas to the
Cretaceous Errachidia basin (discharge area) in order to determine the interactions and
mixing between the waters of the different aquifers along the global flow axis.

2. Materials and Methods
2.1. Geological and Hydrogeological Settings

The study area is located in the southeast of Morocco (Figure 1). It is constituted by
the High Atlas to the north and the Cretaceous Errachidia basin to the south. These two
units are separated by the South Atlas thrust. This region is characterized by an arid to
semi-arid climate, with an annual regime of rainfall marked by two wet seasons of autumn
and spring separated by a short winter season and by a long, dry summer season. Rainfall
decreases from 250 mm in the high reliefs of the High Atlas to 150 mm in the piedmont,
with an effective rainfall of about 6.47 mm. In the south, rainfall is about 80 mm, with an
effective rainfall varying from 1.52 to 4.55 mm. The low rainfall in the south is due to the
fact that the Atlas mountains prevent any oceanic influence and the presence of warm air
masses coming from the Sahara [31].

The geological and lithostratigraphic framework of the study area is marked by a
series of geological formations aged from Paleozoic to Quaternary. The High Atlas in
the study area is represented by Jurassic aquifers (Lower Liassic aquifer networks and
aquifer networks of the Aalenian and Dogger limestone series) and Quaternary aquifers.
These aquifers are made up of limestones and dolomites intercalated with marls and clays
containing occurrences of anhydrite and gypsum, which are deposited on Paleozoic shales
and quartzites or on red clays and basalts of the Triassic. They outcrop in the north of the
basin with a thickness of 450 m.

The Cretaceous basin is bordered to the north by the High Atlas reliefs and to the south
by those of the Anti-Atlas and consists mainly of three superimposed aquifers (Senonian,
Turonian and Infracenomanian) surmounted by a quaternary alluvial table.
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Figure 1. Geological map of the study area realized from the digitalization of the geological maps
1/200,000e of: “High Atlas of Midelt” [32] and “High Atlas North of Ksar Essouk and Boudenib” [33],
hydrological network, samples location (white color), and hydrogeological sketch (October 2020).

The Infracenomanian aquifer is formed by continental deposits (sandstones and con-
glomerates) and deposits from lagoons (sands, clays and marls) (Figure 2). It outcrops in
the form of vast plains to the NW and to the south, with a variable thickness of 200 m
in the north and more than 500 m in the center of the basin, and progressively decreases
towards the south with a thickness of 50 to 100 m. Its bottom is impermeable, formed by
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shales, marls and red clays. Its cover is made up of impermeable Cenomanian formations
of marine origin composed of marls and clays with various thicknesses.
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Figure 2. Simplified stratigraphic column of the study area compiling the lithology of the various

formations and aquifer characteristics. Modified from [3

41.

The Turonian aquifer is characterized by fractured limestone and dolomite formations
of marine origin in the form of karstic facies. It is exposed in the form of fissured plains,
with an average thickness of around 100 m, which is reduced to 25 m in the south. Its
impermeable bottom is formed of Cenomanian clays, its top is formed of Senonian sand-
stones and marls, allowing for communication with the upper formations. Its principal
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natural exits are springs, including that of Tarda (sample 21, Table 1), Tifounassine and
Meski (sample 11, Table 1).

The Senonian aquifer is composed of heterogeneous continental formations (sandstone
and clay) containing gypsum (CaSO4-2H,0) and anhydrite (CaSOj). It outcrops in the
eastern part of the study area, with an average thickness of 150 m.

The general flow in the study area is from north to south. Piezometric analysis of
aquifers shows three major flow axes: the first is in the Errachidia area, where the general
groundwater flow is from north to south (Figure 1), with a hydraulic gradient of nearly
5%o, attesting a recharge of the aquifer from the High Atlas; the second flow axis is in
the Goulmima region, generally flowing from northwest to southeast, with a hydraulic
gradient of nearly 3%o.; and the third flow axis is in the area between Meski and Erfoud,
with a flow generally from north to south, and a hydraulic gradient of nearly 5%..

2.2. Sampling and Analytical Methods

A total of 23 water samples were collected from springs, wells and boreholes for
hydrochemical analysis and determination of environmentally stable isotope concentra-
tions during October 2020 in the different aquifers of the study area. Temperature (T),
hydrogen potential (pH) and electrical conductivity (EC) were measured in situ using a
multiparameter instrument (BANTE Instruments 821). These samples were the object of
chemical analysis at the National Center of Scientific and Technical Research (CNRST) for
determination of the major elements and the elements in traces (ICP). ICP analysis was
used for the identification of concentrations of elements such as SiO,, Cu, Pb, Al and As.
Analysis of major elements such as Na*, K*, Ca?*, Mg?*, CI~ and SO, ~ was performed
with ionic chromatography, and we determined the concentration of bicarbonates (HCO;™)
in the field by the pH-metric method at the equivalent point TAC (complete alkalinity titer).

Analysis of the stable isotopes of the molecules of water oxygen 18 (*0) and deuterium
(*H) performed using a Delta Plus UV mass spectrophotometer and an ICP-MS mass
spectrometer (IRMS) after equilibration at 18 °C. The 0 and ?H contents are expressed
per thousand (%.) of deviation from the V-SMOW standard with an uncertainty of 0.1 %o
for 180 and 1%. for 2H. For tritium *H analysis, we adapted the method by electrolytic
enrichment and liquid scintillation counting (LSC), as described in ISO 9698 standards [33].
Tritium contents are reported in tritium units (TU). These analyses were performed at the
National Center of Energy, Sciences and Nuclear Techniques (CNESTEN).

The results were used for the estimation of saturation index (SI). The geochemical
modeling program PHREEQC V2.18 [35] was used to calculate speciations, ion activities
and saturation indices (calcite, dolomite, gypsum, halite, kaolinite, etc.), depending on
element concentrations and temperature. Some chemical and physical processes (mixing,
precipitation, solubility, ion exchange and redox reactions) were described by means
of PhreeqC results, as well as some interpretation of hydrogeochemical diagrams and
scatter graphics.

Piezometric surveys were conducted during October 2020 to establish the piezomet-
ric map.

The geological map and cross sections were established by GIS software to locate the
sampling positions, as well as for geological analysis of the study area to understand the
hydrogeochemical processes.
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Table 1. Results of analysis of water samples in the study area with average uncertainties (W: wells; B: boreholes; HS: hot springs; S: cold springs) collected in

October 2020.
Coordinates Ph¥’s1cochem1cal Major Elements Concentration (mg/L) Trace Elements Concentration (mg/L)
arameters

Number T S}}l’ri“g X v z T°Cl  EC PH oo C°  NO;~  SO&2  Nat K* Mg*  Ca*  SiO, Al As cd Cu Ni Pb Zn

umber 1ype (L‘/’S‘)V (£0.36) (£3.8)  (£0.28) 3 (£0.08) (£0.17) (£0.13) (£0.21) (£0.01) (£0.05) (£0.14) (+1.5) (£1.5)  (£0.01) (£0.01) (+0.15) (+0.20) (+0.06) (+0.20)
1 S 398 562,286 206,027 1708 14.7 263 8.65 1452 55 8.77 118 4.07 1.05 547 51.3 414 1295 0009 0001 0161 0222 0084 2817
2 HS 22 594,643 185449 1298 29.2 2400 734 26356 5762 9.04 81.5 354.4 5.01 20.69 85.7 8.15 521 0.088 0000 0175 0574  0.092 4435
3 w 595,581 181,368 1265 25.8 1865 7.66 3929 2001 2105 1797 1470 491 50.4 95.8 6.46 547 0.028 0004 0286 1226 0138 5734
4 HS 63 597,382 179,693 1253 50.3 8000 6.34 259.9 1802 418 1218 2617 3363 7605 5231 1640 5.15 0405 0002 0160  0.639 0102  4.005
5 S 46 598,055 171,910 1215 21.1 546 7.39 272.1 16.3 18.47 51.7 10.9 2.48 26.95 76.5 5.12 6.52 0.003 0000 0147 1357  0.142 6259
6 B 592,866 151,072 1037 223 2040 722 32213 2282 9.77 2271 2205 5.58 4442 1086 8.43 5.22 0.049 0001 0193 0770  0.188 2577
7 w 593,121 145432 1028 20.2 3090 699 32945 2649 1535 7827 1247 496 9587 2839 1049 5.43 0.041 0002 0498 0457 0243  62.38
8 B 601,557 143,888 1012 20.5 1816 719 40023 2678 29.2 237.7 2025 5.22 67.18 145 8.98 1483 0061 0015 0315 2205 0192 1472
9 W 602,661 143,442 1000 22.1 2190 781 27455 2385 5783 2481  189.7 457 4294 88.5 8.10 1102 0098 0012 0413 1566 0226 2577
10 B 604,908 142,231 1011 222 1869 723 39046 1843 30.5 228 143.6 3.72 4292 1005 9.10 5.53 0.041 0002 0251 0783  0.127 6.16

11 S 56 605,619 140,845 977 19.7 1910 794 39657 1903 3408 2382 1755 3.77 4933 1108 9.10 3.65 0.040 0003 0145 0522  0.079 447

12 w 623,204 125855 973 19.8 2530 742 269.66 2278 3106  638.1 153 6.13 9317 1754  10.30 9.36 0.078 0002 0312 1070 0202  20.78
13 w 611,560 131,574 936 20.2 3660 704 57593 4802 7463  956.8 718 23.18 230 2824 1291 1488 0129  0.004 0509 0522 0331 1845
14 w 613,536 120,654 919 224 2100 7.6 331.89 2536 3.19 2182 2365 6.55 41.02 1037  10.70 6.18 0.069 0001 0189 0731  0.119 8.35

15 w 612,776 118,608 912 203 821 726 24282 857 1244 1083 64.2 7.1 31.44 76.0 9.50 6.91 0.035 0000 0161 0574 0117  10.14
16 S 124 502,246 170411 2184 15.9 582 796 22574 104 1865  108.8 16.6 3.06 38.93 65.5 498 7.17 0.008 0000 0156 0952  0.078  24.80
17 B 546,378 164,181 1419 24 922 789 30505 204 16.7 241.1 334 2.97 58.25 99.5 7.21 6.43 0.014 0006 0188 1213 0197 2175
18 S 213 540,969 146,099 1212 25 2000 7.08 3685 2718 9.86 2904 2462 6.19 39.61 133 8.40 8.19 0.094 0008 0213 1057 0188 6553
19 S 61 539,629 137,880 1154 22.8 2390 758 34898 4473 1087 2651 = 256.4 6.3 51.04 140 9.31 9.55 0.094 0015 0221 1540 0176 7597
20 B 560,878 131,346 1106 252 2910 748 38558 5587  10.15 4406 3247 5.71 7598 1942 1030 1345 0101  0.008  1.186  1.044 0250  117.2
21 S 51 575,543 135203 1054 25.5 2790 727 29285 8108 7.44 809.4 445 483 1042 2594 1040 6.82 0.091 0005 0173 1005 0119  33.63
22 B 529,750 115,845 1069 26.4 1244 6.85 3624 1634 8.26 1285 1092 423 4778 1291  10.10 3.78 0.065 0003 0245 0431  0.148 42

23 B 540,630 118,390 1033 25.9 1227 643 38558 1558 77 1215 1021 4.61 4751 1232 1040 7.59 0.052 0006 0302 1070  0.128 488
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O Cretaceous aquifers

O Geothermal waters

3. Results and Discussion
3.1. Hydrochemical Result

The obtained analytical measurements are summarized in Table 1. The collected
waters from these aquifers have a large range of salinity, as indicated by the EC, which
ranges from 263 uS/cm to 8000 puS/cm, depending on the aquifer level and the nature
of the aquifer lithology. The samples with the highest salinity in the study area were
obtained from the Quaternary aquifer, particularly in the Cretaceous basin and geothermal
groundwater (samples 1 and 4). However, the samples from the carbonate aquifer situated
on the High Atlas present low electrical conductivity values. The temperature of the
groundwater varied between 14 °C and 50.3 °C. The pH ranged from 6.34 to 8.65 in the
sampled groundwater, indicating neutral to slightly alkaline values, with the lowest values
corresponding to geothermal water (sample 4), as well as Infracenomanian waters (samples
22 and 23), whereas higher pH values were observed in water samples from the alluvial
Quaternary aquifer (samples 9, 17), as well as Jurassic samples (sample 1, 16 and 17).

3.1.1. Hydrochemical Characteristics

Studying water mixing is not always simple because the boundaries between surface
water and groundwater are not well defined [36,37]. The collected samples were projected
on a piper diagram (Figure 3a) to define and understand the various hydrochemical
characteristics and hydrochemical types of waters, as well as the hydrochemical evolution
of groundwater. Figure 3a shows that most of the water from the Jurassic aquifer (samples
1, 5,16 and 17) is of a Mg-Ca-HCO3-504 type. However, the water chemistry type for
Cretaceous basin aquifers is relatively complex, including Na-Ca Mg-CIl-504, HCO3-SO,-
Ca-Mg, SO4-HCO;3-Ca-Mg, SO4-Cl-Ca-Mg and Cl-SO4-Na types (samples 6, 7, 8, 9, 18,
19, etc.).

30

Ca

7
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7
u 1%
“&&
2
~ 18 1%,
S R A A2
6 :“ 2
@ 2
7 1 Y
. &%1
%, .
9/{ A 20
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R S 9 ‘__19
;1\‘/‘90) A 17;.“‘\ IAI‘Q HA 8
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(a) (b)

Figure 3. (a) Piper diagram and (b) SOy vs. Cl + HCOj (TIS) plot reporting the samples collected in
the study area. In the TIS diagram, the isoionic salinity lines are drawn as reference.

The major geothermal systems are dominated by deep groundwater circulating with
little or no dilution by substantial shallow meteoric water [38—40]. In our study area, the
geothermal waters, which are represented by the springs of Moulay Ali Cherif and Moulay
Hachem (samples 2 and 4), are characterized by Na-Cl type.
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The waters of the thermal springs of My Hachem and My Ali Cherif (samples 2
and 4, Figure 1), with chloride-sodic facies, have circulated deeply through a crystalline
substratum affected by major tectonic activities. However, the influence of the Triassic
evaporitic terrains can be noted.

In the Giggenbach triangular diagram (Na-K-Mg) (Figure 4), the analytical results
of the thermal waters of the springs show a certain tendency towards thermodynamic
equilibrium, with a temperature below 100 °C. However, the representative point of the
waters of My Ali Cherif spring, located in the magnesian pole of the Na-K-Mg diagram,
shows that the equilibrium between the water and the host rock is far from being reached
and testifies to a more important mixing of hot waters with cold waters at depth.

Na/1000

A Thermal waters

A  Cold waters

Pg,f'tie\il\ly equili}a’i‘a\t‘qd
/and rhixed waters .

Na/100 Mg

Figure 4. Giggenbach triangular diagram (Na-K-Mg).

3.1.2. Hydrochemical Processes

The samples were plotted on Gibbs diagrams, which were constructed by the equiv-
alence concentration ratios of Na*/(Na* + Ca?*) and C1~/(Cl~ + HCO3 ™) versus TDS.
Such diagrams are largely used to identify hydrogeochemical evolution, which involves
precipitation, rock weathering and evaporation—crystallization processes [41]. In the Gibbs
diagram, water samples are located in the lower right, with low TDS values but high
Na*/(Na* + Ca®*) or C1~ /(Cl~ + HCO;3™) values, indicating that the chemical compo-
sitions were influenced by atmospheric precipitation. Samples drop in the center zone,
indicating that the rock alteration process is dominant, and samples with high TDS values
and high Na*/(Na* + Ca?*) and C1~ /(Cl~ + HCO™3) values drop in the top-right zone,
signifying the influence of evaporation.

Figure 5 shows that most of these groundwater samples are located in an area domi-
nated by a rock weathering process, which indicates that the main hydrochemical process
of water in the study area is water—rock interaction. However, some groundwater samples,
such as the geothermal waters of Moulay Ali Cherif and Moulay Hachem (samples 2, 4), as
well as samples 13, 14, 20 and 23, which are located at shallow depths in the Cretaceous
basin, are located in the transition zone between evaporation and rock weathering, which



Water 2022, 14, 1747

90f19

100,000

10,000

1,000

TDS mg/L

100

10

suggests that the waters of the Jurassic aquifers of the High Atlas are influenced by water—
rock interaction processes. However, some of the waters of the Cretaceous basin were
influenced by both evaporation and water—rock interaction.
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Figure 5. Gibbs diagrams for the concentration composition of major ions in the study area.

3.1.3. Saturation Index and Mineral Dissolution

Groundwater hydrochemistry is controlled by various processes, such as groundwater
flow, recharge and discharge processes, and water—rock reactions. Along the groundwater
flow direction, the hydrochemistry is always affected by mineral weathering over a long
residence time [42]. However, from the recharge area to the discharge area along the flow
path, decreasing tritium values and increasing concentrations of chloride ions and electric
conductivity are expected due to exchange reactions, precipitations, solubility and mixing
water, although real data may vary [43,44]. The saturation index (SI) of a mineral can be
estimated by the following equation:

SI = log(Kiap/Ksp)

where Kiap is the ionic activity product for a mineral equilibrium reaction, and Kgp is the
solubility product of the mineral.

We used the PHREEQC software to calculate the SI values of minerals in groundwater.
Indeed, water is unsaturated, and the mineral is be continuously altered by the groundwater
if its index is lower than —0.1. On the other hand, if the saturation index is higher than 0.1,
the water is saturated, and the mineral precipitates. At equilibrium, the saturation index is
close to 0, and the mineral phase remains in equilibrium. The saturation indices of some
minerals were calculated (Table 2).

The saturation index values of calcite and dolomite minerals of the collected samples
vary; some of the samples have values higher than 0, whereas samples from other parts
had values lower than 0 (Table 2), suggesting that the carbonate minerals progressively
change from unsaturated to oversaturated conditions.
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Table 2. Statistical data of saturation index of minerals in groundwater (Min: minimum, Max:
maximum, SD: standard deviation).

Saturation Index of Minerals Min Max Average SD
Calcite —0.55 0.83 0.16 0.30
Dolomite -1.15 1.59 0.23 0.66
Gypsum —2.53 —04 —1.24 0.48
Kaolinite 6.85 10.32 8.35 0.94
Quartz —0.04 0.4 0.17 0.11
Halite —9.18 —4.13 —6.25 1.18
Mlite 5.34 9.27 6.67 0.99
K-feldspar 0.79 3.26 1.58 0.57
Albite —0.96 2.36 0.64 0.78
Montmorillonite 5.64 9.92 7.43 111
Gibbsite 2.96 4.36 3.60 0.40

However, the saturation index of halite and gypsum for the sampled waters was lower
than 0 (Table 3) and positively correlated with electrical conductivity (Figure 6a), indicating
that those minerals are continuously dissolving in the groundwater. Saturation of gypsum
is rarely reached under natural conditions; saturation only occurs in highly evaporated
solutions (sample 4) due to the high dissolution rate of gypsum.

Table 3. Isotopic data of sampled waters with the average uncertainties (isotopic analyses relative
to SMOW).

. . 8*H%o 5180%o
Number Aquifer Location (+1.6%0) (40.2%0) 3H (Tu) Bq/L

1 Jurassic Sidi Hamza —56.9 —-9.15 2.86 + 0.33
2 Jurassic My Hachem —55.6 —8.58 0.05+£0.2
3 Quaternary Ait Walil —49.7 —7.53 2.62 +£0.29
4 Jurassic My Ali Cherif —60.5 -9.17 0£020

5 Jurassic Tamrakcht —49 —7.87 1.36 + 0.23
6 Quaternary Errachidia —46.9 —6.85 24 +0.33
7 Quaternary Qsar serghin —414 =5.77 2.09+£0.23
8 Quaternary Taznakt —43.7 —6.27 3.49 £ 0.31
9 Quaternary Taznakt —51.2 —7.55 0.47 +£0.23
10 Turonian Meski —43.8 —6.25 3.61 £ 0.31
11 Turonian Meski —43.7 —6.24 148 +0.3
12 Turonian Aoufous —55.4 —8.42 091 £0.24
13 Quaternary Ouled Chaker —45.7 —6.55 2.09 £ 0.29
14 Infracenomanian Zriguat -51.2 —7.58 3.4+ 034
15 Infracenomanian Zriguat —57.5 —8.9 0+0.31

16 Jurassic Outerbate —57 —8.55 3.15 4+ 0.36
17 Jurassic Mkhoum —494 —7.42 0.82+ 0.3
18 Jurassic Tahmdount —52.3 —-7.93 1.54+0.3
19 Turonian Mouy -50.3 —7.65 1.79 £ 0.24
20 Turonian Tarda —53.2 -8 0+ 026

21 Turonian Tarda —51.2 —7.81 0+0.27

22 Infracenomanian Goulmima —60.2 —9.08 040.22

23 Infracenomanian Goulmima —61.2 —9.25 1.13 +0.28
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Figure 6. Saturation indices (SI) of calcite, dolomite, quartz, halite and gypsum for the various
groundwater samples. (a) SI of halite versus electrical conductivity; (b) SI of calcite versus SI of
dolomite; (c) SI of dolomite versus SI of quartz; (d) SI of calcite versus SI of gypsum. Dol = dolomite,
Cal = calcite, Qtz = quartz, Gyp = gypsum, EQU = equilibrium, Under-sat. = undersaturation and

Over-sat = oversaturation.

Although all samples are close to equilibrium with quartz (Figure 6¢), the Cretaceous
Basin aquifers have high saturation index values of 0.2 < Slguart; < 0.4, revealing the
influence of Senonian and Quaternary saline sediments (samples 7, 8, 12, 13 and 14).

The dissolution of gypsum by the addition of Ca®* to the solution increases the
saturation of calcite according to:

CaSOs—Ca’" + S0,2~

This explains the correlation observed between Sl ,icite and Slgypsum, (Figure 6d). The
increase in Ca®* concentrations due to gypsum dissolution leads to calcite precipitation,
and gypsum dissolution induces the transformation of dolomite to calcite and produces
waters with high Mg?*, Ca?* and SO4%~ concentrations (Figure 7a,b).The increase in Ca®*
concentration due to the dissolution of gypsum causes the precipitation of calcite and a
decrease in CO32~ concentration during the precipitation of calcite [45], which explains
the increase in the saturation index of calcite from the Errachidia region to Meski (samples
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6 to 15 Figure 8). This causes the dissolution of dolomite and thus an increase in the
concentration of Mg?* according to:

Ca®* + CaMg (CO3),—+2CaCO3 + Mg?>*

The geochemical evolution during the flow paths from the High Atlas to the Cre-
taceous basin is generally guided by the geological nature of each aquifer, this explains
the geochemical changes in groundwater (Figure 7b) and the decrease in major element
concentrations in samples 22 and 23 of the Infracenomanian aquifer due to the deep origin,
as well as the long residence time of these waters.

The interpretation of the saturation indices of the main minerals of the waters of dif-
ferent aquifers highlighted three main reactions that characterize their chemical evolution
from the recharge area (High Atlas) to the discharge area (Cretaceous basin). The evolu-
tion is characterized by a high dissolution of chlorides, including halite (NaCl), gypsum
(CaSO4~2H,0) and anhydrite (CaSOy), and dedolomitization along the flow paths of the
groundwater. This natural phenomenon is related to aquifers containing limestones and
dolomites in combination with gypsiferous layers [35].
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Figure 7. Plots showing the geochemical evolution during two flow paths (a,c) flow path A, b and

d: flow path B, plots (a,b): the major ions evolution, plots (c,d) saturation index of calcite, dolomite,
quartz and aragonite evolution.
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Figure 8. 58 0% vs. 5°H%. plot of groundwater samples from the study area compared to
GMWL [30] and LMWL [31].

3.2. Environmental Isotopes

The groundwater samples seem to be grouped around an average value (5'80%. = —7.75
and §*H%o = —51.6%), showing a variable isotopic composition from one aquifer to another.

3.2.1. Isotopic Characterization

In order to highlight the recharge of the different aquifers and the possible evaporation
phenomena, the stable isotope contents of the 23 points sampled in the different aquifers in
the study area were plotted in a §?H vs §'80 diagram (Figure 8), which can be expressed
by the following equations.

- Equation of the global meteorological water line [30]:
5*H=285"0+10
- Equation of the local meteorological water line of the study area [31]:
¥H=755"0+46

From the spatial distribution of 5'80 concentrations, we distinguish some spatial
organization of information:

- A cluster of water samples (Group 1: blue) is located above the global and local
meteoric lines. This group is depleted in 80, with 2H contents between —61.2%. and
—55.6%o. The isotopic concentrations of this group (1, 2, 4, 12, 15, 16, 22, 23) are close to
the average values of the High Atlas rainwater [31]. The values are characteristic of a
protected aquifer free of any contribution from other aquifers. The waters are derived
from an air mass that has not undergone any evaporative phenomena. Group 1, the
isotopic signature of which is above the meteoric water line, contains water samples 1
and 16, with tritium activity values equal to 2.86 and 3.15, respectively, indicating a
contribution of meteoric water to the recharge. The contribution of the recent waters
to the recharge of the other points, although located on the right side of the meteoric



Water 2022, 14, 1747

14 of 19

waters, cannot be concluded because these waters contain very little or no tritium
(0.05TU,0TU, 091 TU, 0 TU, 0 TU and 1.13 TU).

A second or intermediate group (group 2: green) consists of samples 3, 5,9, 14, 17,
18, 19, 20 and 21. This group is more enriched by heavy isotopes relative to group
1 and more depleted compared to group 3. The majority of the points in this group
are located on the right side of the meteoric waters, showing a current recharge for
samples 3 and 14, with tritium values equal to 2.62 and 3.40 TU, respectively. Points 9,
17,20 and 21, with tritium contents equal to 0.47, 0.82, 0 and 0 TU, respectively, indicate
a past recharge. Other samples (5, 18 and 19), with tritium values equal to 1.36, 1.54
and 1.79 TU, respectively, are probably the result of water mixing.

A third group (group 3: red) consists of water points 7, 8, 10, 11, 13 and 6, located
squarely in the Cretaceous Errachidia basin. This group is enriched in heavy isotopes
compared to group 2. Oxygen 18 values range from —6.85%o0 to —5.77%.. These points
are located below the meteoric water line are indicative of relatively recent water
that underwent evaporative phenomena during a rain event that contributed to the
recharge after their entry into the system. Their corresponding tritium values vary
from 1.48 TU to 3.61 TU (Table 3).

The stable isotopes of water (deuterium and oxygen 18) are relatively invariant over

time and are therefore well suited for the study the complexities of the groundwater
hydrology of a region.

3.2.2. Estimation of Recharge Area

The isotopic gradient was determined from the relationship between §'80 (%.) and the

estimated average elevation of the recharge area of four stations in the study area (Figure 9),
which was established by El Ouali in 2022 [31]. §'80 (%) ratios are related to the elevation
of the recharge area and can be expressed by the following equation:

y = —0.0026 x — 1.67

y= -0.0026x-1.67 A Jurassic

® Infracenomanian

Turonian

-45 +
-55 +
~
= 17
©-65 1
®
=I5 T @ 2
14
-85 T 12
015 o)
o*
-95 + 23
-105 +———
800

1,200 1,600 2,000 2,400 2,800 3,200

Figure 9. Plot of 5180 (%o) versus altitude.
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We projected all samples to estimate the elevation of their recharge area. From the
projections of the samples on the isotopic gradient line, we found that the recharge area
of most of the Cretaceous basin aquifers is fed from an elevation zone that is higher than
1400 m. This zone corresponds to the outcrop area of the High Atlas mountains.

Groundwater undergoing evaporation is positively correlated with 80 and conduc-
tivity. In the diagram of §'80 vs. conductivity (Figure 10a), a positive correlation was
obtained; moreover, in most of the samples, an increase in electrical conductivity (EC)
values during the flow from the High Atlas to the discharge zone takes place with a change
in isotopic composition, which may be due to the mineralization. The analysis of our
samples shows an enrichment of the heavier isotopes with a remarkable increase in EC.
This confirms that some of the groundwater seems to be fed by evaporated water (enriched
in isotopes) at the surface, in the unsaturated zone or by river water.
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Figure 10. (a) Plot of 5180 vs. electrical conductivity. (b) Plot of 5180 vs. nitrate concentration.

The content of groundwater is positively correlated with the relationship between §'80
and NO3~ concentration. Figure 10b shows that except for a few samples, groundwater
with low nitrate content is generally associated with water with a high !0 concentration.
This indicates anaerobic conditions at deeper levels in the subsurface [46]. Groundwater
was also found to be associated with a high 5180 value; this demonstrates that some points
are fed by significant amounts of evaporated rainwater (enriched in '0) seeping with
nitrate salts from the soil into the groundwater systems.

4. Geological Validation

Our geological study focused on the Cretaceous basin formations and those of the
High Atlas separated by the South Atlas thrust. This thrust is constituted by a succession
of faults generally oriented in a WSW-ENE direction. These faults put the permeable
formations located on both sides of this structural limit in direct contact, as is the case in
our studied geological sections, which leads to the passage of water from the High Atlas
to the Cretaceous basin aquifers. The main areas of possible water flow are located in
the east of the city of Errcahidia at the Jbel Hamdoun overlapping area (cross section AB,
Figure 11a,b).
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Figure 11. Northwest-southeast geological cross sections in the study area showing hydrogeological
connections and geological structure between the high Atlas and Cretaceous basin with chemical
composition (pie diagram) showing groundwater evolution along the flow path. (a) cross section AB;
(b) cross section A'B’” (Figure 1).

5. Conclusions

Hydrogeochemical and environmental isotope studies were carried out to evaluate the
recharge mechanism from High Atlas limestones to the Errachidia Cretaceous basin and the
geochemical processes during the flow paths. The composition of groundwater is modified
by the dissolution of minerals in water depending on the geology and the nature of each
aquifer. Hydrochemistry shows that most of the waters in the limestone aquifer of the
Jurassic High Atlas are of the Mg-Ca-HCO3-504 type. These waters evolve into relatively
complex water types in the Cretaceous basin aquifers. The main geothermal systems are
dominated by deep groundwater circulation and characterized by the Na-Cl water type.
The dominant hydrochemical process is water-rock interaction. Some water samples in the
Cretaceous basin are influenced by both evaporation and water-rock interaction, indicating
a mixture of precipitation and deep waters. The saturation indices of the main minerals
of the waters of different aquifers highlight three main reactions that characterize their
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chemical evolution from the recharge area (high Atlas) to the discharge area (Cretaceous
basin). The evolution is characterized by high dissolution of chlorides, including halite
(NaCl), gypsum (CaSO4-2H,0) and anhydrite (CaSOy), and dedolomitization along the
flow paths of the groundwater. In fact, isotope composition of 5§80 and §?H of several
samples from the Cretaceous aquifers shows isotopic similarities with those of the Jurassic
High Atlas limestones, as confirmed by the §!80 vs. altitude plot, which shows that these
waters are recharged at higher altitudes than their emergence corresponding to the High
Atlas elevations. In this study, we focused on the transfer of knowledge and skills according
to scientific logic with different approaches, which allowed us not only to demonstrate the
mechanisms of recharge of Cretaceous aquifers and provide information for the evaluation
of groundwater potential but also to contribute to the socioeconomic development of
the region by promoting the activities of the population and encouraging investors to
invest in the region. Groundwater is undoubtedly important for water supply and eco-
environmental protection, especially in arid and semi-arid regions. Therefore, adequate
management of water resources in the region is strongly recommended, especially with
the scarcity of water resources and the succession of drought periods in recent years in
this region. Detailed investigations and studies of this nature are required to identify
the important geochemical processes affecting water quality, as well as the protection of
recharge areas.
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