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Abstract

Groundwater aquifers in Morocco’s coastal regions are under serious threat as a result of climate change. This study was
conducted to evaluate and map the quality of water resources, by evaluating the level of pollution of the groundwater in
the Meskala-Ouazzi sub-basin, a coastal area of Essaouira based on the physico-chemical analysis of 58 samples using a
geographic information system (GIS) technique, analytical analysis, nitrate pollution index (NPI), and groundwater pollu-
tion index (GPI). The diagram piper of the study area is dominated by Cl-Ca-Mg, Cl-Na, HCO;-Ca-Mg, and SO,-Ca types.
The concentrations of nitrate ranged from 2 to 175 mg/L. It was discovered that 22% of the groundwater samples had nitrate
amounts greater than the World Health Organization’s recommended maximum allowable level of 50 mg/L. The NPI ranged
between—0.9 and 7.8. According to the classification of NPI, 44.8% of the total groundwater samples represent clean water,
indicating that the groundwater in the study area is suitable for irrigation. GPI values ranging from 0.6 to 3.7, with an aver-
age of 1.7, identifies 37.9% of all groundwater samples as low polluted. The inverse distance weighting (IDW) approach
was used to generate a spatial distribution map, which indicates that appropriate groundwater is present in the sub-upstream
basin’s part. Overall, the forte concentration in groundwater samples detected in western and central areas showed that the
nitrate originated from large amounts of nitrogen fertilizer used by humans in agricultural activities during periods of irri-
gation. The low tritium (6°H) content shows that the aquifer recharge is stale water and excessive use of fertilizers leads to
groundwater pollution faster over time.
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Introduction

Groundwater has become the main source of drinking,
agriculture, and industry in most of the world’s arid and
semi-arid regions, particularly in coastal regions around the
world (Bahir et al. 2014; Carreira et al. 2018; Trabelsi and
Zouari 2019). The Meskala-Ouazi sub-basin is formed by
carbonate rocks and is susceptible to anthropogenic nitrate
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intrusion due to aquifer leakage, especially when there is little
or no soil (Bahir et al. 2014; Han and Jin 1996; Panno et al.
2001). In this context, several studies have evaluated the pol-
lution of groundwater in coastal aquifers (Bahir et al. 2021a,
2021b; E1 Mountassir et al. 2020; Fenandes et al. 2005). On
the other hand, a complete understanding of hydrogeochemi-
cal characteristics and their potential pollutions is essential
for the regional groundwater sustainable use and protec-
tion (Bahir et al. 2021b; Bouaicha et al. 2019; Hamed et al.
2018; Kaid Rassou et al., 2005). Several pieces of research
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such as (Bahir et al. 2021a, 2021b; Bahrami et al. 2020; El
Mountassir et al. 2021a, 2021b; Kamaraj et al. 2021) have
been carried out to determine the quality of the water and its
hydrochemical properties. The deterioration of water qual-
ity generates significant health and environmental problems
(WHO 2011). Nitrate (NO5") is one of the major pollutants
in the world’s groundwater. The nitrate concentration in the
groundwater above 10 mg/L can be toxic to infants and over
time can cause stomach cancer (Wu and Sun 2016). Accord-
ing to the World Health Organization (WHO 2011), very
rapid health problems can occur when drinking water rich in
nitrates. The NO;~ values greater than 50 mg/L in ground-
water (WHO 2011) can be dangerous for human and animal
life (Sall and Vanclooster 2009). High nitrate values can
degrade water quality, causing eutrophication and the spread
of toxic algal blooms in the water (Axinte et al. 2015, 2017,
Ji et al. 2017). Moreover, a high concentration of nitrate in
the groundwater can increase the risk of several diseases
such as (a) methemoglobinemia, (b) diabetes, (c) sponta-
neous abortions, (d) cancer, (e) thyroid gland problems,
(f) mutagenesis and (g) teratogenesis (Wu and Sun 2016).
Therefore, the massive uses of fertilizers and pesticides, as
well as the intensive cultivation of land, have contributed to
the decrease and degradation of organic matter in the soil
(Laftouhi et al. 2003). In addition, due to the absence of a
special waste management system in the urban and rural
areas, the random disposal of these wastes leads to negative
environmental impacts on the soil and water (Nejatijahromi
et al. 2019; Redwan et al. 2020; Wei et al. 2017). In the light
of the extensive use of fertilizers and pesticides to obtain
a good return in agriculture, it leads to a loss of the soil’s
ability to support agriculture and its erosion, which facili-
tates nitrate leakage into the groundwater (Filintas 2005;
Mtoni et al. 2013). The presence of elevated nitrate levels
in groundwater correlates with urbanization and cultural
activities, where there is a discharge of wastewater that is not
treated before discharging to the environment. Overexploita-
tion of groundwater due to rapid urbanization in the center
of the study area accelerates the deterioration of the quality
of groundwater. However, the results obtained could be a
basis for regional decision-makers for better management,
planning, and protection of this resource. Furthermore, this
work was done to systematically study nitrate pollution in
the Meskala-Ouazzi sub-basin, including the distribution of
nitrate concentrations in the study area with the identifica-
tion of the most concentrated areas and the exact cause of
their rise. Therefore, it is important to fully understand the
sources and variability of the nitrate concentration in the
groundwater of coastal aquifers in order to manage water
resources well. The main objectives of this work are (a) to
study the spatial distribution of the main ions in groundwa-
ter, (b) to identify the origin of groundwater, (c) to determine
the dominant geochemical processes and factors that control

the hydrogeochemical characteristics of Meskala-Ouazzi
sub-basin, (d) compare nitrate levels to WHO standard val-
ues, and (e) spatial distribution of nitrate concentration in
coastal areas using two NPI and GPI methods.

Study area and methodology
Geographical and climatic setting

The region studied corresponds to the syncline of Bouabout,
located about 70 km east of the city of Essaouira (Fig. 1). It
is part of the large basin of South West Morocco (Duffaud
1960). It is an area with a semi-arid climate where the aver-
age rainfall does not exceed 300 mm/year (El Mountassir
et al. 2020) and varies greatly from year to year. Winter is
mild and humid, but summer is hot and dry. The temperature
is moderate (19 °C on average), with a significant thermal
difference. This basin occupies a total surface of 1196 km?.

Geology and hydrogeology

In the Meskala-Ouazzi sub-basin, the structure is made
up of two major aquifers. The Plio-Quaternary aquifer,
which is mostly made up of sand, sandstone, and conglom-
erates, contains the majority of the water supply. Calco-
dolomitic aquifers dominate the Cenomanian—Turonian
aquifer. Groundwater is one of the main water resources
for both drinking water supply and irrigation (Bahir et al.
2000). The combination of tectonic and diapirism effects
has caused the compartmentalization of the Essaouira
basin into several aquifer systems whose hydraulic rela-
tionships are difficult to understand (Mennani 2001a).
They correspond more or less to synclinal basins. The
Bouabout sub-basin contains most of the water resources
of the region and is crossed by the oued lgrounzar which
collects the water (El Mountassir et al. 2020). Its peren-
nial flow regime is due to a set of springs that drain dif-
ferent carbonate levels (Mennani 2001a). However, the
Cenomano-Turonian aquifer remains the most important
because of its lithological (limestones and dolomites alter-
nating with marls) and structural characteristics (important
fracturing). Its wall is constituted by the gray marls of
the Lower Cenomanian (El Mountassir et al. 2020). Given
its geological and fracture properties, the Cenomanian,
Turonian, and Senonian layers must be considered as a
multilayer aquifer with “permeability to rupture” (Castany
1982). The Cenomanian aquifer is subdivided by two non-
homogeneous zones: (a) the lower aquifer is of fissure or
karstic type. It gives rise in the lowest areas to springs
with different flows and the upstream part is characterized
by the Cenomanian formed of limestone marls and marls,
with a thickness of 200 m is characterized by very low
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permeability and (b) the Upper part of Cenomanian formed
of yellow limestones and marly limestones, Therefore, the
thickness of this aquifer is about 200 m (Babhir et al. 2000).
The Turonian aquifer is relatively more homogeneous than
the Cenomanian and is characterized by dolomitic lime-
stone and beige limestone, with marly yellow limestone
detritus and flammable limestone in Fig. 1. The average
thickness of this aquifer is 50 m (Bahir et al. 2000).

@ Springer

Sampling and methods

During the year 2019, 58 groundwater samples were
obtained along the Meskala-Ouazzi sub-basin. The ground-
water samples were collected in springs, dug wells, and
boreholes issuing from the coast to the Wadi Ouazi and
Wadi Igrounzar in Fig. 1. The temperature (T °C), pH, and
electrical conductivity (EC) were measured in situ using
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portable Hanna meters (HI9828). A piezometric probe
(range 200 m) was used to determine the depth of the water
table. The crops in the study area are mainly wheat, olive,
carob, and argan. The field sampling was carried out during
March 2019 using 116 pre-cleaned polyethylene plastic bot-
tles. The bottles were washed twice with the sampled water
before filling after pumping out water from the wells for
around 1-3 min to clear any residual water in the well. With
the representative samples, it excludes any external contami-
nation. Analyses of elements (Na*, SO,>~, K*, Ca*", Mg,
Cl") was carried out at the Geosciences and Environment
Laboratory of the Ecole Normale Supérieure (ENS) (Cadi
Ayad University, Morocco). Alkalinity (as HCO;") was
determined by using the titration method with HCL within
12 h after sampling (Appelo and Postma, 2014). The two
parameters Na™ and K™ were performed using inverse liquid
chromatography (ILC) in the University Center for Analysis,
Technology Transfer & Incubation Expertise (CUAE2TI) at
“Faculty of Sciences” (Ibn tofail University, Morocco). In
addition, the charge balances and uncertainties of all samples
measured cation and anion concentrations were within + 5%.
All the isotopic determinations were performed at C*TN/
IST (Portugal) laboratories of the Universidade de Lisboa,
using the mass spectrometer SIRA 10 VG-ISOGAS for 6°H
and 8'80 determinations. Electrolytic enrichment was used
to determine the tritium (°H) content of the 2016 campaign,
followed by a liquid scintillation counting process (Lucas
and Unterweger 2000).

Analytical methods

Principal component analysis (PCA), correspondence analy-
sis (CA), and discriminant analysis are common approaches
for solving multivariate problems (Yuan et al. 2017), which
seek to summarize results from many variables thus reduc-
ing information loss. These methods have also been used
in hydrology, geology, meteorology, environmental science,
industry, agriculture, and medicine (Angers et al. 1999;
Obeidat et al. 2007; Redwan et al. 2020). In the present
Meskala-Ouazzi sub-basin analysis, PCA and CA were used
to analyze hydrogeochemical data. PCA is a data transfor-
mation technique that exposes a basic underlying structure
within a multivariate dataset, while CA is a data grouping

technique that classes samples or indices with identical char-
acteristics (Wu et al. 2014). The XLSTAT-Pro software was
used to process the analytical results. Accordingly, reports of
major ionic and stoichiometric analyses were used to deter-
mine the interrelationships of the various major elements to
better explain and demonstrate the hydrogeochemical pro-
cesses in groundwater, as well as to confirm the results of the
correspondence analysis. A qualitative analysis, such as the
distribution of nitrate in the Meskala-Ouazzi sub-basin, was
carried out to study the pollutant transport mechanism and
possible routes, and some potential factors, such as ground-
water depth, were also studied, which are considered to be
significant factors affecting the transit contaminants in the
groundwater of the Meskala-Ouazzi sub-basin.

Nitrate pollution index

For the calculation of nitrate contamination, a single param-
eter water quality index called the nitrate pollution index
(NPI) was used. The NPI index indicates that human activity
has contributed to nitrate pollution in groundwater. The fol-
lowing formula (1) (Obeidat et al. 2012) was used to deter-
mine the NPI:

(Cs - HAV)
NPl = ———= )
HAV
where C; is the nitrate concentration of each sample and
the threshold value for anthropogenic origin is called HAV
(value affected by humans), according to Obeidat et al.
(2012) taken HAV at 20 mg/L. Water quality was graded
into five groups based on the nitrate pollution index (NPI)
results, as seen in Table 1.

Groundwater pollution index (GPI)

Subba Rao (2012) developed the groundwater pollution
index (GPI). It usually assesses the relative impact of indi-
vidual chemical variables such as TDS (total dissolved sol-
ids), pH, TH (total hardness), Mg2+ (magnesium), C1”~ (chlo-
ride), Na* (sodium), Ca?* (calcium), K* (potassium),
NO;™ (nitrate), HCO;™ (bicarbonate), and SO42_ (sulfate), on
the general quality of drinking water from Meskala-Ouazzi

Table 1 Values and categories of NPT and WHO limits on NO;~ (WHO 2011; Obeidat et al. 2012)

NPI value NPI interpretation NPI class NO;™ (mg/L) WHO standard NO;™ Class
<0 Clean (unpolluted) 1 <50 Desirable limit (DL)

0-1 Light pollution 2 50 Maximum permissible limit (MPL) 2

1-2 Moderate pollution 3 >50 Not permissible limit (NPL) 3

2-3 Significant pollution 4

>3 Very significant pollution 5
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sub-basin. The GPI is calculated according to a general
method developed by Subba Rao (2012), which is as follows:

Step one

Each chemical parameter is given a relative weight (RW)
ranging from one to five, based on its relative effect on
the overall content of drinking water. The maximum RW
“five” is applied to parameters that have the most sig-
nificant effects (SO42_; CI'; and NO3 "), and parameters
with less effect are given a minimum RW “one” such as
HCO;™ and K*. Furthermore, RW “fourth” has been allo-
cated to pH, Na*, TH, and TDS, and finally the minimum
value “two” is assigned to Mg and Ca** (Table 2).
Step two

The weight parameter (WP) is defined as the ratio of each
physical-chemical parameters, RW divided by the total
number of all relative weights. The corresponding equa-
tion is used to calculate the WP (Eq. (2))

RW
P =S rw 2
Step third

By dividing the concentration of chemical element C; in
each groundwater sample by the respective recommenda-
tions for drinking water quality (WHO 2011), the state
of concentration (SOC) is determined by the following
formula (Eq. (3)):

Cc?
SOC = ! 3
owWas ©)
Step fourth

The following equation (Eq. (4)) is used to calculate the
average groundwater content (OQG) for consumption

Table 2 Relative weight (RW), weight parameters (WP), and drink-
ing water quality standards (WHO 2011)

Chemical parameters Relative Weight Drinking water
weight parameter quality standards
(RW) (WP) (DWQS)

pH 4 0.108 7.5

TDS (mg/L) 4 0.108 500

TH (mg/L) 4 0.108 300

Ca* (mg/L) 2 0.054 75

Mgt (mg/L) 2 0.054 30

Na* (mg/L) 4 0.108 200

K* (mg/L) 1 0.027 12

HCO;™ (mg/L) 1 0.027 300

Cl” (mg/L) 5 0.135 250

SO,* (mg/L) 5 0.135 200

NO;™ (mg/L) 5 0.135 50

Sum 37 1

@ Springer

009G = WP x SOC 4)

WP indicates the weight parameter and SOC indicates the
concentration status.
Step five

The GPI is calculated by adding all OQG values together
(Eq. (5)) to determine the impact of pollutants on ground-
water quality:

PIG = Z 0QG §))

Subba Rao (2012) is classified GPI into 5 main catego-
ries, i.e., insignificant pollution (GPI less than one); second
low pollution (GPI: betweenl and 1.5); third moderate pollu-
tion (GPI: ranging from 1.5 to 2); fourth high pollution (GPI:
ranging between 2 and 2.5); and finally the last category is
very high pollution (GPI above 2.5) (Kamaraj et al. 2021;
Subba Rao 2012).

Geostatistical modeling

GIS applications are useful tools for determining the spatial
distribution of groundwater quality characteristics by com-
bining spatial data with other information that will assist
environmental protection and resource planning (Assaf and
Saadeh 2009; Bouteraa et al. 2019), also for the use of geo-
statistics in the evaluation of groundwater quality (Barkat
et al. 2021). Furthermore, geostatistics is a mathematical
tool concerned with spatial correlation schemes and the
variogram, a quantitative spatial correlation measure com-
monly used in geostatistics (Seo et al. 2015). The geostatisti-
cal interpolation technique is a powerful approach with the
ability to reliably estimate and present the spatial distribu-
tion from point data (Assaf and Saadeh 2009). Meanwhile,
interpolation techniques such as Kriging will provide a
neutral, best linear approximation of a regionalized vector
in non-sampled locations (Mei et al. 2014; Venkatramanan
et al. 2016).

One of the main advantages of kriging is that it presents
the interpolation error of the values of the regionalized vari-
able where there are no initial measurements (Karami et al.
2018). This feature provides a measure of the spatial distri-
bution of the variable’s estimation accuracy and reliability
(Barkat et al. 2021). The spatial variability of a regionalized
variable is described by a semi-variogram.

The semi-variogram should be determined from the
regionalized variables data, prior to kriging estimation, as
illustrated in Eq. (6), which is a graphical representation of
the mean square variability between two contiguous loca-
tions distanced by h. The experimental variogram (y(h))
is defined as a separation distance of h, which is the half
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average squared difference between the value at Z(x;) and
the value at Z(x; + h) (Lark 2000):

n(h)

y()-z—(h)Z[ Z(x;+h)]° 6)

where Z(x;) is the value of the variable Z at the location of x;,
h is the lag, and n(h) is the number of pairs of sample points
separated by h. The geostatistical analysis was performed
using ArcGIS 10.2 software for generating spatial distribu-
tion maps.

Results and discussion
Hydrochemistry

Table 3 summarizes the statistical study of physiochemical
parameters of 58 groundwater samples. The pH values of
groundwater samples in the research region ranged from 7
to 8.4, which were neutral to significantly alkaline (Table 3).
The TDS values in the Meskala-Ouazzi sub-basin ranged
from 308 to 2867 mg/L (Table 3), which were all well within
the 1000 mg/L cap set by the Standards for Drinking Water
Quality (WHO 2011). Furthermore, chloride (Cl") was the
most abundant anion in all 58 groundwater samples, fol-
lowed by bicarbonate (HCO;™). The dominant cation was
calcium (Ca*), followed by the parameter magnesium
(Mg?*). These results demonstrated that Ca>*, Mg>*, CI°,
and HCO;™ were the dominant ions in this region (Meskala-
Ouazzi sub-basin). Therefore, the projection of the repre-
sentative groundwater samples on this diagram piper shows
that the most dominant chemical is Cl-Ca-Mg following by
Cl-Na water type (Fig. 2).

Relationships among major ions

Figure. 3A revealed that dolomite and calcite dissolution
was not the only source of calcium (Ca®*) and magnesium
(Mg*") in groundwater, which is supported by the correla-
tion factor (R*=0.26). Similarly, the HCO,™ is not strongly
correlated either with Ca?* (Fig. 3B), pointing to a different
origin, other than calcite dissolution. In addition, it has been
proposed that another cause, such as the dissolution of gyp-
sum minerals or the exchange of cations between Ca>* and
Na* could be responsible for the excess of Ca**
Groundwater samples collected in the Meskala-Ouazzi
sub-basin are characterized by the precipitation of calcite (El
Mountassir et al. 2020). The correlation between Ca”" versus
S0,* diagram (Fig. 3C) shows a moderate correlation with
(R*=0.66), and the maximum of the sample area’s points
are aligned on a line with a slope of 1:1, reflecting gypsum
and/or anhydrite dissolution. Therefore, the points below the

line of slope (1:1) formed by the mineralized waters of the
upstream part and display an excess Ca?* which might be
due to a base-exchange mechanism.

The Figure 3D shows a strong correlation between the
Na* and the C1~ concentration (R>=0.81) which were
obtained for the groundwater samples. However, this find-
ing reveals that certain points are placed on the slope (1:1),
implying that halite dissolution is involved in the Meskala-
Ouazzi sub-basin groundwater salinization. As a result, high
CI relative to Na* values is observed downstream of the
Meskala-Ouazzi sub-basin, along the Atlantic Ocean, indi-
cating that seawater penetration is possibly affecting ground-
water mineralization (Bahir et al. 2018)

Cation exchange is a crucial hydrochemical mechanism
that has a significant impact on the evolution of ground-
water’s hydrochemical characteristics (Carreira et al.
2018). The ratio [(Ca’**t +Mg>") (SO,>~ + HCO;)] and
(Na*™ +CI") is commonly used to assess the effect of cation
exchange in the Cenemano-Turonien aquifer (Yuan et al.
2017). In the present case, a slope of —0.62 (Fig. 4A) is seen
which indicates that Na*, Ca**, and Mg" participate in the
ion exchange process and are derived from interaction with
the Cenemano-Turonien aquifer. The majority of groundwa-
ter samples were near to slope 1:1, as seen in Fig. 4B, indi-
cating that cation exchange is a significant factor influencing
the hydrochemical composition of groundwater.

A plot of SO~ +HCO;™ vs Ca®* +Mg?* (Fig. 4B)
was examined to ascertain the presence of silicate weath-
ering and reverse ion exchange. The dominance of
SO, +HCO; over Ca** +Mg?* is an indicator of sili-
cate weathering, whereas the abundance of Ca?* +Mg>*
is an indicator of reverse ion exchange (Elango and Kannan
2007); however, in the present study, all samples show a
dominance of Ca** +Mg** over SO,*~ and HCO;~ with
a strong correlation with (R*=0.83). The cation exchange
phenomenon, which is added to the dissolution mechanism
and the marine impact, controls the groundwater mineraliza-
tion of the Cenemano-Turonien aquifer in general, according
to this diagram.

Water pollution analysis

Figure 5A shows the effects of the correspondence analy-
sis (CA) using the factor load matrix (Table 4), with F1
and F2 represent the key factor loads of the parameters and
variables, respectively. Correspondence analysis is a sim-
ple method that makes it possible to study the association
between qualitative variables (physico-chemical parameters)
and quantitative variables (groundwater samples). The first
axis of the major factor (F1) played a vital role in analyzing
groundwater quality in the Meskala-Ouazzi sub-basin. Addi-
tionally, the second major factor axis (F2) can also evaluate
water quality with a lower effect than F1 of all groundwater
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Table 3 Physico-chemical
composition of the samples
analyzed from the Meskala-
Ouazi sub-basin

@ Springer

Sample pH T TDS EC Ca®* Mg** Na* K* HCO,” CI” SO,> NO;  IB
°C mg/LL.  puS/cm meq/L

S1 744 2148 2266 4530 14.64 189 172 1.1 82 340 197 05 -92
S2 75 1921 1059 2128 696 86 7.9 0.5 98 164 03 01 —53
S3 7.82 18.02 1125 2249 7.6 79 86 03 6.1 16 56 1 -8.1
S4 745 1971 2105 4200 2.16 2.8 292 03 58 332 09 05 -8
S5 7.13 2171 1090 2179 94 116 55 02 94 180 2 09 —6.1
S6 838 17.8 308 615 41 34 14 0.1 40 52 08 01 —57
S7 771 2075 1190 2381 9.04 84 57 02 98 132 48 02 -9
S8 745 20.18 1924 3842 1824 82 9.8 04 7 182 169 02 -72
S9 755 2027 1099 2199 1312 74 69 02 59 152 59 01 09

S10 72 2363 538 1075 592 79 12 0.1 8 92 04 03 -86
Sil1 721 24 48 972 512 51 67 0.1 8 6 06 1.7 19

S12 751 22 946 1888 672 81 52 0.1 7 128 23 05 -57
S13 745 21.06 2192 4380 215 62 172 03 8.6 381 37 19 -74
S14 7.66 2135 1259 2500 7.5 7.7 127 04 78 2403 01 —64
S15 7.6 209 1515 3016 84 6 124 05 8 192 2 26 -7
S16 778 19.96 368 736 7 46 08 00 48 53 07 04 52

S17 755 1891 441 882 9 73 06 01 9 68 12 03 -08
S18 776 2095 398 796 52 66 05 00 82 52 03 02 -59
S19 745 2144 753 1510 8 91 35 01 8 11.6 3.1 03 -54
$20 742 208 778 1559 66 79 36 01 7 132 1.7 02 -97
S21 781 196 1061 2123 132 115 57 01 118 176 1.6 02 —12
$22 7.08 19.45 1848 3690 12.88 13.6 130 0.1 94 324 37 14 -84
S23 7.16 203 2867 5738 2416 84 235 03 9.2 513 56 1.1  —88
S24 778 2126 510 1020 56 67 19 0.1 8 64 15 03 —64
25 776 193 668 1336 68 78 28 03 72 84 55 03 -93
$26 799 18 1374 2750 1344 138 43 03 62 128 17 1 -76
$27 747 214 704 1411 672 83 33 0.1 82 76 53 02 -76
$28 74 1963 793 1584 784 91 44 0.1 78 88 87 01 -84
$29 73 188 1088 2173 116 129 39 0.1 92 8 124 06 -28
S30 798 1485 922 1843 728 75 43 06 78 116 1.6 13 —62
S31 7.08 165 787 1574 512 75 35 0.1 67 85 27 05 —6.1
$32 757 203 972 1543 912 145 42 04 7.1 104 80 02 46

$33 7.09 1725 1824 3646 384 9 24 03 88 9.6 404 02 —82
S$34 759 18.04 1710 3389 21 214 66 03 112 188 27 07 -78
S35 753 175 596 1192 672 55 35 0.1 62 88 22 02 —48
S36 72 2215 631 1261 624 8 24 0.1 66 84 45 04 -85
S$37 7.8 21.03 431 862 44 26 25 0 5 32 06 05 14

S38 724 205 2487 4965 156 245 152 02 104 264 244 28 —72
$39 7.53 20.65 1045 2087 624 67 93 06 69 148 33 03 -5

S40 7.01 22.83 1474 2939 275 107 22 02 104 88 294 0 -9.1
S41 7.17 21.02 1076 2149 96 108 57 01 118 112 66 03  —67
S42 7.65 2205 1221 2440 95 12 5 09 147 136 36 01 -8

S43 74 229 1612 3220 13.04 138 133 02 9.8 268 68 06 —45
S44 756 2096 1116 2230 648 32 91 0.1 69 125 19 02 -65
S45 756 2145 1130 2266 6.16 67 83 0.1 69 136 39 04 -78
S46 722 2068 2143 4277 1232 6.1 169 43 74 312 33 27 -6

S47 728 208 1329 2657 832 111 81 0.1 7 192 6 07 -89
S48 7.08 23 1404 2804 1008 128 8 0.1 96 188 7.8 06 -85
$49 735 217 1104 2203 94 93 57 02 84 136 58 07 -74
S50 73 19.15 2100 4216 21 244 7.8 03 96 188 347 01  —83
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Table 3 (continued) Sample pH T DS
°C mg/L

EC Ca®* Mg** Na* K* HCO,” CI” SO,> NO;  IB
pS/cm  meq/L

S51 727 20.8 2179
S52 7.43 20.8 1646
S53 7.38 20.95 1070
S54 7.18 222 1140
S55 75 227 1076
S56 732 215 1327
S57 74 208 940
S58 74 192 2190
Min 7 149 308
Max 84 240 2867
Mean 7.5 205 1231.6

4349 9.8 151 197 02 82 36.7 8.2 1 -93
3286 14 9.7 95 1.6 66 26.8 6.1 1.1 =78
2140 5.4 7.4 84 0.1 86 132 22 0.5 =7

2277 9.2 7.2 79 03 108 16 2.1 0 -8

2148 7.7 10.1 63 0.1 84 152 39 0.4 -6.9
2650 105 101 7.0 0.1 738 19.6 4.9 0.2 =179
1873 5.8 3.8 81 0.1 53 124 23 0.5 =73
4370 157 21 12.1 22 938 332 143 04 -6.2
615 2.2 2.6 05 0 4 32 03 0 =9.7

5738 384 245 292 43 147 51.3 404 28 5.2
24538 105 9.6 76 04 8.1 16.5 6.9 0.6 -6.2

* . .
IB, ionic balance

Cl-Ca-Mg
: Cl-Na
: HCO3-Na
: HCO3-Ca-Mg
: SO4-Ca

OhWN =

100 | Ca "

Fig.2 Piper diagram of analyzed groundwater samples

samples. The first two PCs, 22.71% and 56.88%, covered
more than 77% of the total variance in all data of the study
area. Table 4 shows that SO,*~ and HCO;™ had the high-
est absolute values of F1 and F2, respectively, and were

100

° CI+N03 100

thus considered to be the primary water quality indicators.
TDS were found in the middle of the F1 and F2 axes, with
lower factor loads, indicating that it is not a factor influenc-
ing water pollution in the study region. Na* and CI~ were
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Fig.3 Water—rock interaction in Meskala-Ouazzi groundwater samples: A Ca’* +Mg** vs HCO,™ plot; B Ca** versus HCO; plot; C SO,>~

versus Ca* plot; and D CI™ versus Na™ plot

located in the positive part of the F2 axis, also indicating the
strong correlation between them, and this translated by the
effect of the marine intrusion (Bahir et al. 2018) in the study
area of the Meskala-Ouazzi sub-basin.

Figure 5A indicates some useful information to determine
the source of pollution, and this is indicated by the distribu-
tion between the chemical parameters (variable) and the 58
groundwater. The origin will be the same for parameters that
are in the same direction as axes F1 even F2 or whether the
variables are very similar. The variables C1", NO; ™, Nat, and
K™ were located in the same line (direction) of the F2 axis,
indicating a similar source. The factors NO;™ and CI~ corre-
spond to the main ions in nitrogen fertilizers, which include
ammonium chloride (NH,CI), ammonium nitrate (NH,NO3),
and others (Mekala et al. 2017). In the study area, there
is almost no soil in the Essaouira region, so it is difficult

@ Springer

to keep NH,* ions at the top of the soil profile, some ions
are absorbed by crops and soil roots, and the rest is usually
converted to NO; by nitrification and entering the aqui-
fer (Mekala et al. 2017), as shown in Fig. 5B. As a result,
it is possible that NO;™ pollution is related to agricultural
practices.

Carbon, hydrogen, oxygen, nitrogen, potassium, phos-
phorus, calcium, magnesium, sulfur, iron, manganese, zinc,
copper, chlorine, molybdenum, and boron are all important
nutrients that plants use to complete their growth cycle.
Morocco used 3 essential elements in agriculture in the
majority of soils which are potassium (K), phosphorus (P),
and nitrogen (N). Therefore, the origin of potassium comes
from deposits, underground, or marine, and from mixtures
of KCI and NaCl (Brindha et al. 2014). These minerals are
either dissolved in water or extracted as solids for their



Environmental Science and Pollution Research (2022) 29:17132-17149

17141

20
(4)
0
J =.0,6275x - 0,499
a_ Y ] ]
g *® R= 0,692
I .
.v .
X % [
8 0 0 ‘.
r"I‘ . .’. ' ’
o) *
9 s ¢ .o’ﬂ.b.' *
b &
"" L ] .. 0
Nm 0
0 "
5

0 25 2 45 0 50
Na'-Cl (meqlL)

o

0 10 )] 30 40 50 60

Ca*"tMg?*

Fig.4 A Ca®* +Mg*"-SO,*-HCO,™ vs Na*-CI™ plot, B SO,>~ +HCO," vs Ca’* +Mg** plot

extraction. When fertilizer is brought to the soil, it undergoes
chemical and biological transformations which eventually
release into the soil solution (certain soil moisture is neces-
sary), depending on its composition, nitrogen in the form of
NO;™ and/or NH,*, phosphorus in the form of H,PO, ™ or
HPO,*” and potassium in the form of K* (Brindha et al.
2014). These nutrients can either be absorbed by the roots
of plants, accumulate in the soil, or be lost through vari-
ous processes (Mekala et al. 2017). In the soil, potassium
fertilizers release Kt which can be absorbed by plants when
necessary or fixed by soil colloids and thus become stored
for later use (Brindha et al. 2014).

In particular, all groundwater samples that are covered by
coastal areas exposed to agricultural activity have not been
contaminated with nitrates or have been contaminated to the
same level, but there are other possible reasons such as the
tourist side located near the sea and several other reasons
will be discussed in the following paragraphs. Significant
factors in determining the nitrate content in the Meskala-
Ouazzi sub-basin include the concentration of nitrates, the
movement of moisture in the sediments (flow), and the thick-
ness of the unsaturated zone. Following the absence of a
sewerage network in our studies, the Cl™ is playing a very
important role in the determination of the contamination of
groundwater by wastewater because it does not depend on
microbiological and physical processes, in the end chemi-
cal (Fig. 5C) (Redwan et al. 2020; Wei et al. 2017). As a

result, C1~ from chemical fertilizers is often associated with
increased NO;™ concentrations (Wei et al. 2017), whereas
higher C1” concentration sources in groundwater. In the
study area, the groundwater samples with a high CI™ content
and a low NO; /Cl™ ratio were mainly polluted by waste-
water from the treatment plant or by livestock effluents. The
highest ratios were around the treatment plant. Groundwa-
ter samples containing high concentrations of NO;~ and
Cl™ may be linked to agricultural inputs (Fig. 5C). The
depth of the groundwater varied from a few meters to several
meters, with most groundwater samples falling between 4.8
and 50.3 m, indicating the thickness of unsaturated areas.
Figure 5D indicates the concentrations of NO;™ as a
characteristic of groundwater levels for the majority of
groundwater; it can be inferred that there was virtually no
association between nitrate concentrations and groundwater
levels for all groundwater samples in the Meskala-Ouazzi
sub-basin, because of the average slow nitrate rate in the
unsaturated area, according to Wei et al. (2017), changes in
the impact of agricultural activities on groundwater quality
will not be visible for many decades for layers thicker than
10 m. Due to the large buffering capacity of the relatively
dense unsaturated layer, there has been an amplitude shift of
up to hundreds of years between land-use changes and the
groundwater quality response (Huang et al. 2013). There-
fore, the Cenomanian—Turonian formations represent 69%
of the outcrop in the Meskala-Ouazzi (Laftouhi et al. 2003).
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Table 4 Coordinate

data of parameters from
correspondence analysis of
Meskala-Ouazi sub-basin

@ Springer

Parameters Factor loadings
F1 F2

TDS -0.005  0.004
Ca’* 0323  -0.115
Mg*t 0.187  —0.295
Nat -0.324  0.166
K* -0.249  0.201
HCO,~ 0.041  —0.462
cr -0.194 —0.008
SO,* 0.887 0.242
NO,~ -0.257 —0.073

A multi-layered aquifer in the Meskala-Ouazzi sub-basin
is contained in fractured and karstic materials (Bahir et al.
2000). In certain areas, these thin soils are in close touch
with the karst aquifer, and fertilizers are directly transferred
to groundwater from the unsaturated layer (El1 Mountassir
et al. 2021a). Therefore, it seemed inappropriate to explain
the elevated concentrations relative to groundwater levels in
terms of thickness in coastal aquifers.

Potential NO; pollution path

The nitrate concentrations ranged from 2 to 175 mg/L
(Table 5) (Fig. 6a), with 22.41% of the water samples above
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Table 5 Descriptive analysis of nitrate (mg/L), nitrate pollution index
(NPI), and groundwater pollution index (GPI) in the study area

Parameter Min Max Mean SD (6\%

NO;™ (mg/L) 2 175 375 39.95 1.07
NPI -0.9 7.8 0.9 2 2.29
GPI 0.56 3.66 1.68 0.78 0.46

the WHO guidelines for drinking water quality (50 mg/L)
(WHO 2011) and 82.75% below the drinking water quality
standards (Fig. 6b). The highest concentrations of nitrate
were found in southwestern and in the center of the study
area (Fig. 6a), with the highest concentrations at points S5,
S11, S12, S15, S18, S35, S38, S46, and S47.

These highest concentrations could be explained by:

All wells with nitrate contents above the threshold of
50 mg/L are generally located next to cemeteries and this to
have access to water for post-mortem ablutions. We believe
that a significant amount of nitrates come from the degrada-
tion of the remains.

A second potential agent for contamination of ground-
water in the Meskala-Ouazzi region by nitrates consists in
poor protection of wells and especially against the perma-
nent puddles surrounding the structures which are heavily
loaded with excrement from animals coming for watering
and also for the water supply of the inhabitants (Mennani
et al. 2001b). The extremely fractured character of the lime-
stones and dolomitic limestones of the Cenemano-Turonian
aquifer, as well as the thinness of the unsaturated zone,
means that the pollutant flow can easily reach the groundwa-
ter by percolation. In fact, nitrates are practically not retained
in the soil (behavior of a tracer with little ion exchange)
and therefore easily reach the groundwater (Sall and Van-
clooster 2009). The transformation of nitrogenous elements
takes place in the unsaturated zone (Banton et al. 1995) to
result in nitrates which are very mobile. This type of pollu-
tion is very frequent in the countries of West Africa (Mudry
and Travi 1992).

The third potential factor for this nitrate contamination
corresponds to the absence of a sanitation network allowing
the evacuation of wastewater. This means that people are
faced with the obligation to use septic tanks which represent
a danger for groundwater, for example, well S38 which is
near the village of Krimat and which recorded a very high
value of 175 mg/L. The second well is S15 which is near the
village of Meskala east which registers a very high value of
nitrate concentration with 160 mg/L.

The fourth factor is that of slaughterhouses such as the
rural supermarkets plus the slaughterhouse waste (more than
150 heads slaughtered every Monday) is accumulated just
upstream of the few wells that have recorded high values of
nitrates.

The fifth factor is that of the tourist effect; this is the case
of well S46 which is very close to the Atlantic Ocean; this
well is recorded a very strong value of 170 mg/L.

Finally, the last factor seems ineffective, even if it is usu-
ally the classic agent of nitrate pollution; it is the use of
fertilizers. Indeed, in the region studied and in the absence
of developed agriculture, agricultural fertilizers and soil
improvers are very little used. However, their contribution
to nitrates in groundwater should not be overlooked.

Diffuse nitrate contamination is a result of several fac-
tors (lhadi et al. 1996), which are the nature of the soil, the
rainfall, the lithology and permeability of the aquifer, and
the depth of the water table.

The NPI ranged between — 0.9 and 7.8 (Table 5). Accord-
ing to the classification of NPI, 44.8% of the total ground-
water samples represent clean water, 29.3% light pollution,
6.9% moderate pollution, 8.6% significant pollution, and the
remaining 10.4% very significant pollution.

The lowest values of NPI relative to clean water in
terms of anthropogenic nitrate are found in all areas of the
Meskala-Ouazzi sub-basin, according to the spatial dis-
tribution of NPI shown in Fig. 6¢. Based on NPI values,
light nitrate pollution dominates the majority of the region,
particularly from north to south and east to west of central
areas. The NPI values revealed that anthropogenic nitrate
pollution is most prevalent in the central region at medium,
high, and very significant levels, characterized by agricul-
ture, and for the downstream region, it is a tourist region. In
this way, these areas contain high nitrate values.

Pollution index groundwater (PIG)

In this case study, the pollution index groundwater (PIG)
values range from 0.56 to 3.66 (Table 5) (Fig. 6d). PIG clas-
sifies 13.8% of overall groundwater samples as “insignificant
pollution,” 37.9% as “low pollution,” 20.7% as “medium
pollution,” 8.6% as “high pollution,” and the remaining 19%
as “extremely high pollution.”

The spatial distribution of zones of PIG is depicted in
Fig. 6d. Insignificant pollution and low pollution zone are
observed from the upstream zone in the Cenemano-Turonian
aquifer exactly in the Bouabout region which is character-
ized by the groundwater recharge zone (El Mountassir et al.
2021a). Moderate pollution zone was observed throughout
the study area except for the aquifer recharge area. High
pollution and very high pollution zone are recorded in the
central and the downstream part of the study area part, which
is characterized by strong urbanization like villages Meskala
and Krimat; on the other hand, the second zone is a tourist
zone like the village of Sidi Kaouki which does not contain
a sewerage network and therefore the infiltration of pollu-
tion on the water table quickly. Thus, the spatial distribution
of zones of PIG is increased gradually from upstream to
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downstream. This means that a combination of values for
different concentrations of water quality controls led to a
gradual rise in pollution from an insignificant level to a very
high level pollution.

Tritium (83H)

The tritium contents in the Meskala-Ouazzi sub-basin
groundwater samples vary between 0 and 2.1 TU with a
mean of 0.67 (Table 6). As shown on the diagram (Fig. 7a),
only four groundwater samples indicate significant values of
tritium greater than 1 TU.

Tritium content greater than 1 TU indicates post-nuclear
water recharge, whereas content less than 1 TU indicates
pre-nuclear water recharge or mixing of modern and ancient
waters, according to Mazor (1991). Indeed, high tritium con-
tents were observed downstream of the study area (Fig. 7b)
which is characterized by the discharge of the aquifer and
can be attributed to recent precipitation infiltration. The
recharge of aquifers is mainly associated with the direct infil-
tration of recent rainwater of Atlantic Oceanic origin which
shows the vulnerability of this aquifer to any contamination
(El Mountassir et al. 2021a).

The high 8°H contents confirm the modern infiltration
of recent waters (post-1952) in the Meskala-Ouazzi sub-
basin, particularly in the shallow aquifer. More than 78% of
groundwater samples show low tritium values (i.e., less than
1 TU). This indicates either the ancient origin of the waters

or the existence of a mixing phenomenon between recent
and old waters (Fig. 7¢).

The variation of tritium contents in groundwater sam-
ples according to NO,;~ (Fig. 7d) concentrations indicate
that samples with high nitrate contents greater than 50 mg/L
(World health organization limit for drinking water) (WHO
2011) also contain significant tritium values (8H>1UT)
(Fig. 7d), especially for the samples N° E1, N° E10, and
N° E18. This could be explained by the recent origin of
nitrate contamination proving the contribution of return
flow of irrigation water, enriched in nitrate fertilizers, to
aquifer recharge (Kammoun et al. 2021). Furthermore, the
high value of nitrates in some places can be explained by its
presence in a residential area, due to the lack of a sanitation
network in the village.

However, the generalized decrease in the H content could
be explained by the low recharge rate following the decrease
in the precipitation rate due to climate change (Chabour
et al. 2021; El Mountassir et al. 2021a,b,c).

Conclusions

In recent years, overexploitation of fertilizers has become a
threat to groundwater quality due to the leakage of nitrates
into the aquifer. Based on 58 groundwater samples in the
Essaouira region, a correspondence analysis, a groundwater
pollution index, a stoichiometric analysis, main ion ratios, a
nitrate pollution index, and an analysis qualitative are used

Table 6 Isotopic chomposition of Sample oH T DS NO;~ 8150 (%o vs. 8°H (TU)

analyz.ed sarnpl.es in Meskala- . ‘ SMOW)

Ouazzi sub-basin C mg/L mg/L
El 7.49 19.5 1408.51 78.75 —4.83 1.5
E2 7.63 21 718.18 32.25 -5.16 0.8
E3 7.37 19.2 781.30 29.14 =573 0.7
E4 7.23 22.1 692.09 42.79 —5.52 0
ES5 7.31 19.8 414.82 80.61 —4.63 0.6
E6 7.11 18.5 1384.69 127.12 —4.89 0.7
E7 7.23 18 1700.49 96.12 -3.28 0
E8 7.03 22.1 2531.71 0 -6.01 0.5
E9 6.91 237 1108.18 19.84 =55 0.2
E10 6.87 20.9 913.20 97.98 —5.06 2.1
Ell 6.99 23 2212.33 113.48 —4.61 0.6
E12 7.15 23.3 993.25 0 —4.34 1.2
E13 7.07 21.2 1060.98 66.35 —4.88 0.7
E14 6.99 234 1810.59 35.97 —5.35 0.2
E15 7.04 22.1 990.53 0 —4.58 0.7
El6 7.33 24 1383.13 60.15 —5.08 0
E17 6.99 232 1776.13 61.39 -5 0.7
E18 7.32 19.6 1713.20 70.07 —4.63 1
E19 7.11 20.5 2519.27 391.28 -39 0.6
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Meskala-Ouazi sub-basin

to systematically discuss the spatial heterogeneity of nitrate
concentrations and possible pollution pathways.

The chemical facies in the study area reveals that
the Cenomanian—Turonian groundwater is of the types
Ca—Mg—Cl and Ca-SO4, with the first type dominating. For
all the groundwater samples, chloride (C1") was the domi-
nant anion and calcium (Ca®*) was the dominant cation.
As a result, an examination of physical parameters (pH and
electrical conductivity (EC)) reveals that groundwater is
neutral, with a high level of mineralization. Indeed, 90% of
the samples examined had EC values greater than 1500 s/
cm, indicating low performance.

The ACP suggested that two main components could
explain 79.59% of the total variance of 9 physical-chemi-
cal parameters, indicating that the hydrogeochemical evo-
lution of groundwater was mainly controlled by gypsum
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and halites, cation exchange, the dissolution/precipitation
of carbonates, and anthropogenic activities.

The recharge of aquifers is mainly associated with the
direct infiltration of recent rainwater, the return of irriga-
tion water, and in small part with artificial recharge. In
particular, in the center of the study area, the impact of
the infiltration of irrigated water on the recharge of the
aquifer is very important. For the study area, it reveals the
existence of two recharging periods: the pre-nuclear and
post-nuclear, depending on the concentrations of tritium.
The results of this work will help the administration, deci-
sion-makers, and the general public to understand the state
of groundwater pollution, as well as to monitor and man-
age the water supplies of the Meskala-Ouazzi sub-basin in
order to minimize the effects potentials on human health.
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