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INTRODUCTION

Good quality drinking water is crucial to 
human health and environmental protection 
(Basraoui et al., 2024). Contaminated water rep-
resents a serious threat to aquatic ecosystems and 
human populations. Frequently, water quality de-
terioration is often due to inorganic and organic 
pollutants. In particular, heavy metals such as 
lead, nickel and chromium are a cause for con-
cern (Rajmohan et al., 2022). These elements are 
characterized by their chemical stability, wide 
range of sources, persistence and high toxicity, 
as well as their capacity to accumulate in living 
organisms (Masoud et al., 2022). The pollution 
of aquatic systems by heavy metals is a growing 
global problem, exacerbated by demographic ex-
pansion and economic development.

Heavy metals in water can affect humans in a 
variety of ways (USEPA, 2014). Direct consump-
tion of contaminated water, and ingestion of foods 

and beverages prepared with this water, are the 
most common modes of exposure (USEPA, 2014). 
Other routes include skin absorption during bath-
ing or showering, and inhalation of contaminated 
water particles. Globally, consumption of water 
contaminated with heavy metals has been associ-
ated with serious health problems, including blad-
der, lung and skin cancers, kidney disease, cardio-
vascular and neurological disorders, hyperpigmen-
tation of the palm and hypertension (Kim et al., 
2019; Egbueri, 2020; Bangotra et al., 2023).

Heavy metals enter water resources through 
a variety of anthropogenic and natural mecha-
nisms. Natural processes include the decompo-
sition of organic matter, rock erosion and atmo-
spheric deposition (Wagh et al., 2018). However, 
human activities such as pesticide and fertilizer 
use, domestic and agricultural wastes, industrial 
discharges and mining significantly contribute 
to the heavy metal content of water (Mahjoub et 
al., 2024). Once in the aquatic environment, the 
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solubility of these metals, which determines their 
impact on water quality, is influenced by factors 
such as organic matter concentration, redox con-
ditions and water pH (Ren et al., 2021).

A detailed understanding of trace element 
concentrations in water and their impact on health 
is crucial for optimal control and management of 
water resources. Assessing the health risks asso-
ciated with water pollution makes it possible to 
quantify potential impacts and develop appropri-
ate mitigation measures (Khan et al., 2023). This 
evaluation is frequently conducted employing 
chemometrics, an approach that relies primarily 
on mathematical or statistical principles to ad-
dress the challenges associated with chemical 
pollution of water resources. Geospatial tools, 
such as inverse distance weighting models, is 
used to assess contaminant distribution and as-
sociated risks. In various parts of the world, re-
searchers (Mohammadi et al., 2019; Shams et al., 
2020; Egbueri, 2020; Rajmohan et al., 2022; Ban-
gotra et al., 2023) have applied different mathe-
matical, statistical and geospatial methodologies, 
such as pollution indices, multivariate statistical 
analyses, inverse distance weighting models and 
kriging, as well as health risk assessments, both 
non-carcinogenic and carcinogenic, to analyze 
water quality and the health risks associated with 
various trace elements in water.

Because of its location in arid and semi-arid 
regions, Morocco suffers significantly from the 
adverse impacts of climate change. The country 
has undergone a transition from water stress to 
water scarcity over the past two decades. This is 
reflected in more frequent and more severe peri-
ods of drought, as well as irregular and decreas-
ing rainfall. These phenomena are slowing down 
the renewal of available water resources and in-
creasing the country’s vulnerability to water man-
agement. Currently, the average per capita water 
supply is considerably reduced, from 2,500 m³ per 
year in the 1960s to just 650 m³ in 2022 (RISS, 
2022). This situation has led a large proportion 
of the population to turn to groundwater for their 
drinking and domestic water needs, as it represents 
the only available source in the study area. De-
spite this critical dependence, the quality of local 
groundwater has never been thoroughly assessed. 
This study represents the first attempt (1) to assess 
the distribution of trace metals in the Angads aqui-
fer, (2) to evaluate the suitability of groundwater 
for consumption, (3) to assess the level of ground-
water pollution using various indices, (4) identify 

the source of trace elements using multivariate sta-
tistical analyses, and (5) assess health risks due to 
exposure to trace metals, by mapping these areas 
using geographic information systems. The study 
includes the creation of groundwater quality maps, 
an innovative approach in the research area. These 
results will provide fundamental information on 
the distribution and status of trace metals, essential 
for the management and conservation of ground-
water resources.

MATERIALS AND METHODS

Study area description

The Angad plain, located in north-
eastern Morocco (1°45ʹ00ʹʹ/2°4ʹ00ʹʹW, 
34°39ʹ00ʹʹ/34°54ʹ00ʹʹN), has a surface area of 
460 km2 and a population of around 551767, 
contributing to the specificity of its demograph-
ic and socio-economic environment (GPHC, 
2014). The plain is located in an agricultural 
area, where it plays a key role in the development 
of the region’s social economy. The area under 
study is defined by a Mediterranean semi-arid 
to arid climate, characterized by mild to cold, 
hot summers and rainy winters. The average an-
nual minimum and maximum temperatures in 
the area are 10.1 °C and 27.4 °C, respectively. 
Over 264.5 mm of precipitation falls in the re-
gion each year (MWBA, 2023). The groundwa-
ter system has multiple discharge points, includ-
ing various domestic and agricultural activities. 
Domestic activities encompass household water 
use for drinking, bathing, and cleaning. Agricul-
tural activities involve irrigation for crop culti-
vation, animal watering, and other farming needs. 

Geology and hydrogeology

The Angad plain is a vast depression stretch-
ing from east to west, and its fill consists of two 
distinct litho-stratigraphic units separated by an 
angular or gully unconformity. The first, of low-
er marine origin, is made up of conglomerates 
and limestones, followed by blue marls topped 
by yellow marls. Approaching the edges of the 
depression, these same rock types evolve into 
reef or volcano-detrital facies interbedded with 
basalt flows (Aqil et al., 2010). The assemblage 
contains fossils that give it an age ranging from 
Upper Tortonian to Messinian. The second set, 
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higher up and of detritic or volcano-detritic ori-
gin, is continental and devoid of fossils, with in-
terbedded basalt flows. The two formations rest 
in angular unconformity on a Mesozoic bedrock. 
Hydrogeologically, two types of water table can 
be identified in the region: a phreatic water table 
in the Plio-Quaternary formations and a deep 
captive water table in the Jurassic dolomitic 
limestones and dolomites (Boughriba et al., 
2010). The water table flows from south to north 
through the post-Miocene terrain, resting on an 
impermeable bedrock of Upper Miocene marls. 
They also act as an impermeable cover for the 
deep-water table. Lateral heterogeneity of fa-
cies, such as cinerites, basaltic ashes, compact 
or fissured basalts, silts, gravels, conglomerates, 
and lacustrine limestones, characterizes the di-
versity of aquifer layers in the water table (Lah-
rach et al., 2006). The groundwater flow direc-
tion is from southwest to northeast, and the main 
source of groundwater recharge is attributed to 
precipitation (Zarhloule et al., 2010). Ground-
water levels range from 15 to 87 meters below 
the earth’s surface (Boughriba et al., 2010).

Sample collection, and analysis

24 groundwater samples were taken at various 
boreholes around the research area (Figure 1). To 
avoid sampling stagnant groundwater, samples 
were taken after 15 to 20 minutes of pumping. 
They were then filtered through filters (0.45 μm) 
and placed in bottles cleaned with distilled wa-
ter and rinsed several times with the sample. 
65% HNO3 was used to acidify the samples im-
mediately on site after collection, until the pH 
was stabilized below 2. The samples were then 
stored in a freezer at 4°C and transported to 
the laboratory for analysis. pH and electrical 
conductivity (EC) values were measured in the 
field during sampling, with a portable pH/EC 
meter. In addition, heavy metals (Al, As, Cr, 
Cu, Fe, Ni, Pb and Zn) were analyzed using 
an ICP-OES (Ultima expert) at the National 
Center for Scientific and Technical Research 
(CNRST) in Rabat.

Pollution indices

Various indices of pollution were employed 
to evaluate groundwater quality, detect any pol-
lution and determine its potability. To calculate 
the heavy metal indices in various samples, the 
World Health Organization’s drinking water qual-
ity standards (WHO, 2017) were used (Table 1).

Heavy metal pollution index

Heavy metal pollution index (HPI) is a method 
for assessing the impact of heavy metal on water 
quality and potability (Sharma et al., 2022). Each 
metal’s weight and rating are used to calculate HPI. 
The weight is inversely proportional to each individ-
ual metal’s international drinking water guidelines, 
and the rate is an arbitrary number between 0 and 1. 
Equation 1 is used to calculate HPI.
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where: Si is the permissible maximum value of 
ith element, and the calculation formula 
for Qi is shown in Equation 3.

Figure 1. Groundwater sampling 
sites and study area location

Table 1. WHO recommended limits (µg/L) and percentage of samples exceeding the limits
Parameter Al As Cr Cu Fe Ni Pb Zn

WHO 200 10 50 2000 300 70 10 3000

%Fit 100 4.17 100 100 100 100 58.34 100

%Unfit 0 95.83 0 0 0 0 41.66 0
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where: Ii is the ideal or intended value, and Mi is 
the level of heavy metal. HPI is classified 
as shown in Table 2.

Heavy metal evaluation index

Heavy metal evaluation index (HEI) provides 
a thorough evaluation of the overall water quality 
in terms of heavy metals pollution (Singh et al., 
2020) and were calculated using Equation 4.
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where: Mi represents the concentration of heavy 
metal and Si the permissible maximum 
value of the ith element. HEI is classified 
as shown in Table 2.

Health risk assessment 

To evaluate the health impact of exposure to 
heavy metals through dermal absorption and oral, 
a study was conducted on two distinct age groups: 
adults and children. Health risk was assessed ac-
cording to the toxicity of the metals, classifying 
them as non-carcinogenic or carcinogenic.

Non-carcinogenic health risk

The oral and dermal exposure of heavy met-
als found in the research area’s groundwater were 
used to quantify the non-carcinogenic health risks 
to humans. Hazard quotients (HQ) and the hazard 
index (HI) were assessed in this study to determine 
the possible non-carcinogenic health risk associat-
ed with oral and dermal exposure to groundwater. 
The US Environmental Protection Agency’s Equa-
tions 5 and 6 were used to determine the chronic 
daily intake (CDI) of heavy metal by oral and der-
mal adsorption of water to humans.
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where: Ci denotes the concentration of the ith 
heavy metal in water and IR refers to the 
rate of oral water consumption; exposure 
frequency and duration are symbolized by 
EF and ED, respectively; BW represents 
the average body weight; AT stands for 
the average exposure time; SA is the skin 
contact area; Kp is the skin adsorption pa-
rameter; ET is the exposure time; CF is 
the conversion factor. Table 3 shows val-
ues of the parameters used to evaluate the 
non-carcinogenic risk in this research.

The HQ is obtained by dividing the average 
CDI of a heavy metal by the reference dose (RfD). 
To evaluate the HQ of heavy metals through oral 
and dermal exposure, Equations 7 and 8 were used.
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where: RfDoral and RfDdermal represents chronic 
reference dose. The reference dose values 
are presented in Table 4.

The HI is then determined by summing all 
HQs of examined parameters for both pathways, 
as illustrated in Equations 9 and 10.
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The threshold value was established at 1 to 
evaluate the possible non-carcinogenic health 
hazards associated with various heavy metals 
found in waters. A HI value of less than 1 indi-
cates that exposed people may not be anticipated 
to suffer from harmful health effects. Conversely, 
an HI score > 1 indicates that there may be non-
carcinogenic health hazards for the local popula-
tion in the research region (Bangotra et al., 2023).

Carcinogenic risks

The cancer risks (CR) calculates the life-
time risk of developing cancer as a result of 

Table 2. Classification of indices for water assessment
Indices Category Degree of pollution References

HPI

<5 Low

Mthembu et al., 20225–10 Medium

>10 High

HEI

<9 Low

Singh et al., 20209–18 Medium

>18 High
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daily exposure to a particular level of carcinogen-
ic metals by multiplying the CDI and cancer slope 
factor (CSF) (USEPA, 2011; Mohammadi et al., 
2019). Equations 11 and 12 was used to calculate 
the CR for oral and dermal absorption pathways, 
respectively. The oral and dermal cancer slope 
factor are presented in Table 3.
 CRoral = CDIoral × CSForal (11)

 CRdermal = CDIdermal× CSFdermal (12)

where: CSForal and CSFdermal represents cancer 
slope factor. 

The total cancer risk (TCR) represents the 
cumulative carcinogenic health risks associated 
with oral and dermal exposure. These risks were 
assessed using the following Equation 13.
 TCR = CRoral× CRdermal (13)

Values <10-6 are classified as low risk, be-
tween 10-6 and 10-4 as moderate risk, between 10-4 
and 10-3 as high cancer risk, and >10-3 as extreme-
ly high cancer risk (USEPA, 2011).

Multivariate analysis

Two statistical analytic techniques utilized to 
understand the origins and affecting factors are 
Pearson correlation matrix (PCM) and principal 
component analysis (PCA) (Alshehri et al., 2021). 
PCM was used to determine the relationship 

between variables and their potential sources. 
PCA was applied to identify the principal com-
ponents according to their loading factors, high-
lighting the contribution of significant variables 
to groundwater pollution.

Spatial analysis

ArcGIS 10.3 software was used to create spa-
tial distribution maps, with the inverse distance 
weighted interpolation (IDW) method. IDW 
uses a deterministic model approach, where the 
unknown data are calculated using close points 
rather than distant ones. The spatial distribution 
of water quality has been extensively studied us-
ing the IDW interpolation approach (Bouaissa et 
al., 2022; Biswas et al., 2023).

RESULTS AND DISCUSSION

Table 5 present descriptive statistics for the 
physicochemical parameters analyzed. In this aqui-
fer, groundwater pH is mainly neutral ranging 
from 7.17 to 7.9 with a mean of 7.57. The EC 
values of groundwater samples ranged from 1261 to 
5098 µS/cm, with a mean value of 2396.9 µS/cm. 
According to the mean concentrations in the 
groundwater samples, the concentration order 
of the metals decreasing as follow: Fe > Al > As 

Table 3. Parameter used to calculate the non-carcinogenic human health risk (USEPA, 2011)
Parameter Unit Values

IR L/day 0.78 (children), 2.5 (adults)

EF Days/year 365

ED Year 6 (children), 70 (adults)

BW kg 15 (children), 70 (adults)

AT Day ED × 365

SA cm2 6600 (children), 18000 (adults)

Kp cm/hour Al, As, Cu, Fe: 0.001; Cr: 0.002; Pb: 0.0001; Ni: 0.0002; Zn: 0.0006

ET Hour/event 1 (children), 0.58 (adults)

CF L/cm3 0.001

Table 4. Reference dose and cancer slope factor of heavy metals
Factor Al As Cr Cu Fe Ni Pb Zn

RfDoral 0.025a 0.0003a 0.003a 0.04a 0.3a 0.02a 1.4a 0.3a

RfDdermal 0.2a 0.000123a 0.000015a 0.012a 0.045a 0.0054a 0.00042a 0.06a

CSForal 1.5b 0.5b 0.91c 0.0085c

CSFdermal 3.66b 0.5b

Note: aUSEPA, 2014, bYuan et al., 2023, cShil and Singh, 2019.
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> Zn > Pb > Ni > Cr > Cu. Table 5 and Figure 
2 present descriptive statistics for the trace met-
als analyzed and spatial distribution maps for these 
metals, respectively. The levels of groundwater 
trace metals found were compared with the recom-
mended WHO guideline values (WHO, 2017). Al-
uminium (Al) concentrations ranged from 4.90 to 
45.60 μg/l, with an average of 23.88 μg/l. Table 1 
and Figure 2 show that 100% of samples are below 
WHO guide values and are therefore recommend-
ed for consumption. For Arsenic (As), groundwa-
ter concentrations ranged from 0.30 to 29.90 μg/l 
(mean of 17.31 μg/l). 95.83% of samples above 
the WHO limit, making them unsuitable for con-
sumption (Table 1). The spatial distribution map 
shows that, according to As concentration, suit-
able well water is mainly found in the center of 
the study region (Figure 2). Chromium (Cr) con-
centrations in the study area ranged from 0.00 to 
9.10 μg/l, with an average of 1.55 μg/l. Figure 2 
shows that Cr concentration in all samples is below 
the WHO recommended potability limit. Copper 
(Cu) concentrations in groundwater varied from 
0.00 to 1.50 μg/l, with mean of 0.24 μg/l. Table 1 
and Figure 2 show that 100% of samples conform 
to the WHO standard and are fit for consumption. 
Iron (Fe) concentrations ranged from 3.70 to 269.90 
μg/l, with an average of 44.07 μg/l. All samples 
were within recommended limits (Table 1). Nickel 
(Ni) concentrations ranged from 0.00 to 8.50 μg/l, 
with an average of 3.08 μg/l, and all samples were 
below the WHO recommended limit for drinking 
water (Table 1, Figure 2). Lead (Pb) concentrations 
ranged from 0.00 to 48.50 μg/l (mean of 11.45 
μg/l). 41.66% of samples are not recommended for 
consumption as they surpass the WHO limit. Con-
sumption of water containing high concentra-
tions of Pb can lead to various health problems, 

such as gastrointestinal disorders, neurological 
disorders and reduced lung function (WHO, 
2017). As shown in Figure 2, groundwater val-
ues are low in the central region, while enrich-
ment levels are noted in the vicinity of the study 
area. Zinc (Zn) concentrations range from 0.00 
to 298.30 μg/l, with a mean of 16.10 μg/l. All 
samples are within WHO standard limits and 
therefore fit for consumption (Table 1). 

Average concentrations of heavy metals were 
compared with those found in different parts of 
the world, to provide an insight into groundwater 
pollution in different regions (Table 6). Al content 
in groundwater samples is comparable to that of 
the other regions studied, except in the Kert basin 
where a very low concentration was found. The 
concentration of As in our study is higher than 
all the other countries cited, with the exception 
of the Bazman basin, where similar concentra-
tions were found. Average Cr and Ni concentra-
tions are lower than the Ben Taieb groundwater, 
with concentrations 13 times lower for Cr and 6 
times lower for Ni. Groundwater from the Angads 
aquifer contains more Cu than that from the Kert 
basin. In comparison with the other studies men-
tioned, the results indicate that Cu content is very 
low, except in the Odisha plain in India, where the 
average Fe concentration is very high. All other 
regions show Fe levels in groundwater below the 
WHO recommended limit. Nayak and Nandiman-
dalam (2023) reported that the high Fe concentra-
tions in these waters may be due to salinization 
and microbial activity, which promotes the disso-
lution of Fe from source rocks. This study found 
higher Pb concentrations than all the other studies 
cited. The average Zn concentration detected was 
almost equal to that found in the Odisha plain in 
India, but lower than that detected in groundwater 

Table 5. Statistics of pH, EC (μS/cm) and heavy metals (µg/L)
Specification Min Max Mean

pH 7.17 7.90 7.57

EC 1261 5098 2396.9

Al 4.90 45.60 23.88

As 0.30 29.90 17.31

Cr 0.00 9.10 1.55

Cu 0.00 1.50 0.24

Fe 3.70 269.90 44.07

Ni 0.00 8.50 3.08

Pb 0.00 48.50 11.45

Zn 0.00 298.30 16.10
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Figure 2. Distribution spatial of heavy metals
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from Ben Taieb, the Saïs plain and the Huangpi 
district in China. The highest levels of Cu and Zn 
were observed in the Saïs plain. Lotfi et al (2020) 
reported that these levels were due to industrial 
activities. Although the waters of the Kert basin 
have the lowest concentrations of heavy metals 
and are therefore of good quality. It is alarm-
ing to note that almost all the elements present 
in Morocco’s groundwater are present in higher 
concentrations than in the other countries cited. 
This suggests a worrying level of groundwater 
contamination and the need to take appropriate 
action immediately.

Trace metals pollution assessment

To detect any heavy metal pollution in the 
groundwater of the region, pollution indices, no-
tably the HPI and HEI, were calculated. Table 7 
presents the descriptive statistics for heavy metal 
pollution indices. The results show that HPI rang-
es from 0.16 to 1.03, with a mean of 0.49. Accord-
ing to these results, all groundwater samples are 
safe for drinking. In addition, HEI values range 
from 1.15 to 6.56, with a mean of 3.22. According 

to HEI classification, all groundwater samples are 
classified as low pollution.

Assessment of health risks

Non-carcinogenic health risks

Heavy metals can penetrate the human body 
by a variety of ways, including skin contact, as 
well as consumption of water and food, posing 
potential health risks (USEPA, 2014). This study 
focused on dermal and oral exposure for adults 
and children to assess health risks. Based on 
mean HQ values, it was found that As is the heavy 
metal to which adults and children are most ex-
posed through oral ingestion, while Cr is the one 
to which they are most exposed through dermal 
ingestion. Cu, on the other hand, is the heavy met-
al to which both groups are least exposed, wheth-
er by ingestion or dermal contact. The average 
HQoral value for both groups shows the following 
trend: As > Al > Cr > Ni > Fe > Zn > Pb > Cu, 
while the mean HQdermal value shows the follow-
ing trend: Cr > As > Pb > Fe > Zn > Al > Ni > Cu. 
For both groups, the mean HQoral value for arsenic 
is greater than 1, indicating its negative impact 

Table 6. Comparison of heavy metal concentrations with different regions of the world (µg/L)
Location Al As Cr Cu Fe Ni Pb Zn References

Kert Basin, Morocco 0.042 – 0.001 0.044 0.065 0.018 0.001 0.11 Gueddari et al., 2021

Ben Taieb, Morocco 26.00 20.00 72.00 146.00 18.00 1.50 400.00 Gueddari et al., 2022

Saïs Plain, Morocco – 0.64 3.82 630 120 – 0.67 770 Lotfi et al., 2020

Bazman basin, Iran – 15.50 8.75 0.65 8.00 7.23 – 1.83 Rezaei et al., 2019
District Vehari, 
Pakistan – – – 0.31 1.67 0.09 0.14 0.61 Khalid et al., 2020

Odisha plains, India 25.52 12.35 0.98 0.24 1511.2 10.46 – 17.85 Nayak and 
Nandimandalam, 2023

Huangpi District, 
China – 1.37 1.59 3.00 57.43 1.24 0.18 45.44 Han et al., 2023

Angads aquifer 23.88 17.31 1.55 0.24 44.07 3.08 11.45 16.10 This study

Table 7. Calculated HPI and HEI values
Sample ID HPI HEI Sample ID HPI HEI Sample ID HPI HEI

GW1 0.19 1.35 GW10 0.41 2.79 GW19 0.48 3.15

GW2 1.02 6.24 GW11 0.20 2.11 GW20 0.40 2.68

GW3 0.75 4.53 GW12 0.44 2.77 GW21 0.83 5.11

GW4 0.63 3.82 GW13 0.16 1.15 GW22 0.50 3.10

GW5 0.65 4.06 GW14 0.19 1.30 GW23 0.68 5.20

GW6 0.51 3.47 GW15 0.22 1.61 GW24 0.56 3.63

GW7 0.34 2.17 GW16 0.27 2.27 Min 0.16 1.15

GW8 1.03 6.56 GW17 0.36 2.34 Max 1.03 6.56

GW9 0.34 2.20 GW18 0.57 3.72 Mean 0.49 3.22
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on human health and non-carcinogenic potential 
risks, such as respiratory, cardiovascular and neu-
rological diseases. In contrast, the mean HQdermal 
values for all heavy metals, for both adults and 
children, are below 1, indicating a lower risk via 
the dermal exposure route. HQoral and HQdermal re-
sults show that HQ values for children are higher 
than for adults, suggesting that children are more 
vulnerable in the study area. HIoral values range 
from 0.13 to 5.33 with a mean of 3.10 for chil-
dren, and from 0.09 to 3.66 with an average of 
2.13 for adults. In contrast, HIdermal values ranged 
from 0.04 to 0.61 with a mean of 0.15 for chil-
dren, and from 0.01 to 0.21 with a mean of 0.05 
for adults. Compared with the HI critical limit, 
2.2% of samples for adults and children did not 
exceed this limit, meaning they were safe for in-
gestion. For dermal use, all samples did not ex-
ceed the HI critical limit, revealing that they were 
low non-carcinogenic. The spatial distribution of 
HI for ingestion, for both groups, shows that the 
only sample presenting no risk is located in the 
center of the study area (Figure 3).

Carcinogenic health risks

In this research, the elements As, Cr, Ni and 
Pb were considered to evaluate carcinogenic risk 
through CR. Risks associated with As and Cr 
were assessed for both exposure routes, while for 
Ni and Pb, only the oral route was considered. 
The TCR was calculated to estimate the cumula-
tive carcinogenic risks of the metals studied for 
both exposure routes. The results of the total in-
cremental lifetime cancer risk due to dermal and 
oral exposure to heavy metals in groundwater 
samples are presented in Table S3. CRdermal val-
ues range from 1.1E-06 to 4.9E-05, with a mean 
value of 2.9E-05 for children, and from 3.6E-07 
to 1.7E-05, with a mean value of 9.7E-06 for 
adults. In contrast, CRoral values range from 1.1E-
04 to 2.7E-03, with an average value of 1.5E-03 
for children, and from 7.5E-05 to 1.9E-03, with 
an average value of 1.1E-03 for adults. Based 
on CR critical values, it was found that, for the 
oral route, 95.5% of groundwater samples for 
children and 28.9% for adults presented a very 
high carcinogenic risk, particularly of the liver, 

Figure 3. Distribution spatial of HI
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skin and lungs (Mohammadi et al., 2019; Khan 
et al., 2023). For the dermal route, all samples for 
children and 97.8% of samples for adults indicated a 
moderate carcinogenic risk. Calculated TCR values 
ranged from 1.1E-04 to 2.8E-03, with a mean value 
of 1.6E-03 for children, and from 7.5E-05 to 1.9E-
03, with a mean value of 1.1E-03 for adults. Accord-
ing to the results, 97.8% of samples for children and 
28.9% for adults were deemed hazardous, indicating 
a very high risk of cancer. The spatial distribution of 
TCR shows that almost all groundwater samples in 
the study area present high to very high carcinogenic 
health risks (Figure 4). Numerous studies have also 
noted the high carcinogenic risks associated with 
dermal and oral exposure to groundwater around the 
world, including in Iran (Mohammadi et al., 2019), 
India (Ahamad et al., 2020), Iran (Shams et al., 

2020), Morocco (Bouaissa et al., 2022), Egypt (Ab-
delhalim et al., 2023), Pakistan (Khan et al., 2023), 
and China (Han et al., 2023).

Pollution source identification

Pearson correlation matrix

The PCM can be used to examine the rela-
tionships between variables and determine their 
origins in groundwater. Correlation coefficient 
values varied from +1 to -1, where +1 denotes a 
strong positive correlation and -1 a strong nega-
tive correlation. A coefficient of 0 indicates that 
the variables are not correlated (Shil and Singh, 
2019). Figure 5 show the Pearson correlation ma-
trix with a significant level of p < 0.05. The vari-
ables pH, EC, As, Cr, Cu, Ni, Pb and Zn show 

Figure 4. Distribution spatial of TCR

Figure 5. Pearson correlation chart of the analyzed parameters
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no correlation with the other variables. Whereas 
a moderate correlation was noted between Al and 
Fe. The correlation suggests that Al and Fe come 
from similar sources, whether of geogenic origin 
or resulting from anthropogenic activities (Raj-
mohan et al., 2022).

Principal component analysis 

PCA was used to identify potential sources of 
toxic metals in groundwater. A total of 10 variables 
for 24 samples were considered. Eigenvalues, per-
centage variance and cumulative percentage are 
presented in Table 8. PCA divided the data into 
five principal components (PC1 to PC5). PC1 ac-
counted for the largest share of variance, 20%, 
with high positive loading of Al, Fe and Ni, sug-
gesting that weathering of iron oxides/hydroxides 
and aluminum silicates is a predominant source of 
these metals (Rajmohan et al., 2022). These results 
corroborate those obtained by Pearson correlation. 
However, the positive loading of electrical conduc-
tivity (EC) and Pb in PC2, accounting for 18.1% of 
the total variance, indicates that other sources, such 
as the intensively evaporated infiltration of irriga-
tion water from farmland, evaporite dissolution and 
evaporation, probably contribute to groundwater 
quality (Shil and Singh, 2019). As in PC3 (14.5% 
of variance) and Cu in PC5 (10.4% of variance) 
showed a positive correlation, indicating that they 
originate from distinct sources. PC4 explains 12.6% 
of the variance and shows a positive charge for Cr 
and Zn, while pH is negatively charged. The main 
sources of these metals may be of geogenic origin 
or derive from various anthropogenic activities.

Table 8. PCA for physicochemical and heavy metals
Specification PC1 PC2 PC3 PC4 PC5

pH -0.544 0.035 0.079 -0.570 0.375

EC -0.370 0.618 0.487 0.032 0.091

Al 0.744 0.380 -0.057 0.090 0.318

As 0.005 -0.116 0.829 0.420 -0.063

Cr -0.178 -0.339 0.082 0.628 0.318

Cu -0.226 -0.490 -0.361 0.182 0.542

Fe 0.628 0.455 -0.161 0.004 0.403

Ni 0.637 -0.315 0.325 -0.114 -0.232

Pb -0.339 0.730 -0.031 0.185 0.003

Zn -0.156 0.278 -0.492 0.520 -0.421

Eigen value 2.007 1.812 1.446 1.255 1.043

% of variance 20.068 18.120 14.457 12.547 10.429

Cumulative % 20.068 38.188 52.645 65.192 75.621

CONCLUSIONS

This study provides an assessment approach for 
characterizing and quantifying the sources, contami-
nation levels and human health risks associated with 
heavy metals in groundwater in the Angads plain, 
Morocco. Based on mean levels in groundwater 
samples, metals are ranked in descending order of 
concentration: Fe > Al > As > Zn > Pb > Ni > Cr 
> Cu. The results indicate that almost all the heavy 
metals in the groundwater samples are below WHO 
guideline values, indicating that the water is not con-
taminated with metals and is safe for consumption. 
The estimated values of the heavy metal pollution 
index and the heavy metal evaluation index confirm 
that all groundwater samples are suitable for con-
sumption due to their low metal load. Multivariate 
statistical analysis identified sources of water pollu-
tion, mainly attributable to anthropogenic activities. 
Non-carcinogenic risks by the cutaneous route were 
deemed safe for both populations studied, while by 
the oral route, the majority of groundwater presented 
risks to human health. This unique study will provide 
decision-makers with the information they need to 
implement monitoring strategies to effectively man-
age groundwater resources in the Angads plain.
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