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Summary

This study was carried out to investigate the current status of surface water and groundwater qual-
ity in Lower Seybouse and Annaba Plain, NE Algeria. 36 surface water and groundwater samples 
were collected in this area, and various physicochemical parameters were analysed. The quality of 
surface water and groundwater for drinking and the associated health risks were assessed using 
a Water Quality Index (WQI) and a Human Health Risk Assessment (HHRA) model. The results 
show that all samples are alkaline with the EC values ranging from 1139 to 5555 μS/cm. The ionic 
dominance pattern was in the order of Na+ > Mg2+ > Ca2+ > K+ for cations and Cl– > HCO3

–  > SO4
2  – > 

NO3
–  for anions, respectively. The dominant water types are SO4-Cl-Ca-Mg and SO4-Cl-Na, formed 

by dissolution of evaporative and carbonate-rich material. All samples are unsuitable for drinking, 
with 1 sample classified as poor (rank = 4) and 35 samples as extremely poor (rank = 5). These 
samples are mainly located near the Seybouse Wadi, which is a natural outlet for wastewater from 
human activities. The assessment of non-carcinogenic risk showed that the Hazard Index (HI) for 
males ranged from 0.12 to 1.01 with a mean of 0.30 and only one sample exceeded value 1. For 
females, the HI was between 0.16 and 1.28 for females, with a mean of 0.39. The risk for children 
was even higher, ranging from 0.41 to 3.28, with a mean of 1.03, suggesting that children are more 
vulnerable to water contamination. The Carcinogenic Risk (CR) values for Pb ranged from 10–3 to  
8.6 · 10–3, with a mean of 2.6 · 10–3 for males, and between 1.4 · 10–3 to 10–2, with a mean of 3.3 · 10–3 
for females, while for children the CR values ranged from 3.5 · 10–3 to 2.7 · 10–3, with a mean of  
8.4 · 10–3, indicating that no possible CR from water drinking.
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1.	 Introduction	

In this world, water is a unique and limited resource [Zakir et al. 2020, Sanou et al. 
2022]. It is es sential for human consumption, irrigation and industry [Bodrud-Doza et 
al. 2019, Rahman et al. 2022]. Access to drinking water is also a prerequisite for well-
being, a fundamental right, and a critical aspect of good health protection programs 
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[Touré et al. 2019, Sanou et al. 2022]. The lower Seybouse experiences chronic pollution 
of surface water and groundwater due to rapid urbanization, and intense industrial and 
agricultural development. This pollution affects various water locations in the region 
and is mainly caused by inorganic salts, toxic metals, cations and anions of the elements 
[Khanoranga and Khalid 2019, Zhang et al. 2020]. In recent decades, high concentra-
tion of heavy metals in surface water and groundwater has become a serious problem 
for human health. Such high concentrations are a result of both natural processes (such 
as weathering and erosion of rocks) and anthropogenic activities (domestic, industrial-
isation and wastewater irrigation) [Rezaei et al. 2019]. Assessment of surface water and 
groundwater quality as well as health risk assessment have been extensively researched 
worldwide, particularly in the USA, Canada, and China [Qiu 2010, Yu et al. 2011, Li 
et al. 2018c, Zhang et al. 2020, Davies 2009]. Many techniques have been employed by 
researchers to evaluate groundwater quality, among which are the Water Quality Index 
(WQI) [Chen et al. 2019, Zhang et al. 2020, Adimalla and Qian 2019] and the Human 
Health Risk Assessment (HHRA). These indexes allow us to evaluate the carcinogenic 
and non-carcinogenic risk to human health [Sanou et al. 2022, Rezaei et al. 2019, Zhang 
et al. 2020, Adimalla and Qian 2019, Rahman et al. 2022, He and Wu 2018].

The study area is located in northeastern Algeria and it is a  part of the Annaba 
Plain. It is drained by the Seybouse river. It has been contaminated by various chemical 
compositions due to production processes and materials of the metal steel complex 
(galvanization, slag, lime, steel, etc.). Agriculture is popular in this region, because 
soil is considered suitable for absorbing any kind of pollution, including heavy metals, 
hydrocarbons, and organic matter. Industrial and urban discharges, as well as chemical 
fertilizers and pesticides have been so intense that in certain sectors, particularly at the 
lower Seybouse (the confluence of the two streams Seybouse and Meboudja) [Débieche 
2002], the environment has become dangerous for the local fauna, flora, and human 
health. In this sector, the Seybouse river serves as an open sewage. Water, whether 
soft, salty, rainwater, groundwater, or surface water, can be contaminated by harmful 
materials. It can cause various diseases that have a seriously impact on both health and 
the physical environment [Messadi et al. 1999].

We can distinguish three main objectives of this study: 1) analysis of the hydrogeo-
chemical characteristics and hydrochemical facies of surface water and groundwater 
samples; 2) assessment of the overall surface water and groundwater quality for drink-
ing using the WQI and researching the possible sources of pollution by mapping spatial 
distribution of WQI values; 3) evaluation of the non-carcinogenic risks and carcino-
genic risks of lead via drinking groundwater for males, females, and children.

2.	 Materials	and	methods	

2.1.	General	settings	

The plain of lower Seybouse constitutes part of Annaba Plain (NE Algeria). To the 
west it borders with Edough, the dominant massif of Annaba, to the north with the 
Mediterranean Sea, to the east with the swamps of Mekrada, with the lake of Fetzara to 
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the southwest, and with the eastern prolongation of the Numidian chain to the south 
(Fig. 1).

Source: Authors’ own study

Fig. 1. Geographical map of the study area
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The geology of the western boundary is characterised by the presence of a polycy-
clic metamorphic base covered by a Meso-Cenozoic tectonic roof and intersected by 
various magmatic rocks, such as: peraluminous leucogranites in the upper Burdigalian; 
sub-alkaline microgranites and peraluminous rhyolites in Langhien [Aissa et al. 1998]. 
To the south lie the alluvial deposits of Lake Fetzara and the Numidian chain of the 
Chaffia Mountains. To the southeast, the Numidian flysch was formed during the 
Oligocene. It is composed of thick sandstone with a content 90–97% of quartz. These 
layers of sandstone rest on pale clays, and both the sandstone and pale clays are covered 
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by supra-Numidian clays [Caby 1992] (Fig. 1). The structural study shows that the area 
is located in the Ben Ahmed pit, which is filled with sediments from the Mio-Plio-
Quaternary age [Djabri et al. 2003]. The surface layer consists of sand-argillaceous 
formations including clay lenses that make the aquifer to be captive at certain points. 
The gravel-sand formations are located near the Seybouse river, adjacent to the outcrops 
of the Numidian sandstones. The substratum consists of compact grey clay. 

The Seybouse drains a watershed of 6471 km2 [Débieche 2002, Boucenna et al. 2018] 
and collects an enormous amount of pollution along its course. It joins the Meboudja 
stream in the Bouchet bridge area. The water supply of Meboudja stream is provided 
by the meteoric waters and the drainage of Lake Fetzara. On its flow path, the stream 
receives the urban waste (Hdjar Eddis, Sidi Amar, and el Hadjar) and the industrial 
effluents of the steel complex and industrial zone of Chaiba. 

The region of Annaba is characterised by a Mediterranean climate with a dry and 
warm summer, and a mild and humid winter. The wet season lasts from October to April. 
The mean annual rainfall is around 650 mm/year, the average temperature is 19°C, the 
air humidity is around 70%, while the dominant wind directions are ENE and WNW. 
The hydrogeological study shows that the plain of Annaba consists of two superimposed 
aquifer horizons separated by an impermeable to permeable layer [Djidel 2004].
• Surface aquifer: based on the horizontal variation of the lithological facies, the shal-

low aquifer is composed of: altered gneiss, the dune system, and current alluvial 
deposits.

In the present study we focus on the two following groundwater sites: 
• The groundwater of the dune system limited by a coastal strip of wind dune sands, 

0.5 to 5 m wide, and supplied directly by rainwater. It is exploited exclusively by 
wells for domestic usage, in particular, for drinking, breeding and irrigation of cul-
tivation plots.

• The aquifer of the past and present alluvial deposits is located just behind the dune 
system towards the south. It is composed of past and current alluvial deposits with 
sandy clay, clay loam or sandy clay with some lenses of sand. It is important to note 
that the majority of the groundwater samples are collected from this zone.

2.2.	Sampling	and	analysis	

Samples of the groundwater and surface water in the study area were collected in 
November 2019, indicating a spatial variation in hydrogeochemical facies. A total of 
36 samples were taken from the lower Seybouse plain. The samples were distributed 
as follows: 
• 28 samples were taken from wells tapping into the surface water table,
• 5 samples were taken from Meboudja Wadi,
• 3 samples were taken from the Seybouse river,
• 1 sample is taken from industrial discharges (industrial unity of metal steel).
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The measurements of pH and temperature were carried out in the field. The water 
samples were taken from 1000 ml polyethylene bottles with poly-sealing plugs for 
the major elements. Chemical analyses and isotopic measurements were run at the 
Laboratory of Radio-Analysis and Environment of the National School of Engineers 
of Sfax (Tunisia).

The major elements (Na+, Mg2+, Ca2+, K+, Cl–, SO4
2  –, HCO3

–  , PO4
2  – and NO3

– ) were 
analysed by high performance ionic liquid chromatography (HPILC) equipped with I/ 
Pak TM CM/D for cations, using EDTA and nitric acid as an elutint, and on a Metrohm 
chromatograph equipped with CI SUPER-SEP columns for anions, using phthalic acid 
and acetonitrile as an eluent. The overall detection limit for ions was 0.04 mg · L–1. The 
concentrations of CO3

2  – and HCO3
–   were analysed in the laboratory by titration using 0.1 

N HCl. The analytical accuracy was cross-checked by calculating Ionic Balance Error 
(IBE) as follows:

 IBE
cations anions

cations + anions
=

−
⋅∑∑

∑∑
100%  (1)

Where all cations and anions were expressed in meq · L–1. The computed IBE was 
within the acceptable limit of ± 5%. In this study, the calculated results showed that the 
IBE for all samples was less than 5%.

2.3.	Methods	

Water quality index (WQI) 

The Water Quality Index (WQI) is a  useful tool for assessing the general quality of 
water [Adimalla et al. 2018c, Khan and Jhariya 2017]. In an effective way, it enables the 
perception of the water quality by condensing the vast amount of surface and ground-
water quality data into a single value. The WQI is frequently used in various parts of the 
world to assess the suitability of drinking water [Adimalla and Qian 2019, Verma et al. 
2018, Khan and Jhariya 2017, Wu et al. 2017]. For each of the water quality parameters, 
the first step is to calculate the weights of these parameters (Wi). The maximum weight 
is ‘5’, and it is given for its significance in determining water quality, while the mini-
mum weight – ‘2’ – is given for its lesser significance. The second step is to assign each 
parameter a quality rating scale (Qi). Finally, the WQI is determined by the following 
equations (2)–(5):

 Wi wi

Wi
i

n=
∑  (2)

 Q
C C
S Ci

i ip

I ip

=
−
−

⋅100  (3)

 SI Wi Qi i= ⋅  (4)
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 WQI SIi
i

n

=
=

∑
1

 (5)
where: 

wi – the relative weight,
wi – the weight of each parameter, 
n – the number of parameters,
ci – the concentration of each chemical parameter in each water sample,
cip – the ideal value of the parameter in pure water (cip = 0 for all, except pH 

with cip = 7 and DO = 14.6 mg/L),
Si – the maximum allowable limit (MAL) [WHO 2017] value for each chemi-

cal parameter,
Sii – the sub-index of i-th parameter,
qi – the quality rating scale based on concentration of i-th parameter.

The WQI values can be classified inon five categories: excellent, good, moderate, 
poor, and extremely poor (Table 1) [Li et al. 2010, Adimalla et al. 2018, Zotou et al. 
2019, Zhang et al. 2020].

Table 1. Classification of surface water and groundwater based on the WQI values

WQI Rank Water quality

< 50 1 excellent

50–100 2 good

100–150 3 moderate

150–200 4 poor

> 200 5 very poor

Human Health Risk Assessment (HHRA) Model 

The evaluation of health risks is crucial for the assessment of groundwater quality 
[Adimalla and Qian 2019, Chen et al. 2017, Adimalla 2018, Adimalla 2019]. To analyse 
the potential negative impacts of groundwater contamination on the health of both 
children and adult, the United States Environmental Protection Agency (USEPA) 
developed the human health risk assessment (HHRA) model [Zhang et al. 2020, Li 
et al. 2016c, 2019b, Adimalla et al. 2019, Adimalla and Qian 2019a, Adimalla and Wu 
2019]. Drinking and bathing are the major ways through which human body absorbs 
harmful substances from groundwater [Adimalla and Qian 2019]. The HHRA includes 
non-carcinogenic risks and carcinogenic risks [Zhang et al. 2020]. The models for non-
carcinogenic risks via ingestion and dermal contact are as follows [Zhang et al. 2020, Li 
et al. 2016c, Wu and Sun 2016, Adimalla et al. 2019]:

 CDI C IR EF ED
BW AT

= ⋅ ⋅ ⋅
⋅

 (6)
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 HQ CDI
RFDoral

oral

=  (7) 

The non-carcinogenic risk through dermal contact is expressed as [Li et al. 2017b]:

 CDD DA EV SA EF ED
BW AT

= ⋅ ⋅ ⋅ ⋅
⋅

 (8)

 DA K C t CF= ⋅ ⋅ ⋅  (9)

 SA H BW= ⋅ ⋅239 0 417 0 517. .  (10)

 HQ CDD
RFDdermal

dermal

=  (11)

 RFD RFD ABSdermal oral gi= ⋅  (12) 

Hence, the total non-carcinogenic risks (hazard index HI) calculation is:

 HI HQ HQj = +oral dermal
 (13)

 HI HI j
j

m

total =
=

∑
1

 (14)

where:
cdi – chronic daily dose via ingestion (mg/kg day),
c – concentration of pollutant for groundwater (mg · L–1), 
Hqoral and Hqdermal  –  hazard quotient through oral and dermal exposure pathways, 
cdd – chronic daily dose via dermal contact (mg/kg day), 
dA – exposure dosage (mg · cm–2), SA: skin surface area (cm–2), 
rFdoral and rFddermal  –  reference dosage via oral and dermal contact (mg/kg day), 
ABSgi – gastrointestinal absorption factor, 
ir – ingestion rate (L/d), 
eF – exposure frequency (d), 
ed – exposure duration (a), 
Bw – average body weight (kg), 
At – average time (d), 
K – skin permeability coefficient (cm/h), 
t – contact duration (h/d), 
cF – conversion factor, 
H – average height (cm), 
eV – exposure frequency (d). 

The meanings and index values of other parameters are shown in Table 2.
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The carcinogenic risk (CR) was estimated by multiplying the chronic daily dose via 
dermal contact (CDD) with the cancer slope factors (CSF) This risk is defined as the 
increased risk of developing cancer over the course of a  lifetime due to exposure to 
a probable carcinogen [USEPA 1989, Tepanosyan et al. 2017, Sanou et al. 2022]:

 cr = cdd · cSF (15) 
where:

cr – carcinogenic risk,
cdd – chronic daily dose via dermal contact (mg/kg day),
cSF – cancer slope factors (mg/kg/day).

According to USEPA [2010], Rais [2017], Mohammadi et al. [2019], Sanou et al. 
[2022], the admissible risk limit is 106–.

Table 2. Key parameters for computing the health risks through ingestion and dermal pathways

Parameters Males Females Children Units Parameters Males Females Children Units

Ingestion rate 
(ir) 1.5 15 0.7 L/d Skin permeability 

coefficient (K) 0.001 cm/h

Exposure 
frequency (eF) 365 365 365 d Contact duration 

(t) 0.4 h/d

Exposure 
duration (ed) 30 30 12 a Conversion factor 

(cF) 0.001 –

Average body 
weight (Bw) 70 55 12 kg Average height 

(H) 165.3 153.4 99.4 cm

Average time 
(At) 10,950 10,950 4380 d Exposure 

frequency (eV) 1 d

3.	 Results	and	discussion	

3.1.	Physicochemical	data	

Table 3 presents the statistical results of the water quality for the 36 surface water 
and groundwater samples. The pH values of the water samples were in the range of 
7.02–8.16 (mean = 7.59), which falls within the acceptable pH range (6.5 to 8.5) and 
indicates that the water samples are alkaline. The EC values varied widely from 1139 
to 5555 μS/cm, with a mean value of 2407.38 μS/cm. According to the WHO (2017), 
the Maximum Permissible Limit (MPL) of EC should be < 1500 μS/cm. Most water 
samples exceeded this limit, meaning that they are harmful to human health and taste-
less. The ionic dominance pattern was in the order of Na+ > Mg2+ > Ca2+ > K+ for cations 
and Cl–> HCO3

–> SO4
2–> NO3

– for anions. The concentrations of sodium and chloride 
were the highest among the cations and anions, respectively. A certain level of sodium 
is essential for maintaining human health, but its excessing consumption increases the 
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risk of diseases such as osteoporosis and hypertension [Zhang et al. 2020, Adimalla and 
Qian 2019a, Li et al. 2019a]. According to the WHO [2017], the Maximum Permissible 
Limit (MPL) for Na+ should not exceed 61.11%. The health of humans also depends 
on Ca2+ and Mg2+. A deficiency of Ca2+ in the body can cause various illnesses, such 
as stroke, osteoporosis, and colorectal cancer. Meanwhile, a  high Mg2+ content has 
a laxative effect [WHO 2017, Adimalla and Qian 2019a, Zhang et al. 2020]. This study 
found that 97% of water samples met the maximum permissible limit for Ca2+, and 
61% for Mg2+,while the K+ concentration ranged from 3.4 to 30.15 mg/L, with 27.77% 
of samples remaining below the MPL. Furthermore, Chloride concentration ranged 
from 270.93 to 1609.28 mg/L, and 88.88% of water samples were within the upper 
limit (≤ 600). The concentrations of HCO3

–  ranged from 238.31 to 603.61 mg/L. The 
SO4

2  – concentration in water samples from the study area varied between 85.93 and 
642.57 mg/L, with 87.18% of samples below the MPL. The NO3

–   concentration in water 
samples ranged from 14.47 to 84.36 mg/L, with 69.44% of the water samples falling 
within the upper limit. In fact, a number of previous studies have found a strong link 
between agriculture and nitrate levels in groundwater and surface water [Debernardi 
et al. 2008, Adimalla 2018]. Nitrate levels above 50 mg/L can lead to such health issues 
as methemoglobinemia, stomach cancer, goiter, birth defects, and hypertension [Bao 
et al. 2017, Fan 2011].

The study area is an industrial zone, the Metal Steel Complex – El Hadjar. The 
primary non-carcinogenic and carcinogenic contaminant in the area is Pb. It has been 
classified as a toxic element due to its physical and behavioural effects on infants (who 
are more susceptible to it) compared to adults and young children [Environmental 
protection agency 2017]. Additionally, lead has a  more severe impact on children’s 
brains and nervous systems. In this study, the adopted Pb concentration range was 
from 0 to 0.193 mg/L. Therefore, based on this criterion, 35 water samples are not 
suitable for human consumption , and 35 water samples were deemed unsuitable, 
with 97.22% of all samples exceeding the upper limit. High concentration of Pb can be 
explained by wastewater discharges of the steel complex located near the wadi (0.193 
mg/L). Consequently, the pollution from leads is the most serious in the study area. 
Additionally, the concentrations of Cu, Mn2+, and Zn were all below their respective 
upper limits of 2, 0.4 and 3 mg/L respectively, whereas the concentration of 77.77% of 
Cr6+ in the samples was within the upper limit (0.05 mg/L).

Table 3. Statistical summary of chemical composition of groundwater in the study region

Parameters Units WHO (2017)
MAL Min Max Mean Median SD P%

pH –  8.5 7.02 8.16 7.592 7.61 0.277 100

EC (uS/cm) 1500 1139 5555 2407.38 2275.5 827.96 94.44

K+ mg/L 12 3.4 30.15 15.594 14.8 6.698 27.77
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Parameters Units WHO (2017)
MAL Min Max Mean Median SD P%

Na+ mg/L 200 110,93 667.88 233.488 197.53 129.055 61.11

Ca2+ mg/L  200 62.6 415.25 111.908 96.82 66.356 97

Mg2+ mg/L  150 31.14 316.59 144.634 147.64 70.392 61

HCO3
– mg/L – 238.31 603.61 403.74 381.43 101.141 –

SO4
2– mg/L  400 85.93 642.57 258.896 222,85 114.173 87.18

Cl– mg/L  600 270.93 1609.28 509.074 387.43 313.683 88.88

PO4
3- mg/L  5 0.17 4.04 1.153 0.81 0.979 100

NO3
– mg/L  50 14.47 84.36 43.5326 46.57 19.8 69.44

DOC mg/L – 9.87 78.9 29.0211 23.1 16.594 –

DO mg/L 5 1.4 3 2.29 2.4 0.46 100

Cr6+ mg/L 0.05 0 0.092 0.047 0.0415 0.0223 77.77

Cu mg/L  2 0 0.045 0.0236 0.02 0.0091 100

Fe mg/L - 0.084 1.028 0.214 0.1 0.253 –

Mn2+ mg/L 0.4 0.027 0.103 0.0366 0.033 0.014 100

Pb mg/L 0.01 0 0.193 0.058 0.0485 0.039 2.77

Zn mg/L  3 0 0.046 0.026 0.02 0.01 100

MAL: Maximum allowable limit

P: Percentage of the sample below the permissible limits (MAL)

3.2.	The	dominant	water	types	

The hydrochemical type of water samples are usually classified using the Piper diagram 
on the basis of major ions [Piper 1944, He and Li 2019, Li et al. 2016c, Xu et al. 2019a, 
Zhang et al. 2020]. Figure 3 shows that the cations of water samples in this study area 
were mainly plotted in zones C followed by B, indicating no dominant types and magne-
sium types of water. The anions were represented by zone B and G, indicating that the 
groundwater is mainly of the chloride type and no dominant type. Nearly all water 
samples were plotted in zone I, with only one sample in zone II, demonstrating that 
SO4-Cl-Ca-Mg and SO4-Cl-Na were the dominant water types. These hydrochemical 
types are mainly related to the dissolution of evaporate material found in the gypsum 
deposits and the dissolution of carbonate-rich material (limestone and dolomitic lime-
stone of Triassic and Miocene outcrops). 

Table 3. cont.
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3.3.	Water	quality	index	(WQI)	

To evaluate and rank surface water and groundwater quality in this study area, the water 
quality index (WQI) was used. Table 4 shows the WQI values for all water samples.

Table 4. The WQI values and ranks for water samples

Numbers WQI Rank Numbers WQI Rank Numbers WQI Rank

M1 555.66 5 W4 465.95 5 W17 377.92 5

M2 561.18 5 W5 326.11 5 W18 360.82 5

M3 927.69 5 W6 788.81 5 W19 586.87 5

M4 1055 5 W7 428.12 5 W20 317.15 5

M5 752.65 5 W8 1480.28 5 W21 919.62 5

S1 604 5 W9 974.58 5 W22 725.1 5

S2 830.8 5 W11 608.3 5 W23 714.86 5

Source: Authors’ own study

Fig. 2. Piper diagram of surface water and groundwater samples
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Numbers WQI Rank Numbers WQI Rank Numbers WQI Rank

S3 705.24 5 W12 678.46 5 W24 183.05 4

R MS 1646.31 5 W13 361.44 5 W25 608.13 5

W1 515 5 W14 479.1 5 W26 446.25 5

W2 882.95 5 W15 634.12 5 W27 330.7 5

W3 554.65 5 W16 445.86 5 W28 370.26 5

According to Table 4, the WQI values range from 183.05 to 1646.31, with 35 samples 
ranked as extremely poor (rank = 5) and 1 sample ranked as poor (rank = 4). The evalu-
ation results indicated that all surface water and groundwater samples were unsuitable 
for drinking water.

The spatial distribution of WQI is shown in Figure 3. As the map shows, the 
extremely poor surface water and groundwater samples are mainly located near the 
Wadi, which is a  natural outlet of wastewater from human activities (domestic and 
industrial) and to a lesser extent from agriculture. In addition, one sample of ground-
water was classed as poor in a location relatively far from any industrial area.

Table 4. cont.

Source: Authors’ own study

Fig. 3. Spatial distribution of WQI in the study area
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3.4.	Human	Health	Risk	Assessment	

Non-carcinogenic Risk (HI) Assessment of Lead 

The most efficient method for determining the non-carcinogenic health risk in differ-
ent age groups is the health risk assessment (HRA) model [Zhang et al. 2020, Li et al. 
2016c, 2019b, Adimalla and Qian 2019a, b]. As discussed earlier, 96% of the ground-
water samples exceeded the Maximum Allowable Limit (MAL) for Pb. Therefore, it is 
crucial to evaluate the risk to human health from excessive lead and nitrate intake for 
various age groups living in the study area. The calculated results of hazard index (HI) 
for adults and children in this study area through oral intake and dermal contact are 
presented in Table 5. When HI >1, there is a high non-carcinogenic risk to health and 
if HI<1, there is no non-carcinogenic risk to health.

Table 5. Non-carcinogenic risk for children, females, and males in the study area

Samples
HI

Males Females Children

P1 0.29 0.36 0.93

P2 0.59 0.74 1.91

P3 0.3 0.38 0.97

P4 0.24 0.3 0.79

P5 0.12 0.16 0.41

P6 0.29 0.37 0.95

P7 0.2 0.26 0.66

P8 1.01 1.28 3.28

P9 0.61 0.77 1.97

P10 0.22 0.28 0.73

P11 0.33 0.42 1.08

P12 0.4 0.51 1.31

P13 0.15 0.19 0.5

P14 0.24 0.30 0.79

P15 0.34 0.43 1.1

P16 0.21 0.26 0.68

P17 0.18 0.23 0.6

P18 0.16 0.21 0.54

P19 0.30 0.39 1

P20 0.12 0.16 0.41
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Samples
HI

Males Females Children

P21 0.58 0.74 1.89

P22 0.31 0.39 1.02

P23 0.30 0.38 0.97

P24 0.18 0.23 0.6

P25 0.34 0.43 1.1

P26 0.22 0.28 0.73

P27 0.13 0.16 0.41

P28 0.16 0.21 0.54

The results of Health Risk Assessment (Table 5) show that the hazard index (HI) 
for children ranges from 0.41 to 3.28, with a mean value of 1.03. Ten samples (35.71%) 
of groundwater had the HI exceeding 1, which indicates that the Pb concentration 
for almost all groundwater samples poses little non-carcinogenic health risks to 
children. For male adults, the HI ranges from 0.12 to 1.01, with a  mean of 0.30. 
Only one sample exceeded 1 HI, which means that most samples can pose little non-
carcinogenic health risks. For female adults, the HI ranges from 0.16 to 1.28, with 
a mean equal to 0.39. As with male adults, only one sample exceeded 1, which also 
means that there is little non-carcinogenic health risk to female adults. We observed 
that the mean value of HI exceeded 1for children, while or males and females adults 
the HI was lower than 1, indicating that mixing local groundwater can significantly 
decrease the non-carcinogenic hazards for adults, but it is not as effective in reducing 
the risks in the case of children.

Carcinogenic risk analysis 

Some of heavy metals, such as lead (Pb), are carcinogenic and prolonged exposure 
to their low concentrations can increase the risk of cancer and other diseases [Cao 
et al. 2014, Sanou et al. 2022, Mohammadi et al. 2019]. In this study, we adopted Pb 
as an example of a carcinogen to evaluate carcinogenic risk for males, females and 
children. The results of carcinogenic risk (CR) values for Pb in the analysed samples 
in study area are presented in Figure 4. The CR values of Pb range from 103– to  
8.6 · 10–3 with mean of 2.6 · 10–3 for males, and from 1.4 · 10–3 to 10–2 with mean of  
3.3 · 10–3 for females, while for children the CR values range from 3.5 · 10–3 to 2.7 · 10–3 
with mean of 8.4 · 10–3. Due to high Pb concentration in groundwater samples, all 
these results for males, females and children are higher than 1 · 10–6, pointing to some 
carcinogenic risks for adults (both males and females) and to high health hazard for 
children. Therefore, it is necessary to monitor the quality of groundwater with great 
attention, especially with regard to Pb.

Table 4. cont.
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4.	 Conclusion	

In this study, 36 surface water and groundwater samples were collected and analysed for 
physicochemical parameters and heavy metals. Groundwater chemistry was delineated 
by the Piper diagram, and the WQI index method was used to evaluate the surface 
water and groundwater quality. Health risks, both non-carcinogenic and carcinogenic, 
related to drinking groundwater were assessed. The main conclusions of the study are 
as follows:
1. All of the surface water and groundwater samples are alkaline, and the EC values 

ranged from 1139 to 5555 μS/cm. The ionic dominance pattern was in the order 
of Na+ > Mg2+ > Ca2+ > K+ for cations and Cl– > HCO3

– > SO4
2  – > NO3

–   for anions, 
respectively. The dominant water type is SO4-Cl-Ca-Mg and SO4-Cl-Na. The pro-
cesses of the dissolution of evaporate material present in the gypsum deposits and 
the dissolution of carbonate-rich material were observed.

2. As reported by the water quality index (WQI), all surface water and groundwater 
samples are unsuitable for drinking, with 1 sample ranked as poor (rank = 4) and 
35 samples ranked as extremely poor (rank = 5). These samples are mainly located 
near the Seybouse Wadi, which serves as a natural outlet of wastewater from human 
activities (domestic and industrial).

3. The assessment of non-carcinogenic risk showed that the hazard index (HI) for 
males ranged from 0.12 to 1.01, with a mean of 0.30. Only one sample exceeded 1. 

Source: Authors’ own study 

Fig. 4. Carcinogenic risk of Pb in study area
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For females the HI is between 0.16 and 1.28, with a mean of 0.39. Unfortunately, the 
risk for children was even greater, ranging from 0.41 to 3.28, with a mean of 1.03, 
proving that children are more vulnerable to water contamination.

4. In relation to the carcinogenic risk, the CR values of Pb were found to be less than 
10–6. These values ranged from 10–3 to 8.6 · 10–3, with a mean of 2.6 · 10–3 for males, 
and between 1.4 · 10–3 to 10–2, with a mean of 3.3 · 10–3 for females, while for chil-
dren the CR values ranged from 3.5 · 10–3 to 2.7 · 10–3, with a mean of 8.4 · 10–3, 
indicating that no possible CR from water drinking.
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