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ASSESSMENT OF GROUNDWATER NITRATE CONTAMINA-
TION AND ITS ORIGIN IN THE BOUSAADA REGION, ALGERIA 
 

Abstract: Groundwater is the principal water resource in the semi-arid region of Bousaada. 

This study assesses hydrochemical characteristics, temporal evolution, and sources of ni-

trate contamination using more than 200 groundwater samples, including current sampling 

and archived dataset. Groundwater is characterized by the dominance of Cl⁻ and SO₄²⁻, to-

gether with Ca²⁺ and Mg²⁺, indicating contributions from evaporitic dissolution and car-

bonate processes. Most samples exceeded guideline values for of NO₃⁻, and a large propor-

tion surpassed chloride and sulfate standards. Temporal analysis (1967–2022) reveals a sus-

tained increase in nitrate concentrations, with mean values reaching about 128 mg/L, and 

50% of newly analysed samples exceeded 100 mg/L. Pollution indices and health risk as-

sessment indicate that the majority of groundwater samples are highly contaminated and 

pose significant health risks, particularly in agricultural zones and near Wadi Bousaada.   

Hydrochemical ionic ratios, and multivariate (PCA) analysis, indicate that nitrate contami-

nation primarily originates from agricultural fertilizers and septic tank effluents, with addi-

tional influence from Wadi Bousaada. Spatial modeling using kriging approaches improved 

prediction accuracy and highlighted hotspots in the Maadher agricultural area and near 

Wadi Bousaada. The findings demonstrate significant groundwater quality deterioration 

over five decades and emphasize the urgent need for improved agricultural and sanitation 

management. 
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Introduction 

The daily essential water needs of millions of people, whether for drinking, agriculture, or 

industry, are primarily dependent on groundwater. However, with the fast increase of pop-

ulation and the expansion of agricultural and industrial activities, groundwater is increas-

ingly and severely exposed to various sources of pollution that threaten its quality and pose 

significant risks to public health.  

Nitrate is a common soluble contaminant of groundwater (Li et al., 2021a, 2021b) and 

readily accumulates, with the main drivers of high nitrate concentrations being anthropo-

genic activities, such as the release of domestic and industrial wastewater into the environ-

ment and agricultural activities (Roy et al., 2007; Stelzer et al., 2011; Wu et al., 2019). Since 

elevated nitrate contributes to eutrophication of water resources, nitrate pollution is a se-

rious problem affecting regional groundwater quality. Groundwater at a global level is cur-

rently under threat by nitrate contamination to varying degrees (Rahmati et al., 2015; Wu 

et al., 2019). The long-term consumption of groundwater containing excessively high ni-

trate can pose a risk to human health, leading to diseases such as methemoglobinemia 

(Shams et al., 2009), cancer of various organs of the digestive system (Anjana & Iqbal, 

2007), and blue baby syndrome (Xin et al., 2021). Although groundwater nitrate concen-

trations are within the World Health Organization (WHO) drinking water standard of 50 

mg/L, they remain a non-carcinogenic health risk to humans, and particularly to children 

and infants (Kamarehie et al., 2019; Qasemi et al., 2020). An understanding of the nitrate 

content of groundwater and the associated human health risks (Azhdarpoor et al., 2019; 

Radfard et al., 2019; Yousefi et al., 2018) can assist decision makers in developing water 

resource protection measures. 

This study focuses on assessing groundwater quality, evaluating nitrate pollution in 

Bousaada, located in Hodna region, a semi-arid area in northeast of Algiers and identifying 

the origin of nitrate contamination. Furthermore, the research examines the role of physical 

factors in exacerbating groundwater nitrate pollution. By employing methodologies such as 

statistical analyses, nitrate pollution index (NPI), human health risk assessment (HHRA), 

and advanced spatial modeling techniques like co-kriging, this study aims to provide a com-

prehensive understanding of the issue and contribute to sustainable water resource man-

agement. 

General setting 

Location and human activities  

Bousaada is located in Hodna, northeast of Algiers. It is situated between longitudes 

4°21' E to 4°32' E and latitudes 35°24' N to 35°34' N. Bousaada region is covered by sandy 

material and shows a variety topography, which, according to Fig. 1, is thought to regulate 

how the streams drain (Selmane et al., 2022b).  

In the study area of Bousaada there is a significant agricultural region thanks to the 

sandy loam soil that is suitable for cultivation. Pumping for irrigation from the water table 

can be anywhere between 30 and 120 meters deep, where the majority of wells do not con-

form to the equipment and insulation requirements of subpar aquifers. Agricultural land 

includes agricultural facilities, and is used to cultivate and harvest crops for human and 

animal consumption as well as grazing. 
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Fig. 1. Location map of the Bousaada region 

Climate Geology and Hydrogeology 

Bousaada climate is a part of the Hodna Mediterranean climate that has a tendency to 

aridity (Kebiche, 1998). It shows two distinct seasons: the first is a hot and dry summer 

while the second is a humid winter. The yearly precipitation ranges from 250 to 300 mm in 

Maarif, Khoubana and Ouled Sidi Brahim (Kebiche, 1998; Boudjemline, 2018) from 175 to 

200 mm going toward Chott and from 250 to 300 mm going toward Bousaada (Kebiche, 

1998). The rainfall distribution is related to geomorphology and becomes more important 

in areas that have elevation exceeding 400 m above the sea level notably in Boussaada mu-

nicipality (Kebiche, 1998). In addition, a poorly distributed rainfall is observed throughout 

the year, with a mean monthly temperature of 22°C (Boudjemline, 2018).  

From a geological point of view, the Maadher is in a closed foredeep basin whose filling 

sequence begins with continental deposits of Eocene and Oligocene and continues with a 

Miocene (Askri et al., 1995). This basin is at an altitude of 400 m where Hodna Chott going 

to the north forms the basin’s bottom (Kebiche, 1998). The basin is part of the Hodna wa-

tershed that marks the transition between the Tell domain to the north and the Sahara to 

the south. The passage between these two domains is shown by a succession of mountain 

ranges and plains that allow the diversity of bioclimatic environments (Kebiche, 1998).  

The geological map (Figure 2) shows a Triassic and Cretaceous sedimentary formations 

that outcrop in the western and the southern part of the Maadher. The Miocene appears in 

the south while the center and the east and the north are covered by Quaternary, recent 

dune, and alluvial material. The detrital material notably conglomerates are found at vari-

ous levels, especially at the base of the Neogene, and at the top of the Pliocene, where their 

maximum thickness is 600 m (Maurice et Jean, 1977). At the Hodna scale, the geomorphol-

ogy indicates the existence of “barrier reliefs” blocking the migration of sands from Hodna 

and “corridor reliefs” facilitating the transfer of sands. In this vast transatlas flow, hydro-

wind depressions seem to maintain the permanence of the phenomenon (Benazzouz, 1994). 

From a hydrogeological point of view, the Maadher receives the flow from the surface 

and underground waters. The runoff quickly turns into floods, which are spectacular and 

sometimes even disastrous (Kebiche, 1998). The principal aquifers in the study region are 
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the conglomerate and sandy Mio-Pliocene, which are connected to Cretaceous sandy for-

mations, the upper Albian being the most important (Askri, 1995; Guiraud, 1970; 1973).  

Rainfall through the wadis and irrigation water are the main sources of groundwater 

recharge. The sandy water table of Quaternary and Mio-pliocene age are connected to old 

groundwater thanks to brittle deformation, which allows Cretaceous terrain to come into 

outcrop (Abdesselam et al., 2013). The groundwater from Quaternary aquifer is relatively 

salinized. 

In the middle of the plain, the Mio-Plio-Quaternary aquifer has a thickness of more 

than 250 m. (Guiraud, 1973; Derekov, 1973). The study area's stratigraphy includes a vari-

ety of alternations, frequently disorganized, of sandy clays, clays, sandstones, or occasion-

ally clayey sands and conglomerates at the top.  

 

 
Fig. 2. Geological map of Bousaada region in the Hodna Basin, highlighting the geological section 

along the axis B-B'. 

Pedology 

Soil is an important natural source, which ensures the permanent production of the 

nutrients necessary for the life of human beings. Minerals, organic matter, water, and air 

form soil where dominance percentage is respectively 45%, 5%, 30% and 30%. Generally, 

soil chemical composition depends on parent rock (Benchetrif, 1956).  In Hodna, the orig-

inality of the pedogenesis processes that depends on a mixed climate: humid temperate 

with arid affinities, makes the soil classification different from that defined in Europe 

(Benchetrif, 1956). According to the pedological map of Hodna (Bayadgifv, 1975), Hodna 
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Chott is formed by allomorphic, hydromorphic and aeolian raw minerals soils. Going to the 

north a saline area is developed forming little evolved alluvial soils. On the periphery cal-

careous crusts, lithosols and Sierozems dominate. While going towaed the south of Hodna 

Chott, the following soil zonation is determined: a halomorphic soil and raw aeolian min-

eral soils; salty hydromorphic soil and raw aeolian mineral soils; raw aeolian mineral soils 

with pockets of lithosol and rigosol and poorly evolved alluvial soils; lithosol and cal-

calerous crusted and gypsum soil (show Figure 3). 

 
Fig. 3. Pedology map of Hodna (Boyadgifv, 1975) 

Land use 

Generally, the Hodna is a very impoverished steppe. It is to the climate that we must 

finally attribute the abundance of fertilizing elements in the sufficiently light soils of the 

middle part of the plain, but also the high salinity of many of the lower heavy soils and the 

general poverty of all soils in humus. Hodna has produced cereals at various times. 

The study area benefits from a vast irrigated plain located northeast of the city of 

Bousaada. There are, according to the department of the agricultural services of Bousaada 

(DSA), approximately 42000 hectares of arable land, 50% of which are irrigated (Abdes-

selam et al., 2012). Maadher is the area with the greatest agricultural activity, the lands of 

this city are estimated to be very good for agriculture, with more than 2595 hectares, of 

which 2299 are irrigated, or 88.6% of the total cultivated area. The Maadher plain has be-

come a major agricultural area irrigated by pumping groundwater since the 1970s. Crops 

can be grown on its brown and reddish-brown sandy clay soils. Synthetic fertilizers and 

animal waste are usually applied frequently (once every two years). 
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Fig. 4. Land use map of Bousaada region 

Soil microbial activity  

The complexity and the biological dynamism of soil make it difficult to define the 

microbial communities in soil (Nannipieri et al., 2003).  The land use and the soil types 

significantly influence microbial activity (Gangwar et al., 2022), which indicates the 

metabolic processes, notably CO2 evolution, nitrification, and denitrification rate, the 

incorporation of thymidine, and dehydrogenase activity etc. (Nannipieri et al ., 2003). 

The nitrifier and denitrifier communities react to saline and alkaline stress conditions 

that increase the pH of the soil, where the abundance, diversity, and structure are af-

fected (Guo et al., 2021).  In addition, the enrichment in nitrogen elements leads to 

ecosystem dysfunction and the disruption of communities, leading to the development 

of pathogenic microorganisms (Park et al., 2020), which make water unsuitable. 

In Southern Hodna, a rupture with traditional land used for pastoralism is ob-

served due to the extension of irrigated agriculture and overpumping from groundwa-

ter (Abdesselam, 2012). Consequently, nitrate contamination affected the water table 

(Abdesselam, 2012), but the use of septic tanks by the population of Maadher (Selmane, 

2023) also amplified the water nitrate pollution. The nitrification process is influenced 

by soil salinity, which disturbs the normal pathway of N transformations and inhibits 

the nitrification’s second step, producing the accumulation of nitrite in soil (Akhtar et 

al., 2012). 
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Material and Methods 

The methodology of this research project consists of four main phases: collecting the 

data and laboratory analysis, verification of groundwater quality, evaluation of nitrate pol-

lution in the study area, and proving the origin of groundwater pollution with nitrates. The 

flowchart in Figure 5 illustrates the methodology used for the study in detail. 

 
Fig. 5. Flowchart displaying the methodology followed 

Sampling and collecting 

This study used physico-chemical data from 219 samples, divided into two types: ar-

chived data for 159 samples from 1967, 1996, 2018, and 2019, and recent data for 60 sam-

ples collected between November 17 and 20, 2022. 

Regarding the recent data, the selected boreholes are used for drinking, irrigation, and 

other daily purposes. Selection took into account boreholes located near population centers 

(Maadher), Wadi Maiter, Wadi Bousaada, and boreholes located within agricultural areas 

(Fig 4). The depth of these boreholes ranges between 100 and 200 meters. The samples 

were collected using the conventional sampling protocol (Wilde, 2010). The samples col-

lected were put in polyethylene bottles. The pH, temperature, and electrical conductivity 

(EC) were all measured at the site using WTW 3110. Concentrations of Na+, K+ were deter-

mined using Agilent 200 series U systems. Sulfate, ammonium, nitrite and nitrate were 

measured by the colorimetric method with the Odyssey DR/2500 spectrophotometer. 

While Ca2+, Mg2+, HCO3- and Cl- were analyzed by volumetric titration. For each parameter 

analysis, the measurement is repeated twice. 

For the archived data, a set of physicochemical parameters (pH, EC, TDS, Ca²⁺, Mg²⁺, 

Na⁺, K⁺, Cl⁻, SO₄²⁻, HCO₃⁻, NO₃⁻ and NO2) of boreholes in the Bousaada region was used 

to study the evolution of nitrates concentrations. The dataset included 61 water points sur-

veyed by FAO in 1967, 50 water points by ANRH in 1996, and 19 and 29 water points by 

ADE in 2018 and 2019 respectively. It should be noted that the samples from the 1967 and 

1996 campaigns are taken from the water table with an average depth of less than 50 m 

(Derekov, 1973). 
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To ensure consistency between archived datasets and newly collected samples and to 

procedure an accurate comparison, only physicochemical parameters that were consist-

ently reported in both the historical datasets and the current sampling campaign were con-

sidered in the analysis. The analytical methods used in the archived sources were reviewed 

and found to be comparable with the standard hydro chemical analytical techniques applied 

in the recent study. Samples with incomplete records or anomalous values were excluded. 

In addition, the ionic balance error was checked to confirm the internal consistency of the 

hydro chemical data. 

Principal component analysis  

Principal Component Analysis (PCA) is a multivariate statistical technique. It is used 

to reduce the number of variables without sacrificing too much information, also it allows 

for the exploration of correlations between variables and similarities between individuals 

(Selmane et al., 2002b). PCA was applied to identify the main hydrogeochemical processes 

controlling groundwater quality in Bousaada and to reduce dataset dimensionality. The 

analysis included standardized physicochemical parameters from the November 2022 cam-

paign (60 samples): pH, EC, TDS, TH, Ca²⁺, Mg²⁺, Na⁺, K⁺, HCO₃⁻, Cl⁻, SO₄²⁻, and NO₃⁻. 

The Kaiser criterion (Kaiser, 1960) was applied to determine the total number of significant 

principal components. According to this criterion, only the principal components whose 

eigenvalue is greater than or equal to 1 have been retained as a possible source of variance 

in the data. 

Nitrate Pollution Index (NPI)  

Nitrate contamination of groundwater and its effects on human health is one of the 

most important life-threatening issues that are monitored worldwide (Panneerselvam et 

al., 2020). The NPI application is an indicator used to assess the level of nitrate pollution 

in groundwater due to human activity (Bahrami et al., 2020). When the concentration of 

NO3− in groundwater exceeds 20 mg/l, it can be considered as anthropogenic pollution 

(Reddy et al., 2022). The maximum permissible level of NO3− in drinking water is 50 mg/l 

(WHO, 2011). Nitrate pollution of groundwater has been monitored using NPI index in 

many parts of the world, as this indicator gives a clear picture of the percentage of water 

pollution (Panneerselvam et al., 2021; Reddy et al. 2022; Bahrami et al., 2020; Obeidat et 

al., 2012; El Mountassir et al., 2022). The following equation was applied to calculate NPI 

                                                 𝑁𝑃𝐼 =   
(𝐶𝑠−𝐻𝐴𝑉)

𝐻𝐴𝑉
                                                               (1) 

where: Cs represents the analytical range of nitrate in the water sample; HAV repre-

sents the threshold value of the artificial source (20 mg/l). 

According to the NPI value, the water quality is divided into five categories: Very good 

(< 0) (no pollution), good (0 to 1) (slightly polluted), moderate status (1 to 2) (moderately 

polluted), poor status (2 to 3) (heavily polluted) and bad status (> 3) (very heavily polluted). 

Human Health Risk Assessment (HHRA) 

The United States Environmental Protection Agency (USEPA) proposed the human 

health risk evaluation model as a method of assessment that sheds light on the effects of 

consuming highly Contaminated groundwater's implications on health (Panneerselvam et 

al., 2021; Adimalla et al., 2020). 
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Different contaminants enter the body of humans in various ways, but drinking water 

is probably the most significant. Risks from carcinogens and non-carcinogens are the two 

categories under which the effects are categorized (Panneerselvam et al., 2021). The HHRA 

is divided into four stages: risk identification in stage 1, assessment in stage 2, exposure in 

stage 3, and hazard characterization in stage 4 (Reddy et al., 2022). To evaluate non-car-

cinogenic risks, three age groups of people children, men, and women have been taken into 

consideration (Adimalla et al., 2018). By ingesting drinking water and coming into contact 

with skin, it risks are deemed non-carcinogenic (Zhang et al., 2018). 

Nitrate was selected to assess the non-carcinogenic risk in this study due to its high 

concentrations in groundwater samples, while the concentration of other non-carcinogenic 

parameters is very low. The drinking water was considered in this study, as it is the primary 

pathway of human exposure to NO3– in groundwater, while other exposure pathways are 

negligible. This study also considered children and adults to reflect the effects of ground-

water NO3–. It is possible to calculate the HHRA model through water intake as illustrated 

in Figure 6 (Xu et al., 2023):   

 
Fig. 6. Flowchart Procedures of non-carcinogenic health risk assessment through drinking water 

intake 

Co-kriging methods 

Geostatistics it was widely used in the characterization of groundwater quality and the 

simulation of the hydrogeological variables (Selmane et al., 2023a; Belkhiri et al., 2020; 

Richa et al., 2015). Geostatistics consists of variography and kriging. Variography uses sem-

ivariograms to characterize and model the spatial variance of data, whereas kriging uses 

the modeled variance to estimate values between samples (Burgess & Webster, 1980; Cahn 

et al., 1994). 

Semivariograms were first used by G. Matheron in 1963. It was later applied in fields 

related to spatial data such as ecology, meteorology, geology, etc. 

A semivariogram is a graphical representation of the variance of data as a function of 

the distance between measurement points. Shows the difference in measure and distance 

between all pairs of sampled locations (Bansal et al., 1993). 
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It refers to the spatial correlation in observations measured at sample locations. Sem-

ivariogram modeling is also used as a prediction tool to estimate the value of a measure at 

a new location. (Chiles & Delfiner, 2012). The semivariogram is given by the following equa-

tion: 

                                    𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖) − 𝑍(𝑥𝑖+ℎ)]2𝑁(ℎ)

𝑖=1                                            (2) 

 

Where 𝛾 is the semi variance for 𝑁 data pairs separated by a distance of ℎ, known as a 

lag, and 𝑍 is the value at positions 𝑥𝑖  and 𝑥𝑖 + ℎ. (Rostami et al., 2020, Selmane et al., 

2022a). 

Co-kriging is a geostatistical technique generalizing the kriging to multivariate inter-

polation. It exploits the correlation between the different variables as well as the spatial 

structure of the data, and also use the slope information in conjunction with the variable 

itself (Rostami et al., 2020; Chiles & Delfiner, 2012). 

Co-Kriging estimator it is a very flexible interpolation method, allow the user to inves-

tigate graphs of crosscorrelation and autocorrelation. Co-Kriging estimation is introduced 

by the following equation: 

∑ ∑ 𝜆𝑖𝑙𝜆𝑖𝑣𝛾(𝑥𝑖 , 𝑥𝑗) − 𝜇𝑢𝑣 = 𝛾𝑢𝑣(𝑥𝑖 , 𝑥𝑝) 𝑤ℎ𝑒𝑟𝑒 𝑗 = 1, … , 𝑛 𝑎𝑛𝑑 𝑢 = 1, … , 𝑣

𝑛

𝑖=1

𝑣

𝑙=1

 

                                                            𝑤𝑖𝑡ℎ ∑ 𝜆𝑖𝑙 = {
1, 1 = 𝑢

0,         1 ≠ 1𝑢
𝑛𝑙
𝑖=1                                                (3) 

where u and v are the primary and secondary variables, respectively. 

For Co-Kriging analysis, the cross-variogram should be determined in prior (Belkhiri 

et al, 2020). The cross-variogram models between the primary and secondary variables are 

obtained by fitting with an experimental cross-variogram that is given by: 

           𝛾𝑢𝑣(ℎ) =
1

2𝑁(ℎ)
∑ [𝑧𝑢(𝑥𝑖) − 𝑧𝑢(𝑥𝑖 + ℎ)][𝑧𝑣(𝑥𝑖) − 𝑧𝑣(𝑥𝑖 + ℎ)]𝑁(ℎ)

𝑖=1                            (4) 

Results and discussion 

General quality of groundwater in the study area 

In this study and based on statistical analyses of 60 samples of 2022 campaign (Table 

1), it was observed that 41.7 and 96.7% of the samples exceeded the standard of WHO 2011 

for Cl-, SO42-. Nearly 78.3% of the water samples contained concentrations of more than 50 

mg/l of nitrates. Conductivity and total hardness exceeded the recommended standard 

(WHO, 2011) in the majority of the samples studied. 

Chloride, nitrate and sodium showed a high coefficient of variation 74.5%, 75.8%, and 

53.1 respectively, which indicates a significant spatial variation between minimum and 

maximum values in the samples and a clear deviation of these parameters from the mean. 

These variations can be attributed to the influence of pollution. The coefficients of variation 

for TDS, EC, Mg2+, HCO3-, SO42- and K+ were lower indicating that the concentrations of 
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these elements are relatively consistent in the study area. This pattern suggests the influ-

ence of water–rock interactions, including the dissolution and precipitation of minerals 

such as gypsum, halite, anhydrite, and calcite, on the water chemistry.  

The principal component PC1 represents 51.9% of the variance of physicochemical pa-

rameters and is attributed to a strong correlation with the following parameters EC, TDS, 

Ca2+, Cl-, SO42-, TH and Na+ (Fig. 7), indicating the presence of evaporite mineralization. 

Principal component PC2 takes 15.4% of the variance of water quality and shows a good 

correlation with T and bicarbonate (Fig. 7) indicates the carbonate precipitation process. 

The principal component PC3(9.3%) combines pH, NO3- and K+ it indicates the presence 

of anthropogenic pollution.  

Table 1. Statistical description of the physicochemical results of the 60 samples in 2022 campaign 

Variable WHO 2011 Min Max Mean CV 
% Sample exceed-

ing the WHO 
standard 

T - 14.8 33.6 18.4 25.7 0 
pH 8.5 6.5 8.15 7.5 3.9 0 
EC 1500 1035.8 4901.8 2479.9 30.4 93.3 

TDS 1000 213 1825.5 962.1 31.15 35 
Ca²⁺ 75 104 601.2 255.8 46 100 
Mg²⁺ 100 36.4 255.2 96.6 39.8 40 

HCO₃⁻ 300 149.4 427 217.7 25.9 8.3 
Cl⁻ 250 56.8 923 299.3 74.5 41.7 

SO₄⁻² 250 250 1300 629.4 32.2 96.7 
TH 500 420 2450 1046.2 41.2 96.7 

NO₃⁻ 50 2 407 127.8 75.8 78.3 

Na+ 200 41 379.1 113.8 53.2 5 
K+ 12 4.7 16 7.2 29.3 5 

 
Fig. 7. Plot of Correlation between the principal components and physicochemical parameters us-

ing PCA method 
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Temporal evolution of nitrates 

Table 2 shows the evolution of the average nitrate concentration in the groundwater of 

Bousaada region from 1967 to 2022. All the measurement campaigns have average nitrate 

concentrations greater than or equal to 50 mg/l at the legal threshold, except the 1967 cam-

paign where the average concentrations are within the authorized standard. It can be seen 

that nitrate continues to increase reaching a maximum of 127.7 mg/l after being practically 

maintained at 60 mg/l between 1967 and 1996. We note that most of the samples studied 

during the 1967 and 1996 measurement campaigns contain concentrations around 50 mg/l, 

respectively 63 and 58.2%. On the other hand, the samples studied in the years 2018, 2019, 

and 2022 contain values mostly above 50 mg/l with an increase of more than 60%. Even 

more intriguing, it was found that 50% of the samples analyzed during the 2022 campaign 

had readings above 100 mg/l. 

These results show that nitrates have been present in the groundwater of the region for 

decades and have multiplied significantly and alarmingly in recent years. 

Table 2. Statistical description of nitrate concentrations from 1967 to 2022 

Years 1967 1996 2018 2019 2022 
Number of samples 61 50 19 29 60 
Min 0 11 2 7 02 
Max 177 310 120 184 407 
Mean 63 58 67.3 73.9 127.7 
% low 50 53.2 76 31.6 37.5 21.6 
% high 50 46.8 24 63.2 62.5 78.3 
% high 100 22.6 12 15.8 31.2 50 

Evaluation of nitrate pollution and its health risks 

Nitrate pollution index NPI 

Figure 8.a presents the classification of groundwater for the samples studied in 2022. 

According to the NPI value, five types of water have been identified: Very good (< 0), good 

(0 to 1), moderate status (1 to 2), poor status (2 to 3) and bad status (> 3). 

It was reported that only 8.3% of the total samples belonged to the clean categories and 

5% of the samples belonged to the Slightly polluted categories, and 16.6% of the samples 

studied were in the moderately polluted category. On the other hand, 70% of the samples 

are clearly polluted by nitrates (where it was 8.3% heavily polluted and 61.6% ery heavily 

polluted). 
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Fig. 8. a) Classification of nitrate pollution levels (NPI) and ; b) health risque from drinking (HQ 

for children) 

 
In order to examine the variations in the level of pollution by nitrates in 

groundwater and the factors that influenced them in the region of Bousaada, a spatial 

distribution map of NPI values was carried out to predict the level of pollution by 

nitrates using the ordinary kriging method by ArcGIS 10.8 software. 

The results of spatial interpolation of the NPI for the samples studied (Fig 9) show 

that the agricultural perimeter of Maadher and the boreholes close to the wadi of 

Bousaada are exposed to heavy pollution by nitrates. On the other hand, the level of 

pollution gradually decreases as it moves away from Oued Bousaada, and the intensity 

of agriculture was reduced. 

The samples located in the high areas and outside the agricultural perimeter are 

clean and not polluted by nitrates. According to these classifications, this pollution by 

nitrate may be due to many factors, including intensive agricultural activities, pollution 

from Wadi Bousaada, and the intensive number of septic tanks in the region. 
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Human Health Risk Assessment of nitrate 

Evaluating the potential impact of a risk on human health is done through the process 

of HHRA. Groundwater is the only source for agriculture and domestic uses for the 

residents of the area, so it is important to assess the non-carcinogenic health risk in the 

study area. An efficient tool for evaluating non-cancer health risks in various age groups in 

the study area 

Figure 8b present the hazard quotient (HQ) for nitrate in all samples and for both age 

groups adults and children. For the children, all HQ values are above 1 except the boreholes 

5, 19 and 40. where indicate that 95% of samples are in the high-risk class. As for the adults, 

we also observe that boreholes 4, 5, 19, and 40 are less than 1, which is 93.3% of samples in 

the high-risk class. 

Figure 9b shows the spatial interpolation of HQ values for children, using ordinary 

kriging, Through the spatial distribution results of HQ values, it was determined that the 

boreholes located in the agricultural perimeter of Maadher and near Wadi Bousaada posed 

a great threat to the health of the residents. Figure 9 shows the spatial interpolation of HQ 

values for children, using ordinary kriging, Through the spatial distribution results of HQ 

values, it was determined that the boreholes located in the agricultural perimeter of 

Mmaadher and near Wadi Bousaada and Maiter posed a great threat to the health of the 

residents. As for the rest of the boreholes scattered in the studied area (18, 17, 24, 16, 8, 6, 

14, 11, 12, 2, 1, 27, and 3), the risk percentage remains uneven for human health, except for 

boreholes 4, 5 and 19 in the far west and borehole 40 (Fig 8b), as it contains excelent water 

qaulity and does not pose a risk to the health of the residents. 
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Fig. 9. Spatial interpolation maps of a) NPI and b) HQ of HHRA using the ordinary kriging method 

Origin of nitrate 

Nitrogen fertilizers contain NO3− and Cl− ions, such as ammonium chloride (NH4Cl), 

ammonium nitrate (NH4NO3), and others. Some quantities of nitrogen fertilizers are 

absorbed by crops, and the rest is usually converted to NO3− by nitrification and entering 

the aquifer (Mekala et al., 2017). Since the area is characterized by sandy soil, this process 

occurs easily and quickly. As a result, it is possible that NO3− pollution is related to 

agricultural practices. In addition to chlorine being associated with agricultural fertilizers, 

it is also associated with wastewater (Redwan et al., 2020; El Mountassir et al., 2022). 

The NO3−/Cl− ratio is used as an index of mixing or biological processes such as 

nitrification, denitrification, and remineralization, which affects the distribution and 

behavior of nitrates and chlorides (Li et al. 2010; Djema & Mebrouk, 2022). Usually, 

chemical fertilizers contain high concentrations of NO3− and have a high NO3−/Cl− ratio and 

wastewater has a high content of Cl− and a low  NO3−/Cl− ratio (Djema & Mebrouk, 2022; 

Yue et al., 2017). In addition, chlorine can disrupt the activity of nitrate reductase and other 

enzymes used for the nitrate reduction to nitrogen gas (Rusmana & Nedwell, 2004). Con-

sequently, the nitrate levels in the groundwater may remain elevated, as the denitrification 

process is slowed down or stopped. 
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The NO3−/Cl− ratio versus Cl− concentrations was plotted to determine the sources of 

nitrate in groundwater. The results show in Figure 10a that samples 26, 29, 30, 37, 39, 41, 

42, 43, 44, 46, 47, 48 and 50  have a high Cl− content, suggesting the source of nitrogen is 

mainly from the contribution of sewage or animal manure (it's widely used as fertilizer in 

the study area); These borehles also showed a clear clustering with PC1 in the PCA analysis, 

and it was also observed that they clustered in the area exposed to the anthrpogenic 

pollution with nitrate (Fig.9), which confirms this hypothesis. The samples 6, 9, 13, 14, 17, 

18, 21, 23, 27, 28, 31, 33, 35, 36, and 38 have a low Cl− content and a high ratio of NO3−/Cl−, 

it indicates that agricultural input is the likely source of nitrates in these samples ; Its clear 

clustering with PC2 was also observed in the principal component analysis (PCA), as well 

as its clustering in the agricultural perimeter of Maadher (Fig 9), which confirms the 

agricultural inputs hypothesis. The rest of the samples did not take a clear direction through 

which the source of nitrates could be identified, because these samples contain weak 

concentrations of chloride and nitrates. In addition, these wells are located far from 

population centers and intensive agricultural activities. 

The scatter plot of TDS (g/L) versus (NO3-+Cl-)/HCO3- (meq/L) was used in this study 

to identify the anthropogenic inputs to groundwater. These diagrams have been widely used 

in similar studies for identifying the sources of NO3– pollution (Xu et al, 2023; He et al. 

2022). The obtained results showed a positive regression between TDS and (NO3-+Cl-

)/HCO3-, with a determination coefficient of 0.4 (Fig.10b), suggesting that the groundwater 

quality in the study area was seriously affected by anthropogenic inputs (Xu et al., 2023). 
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Fig. 10. Nitrate origin and identification (a) bivariate plot of NO₃⁻/Cl⁻ versus Cl⁻ and (b) TDS 

versus (NO3-+Cl-)/HCO3- 

1
2

34

5

6

7
8

9

10

11

12

13

1

15
16

1

18

19
20

2…

22

23

24
25

26

27

28

29
30

31

32

33

34

35

36

37

38

39
40

41

42

43

44

45

464748

49

50

51

5253 54

55

56

57

58

59
60

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30

N
O

₃⁻
/C

l⁻

Cl⁻ (meq/l)

a

Sewage imput

A
gr

ic
u

lt
u

ra
li

m
p

u
t

y = 4.1694x + 0.7274
R² = 0.4327

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.1 0.2 0.3

TD
S 

(g
/l

)

(NO3
-+Cl-)/HCO3

- (meq/L) 

b



556 

 

Anthropogenic activities are a major factor affecting groundwater pollution by nitrates. 

Where NO3− mainly originates from agricultural activities and household sanitation inputs 

(Li et al., 2023; Liu et al., 2021; Ren et al., 2022), Cl− and SO42− in groundwater may come 

from evaporation of gypsum and halite. The anthropogenic activities can also lead to 

elevated Cl− and SO42− in groundwater (Li et al., 2023). 

In Figure 11a, the studied samples are generally characterized by high molar ratios of 

Cl−/Na+ and NO3−/Na+ mainly located near the upper right corner of the 1:1 line, which 

indicates that the high nitrate in the groundwater of the study area mainly comes from the 

agricultural activities. At the same time, the relationship between the ratios of NO3−/Na+ 

and SO42−/Na+ (Fig.11b) showed that industrial activities also influence the chemical 

properties of groundwater to a certain extent. While ratios suggest possible industrial 

influence, field investigation found no significant industrial activities, except some small 

private workshops. On the other hand, there is heavy use of fertilizers such as organic 

fertilizers (manure and compost), synthetic fertilizers and livestock dung. In addition, high 

sulfate concentration is due to the water chemical quality that indicates a sodium-sulfate 

facies. Therefore, agricultural activities are assumed to be the most likely source of nitrate 

contamination. 

 
Fig. 11. Plots of (a) Cl−/Na+versus NO3−/Na+ and (b) NO3−/Na+ versus  SO42−/Na+ 
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Figure 12a shows that HCO3− increases when NO3− decreases. On the other hand, we 

note that when nitrate levels increase, chloride levels also increase, especially for samples 

containing NO3− greater than 50 mg/L (Fig. 12b). The remarkable increases in nitrate 

concentrations are due to evaporation and intrusion of irrigation water to the aquifer. This 

phase contributes to the dissolving of minerals, fertilizers, and agricultural residues. This 

leads to decreased bicarbonate in favour of chlorides and nitrates (Li et al., 2023; Traboulsi 

et al., 2005). 

 
Fig. 12. Plots of (a) nitrate versus bicarbonate and (b) nitrate versus  chloride 

 

The effect of physical factors on groundwater pollution with nitrates 

The Ordinary Kriging (OK) was applied using spherical models to predict nitrate 
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the experimental variograms. The spherical model provided the best fit for most variables 

and was therefore adopted for both the variogram and cross-variogram structures. 

The chloride cncentrations, the number of septic tanks near each sample, the average 

distance of septic tanks from samples, the distance of samples from wadi Bousaada and 

land uses used as covariates in the co-kriging interpolation. This covariates were selected 

based on the field investigations conducted in the study area, and based on the inferred 

factors that contribute to the nitrate pollution, and based on their statistical correlation 

with the primary variable.These were observed to be very influential factors in the presence 

of nitrate at high concentrations in the area.   

By comparing Figure 13a with Figure 13b, c, d, e, and f, one can see the effect of these 

covariables on nitrate concentrations in the studied area. The CK maps with co-variables 

(Fig.13b, c, d, e, and f) provide some new and accurate locations compared to the OK map. 

High nitrate values can be observed in the north of the studied area near Wadi Bousaada 

and the Maadhar area (with intense agricultural activity). 

Map 14b shows the effect of chloride concentration on spatial variations of nitrate, 

where the focus of high nitrate concentrations appeared wider, indicating the common 

source of chloride and nitrate. 

The effect of the number of septic tanks and their distance from the studied samples is 

clearly evident on the nitrate concentration (Fig.13c and d). The greater the number of pits 

and the shorter the distance from the studied samples, the stronger and more evident the 

nitrate pollution. 

As for Wadi Bousaada, its effect was clear in Figure 13e, where it appeared that the 

samples close to the outlets of Wadi Bousaada contain high concentrations of nitrate. 

It was noted through Figure 13f that the area of high agricultural activities (Maadher) 

showed a strong correlation with nitrate distributions. It indicates the direct effect of the 

use of industrial and animal fertilizers on groundwater pollution with nitrates. 
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Fig. 13. Spatial prediction map of NO3- obtained by (a) Ordinary Kriging (OK), (b) Co-Kriging (CK) 
with chloride, (c) CK with Nbr of septic tanks, (d) CK with Mean distance from septic tanks, (e) CK 

with land use and (f) CK with distance from wadi 
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Conclusion 

This study evaluated the hydrogeochemical characteristics, nitrate contamination, 

spatial distribution, and associated health risks of groundwater in the Bousaada region us-

ing physicochemical data from 60 samples collected in 2022 supported by historical da-

tasets from 1967–2019. The results reveal a clear deterioration in groundwater quality, 

characterized by high salinity and significant nitrate contamination. A large proportion of 

the samples exceeded drinking water standards, with 41.6% and 96.6% surpassing the lim-

its for Cl⁻ and SO₄²⁻, respectively, and 78.3% containing nitrate concentrations above 50 

mg/L. The EC and TH were also elevated in most samples, indicating strong mineralization 

influenced by both natural processes, such as the dissolution and precipitation of geological 

composition (Gravels, Conglomerates, clays, marls, sandstones, limestones, evaporitic de-

posits and dolomites), and anthropogenic inputs. The temporal analysis shows a marked 

increase in nitrate concentrations since 1967, reaching an average of 127.7 mg/L in 2022, 

with more than half of the samples exceeding 100 mg/L. The NPI Index confirmed severe 

contamination, with about 70% of groundwater samples classified as polluted, particularly 

in the agricultural area of Maadher and near Wadi Bousaada. HHRA further indicated that 

groundwater consumption may pose significant non-carcinogenic risks, as hazard quotient 

values exceeded the safe threshold for 95% of children and 93.3% of adults. Hydrogeochem-

ical and multivariate statistical analyses revealed that groundwater chemistry is controlled 

by both natural mineralization processes and anthropogenic activities. ion ratios and biva-

riate diagrams suggests that agricultural fertilizers, septic tanks, and wastewater discharges 

are the main contributors to nitrate contamination, while geostatistical modeling demon-

strated that co-kriging with environmental covariates improved the spatial prediction of 

nitrate distribution and highlighted the strong influence of agricultural activities, septic 

tank density, and proximity to Wadi Bousaada on groundwater pollution with nitrate. 
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