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Abstract: Continuous monitoring of drinking water quality is essential in terms of the levels of
heavy metals and toxic substances, especially in developing countries like Pakistan. Therefore, this
study aimed to investigate groundwater quality in residential areas of the Rajanpur District, Pakistan.
Groundwater samples (n = 200) were collected from various sites in the study area and analyzed by in
situ tests (pH, EC, TDS, temperature, and turbidity), and the concentration of 32 dissolved elements
and ions was also analyzed. The results showed that higher concentrations of dissolved elements are
the primary reason for poor drinking water quality. A few measured parameters (TDS~992 mg L−1

and EC~1921.15 µS/cm) exceeded the permissible limits of the World Health Organization (WHO,
Geneva, Switzerland) in most of the samples. Elements that had higher values than the allowable
limits in most of the samples were calcium (Ca), sodium (Na), bicarbonates (HCO3), sulfate (SO4),
chlorides (Cl), manganese (Mn), and strontium (Sr), with average values of 113 mg L−1, 223 mg L−1,
282 mg L−1, 367 mg L−1, 175 mg L−1, 69 mg L−1, and 1291 mg L−1, respectively. The measured
parameters that had no significant issues in terms of drinking water quality were aluminum (Al),
nitrite (NO2), phosphate (PO4), pH, and turbidity. The levels of potentially toxic elements such as
arsenic (As), lead (Pb), chromium (Cr), and copper (Cu) (average ~2.179 mg L−1, 1.659 mg L−1,
0.092 mg L−1, and 1.032 mg L−1, respectively) were found to be lower than the drinking water
guideline values of the WHO. The statistical analysis revealed weak correlations possibly due to
multiple sources and localized variations. The physicochemical analysis-based WQI values for all
groundwater samples were much lower at the residential sampling locations and in industrial settings,
indicating poor water quality. The elevation model indicated that as water moves in the aquifer in
the general direction of west to southeast, it gets concentrated by mineral dissolution, with geogenic
sources having a major impact on the hydrochemistry. Hence, regular monitoring of water quality is
required through advanced technology to overcome groundwater deterioration issues. The quality of
water is poor for drinking purposes and the health of the residents of the Rajanpur District may be
at risk.

Keywords: water quality; metals; WQI; spatial analysis; correlation; residential; rural

1. Introduction

World water resources have become indispensable and valuable because of the eco-
nomic growth of the last decades and other factors such as climate change and hydroge-
ological characteristics, which have severely affected the conservation, protection, and
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management of natural resources [1–5]. Freshwater supplies are scarce worldwide, and the
available resources are attenuating and getting polluted with time, making them insuffi-
cient to support an ever-growing human population [6–8]. It is projected that 50% of the
world’s population may face water deficiency by 2025 [9]. There are several factors that
determine the quality and chemistry of water resources, including mineral compositions of
the underlying lithology, climatic setting, human activities, topography, hydrogeological
setting, ionic exchanges, and weathering products [10–16].

Water quality and quantity go hand in hand according to the principles of water re-
source management. Water consumption and poor water quality are once again propelling
the people of the world to pay more attention to water resources in the face of natural
disasters, floods, water shortages, water pollution, and resulting illnesses in developing
countries [17,18]. As the quality of water has a profound impact on human health, inter-
est in water quality regulation has surged in recent years [19]. Groundwater resources
have been under immense pressure because of rapid urbanization, quality degradation
caused by natural factors, and anthropogenic addition of potentially toxic metals into
groundwater [20–22]. Around one third of the world’s population utilizes groundwater
for drinking purposes and another twenty percent for irrigation purposes, which puts a
strain on available resources [23,24]. Drinking, irrigation, and recreational uses of water
are determined largely by its physical, chemical, and biological properties [25].

A combination of improper wastewater treatment, water scarcity, and increased indus-
trial activity in developing countries have contributed to a dramatic increase in heavy metal
pollution in lakes, rivers, and other freshwater resources [26,27]. Heavy metal exposure can
lead to the development of chronic and non-chronic diseases in humans due to the elevated
levels of dissolved potentially toxic elements such as iron (Fe), nickel (Ni), manganese
(Mn), copper (Cu), cadmium (Cd), arsenic (As), chromium (Cr), and lead (Pb) [28,29]. The
significance of the effects on water use depends on both the severity and frequency of
pollution events and the usefulness of groundwater resources [30,31]. Agricultural stability
is being compromised by unregulated and uncontrolled use of groundwater, which is
plummeting in quantity and quality, and as a result, Pakistan’s newborns suffer from
water-borne diseases [32].

The identification of sources of groundwater pollution in some small areas can be
difficult when monitoring data is limited; hence, a better way to manage groundwater
pollution would be to identify the sources [33]. There is a lot of success in perpetuating and
enhancing groundwater quality, but the existing knowledge is inadequate for water quality
issues in residential areas of the Rajanpur District, Punjab, Pakistan. Rajanpur was selected
due to its geographical location and proximity to the Indus River, which has a significant
impact on groundwater quality. This study was designed to fill this knowledge gap by
combining a spatial geographic information system (GIS) the Canadian water quality index
(CCME), statistical techniques (principal component analysis (PCA)), correlation, and re-
gression methods. The main objectives of this investigation were to: (1) assess groundwater
quality in terms of dissolved elements (major, minor, and trace); (2) develop spatial distri-
bution maps by using GIS tools; and (3) analyze quality according to water standards and
guidelines in relation to human health. If the improvement of groundwater quality and
future scenarios are not considered, this problem may become more serious. Hence, this
study provides relevant information to residents and public authorities concerned with
drinking water quality and the potential effects of contamination.

2. Materials and Methods
2.1. Study Area

The city of Rajanpur lies between the Indus River and the Balochistan mountain
ranges. The study area lies between the Sulaiman Mountains in the west and the Indus
River in the east, to the extreme southwest direction of Punjab (28.43◦ N–29.82◦ N and
69.55◦ E–70.76◦ E; Figure 1). It is a narrow and long strip of land that lies on the eastern
side of the Indus River [34]. As a result of the geographical and hydrological settings of
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the region, the mountains receive seasonal rainfall which becomes overland flow in the
downstream areas and ultimately drains into the Indus River basin. Floods, as hill torrents,
are triggered by this situation seasonally almost every year. This study focused on the
Rajanpur area which is greatly dependent on groundwater resources, and the quality of
groundwater is changing due to human activities and the aquifer characteristics. The study
area has a subtropical desert climate with an average annual rainfall of 224.5 mm and an
average annual temperature of 30 ◦C. The main land uses in the study area are residential
(urban and rural) and agricultural.
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Figure 1. Location map showing sampling sites in the study area.

2.2. Pre-Field Methods

A field survey of the study area was conducted before the water sampling. Topo-
graphic maps were reviewed to select housing colonies and agricultural land for water
sampling, keeping in view the general land use and potential contamination in the area.
In the present study, accurate analytical data was ensured in terms of the quality of work,
adequacy, and reliability. The analytical measurements were performed in controlled
conditions in the laboratory.

2.3. Sample Collection

Groundwater sources in residential areas were the focus of this study and a total of
20 sampling locations were selected for detailed analysis. As per World Health Organization
(WHO) guidelines [35], samples were taken from the study sites for physicochemical
analysis from residential, semi-urban settings, as well as industrial and agricultural areas.
Hence, ten water samples were collected from each site in sanitized precleaned plastic
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bottles (600 mL) for analytical analysis of dissolved elements (e.g., metals, major ions). The
water sampling included water derived from hand pumps and motorized water pumps, as
well as tap water from the local water supply. Sampling included sites such as public places
(e.g., railway station, Masajid, school) and housing colonies. One sample was collected from
the main irrigation canal flowing through the city. Cultivated area sampling included the
direct supply of water from tube wells for irrigation in the cotton and sugar cane fields. In
situ testing included measurements of the pH, electrical conductivity (EC), total dissolved
solids (TDS), temperature, and turbidity levels of the water samples. All of the samples
were labeled and stored in an icebox and transported to the laboratory for analytical
measurements. Aesthetic parameters like color, smell, and taste were also recorded at
the sites using corresponding standard methods of field testing. Field observations and
relevant data were recorded on field data sheets, including sampling location coordinates
for the GIS analysis.

2.4. Analytical Techniques

Samples were transported to the Pakistan Council of Research in Water Resources
(PCRWR) laboratory in Islamabad for analytical measurements. Chemical analysis of major,
minor, and trace metals was conducted following the standard methods described in the
APHA, 23rd edition and the NSDWQ [36,37]. The detection limits in milligrams per liter
and measurement uncertainty for various elements are given in Table 1.

Table 1. Laboratory detection limits and relevant details for selected constituents.

Parameter Reference Method Detection Limit (mg/L) Measurement
Uncertainty

Calcium APHA, 23rd Edition 2.0 ±2%
Chlorides APHA, 23rd Edition 2.0 ±2%

Magnesium APHA, 23rd Edition 1.0 ±3%
Potassium APHA, 23rd Edition 0.02 ±3%

Sodium APHA, 23rd Edition 1.57 ±4%
Phosphate USEPA, 2000 0.05 -
Fluoride APHA, 23rd Edition 0.04 ±4%

Bicarbonates APHA, 23rd Edition 5.0 ±6%
Sulfate APHA, 23rd Edition 0.24 ±3%
Nitrate APHA, 23rd Edition 0.03 ±4%
Nitrite USEPA, 2000 0.05 -

Total dissolved solids APHA, 23rd Edition - -

The instruments that were used in the analytical measurements included an atomic
absorption spectrometer (Model: AAS Vario 6 Analytical Jena Germany), ion chromatog-
rapher, and a mass spectrometer. Aesthetic and physical parameters were analyzed by
comparing their values with WHO guidelines and Pak-EPA standards (NEQS). A digital
meter was used for testing pH (Model: Martini Mi 180), while a conductivity meter (Model:
Jenway 470) was used to determine TDS and EC. Moreover, arsenic concentration was
determined by using the atomic absorption spectrometer with a single-element hollow
cathode lamp and the combustion of air–acetylene. The measurements of elements includ-
ing chromium, zinc, copper, manganese, cadmium, lead, and all others were determined
using ICP-OES (Inductively coupled plasma-optical emission spectrometry). Alkalinity,
along with bicarbonate and carbonate concentrations, were determined by titration with
hydrochloric acid (HCl) and methyl orange and phenolphthalein as indicators.

2.5. Spatial Analysis

Spatial analysis requires the use of geographic information systems (GIS) to map the
chemical evolution of groundwater to show the spatial distribution of different major and
minor ions and trace elements. ArcGIS version 10.5 was used to create various spatial
distribution maps. Analytical laboratory data was arranged on an MS Excel spreadsheet
which contained sample ID, longitude, latitude, and laboratory results. The data on
groundwater quality was processed, analyzed, and interpreted using distribution maps.
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The spatial analysis helped understand the chemical evolution of groundwater to show the
distribution of measured major and minor ions and trace elements.

2.6. Statistical Analysis

Brief methodology of sampling, analytical techniques and the statistical analysis
depicted in the Figure 2. Statistical analysis for the principal component of different
metals was carried out on Minitab 18. The PCA was performed to determine the principal
components (PCs) from sampling points and to assess local variations in groundwater and
possible sources of heavy metals. Correlation and regression analysis was also carried
out, and the water quality index of the Canadian Council of Ministers of the Environment
(CCME) was determined.
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3. Results
3.1. Physico-Chemical Parameters

The pH level of the drinking water was determined to be compliant with the WHO [34]
guidelines, ranging between 6.9 and 8.2. Standard values of TDS and EC are divided into
categories as follows: less than 300 mg L−1 is excellent, from 300 mg L−1 to 600 mg L−1 is
good, between 600 mg L−1 and 900 mg L−1 is fair, from 900 mg L−1 to 1200 mg L−1 is poor,
and higher than 1200 mg L−1 is unacceptable [38]. In the present study, values of TDS in the
water samples varied from 150 to 3732 mg L−1. According to this, the RW7, RW1, RW19,
RW16, and RW15 sampling locations fall into the category of unacceptable, and RW8, RW5,
RW13, RW14, RW9, RW17, RW6, and RW3 fall into good. The highest value was recorded
at the RW7 sampling location, which corresponded to the water sample collected from the
residential area. The EC detected was very high—with values ranging between 6020 µS cm
and 2070 µS cm, including both agricultural and residential areas—for the following sites
(in increasing order): RW7 > RW2 > RW1 > RW18 > RW20 > RW19 > RW16 > RW15. The
EC values detected at other locations ranged between 1825 µS cm and 1160 µS cm, and they
were measured at the following sites (in increasing order): RW12 > RW8 > RW5 > RW9 >
RW13 > RW14 > RW3 > RW17 > RW6. A statistical summary of all physical parameters is
presented in Table 2.
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Table 2. Statistical summary of the physical parameters measured in the field.

Sr. No. ID Area Description
Longitude Latitude Sample Size

pH
TDS Water

Turbidity Odor

(◦ E) (◦ N) (L) mg/L Clear/Muddy None/Smell

1 RW1 Indus Highway 70.324773 28.992548 1.5 7.22 1824 Clear None
2 RW2 Nishter Ghat 70.444634 28.904342 1.5 8.22 150 Muddy None
3 RW3 Indus Road 70.381439 28.969643 1.5 7.33 713 Clear None
4 RW4 Mahib Ali 70.383301 28.96671 1.5 7.48 315 Clear None
5 RW5 Basti Lal Thata 70.354706 28.987753 1.5 7.41 928 Clear None
6 RW6 Link Road 70.34224 29.006238 1.5 7.3 638 Clear None
7 RW7 Kotla Naseer 70.336629 29.099076 1.5 7.25 3732 Clear None
8 RW8 Machi Dara 70.324081 29.099664 1.5 7.24 971 Clear None
9 RW9 Khanqah Road 70.324081 29.099664 1.5 7.2 788 Clear None

10 RW10 Zia Shaheed Road 70.334138 29.099734 1.5 7.28 271 Clear None
11 RW11 Canal Rest House 70.334518 29.103196 1.5 7.5 185 Muddy None
12 RW12 Katchery Road 70.328772 29.109994 1.5 7.28 1095 Clear None
13 RW13 Hakeem Colony 70.331662 29.113955 1.5 7.38 823 Clear None
14 RW14 Fateh Pur 70.316195 29.122785 1.5 7.42 809 Clear None
15 RW15 Chowk Alla Abad 70.336349 29.104624 1.5 7.35 1242 Clear None
16 RW16 Ghala Mandi 70.337038 29.108309 1.5 7.41 1272 Clear None
17 RW17 Shah Faisal Colony 70.321864 29.10793 1.5 7.28 691 Clear None
18 RW18 Dubai Colony 70.342171 29.107105 1.5 6.98 0 Clear None
19 RW19 Naimat Colony 70.337029 29.107409 1.5 7.32 1410 Clear None
20 RW20 Railway Station 70.337716 29.100448 1.5 7.05 0 Clear None

3.2. Chemical Parameters

Water samples were collected for the evaluation of various major and trace elements.
Major elements include alkalinity, bicarbonates, carbonates, hardness, P, N, Na, K, Ca, Mg,
Cl, and SO4. Minor and trace elements include As, Al, Co, Cd, Cu, Cr, Mo, Mn, Pb, Ni, Sr, F,
and Zn. A discussion of the variations in concentration and spatial distribution patterns is
given in below in the subsections.

3.2.1. Major Elements

Present data showed that values ranged between 22 and 461 mg L−1 for Ca. The
highest value was recorded in the water sample at the RW7 location, which was taken from
the residential area. Magnesium values varied from 10 to 109 mg L−1 with an average
value of 113.15 mg L−1, and sodium values ranged between 18 mg L−1 and 820 mg L−1.
The bicarbonate concentration ranged from 92 to 452 mg L−1. The sulfate (SO4) values
ranged from 34 mg L−1 to 933 mg L−1 and the concentrations were detected in the order of
RW7 > RW19 > RW20 > RW18 > RW16 at the sampling locations. The concentration of chlo-
ride ranged from 20 to 1296 mg L−1 in the water samples. The high values at the sampling lo-
cations were detected in the order of RW7 > RW1 > RW18 > RW20 > RW19 > RW16 > RW8.
In this study, potassium and phosphate values were slightly higher than the permissible
levels (Figure 3).

3.2.2. Trace Elements

Only two samples (RW1 and RW9) were above the acceptable levels for arsenic, but
the levels were only slightly higher. The concentration of dissolved Al in water in the
near-neutral pH range is commonly 1–50 mg L−1 but upsurges up to 500–1000 mg L−1

in highly acidic water or water rich in biological material have also been observed [35].
In the present data, only two samples (RW2 & RW11) registered higher levels that fall
in the category of acidic water. The concentration of manganese reported in the present
data was from the below detection limit to 404.6 mg L−1 and the values were found in
increasing order at RW1 > RW4 > RW3 > RW13. The results showed that nitrates, nitrites,
and chromium had low values in water samples from the study area (Figure 4).

The concentration of molybdenum generally does not register higher levels in fresh-
water bodies. In this study, molybdenum was reported to be between 0.2 and 6.76 mg L−1,
which is within the permissible limit. There is no health risk due to the copper, cobalt,
nickel, and cadmium concentrations found in the study area. Strontium concentration
ranged between 207 mg L−1 and 2487.76 mg L−1 with an average of 1291.845 mg L−1, with
70% of sampling locations registering values above the allowable limits of drinking water.
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The USEPA [39] scheduled strontium on the CCL 3 (USEPA Contaminant Candidate List
3) to consider possible and additional future regulations. The pollutant competitor list is
a catalog of unregulated impurities which are not exposed to any declared or proposed
public drinking water guidelines and public water frameworks [40].

3.3. Water Quality Index

The water is undrinkable if values of WQI are less than 44 according to the CCME
water quality index method. These values indicate that 50.5% of samples are “unfit” for
drinking and 45.5% are “poor” according to the drinking water quality standards. This
study examined the potential of using the CCME WQI calculated from various types of
numeric water elements at the sampling locations to check water quality.
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3.4. Principal Component Analysis

In the present study, concentration levels above the permissible limits set by the WHO
make a cluster (Figure 5). The values are plotted in the quadrant on the positive side of PC1
and negative side of PC2. Parameters that are near each other show a strong correlation
and other variables which are plotted away from each other are weakly related, except
those that are plotted diametrically opposite to each other, indicating a negative correlation.
Most major nutrients (Ca, Na, S, and Cl) and physical parameters (conductivity, TDS, and
hardness) are clustered together with the large loading lines. Most minor nutrients such as
Co, Mo, Sr, and Mn, and other major nutrients are also grouped together. No significant
concerns are noted for Al, Cr, pH, and turbidity, which are shown on the negative side
of the PCs. In the loading plot, the positive loadings specify a measured variable and its
correlation to other parameters, in which an increase in one parameter may increase the
other and vice versa, due to the common origin source. The directions of the lines and their
nearness indicate how correlated nutrients are grouped. The length of the loadings on the
principal components plot indicates the degree of a variable in terms of its concentration or
values. Major nutrients that reduce water quality are grouped in clusters that are plotted
along the PC1 and PC2 values in Figure 5a. Clusters are indicative of hydrological settings
and common origin sources of the determined parameters. The shaded regions of the plot
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are locations that indicate extreme values plotting away from the main clusters. Locations
RW11 and RW2 are the canal waters, location RW7 is from the residential area near the
industrial site, and RW1 is an agricultural site. An arrow shows a trend of water quality
changing from marginally fit water to very poor-quality water (Figure 5) in the study area.
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by a blue color. Shaded circular regions in various colors in the plots indicate the main clusters of
measured variables concentration changes and the sampling locations which are based on the land
use and anthropogenic activities in the study area.
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3.5. Correlation and Regression Analysis

Correlation analysis and principal component analysis result in a notable correlation
between major elements. Correlation coefficients between metals showed positive correlations
for Ni-Cu (r = 0.52), Zn-Cu (r = 0.44), HCO3−-Mo (r = 0.58), PO4

3−-Al (r = 0.46), Mn-Ar (r = 0.43),
PO4

3−-Cu (r = 0.61), Mg-Mo (r = 0.45), HCOз−-Sr (r = 0.76), Mg-Sr (r = 0.50), PO4
3−-Zn (r = 0.52),

Ca-Cl (r = 0.92), Ca-Na (r = 0.85), Cl-Na (r = 0.89), K-NO3
- (r = 0.62), and SO4-F (r = 0.77).

Correlation coefficients between metals showed negative correlations for Sr-Al (r = −0.40),
Al-HCO3− (r = −0.54), Ni-Cd (r = −0.41), and NO2

−-SO4
2− (r = −0.40).

Results obtained from linear regression showed high values for twelve elements
(Figure 6). Regression for levels of metals showed a strong correlation for HCO3-Sr
(R2 = 0.5761), F-SO4 (R2 = 0.589), Na-Ca (0.7225), and Ar-Mg (0.4105). The correlation
coefficients between metals and physical elements showed a strong relationship between
Cl and conductivity (R2 = 0.7783), and between hardness and Ca (0.8684). These results
indicate that metals showing a strong correlation might have a similar pollution source,
which could be agricultural operations or other anthropogenic activities. However, more
research is required to fully determine the physicochemical processes involved in metal
bindings, mobilization, and the fate of chemicals in the study area (Table 3).

Table 3. Pearson correlations between different elements.

Arsenic Conductivity Bicarbonates Calcium Chlorides Hardness Magnesium Sodium Sulfate TDS

Arsenic 1.00
Conductivity 0.14 1.00
Bicarbonates 0.05 0.03 1.00
Calcium −0.03 0.82 0.13 1.00

Chlorides 0.09 0.88 −0.06 0.92 1.00
Hardness 0.16 0.83 0.35 0.93 0.88 1.00
Magnesium 0.64 0.28 0.55 0.13 0.23 0.47 1.00

Sodium 0.07 0.86 0.27 0.85 0.89 0.91 0.43 1.00
Sulfate 0.12 0.77 0.41 0.76 0.73 0.89 0.55 0.94 1.00

TDS 0.19 0.88 0.15 0.91 0.95 0.97 0.45 0.98 0.92 1.00

3.6. Digital Elevation Model

Groundwater quality determination processes can be complicated because they re-
flect biochemical interactions on scales that are not easily observed. To characterize the
natural mechanism, an understanding of the water flow and transport routes in a region
is required [41]. In this study, a simple digital elevation model (DEM) was utilized to
understand and interpret the general flow conditions. The map of the Indus River near
the Rajanpur District indicates that the quality of water changes from marginal to poor
in various directions (Figure 7). In addition, the DEM provided a basic understanding of
the possible hydrological flow on a larger scale in connection to the terrain characteristics
(i.e., stream, slants, curve) of the study area as water moves from the elevated area on the
western side to the downstream areas in the southeast direction. As groundwater moves
towards the lower elevation areas, it dissolves various nutrients and becomes concentrated.
Finally, it joins the Indus River which is the main water body controlling regional drainage
and flow directions. The arrow indicates the water flow direction, which depends on the
local geography shown by contours of various elevation values. Hence, the DEM indicated
that geological features, hydrological features, and other factors (mountains, floods) are the
main determinants of the spatial variation in elemental concentrations in the area.
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Figure 6. Scatter plots (a) F-SO4; (b) HCO3
−Sr; (c) Cl-conductivity; (d) hardness-Ca; (e) Ar-Mg; and

(f) Ca-Na showing variations in relationships among the measured parameters in water samples
taken from the study area.



Water 2022, 14, 3551 12 of 16

Water 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

Table 3. Pearson correlations between different elements. 

 Arsenic Conductivity Bicarbonates Calcium Chlorides Hardness Magnesium Sodium Sulfate TDS 

Arsenic 1.00          

Conductivity 0.14 1.00         

Bicarbonates 0.05 0.03 1.00        

Calcium −0.03 0.82 0.13 1.00       

Chlorides 0.09 0.88 −0.06 0.92 1.00      

Hardness 0.16 0.83 0.35 0.93 0.88 1.00     

Magnesium 0.64 0.28 0.55 0.13 0.23 0.47 1.00    

Sodium 0.07 0.86 0.27 0.85 0.89 0.91 0.43 1.00   

Sulfate 0.12 0.77 0.41 0.76 0.73 0.89 0.55 0.94 1.00  

TDS 0.19 0.88 0.15 0.91 0.95 0.97 0.45 0.98 0.92 1.00 

3.6. Digital Elevation Model 

Groundwater quality determination processes can be complicated because they re-

flect biochemical interactions on scales that are not easily observed. To characterize the 

natural mechanism, an understanding of the water flow and transport routes in a region 

is required [41]. In this study, a simple digital elevation model (DEM) was utilized to un-

derstand and interpret the general flow conditions. The map of the Indus River near the 

Rajanpur District indicates that the quality of water changes from marginal to poor in 

various directions (Figure 7). In addition, the DEM provided a basic understanding of the 

possible hydrological flow on a larger scale in connection to the terrain characteristics (i.e., 

stream, slants, curve) of the study area as water moves from the elevated area on the west-

ern side to the downstream areas in the southeast direction. As groundwater moves towards 

the lower elevation areas, it dissolves various nutrients and becomes concentrated. Finally, 

it joins the Indus River which is the main water body controlling regional drainage and flow 

directions. The arrow indicates the water flow direction, which depends on the local geog-

raphy shown by contours of various elevation values. Hence, the DEM indicated that geo-

logical features, hydrological features, and other factors (mountains, floods) are the main 

determinants of the spatial variation in elemental concentrations in the area. 

 

Figure 7. The DEM shows the direction of water in the sampling area and the adjoining Indus River. Figure 7. The DEM shows the direction of water in the sampling area and the adjoining Indus River.

4. Discussion

A previous study reported that most of the residents of Jampur (a tehsil in the Rajanpur
District) and Rajanpur are drinking polluted water, which is detrimental and dangerous,
and also reported several hotspots in terms of metal and chemical contamination [42–44].
Aesthetic and physical attributes examined in this study such as the turbidity, odor, and
taste of the water were not objectionable in most of the samples. The turbidity of the two
samples that were collected from the surface water (river and canal) was high (muddy
waters). The pH values of all samples were within permissible limits as per the WHO
standards [45]. About 98.5% of the water samples were within the permissible limits of
alkalinity and only 2.5% showed high alkalinity. Toor and Tahir [46] reported that arsenic
levels are low in the southern areas of Punjab and the present study registered values in
agreement with their findings.

Overall, 35% of the water samples that are observed in the spatial distribution maps
have high values of Ca. The highest value of sulfate was detected in the sample from
residential areas. Elements such as Ca, Mg, and Na are accountable for significant vital
functions in the human body. It was previously reported that momentary exposure to
extraordinary groupings of Ca does not cause health-related ramifications, yet long-term
exposure might prompt hypercalcemia, calcification of the urinary tract and in kidneys [47].
Groundwater usually contains more minerals and salts than surface water, especially in
areas rich in sodium minerals or areas with seawater intrusion [48]. The values of carbonates
and bicarbonates were also within permissible limits. The highest concentrations of almost
all the major elements were detected in a residential sample, RW7. Chloride levels are
found in a wide variety of concentrations in natural waters.

The content of chloride usually increases with the addition of minerals [35]. Water
is fit for consumption when it contains some trace elements and heavy metals, but when
those constituents surpass the levels considered safe for consumption by humans, the
water becomes unfit or possibly toxic [49,50]. Depending on their type, use, and amount,
metals and trace metals can cause serious health problems, and most of them are generally
toxic [51,52]. Chemical stability, a broad variety of sources, difficulties in remediation,
poor degradation, bioaccumulation, and severe toxicity make trace elements one of the
most dangerous contaminants in water [53,54]. Humans are mostly exposed to As, Al,
Cd, Hg, and Pb due to their widespread use in manufacturing and industrial operations
in the modern economy. The release of potentially toxic substances in water can result
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in a variety of health problems, including cancer, intellectual disabilities, neurological
conditions, cardiovascular diseases, kidney problems, bone problems, Parkinson’s disease,
and Alzheimer’s disease [55–58]. The level of As and Al increased in the two samples, but
not significantly. The results show that nitrates, nitrites, and Cr do not have significant
health impacts in the study area.

According to the values of the water quality index, water seems to be hard and
contaminated with heavy metals in the area of study. The WQI is a powerful tool for
indicating water quality. The study area of the Rajanpur District is impacted and stressed by
geological factors, climatic factors, chemical parameters, and anthropogenic activities [59].

According to principal component analysis, the major nutrients that reduce water
quality are grouped into clusters on the PC1 and PC2 biplot. Elements and parameters
that exceeded the allowable limits are Ca, Na, sulfate, chlorides, Co, Mn, Sr, TDS, and
hardness. The residents of the Rajanpur District are mainly dependent on agriculture
for their livelihood, which significantly impacts groundwater quality. Water movement
(seasonal floods) and excess use of fertilizers are mainly responsible for degrading the
water quality. In any case, industrial waste discharge is currently a less contributing
factor, but that might change soon as the population of the study area is rising. Elements
that pose no environmental issues are Al, pH, turbidity, temperature, Cr, nitrite, and
phosphate. Depending on the elemental pair some correlations are very weak; there
may be independent varying sources that contribute to the weak correlation between the
elements [60].

In this study, a DEM was utilized to extract information for mapping the Indus River
near the Rajanpur District, which indicates that water moves from west to southeast for
about 50 km. The quality of water changes from marginal to very poor along the flow
direction as water becomes enriched in dissolved nutrients. A gradual addition of elements
raises the dissolved contents of the water, and this depends upon the residence time,
aquifer material characteristics, and anthropogenic inputs. Geogenic sources are the main
contributing factor, followed by agricultural activities that affect the hydrogeochemistry of
the study area. Hence, continuous monitoring of water quality is required to ensure a clean
water supply in developing countries [61,62].

There is a need for more research work on the major nutrients in this area. There is a
need for extensive hydrological study in order to understand the aquifer hydrogeochemistry
and groundwater flow dynamics. However, we do not know about the general health
impacts of poor-quality water on the people of this area because this study concentrated on
the assessment of groundwater quality parameters.

5. Conclusions

It is concluded that the overall quality of water is poor in the residential and agricul-
tural areas of Rajanpur. Most of the population is consuming contaminated water due to
the elevated levels of metals and ions in the area. Spatial variation maps showed that levels
of major elements were mostly high, increasing the salt level and resulting in poor-quality
water. Some trace elements showed very high levels at a few places because of geographical
locations and land use practices. The principal component analysis identified the sources
and the factors accountable for variations in water quality. WQI values indicated that water
quality in the greater part of the sampled sites in the region is exceptionally poor or close
to poor. The digital elevation model determined that as water moves through the aquifer
it dissolves salts and becomes concentrated. The geographical setting, seasonal flooding
cycles, and climatic conditions in this area are mainly accountable for the variations in
physicochemical parameters and high metal content. Agricultural activities, anthropogenic
activities, and some industrial activities are also responsible for the poor groundwater
quality. This study highlights the importance of continuous monitoring of heavy metal
levels in groundwater through advanced technology, as water shortage and consumption
of poor-quality water are impacting the living standards of people.
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