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Abstract: For shallow groundwater, hydrogeochemical processes and quality assessment must be
addressed because shallow groundwater is freely available in many parts of the globe. Due to recent
anthropogenic activities and environmental changes in Sakrand, Sindh, Pakistan, the groundwater is
extremely vulnerable. To provide safe drinking and agricultural water, hydrogeochemical analysis is
required. Ninety-five groundwater samples were analyzed using agricultural and drinking indices to
determine the hydrogeochemical parameters using multivariate analysis such as Pearson correlations,
principal component cluster analysis, as well as Piper diagrams and Gibbs plot for drinking and
agricultural indices. An abundance of ions was observed through the statistical summary; however,
cations and anions were recorded in the orders Na+ > Ca2+ > Mg2+ > K+ and HCO3

− > Cl− > SO4
2−

> NO3
− > F−. The hydrogeochemical process used to quantify the major reactions occurring in

the groundwater system showed rock dominance; the Piper diagrams evaluated the water type. A
mixed pattern of calcium, magnesium, and chloride ions (Ca2+−Mg2+−Cl− type) was observed.
Additionally, the ion exchange method showed an excess of bicarbonate ions due to carbonic acid
weathering. The water quality index (WQI) resulted 32.6% of groundwater being unsuitable for
human consumption; however, the United States Salinity Laboratory (USSL) diagram showed 60% of
samples were unsuitable for irrigation due to high salinity and the Wilcox diagram depicted 5% of
samples lying in the unsuitable region. Most of the water samples were suitable for drinking; only a
few samples were unsafe for drinking purposes for children due to the high hazard index.

Keywords: hydrogeochemical facies; water–rock interaction; groundwater; water quality index
(WQI); multivariate analysis; health risk rate (HRR)

1. Introduction

Water is the most basic and critical requirement for human survival. With the increas-
ing expansion of industrialization and urbanization, ensuring the sustainable use of water
resources to solve the supply–demand gap remains a global problem [1]. Groundwater has
been widely used for drinking, irrigation, and numerous industrial applications across the
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world as an essential source of water supply [2,3]. Groundwater is widely utilized for drink-
ing and irrigation in Pakistan, particularly in the south [4]. The district’s socioeconomic
environment (Shaheed Benazirabad) implies that Sakarand’s people are highly reliant on
agriculture for food and money [5], and the majority of the agriculture is dependent on
groundwater irrigation [6]. Despite its geological protection, groundwater, like surface
water, is susceptible to contamination. Because of the advancement of human activities,
industrial and agriculture activities possible sources of groundwater pollution rose in
the previous decade [7–12]. Agriculture, through erosion and chemical runoff, is a major
contributor to the deterioration of surface and groundwater resources [13]. The necessity to
produce enough food has a global impact on agricultural techniques such as intensification,
which requires more irrigation, and the widespread application of fertilizers and pesticides.
Nutrients and pesticides can contaminate surface and groundwater if these activities are
not properly managed [14,15]. The generation of trash and its manner of disposal in urban
and industrial regions is one of the activities that produces huge amounts of pollutants
that will be discovered in the natural environment without appropriate treatment and can
reach groundwater [11,16].

Water quality evaluation has become inevitable in water resource management as a
result of the increased degradation of water quality in connection to human activities. The
most frequent method of assessing water quality was to compare the contents of water
quality parameters to their standard levels for a given purpose [17–21]. The hydrochemical
properties of groundwater might be used to identify possible changes in groundwater
quality by plotting main ion concentrations on various graphical representations, such as a
Piper diagram, Gibbs plot, Na-normalization ratio, and so on, and using statistical analy-
sis [2,22]. A water quality index (WQI) is another method for measuring and classifying
water quality that is becoming increasingly popular. A WQI has the benefit of utilizing
mathematical techniques to convert water quality parameter levels into an indicator score.
Numerous organizations and scholars [23–25] have created and utilized several multivari-
ate statistical analysis and groundwater numerical modeling to help public authorities
manage groundwater remediation water indices to characterize the appropriateness of
various uses of water resources [25]. These approaches, including principal component
analysis (PCA), cluster analysis (CA), and discriminant analysis, are often used to solve
multivariate issues and are broadly used in geology and hydrology.

Shallow groundwater is a popular supply of household water in many Pakistani sub-
urbs and rural regions [26]. However, due to heavy human activity, its quality is declining,
potentially harming human health and the ecosystem. Numerous investigations have
indicated anthropogenic pollution of groundwater resources in many locations, such as
agricultural contamination (As, Ni, pesticides, etc.) found in the groundwater of Multan’s
most heavily irrigated regions [27]. In Sialkot, groundwater is highly contaminated with
Zn, Fe, and Pb because of leaching from contaminated soil [28], and a similar case was
reported in Lower Dir (northern Pakistan), where high levels of Cr, Pb, Cd, Co, and Fe
were found in groundwater whose major contributor is the local geology [29]. Baig et al.
(2009) assessed the water quality parameters in the Jamshoro area of Pakistan, finding that
Na+, K+, and SO4

2− concentrations were increased due to the semi-arid environment and
human interferences (intensive agriculture) [30].

According to Memon et al. (2011) TDS, EC, alkalinity, hardness, and Na+ levels in all
three water bodies (dug wells, shallow pumps, and water supply systems) were above the
WHO’s acceptable limits. The high concentration of Na+, as well as the high concentration
of Iron, was a serious concern in the Thar district’s drilled wells and shallow pumps,
particularly in district Badin [31]. Lanjwani et al. (2020) found significant concentrations
of main ions such as Ca2+, Mg2+, Na+, Cl−, SO4

2−, and HCO3
− in 36 percent of water

samples collected from the district of Larkana, Sindh, as well as poor water quality based
on WQI, and a polluted index of Pb, Ni, and Cd [32]. In lower southern Sindh, Shahab et al.
(2016) observed groundwater pollution with significant concentrations of EC, TDS, Na+,
Cl−, SO4

2−, HCO3
−, As, and Fe [33].
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The water quality in Sindh province is deteriorating day by day. Due to rising popula-
tion density, significant groundwater extraction for agriculture, harsh climatic conditions,
and dwindling water tables in Sindh’s Sakrand district, it became critical to analyze the
region’s water quality for drinking and irrigation. Thus far, hydrochemical research has
not been done yet in the Sakrand area of Sindh to assess water quality for drinking and
agricultural purposes. The present study aims to identify the physical and chemical charac-
teristics of groundwater to assess the drinking and agricultural water quality of a small,
densely inhabited, agriculturally rich region. This study’s findings would be useful infor-
mation for managing groundwater resources as well as for seeking an effective approach
to address the present health and agricultural issues in Sakrand, Sindh. It may also assist
in the implementation of a sound management method in other regions. Furthermore, this
study could also provide a reference for several methodologies to reveal hydrogeochemical
processes and evaluate groundwater quality.

2. Description of the Study Area
2.1. Study Area

The study area is located in the Sindh province it is the second-most populous province
in Pakistan. Sakrand is a town in Sindh province which lies in district Shaheed Benazirabad,
previously known as Nawabshah; the location is about 26◦8′17′′ N 68◦16′23′′ E; the cross-
section and peizomatric map is shown in Figure 1. The elevation of the study area is 25 m
(82 ft), the climate is predominantly hot and dry, and the temperature ranges from below
40 ◦F to above 117 ◦F. It can be classified an arid subtropical zone, i.e., very cold and dry in
winter and very hot, arid, humid, and windy in summer. The summer temperatures can
reach 53◦C, while winter temperatures can fall as low as 1◦C. However, the average annual
precipitation varies from 200 mm to 300 mm [34], with the majority occurring during the
monsoon season, which occurs in July, August, and September. Wheat and cotton are the
most widely farmed crops in the region and are cultivated in Sindh’s delta plain [35].
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Figure 1. Groundwater sampling points and geological formation of Sakrand, Sindh, Pakistan. Figure 1. Groundwater sampling points and geological formation of Sakrand, Sindh, Pakistan.

2.2. Geology and Hydrogeology

Sakrand is in the southern part of the Indus plain; thus, the groundwater resources are
from the Indus river. The groundwater along the small strip of the Indus river is usually less
saline than other major parts, where the water is generally very saline [33]. Low cropping
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intensity, canal seepage, and lateral channels produce salinization. Chemical investigation
showed about 15% of the studied area is moderately to extremely saline, and saline–alkaline
soil accounts for more than 5.5% of the total landmass [36]. The groundwater table ranges
from 1.5–12 m and the average depth is 4.53 m. The flow in the upper and middle sections
is more south-westerly, while in the middle and lower sections it is more westerly, toward
the Indus river. Sand is usually the primary component of a uniform, non-artesian, and
transmissive aquifer.

3. Materials and Methods
3.1. Sample Collection and Analysis

Ninty-five groundwater samples were collected from shallow aquifer (<35 m) at
Sakrand, Sindh, Pakistan. Groundwater samples were collected, rinsed, washed with 10%
HCl solution and tested for the analysis. The bottles were soaked with double-deionized
water after being rinsed. Collected samples were examined for drinking and agriculture
purposes. Physicochemical characteristics were tested at Pakistan Council of Research
in Water Resources, (PCRWR) as follows: pH determined by pH 720 WTW Series meter,
electrical conductivity (EC), total dissolved solids (TDS), and temperature were measured
by EC-TDS-Temp (RS232C/Meter CON 110 m). Total alkalinity was calculated by using
acid titration in samples containing methyl-orange. Titration methods were used for Cl−

and HCO3
−; however, a turbidity meter was used to measure the turbidity whereas the

major anions such as (NO3
−) and sulfate (SO4

2−), were determined by ultraviolet-visible
(UV-VIS) spectrophotometer (Analytik Jena, Jena, Germany). A flame photometer (PFP7,
Cambridge shire, UK) was used to measure the cations, such as Mg2+, Ca2+, K+, Na+, and
Fe.

3.2. Statistical Parameters

Statistical analysis plays an integral role in evaluating the data set for the different
operations of data analysis, performed to determine the correlation plots. Statistical
techniques using IBM SPSS 20 software’s and the mean values, including minimum,
maximum, median percentile, and standard deviation values of the parameters were also
determined in box plots. The multivariate analysis was done by principal component
analysis (PCA) and cluster analysis (CA) using R-package R v.4. to determine the primary
factors that influence groundwater quality and its suitability for drinking and irrigation.
PCA [37] is a strong method for examining patterns of correlations between groups of
variables. The Golden Software Grapher 18.3 was used for the pictorial representation of
the Piper, showing the chemistry of the water samples collected from the study area. The
study area map was created by ARC.GIS 10.7.1 for data set interpretation. Additionally,
MS Excel 2019 were also used for the U.S. Salinity Laboratory (USSL) and Wilcox diagram.
The World Health Organization (WHO) guidelines were used to determine the WQI, and
the calculation was carried out using a weighted arithmetic index [3].

3.3. Assessment of Groundwater Quality
3.3.1. For Drinking

The water quality index (WQI) is used for the checking of the suitability of water
for drinking purposes. The most comprehensive method for determining the quality
of groundwater is water quality assessment; thus, WHO standards were used to assess
groundwater quality. The aggregate effects of various chemical parameters on groundwater
were checked thoroughly [38].

WQI is calculated in three steps; the weight assessment was done in the first step.
Weight is represented as wi for all parameters. The parameters were (EC, pH, TDS, HCO3

−,
Cl−, SO4

2−, Ca2+, Mg2+, Na+, K+, NO3
−, F−, Fe, As) in order of their relative weight

importance. Overall assessment for quality was carried out. While evaluating the quality
of groundwater, weights were assigned between 1 to 5, based on the importance of their
role [39].
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In step number two, the relative weights were calculated for each parameter using
Equation (1).

Wi =
wi

∑n
i wi

(1)

Here, relative weight is Wi and the weight of each parameter is wi while n is the total
number of parameters studied.

The quality rating scale qi is computed in step number three for each parameter using
Equation (2).

qi =
Ci

Si
× 100 (2)

Hence, Ci represents the concentration of each parameter (mg/L); Si is the standard of
WHO Table 1, and qi is the quality index [40].

Table 1. WHO standards, weights, and relative weights of various parameters.

Parameters WHO Standards (Si)
Weight (wi)
Total = 52

Relative Weight (Wi)
Total = 1

EC (µS/cm) 1000 4 0.08
pH 6.5–8.5 4 0.08

TDS (mg/L) 1000 5 0.09
HCO3

− (mg/L) 250 4 0.08
Cl− (mg/L) 250 4 0.08

SO4
2− (mg/L) 250 3 0.06

Ca2+ (mg/L) 200 4 0.08
Mg2+ (mg/L) 150 4 0.08
Na+ (mg/L) 200 5 0.09
K+ (mg/l) 12 5 0.09

NO3
− (mg/L) 10 3 0.06

F− (mg/L) 1.5 3 0.06
Fe (mg/L) 0.3 2 0.03
As (ppb) 10 2 0.03

Furthermore, summation of sub-indexes is done by following Equations (3) and (4).

SIi = Wi × qi (3)

WQI =
n

∑
i=1

SIi (4)

SIi and Wi are sub-indexes and relative weights for the ith parameter, respectively; qi, on
the other hand, is a rating based on the ith parameter’s concentration.

3.3.2. For Irrigation

The typical indicators for assessing groundwater for irrigation—sodium absorption
ratio (SAR), soluble sodium percentage (SSP), permeability index (PI), magnesium ratio
(MAR), and Kelley’s ratio (KR) were computed.

(a) Sodium Adsorption Ratio (SAR)

The suitability indicator for water irrigation is the sodium adsorption ratio (SAR). In
addition to the indication, it also checks on the chances of sodium hazard of the collected
irrigation water [41] and is calculated by Equation (5).

SAR =
Na+√

Ca2++Mg2+

2

(5)
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(b) Soluble Sodium Percentage (SSP)

The Soluble Sodium Percent (SSP) for groundwater was calculated by Equation (6).

SSP =
100× (K+ + Na+)

Ca2+ + Na+ + Mg2+ + K+
(6)

(c) Permeability Index (PI)

Groundwater suitability for irrigation may also be determined by using the (PI), which
is calculated employing Equation (7).

PI =

(
Na+ +

√
HCO−3

)
(

Ca2+ + Mg2+ + Na+
) × 100 (7)

(d) Magnesium Ratio (MAR)

The extra or excess amount of magnesium over magnesium and calcium is known as
MAR. If the magnesium is present in excess in the soil, it disastrously affects the quality
of the soil. If the hazard value of magnesium increases up to 50%, it adversely affects the
quality of soil, and the soil becomes more alkaline. This alkalinity directly affects crop
yields [42]. The magnesium ratio was calculated by Equation (8).

MAR =
Mg2+

Mg2+ + Ca2+ × 100 (8)

(e) Kelly Ratio (KR)

Kelly proposed another crucial factor to calculate groundwater appropriateness for
irrigation, known as the Kelly ratio (KR), which is calculated by Equation (9). If the value
of (KR) is greater than 1 it refers to a surplus of sodium in groundwater, and if it is less
than 1 it shows fitness of groundwater for irrigation.

KR =
Na+

Mg2+ + Ca2+ (9)

3.4. Health Risk Assessment

Health risk assessment generally refers to the process in which there is an estimation
and calculation of deleterious effects on human health. These adverse effects may be due
to contaminations to which humans are being exposed. Specifically, contaminants in water
severely impact human health; thus, the physical, biological, and chemical pollution of
water causes serious health issues [43]. Generally, humans are exposed to water contami-
nants by domestic usage of water through direct consumption or indirect uptake during a
bath, etc. Some water vapors are inhaled, and this is another pathway for the uptake of
contaminants of water [44,45].

Pakistan is one of the developing countries in Asia facing different health issues due to
poor water quality. The Pakistan Council of Research Water Resources (PCRWR) reported
in 2008 that about 40% of illnesses in Pakistan are due to the drinking of contaminated
water and 20–40% of hospitalizations are because of various water-borne diseases [46].

The United States Environmental Protection Agency (USEPA) devised a risk assess-
ment process for human health. There are four steps for HRR assessment [47]. (1) Identifi-
cation of hazards, (2) Assessment for the dose-response, (3) Assessment for exposure, (4)
Characterization of risk. The for-mulas separately calculate the risk for children and adults
by Equation (10)

CDI =
Cw × IR× EF× ED

BW×AT
(10)
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CDI is the abbreviation for Chronic Daily Intake. Its units are mg/kg/day. Other symbols
are explained and elaborated in Table 2.

Table 2. Exposure parameters for health risk rate assessment.

Exposure
Parameters Description Unit Value (For

Adults)
Value (For
Children)

Cw
Contaminant

Concentration in
Water

mg/L — —

IR Ingestion Rate L/day 2 L/day 1 L/day

EF Exposure
Frequency Days/year 365 days/year 365 days/year

ED Exposure
Duration Years 30 Years 6 Years

BW Body Weight Kg 70 kg 15 kg

AT Average
Exposure Time Days 10,950 2190

The hazard quotient (HQ) calculated by Equation (11) to determine the rate of noncar-
cinogenic risk in adults and children.

HQ = HI =
CDI
RfD

(11)

Here RfD stands for reference dose of a specific element specified in this study; these
elements are Fe and As (mg/kg/day).

The value of RfD for arsenic metal is 0.0003 and for iron is 0.7. To calculate the
carcinogenic risk for the carcinogenic contaminants we use Equation (12).

CR = CDI× SF (12)

SF stands for slope factor. If the value of HQ exceeds 1 and that of CR exceeds 1 × 106 then
the risk is dangerous, and there is a need for working on reducing this risk.

4. Results and Discussion
4.1. Hydrochemical Parameters of Groundwater

The prime qualities are the physicochemical parameters for identifying the quality, na-
ture, and type of groundwater [48]. This study used statistical analysis to better display the
vast data set, revealing the minimum, maximum, mean, median, standard deviation, and
percentiles shown in Table 3, with the associated box plot given in Figure 2. The summary
of the physicochemical parameters and the hydrochemical properties of groundwater have
been statistically evaluated, and the findings compared with World Health Organization
standards.
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Table 3. Statistical summary of groundwater.

Physiochemical
Parameters Minimum Maximum Mean Median Standard

Deviation
Percentiles

(95)
WHO

Standards

EC (µS/cm) 470 7086 1829.57 1655 1138.65 4028 1000
pH 6.5 8.1 7.17 7.1 0.43 8 6.5–8.5

Turbidity (NTU) 0 3.9 2.56 2.7 0.78 3.82 5
TDS (mg/L) 301 4493 1116.93 1022 643.69 2207 1000

Alkalinity (mg/L) 1.8 28 7.63 6.7 4.88 17.2 -
TH (mg/L) 130 1800 517.06 500 282.2 1022.2 300

HCO3
− (mg/L) 90 1400 387.77 340 243.78 860 250

Cl− (mg/L) 70 800 196.90 186 108.52 399 250
SO4

2− (mg/L) 23 831 165.28 160 101.52 330 250
Ca2+ (mg/L) 24 420 101.70 80 63.94 210 200
Mg2+ (mg/L) 15 488 69.12 61 54.64 142.8 150
Na+ (mg/L) 39 772 158.54 146 104.61 335 200
K+ (mg/L) 0.6 25.5 4.52 3.5 3.93 13.06 12

NO3
− (mg/L) 0 3.3 0.925 0.86 0.49 2.42 10

F− (mg/L) 0.03 0.77 0.25 0.23 0.11 0.44 1.5
Fe (mg/L) 0 0.43 0.062 0.05 0.07 0.244 0.3
As (ppb) 0 10 1.52 0 3.18 10 10
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Hence the 17 parameters were being observed for about ninety-five samples, EC
ranged from a minimum of about 470 to a maximum value of 7086, with a mean value
of 1829.57, which falls beyond of WHO’s recommended range. The results showing an
increase in EC may be due to the dissolution of minerals present in groundwater; this
dissolution may be through water–rock interaction [48].
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The pH ranged from 6.5 to 8.1, with a mean of 7.17, indicating that the groundwater
is neutral to slightly alkaline. Turbidity values are within the range determined by WHO
standard. This indicates that the wells are well built and not so shallow [49]. TDS con-
sists of calcium, bicarbonates, chlorides, magnesium, sulfates, and potassium, which are
inorganic salts dissolved in groundwater [50]. Hardness is a general result of the addition
of polyvalent ions, more specifically calcium and magnesium ions. The concentration of
anions can be written as HCO3

− > Cl− > SO4
2− > NO3

− >F−. Similarly, the concentrations
of the cation are in the order Na+ > Ca2+ > Mg2+ > K+. Groundwater classification based
on TDS and EC is shown in Table 4.

Table 4. Classification of groundwater based on TDS and EC.

Parameters Range Water Quality Number of Samples

Electrical
Conductivity (EC)

(µS/cm)

<250 Excellent -
250–750 Good 3

750–2000 Permissible 64
2000–3000 Doubtful 18

>5000 Very hazardous 10

TDS (mg/L)

<500 Desirable for drinking 12

500–1000 Acceptable for
drinking 34

1000–3000 Suitable for irrigation 47
>3000 Hazardous for both 2

Thus, by analysis of groundwater based on TDS and EC, the following results were
observed. According to EC (µS/cm), from 95 samples studied, no any sample found to be
excellent, however 3% samples found in good, 67% of samples were permissible, 19% of
samples were not suitable for usage or may be harmful and 11% of the samples were toxic
and hazardous for consumption. Similarly, based on TDS (mg/L), about 13% of samples
were most appropriate for drinking, 36% of samples were permissible to drink, about 49%
of samples were useful for irrigation, and 2% were not suitable for use in either drinking or
irrigation.

4.2. Hydrogeochemical Facies

The Piper plot shows water chemistry and investigates groundwater hydrogeochemi-
cal composition. The different combinations of ions show the samples’ dominant water
chemistry under observation [51]. The diamond graph is distributed into 6 regions, as
shown in Figure 3, and resulted in the majority of the samples (about 60%) lying in the
5th region of the graph, which is a mixture of calcium, magnesium, and chloride ions
(Ca2+–Mg2+–Cl− type). About 30% of the samples showed the dominant Na+–Cl− type
and about 10% of the samples showed chemistry of the Ca2+–HCO−3 type. One sample
was in the Ca2+–Cl− type region. Most of the anions and cations showed no dominant
types, but some samples in the cations showed dominance in Na+-K+ type and anions, and
some samples showed observant chemistry of the types HCO3

− and Cl−; however, no
points fell in zone A. The study revealed the area affected by ion exchange and weathering
of silicate. The groundwater samples, implying that weathering of carbonate minerals is
an influencing factor for groundwater hydrogeochemical composition.
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4.3. Hydrogeochemical Evolutional Processes
4.3.1. Formation Mechanism of Groundwater Chemistry

The major geochemical process used to control the hydrogeochemical characteristics
of groundwater in an aquifer is represented by the Gibbs diagram. It is an efficient tool that
Gibbs, in 1970, proposed for understanding the mechanism of aquifer chemistry. A Gibbs
diagram demonstrates the ionic composition of samples of groundwater; the y-axis contains
TDS values, and the x-axis has Na+/(Ca2+ + Na+) and Cl−/(HCO3

− + Cl−) respectively.
Microsoft Excel 2019 was used to draw the Gibbs diagram for determining and analyzing
the relationship between lithology and hydrochemistry in aquifers.

Rock dominance, precipitation dominance, and evaporation dominance are associ-
ated with groundwater characteristics [52]. The Gibbs diagram is shown in Figure 4 and
indicates that rock dominance impacted most groundwater samples. Rock dominance is
the erosion, transportation, and weather to the groundwater table from the parent rock.
Dissolvable salts and minerals become absorbed and assimilated into groundwater. The
Gibbs plot also shows the falling of some samples in the evaporation dominance zone;
thus, the intense and strong evaporation in the alluvial plain is due to the shallow ground-
water depth. Shallow and deep water depths are typically the reasons for evaporation
dominance [53].
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− (mg/L) verses Log TDS (mg/L).

4.3.2. Silicate Weathering

Silicate weathering is also important for influencing groundwater ion chemistry [38,54].
Source analysis of major ions in groundwater was conducted using ion-ratio maps
(Figure 5). It contributes a lot to major ion chemistry and degradation of silicates, and
its incongruence makes it difficult to quantify. This yields dissolved species with various
other solid phases, mostly clays. Silicate weathering produces sodium by dissolution of
halite Equation (13) and Equation (14), the most abundant cation in the study region is
sodium. Figure 5a shows a graph between sodium and calcium. In reverse ion exchange,
sodium ions are being reduced while forward ion-exchange sodium ions are added to
the water [55]. Figure 5b is a graph between Na+/Cl− (meq/L), and EC values indicate
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that the ratio of Na+/Cl−, which is greater than 1, means that silicate weathering was
the procedure for the derivation of Na+ ions. As shown in Figure 5b, almost 90% of the
sample has a Na+/Cl− ratio greater than 1, which shows the production of Na+ ions in
water due to forward ion-exchange occurrence. It is a predominant factor that the forward
ion exchange sodium ions are released in water, which further testifies that the cations
are present in order Na+ > Ca2+ > Mg2+ > K+. Figure 5c is a scatter plot between calcium
and bicarbonate in mg/L. The Ca2+ and HCO3

− scatter plot was used to investigate the
dissolution of carbonate minerals; the results reveal that carbonic acid (Silicate) weathering,
rather than calcite dissolution, plays a substantial role in releasing the second main cation
calcium into the water. Similarly, Figure 5d shows a scatter plot between calcium and
sulfate ions. Anhydrite or gypsum dissolution is common, which indicates a relatively
higher concentration of sulfate [56,57].

Na + Cl→ Na+ + Cl− (13)

2NaAlSi3O8 + 2CO2 + 11H2O→ Al2Si2O5(OH)4 + 4H4SiO4 + 2Na+ + 2HCO−3 (14)
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Furthermore, Figure 6a indicates that the major Na+ ions in water are released by the
forward ion-exchange method. Similarly, Figure 6b indicates that silicate weathering rather
than carbonate mineral dissolution was used to release calcium and magnesium ions.
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4.4. Major Ion Sources and Hydrogeochemical Evolution
4.4.1. Ion Exchange

To investigate and characterize the source of ions in water samples, chloro-alkaline
indices (CAI) were used. The exchange of Na+ and K+ from water with Mg2+ and Ca2+

indicated the CAI is positive and, similarly, the exchange of magnesium and calcium from
the water with sodium and potassium is indicated by the negative CAI [58]. The positive
CAI-1 and CAI-2 are known as direct or reverse ion exchange and the negative indices show
indirect or forward ion exchange [59]. In the given samples, CAI–1 and CAI–2 indices were
calculated, and most of the indices were negative, as shown in the Figure 7. This indicates
forward ion exchange. The formulae are given as in Equation (15) and Equation (16).

CAI–1 =
Cl− −

(
Na+ + K+

)
Cl−

(15)

CAI–2 =
Cl− −

(
Na+ + K+

)
SO−2

4 + HCO−3 + CO−2
3 + NO−3
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4.4.2. Correlation Analysis

Pearson correlation is a useful method for expressing the relationship between several
hydrogeochemical and physiochemical characteristics in groundwater. A coefficient of
correlation matrix of 17 parameters and samples (n = 95) was calculated using IBM SPSS
Statistic 20. The parameters were analyzed the samples showing r > 0.5 were considered to
be positive with moderate correlation while r > 0.9 represented strong positive correlation.
The 2-tailed Pearson correlation test was carried out to find the significance level.

According to the Pearson correlation coefficient matrix (Table 5), the EC was positively
correlated with TH, Cl−, SO4

2−, Na+, NO3
−, F (r >0.5). This suggests that the salinity of

groundwater is influenced by the key components and that the trends among them follow
a similar pattern. Similarly, there was a strong correlation of TH with Cl−, SO4

2−, Na+

(r > 0.9) and a moderate correlation with, K+, NO3
−, F, Fe (r > 0.5). However, HCO3

−

correlation exists with Cl− and Na+ (r = 0.52), which demonstrates Na+ origin from silicate
weathering [53]. The main exchangeable ions, Na+, K+, Ca+ and Na+, K+, Mg+, were also
found to have a positive correlation. As a result, the simultaneous rise or reduction in
cations is mostly due to dissolution/precipitation reactions and concentration effects. The
very strong correlation of Cl− with SO4

2−, Na+, and SO4
2− with Na+ (r > 0.9) indicates

that high salinity occurs in the area as a result of excessive fertilizer use and salt leaching
from irrigation water return flow. It is also possible that the sulfate deposition in aquifer
water was caused by fertilizer application and organic matter degradation. However, there
is no statistically significant association between pH with the other factors in the region.
These connections represented the ions’ major contributions to groundwater totals and
revealed significant effects.

4.4.3. Multivariate Analysis

Multivariate statistical approaches have been extensively employed to help solve en-
vironmental issues and comprehend natural and human processes [37,60]. In order to pull
relevant information from water-quality data, correlation analysis, principal component
analysis, and hierarchical cluster analysis have been widely employed. Multivariate statis-
tical methods have been widely used to understand mechanism of environmental issues
and comprehend natural and anthropogenic processes, thus principal component analysis
(PCA) and hierarchical cluster analysis (HCA) have been widely used to investigate the
mechanism of hydro-geochemistry.

Principal component analysis (PCA) was performed on the groundwater dataset for
additional statistical validation (Table 6). A PCA plot is a powerful recognition method
that represents sample characteristics and parameter distribution, as well as the source of
contamination [25,60]. All four components explain 65.74% of the total cumulative vari-
ance. The variations described related to the chemical parameter loadings are categorized
as strong, (>0.75), moderate (0.75 to 0.50), and weak (0.50 to 0.30). PCA with Varimax
normalization was used to study the intercorrelation of physicochemical properties. The
PCA resulted of four components, each with its own variance and eigenvalues; i.e., 42.67%
and 7.25% for factor 1, 8.25%, and 1.4% for factor 2, 7.56% and 1.29% for factor 3, and 7.26%
and 1.23 for factor 4, respectively.

The first factor, F1, explained 42.67% of the total variance and exhibited significant
positive EC and total hardness HCO3

−, Cl−, Na+, which showed anthropogenic contam-
ination sources from industrial effluents such as Cl−, Na+, SO4

2−, K+, NO3
− and other

parameters. Thus, agricultural activities are indicated as a contributing process and may be
obtained by gypsum and calcium-bearing minerals dissolution [61]. The sources of NO3

−

include onsite sanitation, municipal waste, and nutrient pollution caused by surrounding
agricultural activities that have been going on for a long time [62]. Gypsum and calcium-
rich minerals, perhaps the main sources of Ca2+, SO4

2−, and HCO3
−, are dissolving into

the water [63].
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Table 5. Matrix of correlation coefficients for groundwater physiochemical parameters.

Parameters EC PH TURB TDS ALK TH HCO3− Cl− SO42− Ca2+ Mg2+ Na+ K+ NO3− F− Fe As

EC 1
PH −0.20 1

TURB 0.03 0.14 1
TDS 0.19 −0.15 0.10 1
ALK 0.20 * −0.17 −0.02 0.04 1
TH 0.62 ** −0.26 ** 0.04 0.37 ** 0.32 ** 1

HCO3
− 0.25 * −0.21 * 0.11 0.40 ** 0.19 0.62 ** 1

Cl− 0.61 ** −0.25 * 0.04 0.33 ** 0.25 * 0.94 ** 0.52 ** 1
SO4

2− 0.65 ** −0.24 * 0.06 0.31 ** 0.29 ** 0.93 ** 0.47 ** 0.96 ** 1
Ca2+ 0.36 ** −0.12 −0.12 0.24 * 0.34 ** 0.41 ** 0.35 ** 0.29 ** 0.29 ** 1
Mg2+ 0.06 −0.01 −0.03 0.20 * 0.01 0.30 ** 0.46 ** 0.25 * 0.23 * 0.28 ** 1
Na+ 0.62 ** −0.23 * 0.04 0.31 ** 0.29 ** 0.93 ** 0.52 ** 0.97 ** 0.96 ** 0.31 ** 0.24 * 1
K+ −0.5 ** −0.26 ** 0.04 0.38 ** 0.25 * 0.64 ** 0.40 ** 0.61 ** 0.63 ** 0.31 ** 0.18 0.61 ** 1

NO3
− 0.58 ** −0.17 0.07 0.23 * 0.23 * 0.63 ** 0.27 ** 0.63 ** 0.67 ** 0.34 ** 0.12 0.63 ** 0.50 ** 1

F 0.52 ** −0.26 ** 0.12 0.23 * 0.39 ** 0.66 ** 0.32 ** 0.65 ** 0.68 ** 0.29 ** 0.08 0.67 ** 0.55 ** 0.54 ** 1
Fe 0.41 ** −0.11 0.01 0.29 ** 0.22 * 0.58 ** 0.39 ** 0.57 ** 0.56 ** 0.20 * 0.16 0.58 ** 0.62 ** 0.384 ** 0.43 ** 1
As −0.06 −0.07 0.15 0.06 0.10 0.05 0.02 −0.04 −0.004 −0.06 0.0004 −0.08 −0.02 −0.04 0.16 −0.09 1

*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed).
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Table 6. Rotated factor loadings for the groundwater samples in the study area.

Parameter F.1 F.2 F.3 F.4

EC 0.71 −0.27 −0.15 0.06
PH −0.32 0.07 0.07 0.51

Turbidity 0.06 −0.1 0.74 0.32
TDS 0.44 0.4 0.27 0.02
ALK 0.39 −0.16 −0.02 −0.61

Total Hardness 0.95 0.03 0.03 0.04
HCO3

− 0.62 0.55 0.16 −0.03
Cl− 0.93 −0.07 −0.02 0.17

SO4
2− 0.93 −0.13 0.01 0.14

Ca2+ 0.47 0.32 −0.27 −0.39
Mg2+ 0.31 0.75 0 0.03
Na+ 0.93 −0.08 −0.05 0.16
K+ 0.76 −0.03 −0.01 0.02

NO3
− 0.72 −0.22 −0.07 0.07

F− 0.75 −0.28 0.17 −0.19
Fe 0.67 0.02 −0.06 0.18
As 0 −0.07 0.71 −0.45

Eigen value 7.25 1.4 1.29 1.23
Loading % 42.67 8.25 7.56 7.26

Cumulative % 42.67 50.92 58.49 65.74
Each PC’s effective parameters are denoted by a bold number.

F2 describes 8.25% of the variability and significant correlation between mg+ and
HCO3

−, while further variables have loadings with modest positive and negative values.
The most prevalent sinks for secondary salts in soil include chemical weathering, leaching,
secondary salt dissolution in pore spaces, agricultural effluents, plants, and clays. It implies
that both F1 and F2 may reflect the impacts of lowering variables, hence F1 and F2 are
included in the PCA score plot (Figure 8). Factor 3 and Factor 4 account for 7.5% and
7.26% respectively, of the overall variation; thus, extreme negative values suggest areas not
affected by the process.

CA Cluster analysis (CA) is an important multivariate statistical technique often used
to better organize complex water data into various clusters [64]. Ward’s method, which
often calculates the squared Euclidean distance between the water variable for the similarity
index, was applied. All groundwater samples from the three clusters were assigned to
the factors based on their PCA factor scores to show the relative relevance of factors in
various clusters [65]. In this study (n = 95) of groundwater samples, 48 contained C1,
while 37 samples contained C2, and 10 samples contained in C3. The findings of the water
study revealed that the majority of the samples were classed as Cluster-I, which reveals
the hardness, Na+, K+ and HCO3

−, Cl−, SO4
2−, NO3

− concentration, and other chemical
characteristics, showing a high sensitivity to industrial, irrigational, and overabundant
agricultural activities. Cluster II was linked to the highest average Mg2+ and HCO3

− due
to the dissolution of gypsum, as well as the interaction of water and rock. The source
of HCO3

− might be from industrial waste water and sulfate fertilizer contaminating the
groundwater. Various clusters’ prominent characteristics are shown in Figure 9; samples
are plotted in both negative and positive direction as shown by Cluster-I, which indicates
that they are affected by both lithological and silicate weathering factors. Compared to
Cluster-II, Cluster-III samples are more likely to be plotted in the positive direction, which
indicates the dissolved minerals, including Fe2+, are released in the aquifer by dissolution
due to high acidity.
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4.5. Groundwater Suitability Evaluation

Groundwater suitability for drinking and other uses is determined using hydrochemi-
cal analysis data.

4.5.1. Water Quality Assessment for Drinking Purpose

The selected samples of water used the WQI to addressing overall groundwater
quality [66]. Relative weights were calculated as shown in Table 7, where the classification
of drinking water is computed. WQI values are divided into five groups: (i) excellent <50,
(ii) good >50, (iii) poor >100, (iv) very poor >200, and (v) water unsuitable for drinking
>300, as shown in Table 7.

Table 7. Water quality index (WQI) of water samples in the study area.

WQI Range Quality of Water No. of Samples

<50 Excellent 17
>50 Good 46

>100 Poor 16
>200 Very poor 11
>300 Unsuitable 5

4.5.2. Groundwater Suitability for Irrigation Purpose

SAR or the alkali hazard index are useful tools for determining the suitability of
groundwater for irrigation. Wilcox and USSL diagrams are common indices for assessing
groundwater suitability for irrigation. Sodium absorption ratio (SAR), Na %, permeability
index (PI), Magnesium Ratio (MAR), and Kelley’s ratio (KR) were computed and are shown
in Table 8.

Table 8. Calculated irrigation quality indices for groundwater of the study area.

Parameters Minimum Maximum Mean SD

SAR 4.16 80.48 17.98 10.03
Na % 10.77 81.25 48.16 11.31

PI 12.09 83.06 53.75 11.51
MAR 12 77.21 41.02 13.33

KI 0.11 96.70 1.99 0.581
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Higher salinity decreases osmotic activity by preventing water from reaching plant
branches and leaves, resulting in lower yield. Groundwater is classified by SAR as low
(SAR < 10), medium (10 < SAR_18), high (18 < SAR_26), and very high (SAR > 26) sodium
hazard. Sodium salinity hazard is due to higher SAR values, which reduce the availability
of soil water, which in turn affects crop growth and reduces the ratio of magnesium and
calcium nutrients. The increased salt absorption in the research area can be linked to clay
minerals and the survival of a variety of other rock types. The most likely cause of an
increased sodium concentration in water is some kind of lithological source that causes the
suspension of such minerals. A high quantity of sodium in water may also be caused by
the use of agrochemicals in agricultural activities. High salt content in soil has disastrous
effects on soil structure, infiltration, and aeration, and a higher sodium percentage may
also decrease flocculation and weaken the permeability and tilth of the soil [67,68].

Salinity hazards are classified as very high salinity water (C4), high salinity water
(C3), medium salinity water (C2), and low salinity water (C1). However alkalinity hazards
are divided into four categories: very high sodium water (S4), high sodium water (S3),
medium sodium water (S2), and low sodium water (S1). However, SAR was employed as
an alkalinity hazard, while EC was used as a salinity hazard. Figure 10 show the USSL
diagram, wherein most samples lie in the region from C2S2 to C2S4 and C3S2 to C3S4
whereas six samples lie in C2S1 and three sample in C3S1, which is suitable for irrigation
with minimal Na+ exchange [69]. However, one sample lies in C4S2 and one sample
C4S3, four samples in C4S4, and all these samples show very high salinity and medium
to very high alkalinity and cannot not used for irrigation [53]. Thus, 60% fall in C3 and
C4, which show the highest salinity and medium to high sodium hazard, and cannot be
used for irrigation purpose, because the water under these regions is not suitable for any
agricultural activity [70]. About (40%) of the samples lie in these regions, restricting them
use in irrigation.
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The sodium percentage (Na%) also indicates suitability of the water for irrigation
purposes [71]. To explore the water samples for irrigation, the Wilcox diagram formed is
shown in Figure 11. Different samples laid in different fields excellent to good, good to
permissible, permitted to doubtful, doubtful to inappropriate, and finally unsuitable the
classifications for these fields [72,73]. The Wilcox diagram observed that almost 50% of
the samples are acceptable to use for irrigation, about 25% of the sample lie in permissible
to doubtful region, about 20% sample lies in the doubtful to unsuitable to be used for
irrigation field, and 5% samples lie in the unsuitable region, meaning they cannot be used
for irrigation due to the adverse effects they may cause.
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4.6. Health Risk Analysis

Arsenic and iron in groundwater samples were assessed for non-carcinogenic health
risks as stated above [74,75]. As a first step, CDI was calculated for both adults and children
and As and Fe metals. Later, using these CDI values, the hazard quotient (HQ) [76,77]
was calculated for both adults and children and As and Fe metals. The values of hazard
quotient in As for children from 0 to 0.000667 and average value 0.000107. Similarly, for
adults, the hazard quotient value in arsenic ranged from 0 to 0.000286 with an average
value of 4.57× 10−5. For iron, the hazard quotient values in children ranged from 0 to 0.395,
with an average value of 0.00815, and in adults, these values ranged from 0 to 0.01229, with
an average value of 0.001873. All these values are shown in Table 9.
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Table 9. Statistical analyses for Health Risk rate (HRR) assessment.

Heavy Metals Age Group Minimum Maximum Mean

Arsenic
(As)

Children 0 0.000667 0.000107
Adults 0 0.000286 4.5 × 10−5

Iron
(Fe)

Children 0 0.395 0.00815
Adults 0 0.01229 0.001873

These obtained calculations for each sample were observed for chronic risk. As
explained previously, the samples with a hazard quotient greater than 1 were thought to
show a chronic risk rate and need for treatment [78]. In the obtained samples, the hazard
indices for As and Fe in adults were both below 1 and showed negligible to low chronic
risk. In other words, almost 100% of water samples were suitable for health rate assessment
in adults. Moreover, in children, about 20% of the As samples exceeded the range of HQ
that is 1, but Fe metals had HQ values within the permissible range [79]. Hence about 100%
of groundwater samples being examined showed no health risk in adults and almost 80%
showed no health risk in children, as detailed in Table 10.

Table 10. Chronic Risk and Samples analysis.

Heavy Metals Age Group Hazard
Quotient (HQ) Chronic Risk Number of

Samples

Arsenic
(As)

Children

<0.1 Negligible 75
≥0.1 < 1 Low None
≥1 < 4 Medium 20
≥4 High None

Adults

<0.1 Negligible 75
≥0.1 < 1 Low 20
≥1 < 4 Medium None
≥4 High None

Iron
(Fe)

Children

<0.1 Negligible All samples
≥0.1 < 1 Low None
≥1 < 4 Medium None
≥4 High None

Adults

<0.1 Negligible All samples
≥0.1 < 1 Low None
≥1 < 4 Medium None
≥4 High None

5. Conclusions

Groundwater analysis is being done using different methods and techniques to evalu-
ate the usability of groundwater for irrigation and drinking purposes. The water quality
index, Gibbs and Pipers plots, Wilcox, USSL diagram, health risk assessment, ion exchange,
and multivariate analysis were used to demonstrate whether the water samples from the
region Sakrand, Sindh are safe for human use. The result of following the abundance of
ions indicated the cations were in the order Na+ > Ca2+ > Mg2+ > K+ and the abundance of
anions was in the order HCO3

− > Cl− > SO4
2− > NO3

− > F−. In the research, the concen-
tration of sodium and bicarbonate ions represents the phenomenon of silicate weathering,
which is the control to major ions chemistry of groundwater. The eminent factor to study
the quality of groundwater samples for drinking by the WQI, according to which about
67.4% of samples were found to be excellent and good for drinking and the rest, 32.6%,
were not drinkable. The Gibbs diagram of the study region showed rock dominance due
to dissolvable salts and minerals becoming absorbed and assimilated with groundwater.
Furthermore, the Piper diagram showed no dominant ions but some samples in cations
showed dominance in Na+–K+ type and anions, and some samples showed an observant
chemistry of the type HCO3

− and Cl−. Overall, most (about 60%) of the samples laid in
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the 5th region of the graph, which was a mixture of calcium, magnesium, and chloride ions
(Ca2+ −Mg2+ – Cl− type). The dominant cation was sodium, and the dominant anion was
bicarbonate. The ion exchange method showed that forward ion exchange was dominant.
Multivariate analysis statistically proved the relation between different variables and their
hydrogeochemistry in the groundwater. Similarly, with the sole purpose of the evaluation
of the water samples for irrigation purposes, investigated by agricultural indices, showed a
high salinity hazard using the USSL diagram. Further investigation on irrigation sampling
resulted in 60% of the sample showing medium to high salinity and low alkalinity hazards.
However, the Wilcox diagram indicated that most of the samples were good to permissible
for irrigation purposes. Overall, health risk rates were determined in the region and only
20 samples were found to be risky for children. Other than that, all samples were suitable
for both children and adults.
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