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Abstract

The focus of the present study was to assess the quality of different drinking water sources, impacts of poor water quality on
human health, and to apportion pollution source(s) of the district Bajaur, Pakistan. Drinking water samples (n=331) were
randomly collected from springs, hand pumps, open wells, and tube wells and analyzed for physicochemical parameters
including toxic elements, and bacteriological contamination (i.e., Escherichia coli). Furthermore, a questionnaire survey
was conducted to record the cases of waterborne diseases in the study area. The results showed that total suspended solids
and bacteriological contamination exceeded the permissible limits of the WHO in all four of the water sources. Among the
potentially toxic elements, Cd, Pb, and Mn were above the permissible limits of the WHO in some samples. The hazard
index for spring water was found to exceed the toxicity level (i.e., HI> 1) set by US EPA for both adults and children, while
the sources from hand pumps, open wells, and tube wells were within the safe limit. The order for the overall safety level
for water quality in the study area was tube wells > open wells > hand pumps > springs. The pollution source apportionment
statistics revealed that both geogenic and anthropogenic activities are the sources of drinking water contamination. The
results of the questionnaire survey indicated that reports of waterborne diseases were highest in respondents who took their
drinking water from springs, whereas reports of diseases were moderate in respondents taking their water from open wells
and hand pumps and lowest in respondents taking their water from tube wells. Based on the findings of the study, the tube
well source of water is recommended for drinking water purposes.

Good quality drinking water is an essential requirement for
life and play a vital role in human health and development

(Qasemi et al. 2018; He and Wu 2019; Delpla et al. 2020).
However, the continuously growing global population and
agricultural production, urbanization, and industrialization
have exerted pressure on water resources (Tian et al. 2019;
He and Wu 2019). Anthropogenic activities and geogenic
oxidation of mineralized rock contribute potentially toxic
elements (PTEs) to water resources. Bacteriological con-
tamination, especially Escherichia coli (E. coli), also affects
the quality of drinking water (Radfard et al. 2019). This con-
tamination of drinking water may pose serious health risks
upon consumption (Cairncross and Feachem 2018; Nawaz
and Ali 2018). According to a recent estimate, 2.3 billion
people are suffering from waterborne diseases all over the
world (Ahmed et al. 2020). The release of PTEs to the
aquatic environment degrades the quality of water resources
(Divahar et al. 2019; Li et al. 2019). According to the WHO
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(2011), water pollution contributes to 70% of different dis-
eases and 20% of cancers on a global basis. The sources of
surface water, i.e., springs, streams, lakes, and rivers, are
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more vulnerable to PTEs and microbial contamination than
groundwater sources (Ding et al. 2015; Abdalla and Khalil
2018). Therefore, for majority of the world population,
groundwater is the primary source of drinking water (Adi-
malla and Qian 2019; Ji et al. 2020). However, a number of
studies have reported that both anthropogenic and geogenic
activities are a significant sources of PTEs contamination in
groundwater (Panneerselvam et al. 2020; Ricolfi et al. 2020;
Soujanya Kamble et al. 2020). The PTEs ccontamination
can adversely affect human health, economic development,
and social cohesion in a community (Begum et al. 2015;
Adimalla and Qian 2019).

Due to the significant toxicity, persistence, and bioac-
cumulative nature of PTEs, monitoring of these elements
has become a priority for environmental and health agen-
cies (Hussain et al. 2020; Ricolfi et al. 2020). However,
monitoring is difficult in developing countries, due to lack
of professional expertise, management systems and finan-
cial resources (Amin et al. 2019). Pakistan is a develop-
ing country and stands 80th among the list of 122 countries
for providing safe drinking water. Therefore, a significant
proportion of the population of 21 million population does
not have access to safe and clean drinking water (Ahmed
et al. 2020). In Pakistan, drinking water from unprotected
springs and wells contributes to the high rate of morbidity
and mortality, and approximately 70% of the water resources
of the country have been affected by organic, inorganic,
and bacteriological contamination (Malik et al. 2009). As
a result, 20-40% of the population of Pakistan is suffering
from various waterborne diseases (Muhammad et al. 2018).
Most of the inhabitants in the countryside use contaminated
water for drinking and other household purposes. As a result,
waterborne diseases, such as hepatitis (A, B, and C), cholera,
typhoid, dysentery, and diarrhea, are common among the
population in Pakistan (Bosan et al. 2010; Daud et al. 2017).
Ahmed et al. (2020) stated that microbial contamination is
the main source of waterborne diseases in Sindh province
of Pakistan.

The study area (district Bajaur) of Pakistan is located on
the countryside in an arid and semi-arid climatic zone. It
is located in the Khyber Pakhtunkhwa province adjacent
to Afghanistan, and the region suffers from many develop-
mental challenges and conflict. Therefore, little attention has
been given regarding water quality and other quality of life
parameters. The local population has been using contami-
nated water for many decades, and as a result, waterborne
diseases are endemic in the study area. To the best of our
knowledge, this is the first study from the region to assess
the quality of different drinking water sources and explore
the associated health risks. Hence, a detail study was under-
taken to understand the distribution of contamination and
determine the potential human health risks for adults and
children from exposure to PTEs and microbial pathogens.
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Therefore, it is hoped that the present study can be used as
a reference in evaluation and decision-making processes,
regarding management and policies to improve water quality
in the study area. Consequently, the focus of this research
was to comparatively (1) study the different water sources,
i.e., springs, hand pumps, open wells, and tube wells for
physicochemical parameters, and levels of PTEs and E.
coli, (2) conduct a human health risk assessment (HRA) for
adults and children consuming PTEs in drinking water of the
study area, (3) identify potential pollution source(s) for each
source of drinking water, and (4) conduct a questionnaire
survey of the incidence of waterborne diseases in the region
to see if there are correlations with the levels of contamina-
tion in drinking water.

Materials and Methods
Study Area

The study area is located in a rural tribal district in western
Pakistan, which is located between latitude 34°30'—-34°58'N
and longitude 71°11-71°48'E (Fig. 1). The district is spread
over an area of 1290 km? with a 1.1 million population.
The district is connected with district Dir lower (Hindukush
ranges) in the north, Malakand area (river Panjkora) in the
east, district Mohmand in the south, and the Kunar valley of
Afghanistan to the west (Fig. 1). The climatic condition of
area is arid to semi-arid, having extreme summer and winter
seasons with an average annual rainfall of ~800 mm. The
topography of the study area consists of hilly, mountainous,
and plain areas, and the geology is comprised of different
types of rock formations, including Mesozoic intrusive and
metamorphic rocks, Permian and Triassic rocks, undivided
Paleozoic rocks, lower Paleozoic rock sand undivided Pre-
cambrian rocks (Ullah et al. 2017). The detailed geology of
the study area is shown in Fig. 2a.

A digital elevation model divides the study area into three
regions, with low, intermediate, and high elevation. The low-
est elevation is 480 m, while the highest elevation is 2761 m
above sea level. In the high elevation region, mountains are
covered by snow in the winter season, which feeds the sur-
face waters and springs during the rest of the year. The hilly
and mountainous area is distributed in the east and west of
the district Bajaur, accounting for approximately 60% of the
total area. Such areas are mainly composed of metamorphic
and carbonate sedimentary rocks. In this area, water fed by
springs are the main sources of drinking water, which mainly
discharges to the surface in pores and fracture lines of the
rocks. Such water generally has poor water quality, but due
to the low income of the people in the region, it is used for
drinking and other purposes. The plain area occupies the
remaining 40% of the area of the region, and the geology is
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mainly composed of carbonate sedimentary and intermedi-
ate volcanic rocks, as shown in Figs. 2b and c. Groundwa-
ter accessed by wells is the main source of drinking water
in this area. The depth of deep aquifers is approximately
300-400 m, and this deep groundwater accessed by tube
wells has the best water quality. More shallow groundwater
is accessed by hand pumps and open (dug) wells.

Flow Direction Mapping

A flow direction map of the study area was generated from
a (sink-free) Digital Elevation Model (DEM). The flow
direction of groundwater was predicted by evaluating every
central pixel from input blocks of 3 X 3 pixels, each time
comparing the value of the central pixel with the value of the
8 neighboring pixels. The researcher can choose whether to
calculate the flow direction from the central pixel by either
the steepest slope method, that is finding the steepest down-
hill slope of a central pixel relative to one of the 8 neighbors
pixels, or alternatively, by the lowest height method, which
is simply finding the neighboring pixel that has the smallest
value of all 8 neighboring pixels (this value should also be
smaller than the value of the central pixel). In this case, the
steepest slope method was used, and so the elevation differ-
ences were calculated for each block of 3 X3 input pixels
between the central pixel and the 8 neighboring pixels. To
compensate for distances, the elevation difference values of
the 4 corner neighboring pixels were divided by 1.4, whereas
the elevation difference values of the 2 horizontal neighbors
and the 2 vertical neighbors were divided by 1. Then, the
neighbor with the largest downhill slope steepness value was
found. The position of this neighbor determines the flow
direction of the current central pixel. The generated flow
direction map is shown in Fig. 24, e, f.

Collection and Analysis of Samples

From the entire region, a total of 331 water samples were
collected, with 96 samples from springs, 75 samples from
groundwater accessed by hand pumps, 88 from groundwater
accessed by open wells, and 72 from groundwater accessed
by tube wells. Before sampling, the water was pumped for
more than 5 min from each source except for the spring
water. Prior to sample collection, two sets of polyethylene
bottles (250 ml) were washed with a 10% nitric acid (HNO;)
solution, rinsed, and rinsed twice with deionized water.
Water collected in one set of bottles was acidified with a few
drops of HNO; for analysis of PTEs concentration, whereas
the other set of samples was not acidified and was used for
physicochemical parameters analysis. The collected samples
were packed, labeled, and transported to the Department
of Environmental Sciences at the University of Peshawar,
Pakistan, for further analysis.
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Among the physicochemical parameters, temperature,
pH, electrical conductivity (EC), turbidity, and dissolved
oxygen (DO) were analyzed in situ (during the samples
collection), and the parameters determined in situ analysis
(except for temperature) were repeated in the laboratory.
Temperature was determined using an EA 722AA-100
thermister probe (Winland Electronics), pH by a Seven-
2GoTM pH meter (Mettler Toledo), EC using a Consort
C931 conductivity meter (Topac), and turbidity using a
Jenway 6035 turbidity meter (Keison Products). These
measurements were repeated three time for each param-
eter, and the mean values were calculated. The samples
were analyzed for other physicochemical parameters
using the standard methods described by the American
Public Health Association (APHA 1989). The total sus-
pended solids (TSS) and total dissolved solids (TDS)
were analyzed using gravimetric methods. The hardness
was analyzed by the titration method, where EDTA titrant
(0.01 M) was prepared and standardized against calcium
chloride solution, using a buffer solution and Erichrome
Black T indicator. Each sample was titrated against the
EDTA titrant to the end point and hardness calculated
using Eq. (1).

AXB

Hardness (mg/L as CaCO;) = —————
ml of sample

x 1000 (1)

where A stands for ml of the EDTA solution used and
B=mg CaCOj; equivalent to 1.00 mL EDTA titrant (APHA
1989).

The levels of dissolved oxygen (DO) were determined
using an InLab® OptiOx-5 m instrument (Mettler Toledo).
The concentration of nitrate was determined using a
UV-visible spectrophotometer (Hach model DR 5000).
The major cations (i.e., Ca, Mg, Na, and K) and PTEs (i.e.,
Cd, Pb, Mn, Cr, Zn, and Co) were determined using an
Inductively Coupled Plasma-Optical Emission Spectrom-
eter (ICP-OES) supplied by PerkinElmer (Optima 8300).
Briefly, the ICP-OES was standardized for the major ele-
ments and the PTEs through their respective standard solu-
tions and blanks before running the samples. The accuracy
of the instrument was greater than 98% with a correlation
coefficient of R*>0.99. Each water sample was analyzed
in triplicate, and the mean value and the standard deviation
around the mean was calculated. Standard solutions and
laboratory blanks were retested and used before analysis of
each parameter. For analysis by ICP-OES, the internation-
ally recognized standards were used for calibration. The
data on mean concentrations were analyzed statistically
using Statistix 10 software and Origin 2019 software was
used for graphical plotting.

The counts of E. coli in water samples were determined
by the membrane filter method, where 100-mL samples



Archives of Environmental Contamination and Toxicology (2021) 80:41-54

45

were filtered through sterile cellulose nitrate ester mem-
brane filters (0.45 um), placed on selective media m-fecal
coliform agar plates, and incubated at 37-45 °C. After
24 h, the most probable numbers of E. coli were counted
using micrometer plates (Xu et al. 2018).

Health Risk Assessment

The first step in the health risk assessment for consumption
of PTEs in drinking water was a calculations of the chronic
daily intake (CDI) of PTEs in water. The CDI calculation in
Eq. (2) includes data on the ratio of the PTE concentration
(Ceta) multiplied by the average oral daily intake (Di) to the
average body weight (BW). The calculation in Eq. (3) is the
potential noncarcinogenic health risk index (HRI) calculated
from the ratio of the CDI to the Reference Dose (RfD) for
each element. Equation (4) is the combined Hazard Index
(HI) obtained by adding the HRI values for multiple PTEs.
The values of HRI or HI> 1 were considered as indicat-
ing a significant noncarcinogenic health risk (USEPA 2011;
Muhammad and Nafees 2018).

CDI = Cmetal X Di/BW 2)
HRI = CDlpp o 3)
HI = HRI, + HRIL, + HRI; ... ... HRI, 4)

where The D; of water is 2.0 and 1.0 L per person per day
for adults and children, respectively, and BW is 72.0 kg for
adults and 32.7 kg for children (Nawab et al. 2018; Muham-
mad et al. 2020). The RfD is the reference dose defined as
“the maximum permissible risk to the human population
by conserving a sensitive group during a lifetime” (Wei
et al. 2015). The RfD values are 5x 10~ for Cd, 1.5 for Cr,
3.6x 107 for Pb, 1.4x 107! for Mn, and 3.0x 10~ for Zn
respectively (Nawab et al. 2017).

Source Apportionment

Principal component analysis (PCA) and absolute principal
component multiple linear regression analysis (APCS-MLR)
statistics were used to identify the contamination source(s)
in the four drinking water sources. The PCA was used to
simplify the numeric matrix of the dataset by consolidat-
ing most information from the original dataset into several
principal components through Varimax rotation with Kai-
ser Normalization, with each component explaining part of
the variance of the whole dataset. Thus, the principal com-
ponents are considered as indicating sources of pollution
(Khan et al. 2018). Then, the APCS-MLR was applied by
combining multiple linear regressions with the denormalized

principal component score values is described previously
(Zhou et al. 2007; Su et al. 2011). After confirming the num-
ber and identity of the possible source(s) influencing drink-
ing water quality for the four different sources through PCA,
then source apportionment was computed using APCS-MLR
method. All of the statistical dataset analyses were deter-
mined using IBM SPSS 20 (Chicago, IL) software.

Questionnaire Survey

To get insight from the public regarding the impacts of water
pollution on human health, a structured questionnaire sur-
vey was conducted in the study district. In the whole dis-
trict, 3435 households were selected randomly, in which the
consumers from all the four types of water sources were
engaged in the survey. The questionnaire consisted of both
open- and close-ended questions to get a full spectrum of
information about significant waterborne diseases. Informa-
tion, such as age, monthly income, education, smoking and
nonsmoking habits, body weight, source of drinking water,
occupation, waterborne diseases, and human health risks
data, were collected and recorded. All of the survey respond-
ents within the local communities were directly interviewed
in their local language by the researchers. Furthermore, key
informant interviews were arranged with the area medical
experts (i.e., medical officers, paramedics, and technologists)
from the community health centers, basic health units, town-
ship (tehsil) headquarter hospitals, and district headquarter
hospital in order to collect information related to the water-
borne diseases. The disease(s) record of respondents were
randomly selected, keeping the water source as an independ-
ent variable, to determine whether there were correlations
between the diseases and the water source. In the study area
and throughout the country of Pakistan, the health institu-
tions or any government or private institutes are ethically
bound to provide help regarding community welfare pro-
grams and to share their data whenever required.

Results and Discussions
Physicochemical Characteristics

The physicochemical characteristics of the four water
sources showed that the lowest water quality was in spring
water compared with groundwater accessed by hand pumps,
open wells, and especially tube wells. The overall water
quality of the four water sources was in the order of tube
wells > open wells >hand pumps > springs (Figs. 3, 4).
For the springs and hand pumps water sources, the pH was
slightly acidic which is correlated with the high concentra-
tions of dissolved PTEs (Cd, Pb, and Mn). The acidic pH of
water favors high concentrations of PTEs present in free-ion
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form in these water sources (Muhammad et al. 2020). The
open wells and tube wells had much lower concentrations
of PTEs and a circum-neutral pH. The TSS values exceeded
the maximum permissible limit (MPL) of the WHO (2011)
in all the four water sources. Among these, spring water had
the highest mean concentration (1.57 mg LY of TSS, while
mean TSS was lowest (0.41 mg L") in water from tube
wells. The higher concentration of TSS in spring water was
related to the high turbidity in the spring water (Fig. 3a). The
higher turbidity and TSS contents have unpleasant effects
and provide shelter to pathogens that causes various diseases
(Jehan et al. 2019). The present study results were consist-
ent with Arain et al. (2014) for comparing the water quality
from springs and groundwater (tube wells and hand pumps).

Other physicochemical parameters, such as tempera-
ture, TDS, hardness, nitrate, DO, and major cations (Ca,
Mg, Na, and K) shown in Fig. 3a, were within their per-
missible limits and therefore these parameters are not
discussed in detail. The counts of E. coli were above the
MPL (0 in 100 mL sample) identified by the WHO (2011)
in the water from springs, hand pumps, and open wells,
but these counts were below the MPL in water from the
tube wells (Fig. 3b). The high counts of E. coli indicates
the potential presence of pathogenic bacteria in the water
sources, which can cause various gastrointestinal illnesses
in humans, as well as typhoid fever and hepatitis (Khan
et al. 2013; Amin et al. 2019; Ahmed et al. 2020). The
excessive amounts of E. coli in the water sources might be
due to improper disposal of organic wastes and/or seepage
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from septic tanks or latrines. Moreover, in the rainy sea-
son, manure from animals is transported into upstream
areas and fecal bacteria may enter into the springs, and
shallow ground water accessed by hand pumps and open
wells.

Among data of the PTEs, Cd, Pb, and Mn concentra-
tions in many water samples exceeded the MPL of the
WHO (2011) for all water sources, except for water from
the tube wells, while concentrations of Cr, Zn, and Co
were all below the MPL (Fig. 4). The concentrations of
PTEs were comparatively high in springs and low in tube
wells. The high concentration of Cd in drinking water
may causes renal dysfunction, anemia, bronchitis, and
emphysema (Horiguchi et al. 2013). The concentration of
Pb was also high in some samples, which may be asso-
ciated with low IQ, neurological damage, kidney dam-
age, abdominal pain, anemia, and behavioral disturbances
(Steenland and Boffetta 2000; Jarup 2003; Balamurugan
et al. 2020). Similarly, Mn concentrations were high in
water from springs and hand pumps, which may cause the
disease known as Manganism and neurological problems
(Dieter et al. 2005). Anthropogenic sources of PTEs in
spring water could be due to contamination from house
hold wastes, open drainage channels, unprotected tertiary
drains, and agriculture runoff (Daud et al. 2017; Adimalla
and Qian 2019; Ji et al. 2020; Owens et al. 2020). How-
ever, as mentioned previously, the high pH of the sources
of spring water promotes the dissolution of PTEs from
geogenic sources into the drinking water. Compared with
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other studies, the concentrations of PTEs in the study area
were higher than those reported in drinking water originat-
ing from mafic and ultramafic rocks in a region in northern
Pakistan (Shah et al. 2012).

Health Risk Assessment

In the study area, the highest CDI values were calculated for
Zn for both adults and children, in all the four water sources.
The CDI values (adults and children) of PTEs were in the
order of springs >hand pumps > open wells > tube wells, as
documented in the Supplementary Information (Tables S-1
and S-2). The CDI values were further evaluated for the
calculation of HRI (noncarcinogenic risk) in both adults and
children. The HRI results showed that the toxicity of indi-
vidual PTEs is below a value of 1 for both adults and chil-
dren, but children (Fig. 5b) have comparatively higher values
of HRI than adults (Fig. 5a) group. Among the four water
sources, water from springs showed the highest noncarci-
nogenic risks relative to water from hand pumps and open
wells, while water from tube wells water showed the lowest
noncarcinogenic risks. The overall noncarcinogenic risk in
the four water sources was in the order of springs > hand
pumps > open wells > tube wells. Furthermore, the HRI
results for all the PTEs were in the order of Mn>Pb > Cr>
Cd> Co>Fe > Cu>Zn in both adults and children (Fig. 5).

The HI results for water from springs were greater than a
value of 1 for both adults and children (Fig. 6), which indi-
cates noncarcinogenic health risks for populations obtain-
ing their drinking water from this source (Xiao et al. 2019).
Among the other three water sources, the HI calculated for
water from the hand pumps was quite close to the toxic-
ity limit (especially in children), indicating possible future

Hazard risk index (adults)

Mn Pb Cr Cd Co Fe Cu Zn
Potentially toxic elements

1.4+

[ Aduits
- Children

1.2
1.0

0.8

Hazard index

0.6
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Tube well

Spring

Hand pump Open well

Drinking water sources

Fig.6 Total hazard index for consumption of PTEs in drinking water
for adults and children for the four different water sources

health risks if the contamination sources are not properly
managed. The HI results for water from open wells and
tube wells were in the safe limit (HI < 1). The overall HI
risk in the four water sources was in the decreasing order
of springs >hand pumps > open wells > tube wells. Other
studies (Shah et al. 2012) have reported similar findings for
surface and groundwater in a region in northern Pakistan.

Source Apportionment
The PCA results for the spring water revealed that four

factors (F1...F4) explained a total cumulative variance of
85.9% (Table 1). Among these factors, F1 contributed 60.5%

(b) 0.40
, I spring
0.351 [ ]Hand pump
0.30- H Open well
i [ Tube well

Hazard risk index (children)

Mn Cr Pb Cd Co Fe Cu Zn

Potentially toxic elements

Fig.5 Hazard risk indexes for consumption of PTEs in drinking water calculated for adults (a) and children (b) for the four different water

sources
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Table 1 Factor loadings for the matrix parameters associated with water from springs and hand pumps
Parameter Springs Hand pumps

F1 F2 F3 F4 F1 F2 F3 F4 F5 F6
Temperature 0.871 0.368 0.064 0.057 0.677 —0.061 —0.094 0.466 —0.058 0.351
pH 0.589 -0.15 0.3 —0.358 0.017 0.896 0.106 0.044 —0.084 —0.026
EC 0.511 0.832 —-0.051 -0.152 0.91 —0.047 —-0.167 —0.062 0.008 —0.158
TDS 0.443 0.865 —0.061 -0.167 0.916 —0.041 -0.16 —0.057 0.014 —-0.151
Turbidity 0.667 0.728 —-0.025 -0.111 0.965 0.049 -0.07 0.01 0.095 —0.043
DO 0.278 —0.005 0.643 0.241 —0.069 0.111 0.887 0.063 0.032 -0.118
TSS 0.182 -0.359 0.665 0.072 0.126 0.27 0.123 -0.211 0.72 -0.023
Alkalinity -0.16 0.329 0.844 —-0.028 —0.247 -0.112 0.122 0.897 0.012 0.051
Hardness —0.456 -0.327 0.43 0.607 0.574 -0.187 0.001 0.523 -0.09 -0.269
Nitrates —0.049 -0.218 0.103 —-0.01 0.101 -0.127 0.091 0.367 0.845 0.072
E. coli 0.867 0.103 0.096 0.23 0.182 0.673 0.31 -0.179 0.333 0.189
Ca 0.566 0.801 —0.043 -0.139 0.263 -0.169 0.238 0.02 0.067 0.818
Mg 0.252 0.857 0.12 0.286 0.907 —0.043 0.057 -0.117 0.063 0.108
Na 0.578 0.582 0.148 0.052 0.019 0.362 -0.375 0.144 0.002 0.742
K 0.294 -0.014 0.134 0.814 0.04 0.046 0.899 0.218 0.169 0.156
Cd 0.935 0.346 0.042 0.009 0.853 0.151 0.161 0.031 0.247 0.311
Cr 0.954 0.284 0.051 0.026 0.841 0.422 —0.052 0.104 0.103 0.143
Pb 0.938 0.335 0.044 0.012 0.86 0.272 0.134 0.294 —-0.016 0.2
Co 0.954 0.285 0.051 0.025 0.878 0.194 0.139 —0.058 0.109 0.321
Fe 0.952 0.29 0.05 0.024 0.443 0.67 —0.308 0.08 0.375 —0.057
Mn 0.956 0.276 0.052 0.028 0.221 0.266 0.194 0.659 0.148 0.119
Cu 0.956 0.277 0.052 0.028 0.731 0.205 0.025 0 0.472 0.171
Zn 0.94 0.331 0.044 0.013 0.802 0.282 0.201 0.193 0.288 0.269
Eigen values 13.9 2.8 1.3 1.2 9.9 29 1.7 1.2 1.4 1.3
% of variance 60.5 12 7.9 54 43 12.7 9.53 7.6 6.3 5.5
Cumulative % 60.5 72.5 80.5 85.9 43 55.8 65.9 73.6 79.8 854

Values of the dominant factor are reported in bold

to the total variance, with high loadings for the parameters of
temperature (0.871), E. coli (0.867), Cd (0.935), Cr (0.954),
Pb (0.938), Co (0.954), Fe (0.952), Mn (0.956), Cu (0.956),
and Zn (0.940). Previous studies have shown that the levels
of Cd, Pb, Cr, Mn, and Cu are influenced by weathering of
mafic and ultramafic rocks in the region and local mining
(Shah et al. 2012), while the E. coli levels are influenced
by various anthropogenic activities, such as improper dis-
posal of waste, seepage from septic tanks, and animal wastes
(Khan et al. 2013). The PCA results for water from springs
indicate that loadings to F1 are due to both geogenic and
anthropogenic contributions. The factor 2 (F2) contrib-
utes 12.0% to the total variance, with high loading for the
parameters of EC (0.832), TDS (0.865), turbidity (0.728),
Ca (0.801), and Mg (0.857). The results suggest that F2 may
be influenced by schistose rocks having sulfide beams, feld-
spar, talc, and chlorite (Khan et al. 2013). The factor 3 (F3)
and factor 4 (F4) make very low contributions to the PCA
ordination (< 10%), which can be discounted.

For the PCA of data from the hand pump water source,
the total cumulative variance of six factors were 85.4%,
in which F1 contributed 43.0% to the total variance with
high loadings for the parameters of temperature (0.677),
EC (0.910), TDS (0.916), turbidity (0.965), Mg (0.907),
Cd (0.853), Cr (0.841), Pb (0.860), Co (0.878), Cu (0.731),
and Zn (0.802), as shown in Table 1. The levels of Cd, Cer,
Pb, Co, Cu, and Zn could be influenced by the dissolution
of these elements from mafic and ultramafic rocks (Shah
et al. 2012), but also from leaching of metals from older
water distribution systems (Xiao et al. 2019). Addition-
ally, the EC, TDS, turbidity, and Mg may be influenced
by natural sources, i.e., weathering of exposed rocks,
surface run-off, and agricultural activities (Rasool et al.
2016). The F2 contributed 12.7% to the total variance,
with high loadings for the parameters of pH (0.896) and
E. coli (0.673). Bacteriological contamination is com-
monly associated with reduced pH. The F2 results indi-
cate that shallow groundwater sources of drinking water
accessed by hand pumps may be influenced by leaching
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of contaminants from agricultural activates (Khan et al.
2013). The F3, F4, F5, and F6 were discounted due to low
contributions to the PCA.

The PCA analysis of data from the open wells water
source also generated six factors, with a total cumula-
tive variance of 85.0%, in which F1 contributed 22.5%
to the total variance, with high loadings for the param-
eters of temperature (0.677), EC (0.910), TDS (0.916),
turbidity (0.965), Mg (0.907), Cd (0.853), Cr (0.841), Pb
(0.860), Co (0.878), Cu (0.731), and Zn (0.802), as shown
in Table 2. The Cd, Pb, Cr, Cu, and Zn levels could have
been influenced by dissolution from mafic and ultramafic
rocks bedrocks (Shah et al. 2012). The EC, TDS, turbid-
ity, and Mg levels are likely influenced by anthropogenic
activities (seepage from septic tanks and run-off), as well
as rocks weathering (Rasool et al. 2016). These result
showed that the parameters contributing to F1 may be
influenced by both anthropogenic and geogenic contribu-
tions. The F2 contributed 15.1%, with high loadings to
the pH (0.896) and E. coli (0.673). The bacteriological

contamination, also discussed above for waters accessed
using hand pumps are probably influenced by inputs into
shallow sources of groundwater from human and animal
fecal wastes. The F3, F4, F5, and F6 have very low contri-
butions (< 10%) and were discounted.

The PCA analysis of data from the tube wells revealed
seven factors with the total cumulative variance of 78.0%,
in which F1 contribute 34.6% to the total variance with high
loadings for the parameters of temperature (0.727), turbid-
ity (0.907), TDS (0.907), Cr (0.687), Pb (0.794), and Co
(0.893), as summarized in Table 2. The TDS, hardness, Ca,
and Mg levels were probably influenced by the geology of
limestone and calcareous schists, and Pb, Cr, and Cu levels
could be influenced by the mafic and ultramafic bedrocks
in the area (Shah et al. 2012). The result indicates that the
parameters contributing to F1 may be from geogenic contri-
bution only. The F2 contributed 12.3% to the total variance,
with high loadings for the parameters of Fe (0.891), Mn
(0.769), Cu (0.393), and Zn (0.908). These results indicate
that leaching of metals from old water distribution systems

Table 2 Factor loadings for the matrix parameters associated with water from open wells and tube wells

Parameter Open wells Tube wells

F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6 F7
Temperature 0.677 -0.061 —-0.094 0.351 0.677 0.677 0219  0.109  0.298 0.466 -0.016 -0.28 0.126
pH 0.017 0.896 0.106 -0.026  0.017 0.017 0.08 0.205 -0.024 0.044 0.171 —0.014 0.099
EC 091 -0.047 -0.167 —-0.158 091 0.91 -0.011 0377 -0.001 -0.062 -0.329 0.323 —0.626
TDS 0916 -0.041 -0.16 —0.151 0916 0.916 0.907 -0.047 0.797 -0.057 -0.058 0.104 0.107
Turbidity 0.965 0.049  -0.07 —-0.043 0965 0.965 0256  0.039  0.209 0.01 0.104  0.059  0.217
DO —0.069 0.111 0.887 -0.118 -0.069 —-0.069 0.148 0.215 0.066 0.063 —-0.052 -0.032 0.834
TSS 0.126  0.27 0.123 —-0.023  0.126 0.126 0.144  0.039 0.209 -0.211 0.104 0.059 0.217
Alkalinity -0.247 -0.112 0.122 0.051 -0.247 -0.247 -0.216 0.002 0.263 0.897 —0.173 —-0.093 0.084
Hardness 0.574 —0.187 0.001 -0.269 0.574 0.574 0907 04 0.102 0.523  0.775 —0.127 0.028
Nitrates 0.101 -0.127 0.091 0.072  0.101 0.101 0.372 0472 0.291 0.367 —-0.238 —-0.135 0.463
E. coli 0.182 0.673  0.31 0.189  0.182 0.182 0.181 0.532 0.191 -0.179 0.566 -0.203 -0.19
Ca 0.263 —-0.169 0.238 0.818  0.263 0.263 0.727 0313  0.699 0.02 0.113  0.196 —0.043
Mg 0.907 -0.043 0.057 0.108  0.907 0.907 0.682 -0413 0.555 -0.117 0.119  0.836 -0.132
Na 0.019 0.362 -0375 0.742  0.019 0.019 0.197  0.301 0.276 0.144 -0.239 0.774 -0.11
K 0.04 0.046  0.899 0.156  0.04 0.04 0.077  0.051 0.005 0.218 0.852 0.128  0.084
Cd 0.853 0.151 0.161 0.311 0.853 0.853 0404  0.192  0.609 0.031 0.195  0.309 —0.064
Cr 0.841 0.422 —-0.052 0.143  0.841 0.841 0.687 0.079  0.069 0.104 0.089  0.561 0.027
Pb 0.86 0.272 0.134 0.2 0.86 0.86 0794 0.684 0.14 0294 0.168 —0.046 —-0.258
Co 0.878 0.194  0.139 0.321 0.878 0.878 0.893 0.179 0.015 -0.058 0.062 0.121 0.017
Fe 0.443 0.67 —0.308 —0.057 0443 0.443 02838 0.891 -0.016 0.08 0.357 -0.025 0.13
Mn 0.221 0.266  0.194 0.119  0.221 0.221 0454 0769 -0.002 0.659 0.073  0.109  0.191
Cu 0.731 0.205  0.025 0.171 0.731 0.731 0266 0.693 0.144 0 0.175  0.166 -0.2
Zn 0.802 0.282  0.201 0.269  0.802 0.802 0.187 0908 0.177 0.193  0.227 —0.093 0.518
Eigen values 5.2 3.5 1.7 1.5 1.3 1.1 7.9 2.8 1.6 1.3 1.2 1.2 1.1
% Of variance 22.5 15.1 9.6 6.7 5.9 4.9 34.6 12.3 9.7 9.3 8.8 6.9 5
Cumulative %  22.5 37.6 49.2 74.3 80.2 85 34.6 46.9 57.2 58.9 66.1 73 78

Values of the dominant factor are reported in bold
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may be contaminating the drinking water (Khan et al. 2013).
The F3, F4, F5, F6, and F7 were discounted due to their low
contributions (< 10%). The overall results of PCA analysis
indicate that both geogenic and anthropogenic sources con-
tributes to the contamination of drinking water in the region.

The APCS-MLR results revealed that the spring water
was influenced by both anthropogenic and geogenic activi-
ties. Weathering of the bedrocks contributed 43%, while
anthropogenic factors, such as septic seepage, surface run-
off, and waste disposal contributed 44%, and some non-
classified sources contributed 12% to the total pollution
(Fig. 7a). For water accessed by hand pumps, most of the
sites were contaminated by both geogenic and anthropogenic
pollution. In the geogenic pollution, the bedrocks contrib-
uted 26% to the pollution, mixed pollution in the form of
soil weathering and run-off contributed 23%, bacteriologi-
cal contamination contributed 18%, and the remainder of
the contributions were from nonclassified sources (13% and
11%), as shown in Fig. 7b. In the open well water, the major
portion of contamination (34%) was from a mix of both geo-
genic and anthropogenic sources. Moreover, the anthropo-
genic pollution in the form of bacteriological contamination
contributed 25% to the total pollution, whereas the nonclas-
sified pollution contributed 14% and 13% (Fig. 7c). In the
case of the water accessed by tube wells, the major pollu-
tion contributor was the geogenic source, which contributed
50%, whereas the anthropogenic source (water distribution

system) contributed only 17% and nonclassified sources con-
tributed 10% (Fig. 7d). Pollution sources contributing < 10%
that are not associated with any major source can generally
be discounted. Once again, APCS-MLR analysis indicated
that all four water sources have been contaminated from both
the geogenic and anthropogenic sources. Similar findings
of geogenic and anthropogenic pollution sources have been
reported by Khan et al. (2018).

Health Survey

During the questionnaire survey, various symptoms related
to gastrointestinal illness (i.e., diarrhea, dysentery, vomit-
ing), as well as hepatitis A, B, and C and kidney problems,
etc. were recorded from respondents in the study area. In this
study, the risk of waterborne diseases were highest in the
rural townships (tehsils) i.e., Warh Mamund, Loi Mamund,
Barang, and Chamarkand (62-68% incidence) compared
with the more urban townships (tehsils) i.e., Khar, Nawagai,
and the southern part of Salarzai (Table 3). The rural areas
are located near the Afghanistan boarder where spring water
is the main sources of drinking water. High incidences of
waterborne diseases have been previously reported among
rural populations in other regions (Daud et al. 2017; Owens
et al. 2020). Across all sites, populations that accessed drink-
ing water from springs had a higher risk of illnesses com-
pared with populations that used groundwater for drinking.

ALY
AN

Fig.7 Apportionment of pollution sources for drinking water from springs (a), hand pumps (b), open wells (¢), and tube wells (d)
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Table 3 Illnesses and health conditions reported by respondents to the questionnaire survey in different townships (tehsils) associated with the

four sources of drinking water

Parameters Springs Hand pumps and open Tube wells
wells
Warh Mamund Loi Mamund Barang Chamarkand Salarzai Utmankhel Khar Nawagai

Surveyed households 261 258 127 12 447 178 413 132
Total population 156,753 155,120 76,558 2,868 268,517 107,356 247,510 79,002
Hepatitis A (%) 22 21 11 1 25 10 15 5
Hepatitis B (%) 10 9 5 1 11 4 2
Hepatitis C (%) 4 4 2 1 4 2 3 1
Kidney problems (%) 28 27 14 1 30 12 19 6
Diarrhea (%) 38 36 19 2 41 16 26 8
Dysentery (%) 33 33 16 1 38 15 23 7
Vomiting (%) 14 13 7 1 16 6 10 3
Anemia (%) 16 14 1 18 7 11 4
Abdominal pain (%) 46 45 22 2 54 21 32 10
Constipation (%) 18 17 9 1 20 8 13 4
Tiredness (%) 47 46 23 2 52 21 33 10

Areas with poor infrastructure for sanitation are prone to
microbiological contamination through open drainage chan-
nels, unprotected tertiary drains, leakage from septic systems
and latrines, and contaminated soil. Similarly, the incidence
of illnesses were 42—-47% greater in townships (tehsils)
accessing water using hand pumps and open wells in the
townships of Salarzai (upper) and Utmankhel relative to the
lower incidence of illness in areas using water from tube
wells (Table 3). These findings are consistent with the results
from the data for the physicochemical parameters and PTEs
concentrations, which also showed high contamination of
water from springs and comparatively low contamination in
water from tube wells. Khan et al. (2013) reported similar
results of low incidences of waterborne diseases in an areas
located in northwestern Pakistan serviced by tube wells (i.e.,
deep aquifers) relative to a high incidence of waterborne
diseases in areas where drinking water was accessed by hand
pumps (i.e., from shallow groundwater).

Conclusions

The main conclusions from this comparative study of four
water sources in the district Bajaur of western Pakistan
are these: (1) sources of drinking water from springs have
acidic pH, higher turbidity and TSS, and elevated levels of
PTEs relative to drinking water accessed from tube wells;
(2) E. coli counts exceeded the MPL in water accessed
from springs, hand pumps, and open wells water, but
counts were below the MPL in water accessed from tube
wells. Up to 78% of the water samples collected from this

@ Springer

region of Pakistan were of poor quality and not suitable
for drinking purpose; (3) the water quality of tube wells
source is better than water accessed from springs, hand
pumps, and open wells; (4) among the four water sources,
springs showed comparatively the highest noncarcinogenic
risks (HRI) related to concentrations of PTEs, whereas
tube wells showed the lowest risks and were within the
safe limits. However, the total hazard index (HI) for water
accessed by hand pumps was quite close to the toxicity
limit (especially in children) and monitoring and manage-
ment of contamination sources should be a priority; and
(v) both anthropogenic and geogenic sources contribute
to the poor water quality in the study area. Based on the
findings, the water accessed from deep aquifers using
tube wells is safe and should be used as a source of drink-
ing water. Capital projects to access drinking water from
deep aquifers should be a priority in the areas of western
Pakistan where springs are the source of drinking water.
Furthermore, pollution abatement measures and improve-
ments to water distribution systems are needed across the
entire region to reduce contamination by bacterial patho-
gens and toxic metals.
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