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a b s t r a c t

The present study aims to investigate the spatial distribution and associated various geochemical
mechanisms responsible for fluoride (F⁻) contamination in groundwater of unconfined aquifer system
along major rivers in Sindh and Punjab, Pakistan. The concentration of F⁻ in groundwater samples ranged
from 0.1 to 3.9mg/L (mean¼ 1.0mg/L) in Sindh and 0.1e10.3mg/L (mean¼ 1.0mg/L) in Punjab,
respectively with 28.9% and 26.6% of samples exhibited F⁻ contamination beyond WHO permissible limit
value (1.5mg/L). The geochemical processes regulated F⁻ concentration in unconfined aquifer mainly in
Sindh and Punjab were categorized as follows: 1) minerals weathering that observed as the key process
to control groundwater chemistry in the study areas, 2) the strong correlation between F⁻ and alkaline
pH, which provided favorable environmental conditions to promote F⁻ leaching through desperation or
by ion exchange process, 3) the 72.6% of samples from Sindh and Punjab were dominated by Na⁺- Cl⁻ type
of water, confirmed that the halite dissolution process was the major contributor for F⁻ enrichment in
groundwater, 4) dolomite dissolution was main process frequently observed in Sindh, compared with
Punjab, 5) the arid climatic conditions promote evaporation process or dissolution of evaporites or both
were contributing to the formation of saline groundwater in the study area, 6) the positive correlation
observed between elevated F⁻ and fluorite also suggested that the fluorite dissolution also played sig-
nificant role for leaching of F⁻ in groundwater from sediments, and 7) calcite controlled Ca2⁺ level and
enhanced the dissolution of F-bearing minerals and drive F⁻ concentration in groundwater. In a nut shell,
this study revealed the worst scenarios of F⁻ contamination via various possible geochemical mechanisms
in groundwater along major rivers in Sindh and Punjab, Pakistan, which need immediate attention of
regulatory authorities to avoid future hazardous implications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Groundwater is primary source of drinking water worldwide
and most of the groundwater resources are severely polluted with
e by Joerg Rinklebe.
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the major ions of toxic trace metals including fluoride (F⁻) (Rashid
et al., 2019). These pollutants originated from various natural and
anthropogenic sources such as, volcanic activates, weathering and
dissolution of mineral deposits, coal incineration, mining activities,
surface run off, agricultural activities, steel manufacturing units,
surface run off and direct dispose of untreated industrial waste
water into riverine system (Jehan et al., 2018; Rashid et al., 2018).
Most of toxic ionic pollutants are highly mobile in surface water
sources such as rivers, lakes, streams, and natural aquifer system,
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bore well, dug well, tube well, natural springs and hand pumps (Ali
et al., 2018b; Khan et al., 2016).

The fluorine (F) belongs to halogen family in the periodic table
being the lightest member andmost electronegative and reactive of
all elements (Rafique et al., 2015). Due to its high reactivity, it does
not found in elemental form & readily reacts to form inorganic and
organic compounds as F⁻ ion (Rasool et al., 2018). It ranked 13th
most abundant element covering 0.06e0.09% of the total earth
crust (Dehbandi et al., 2017; Rasool et al., 2018). The F⁻ concentra-
tion in surface water reported at 0.01e0.3mg/L, while in ground-
water it ranged below 1mg/L to 35mg/L (Msonda et al., 2007).
Generally, F⁻ can enter the human body mainly by drinking water
(Li et al., 2014). The F⁻ < 1.5mg/L may help to prevent the incidence
of dental caries and enhance the growth of bone (Edmunds and
Smedley, 2013), however, F⁻> 1.5mg/L can cause dental fluorosis
or mottled enamel (Rahmani et al., 2010), increased allergic re-
actions, allergic diseases, fertility effects, and nephrotic effects
(KheradPisheh et al., 2016), F⁻> 3.0mg/L may cause skeletal fluo-
rosis (Dar et al., 2011; Raj and Shaji, 2017). The previous studies
described various mechanisms and geological process including,
weathering of minerals dissolution, precipitation, desorption/
adsorption, evapotranspiration, ion-exchange, volcanic eruption,
complex formation as well as human activities involved in F⁻
enrichment of the groundwater (Brahman et al., 2013; Farooqi et al.,
2007; Li et al., 2018; Rasool et al., 2017; Zabala et al., 2016). The
previous studies also suggested mixing of numerous water sources
such as irrigation return water, saline water, fresh water as well as
arid climatic conditions as various driving factors, which facilitated
F⁻ enrichment in the groundwater system (Li et al., 2018; Rasool
et al., 2017; Rezaei et al., 2017). The Pakistan council for research
in water resources (PCRWR) carried out a detailed study and to
explore the possibility of F⁻ contamination and associated human
health implications such as in the drinking water of sixteen major
cities of four provinces and they found F⁻ concentration exceeding
the permissible limit 1.5mg/L (Tahir and Rasheed, 2013). The major
sources mainly comprised of phosphate fertilizer, containing
leachable F⁻ content at 52.0 to 25.0mg/kg and coal containing F⁻
content at 5.0e20.0mg/kg (Ayoob and Gupta, 2006; Farooqi et al.,
2007). The children (age <15 year) from Kalalanwala, east Punjab
suffered from serious health concerns such as bone deformation,
fluorosis and spinal defects (Farooqi et al., 2007). A study was
conducted in Nagar Parkar Sindh reported more than 78.0%
groundwater samples exceeding F⁻ permissible limit, where 12.5%
population exhibited low risk of dental fluorosis, 50.3% population
with high dental and mild skeletal fluorosis risks and 12.5% pop-
ulation at very high risk of skeletal fluorosis (Tahir and Rasheed,
2013). Along the riverine system with unconfined aquifer areas of
Pakistan, the continuous drawl of groundwater for domestic, agri-
cultural, industrial and drinking purpose is the major cause to
deteriorate the quality of groundwater (Podgorski et al., 2017).
Furthermore, urbanization, agricultural activities, industrialization,
mining activities and waste water discharges along the major
riverine systems are the serious environmental concerns in
Pakistan (Shahid et al., 2018). The previous studies highlighted
elevated F⁻ contamination in groundwater and associated adverse
health effects in exposed population of Pakistan (Rasool et al., 2018;
Rasool et al., 2015). However, hydrogeochemical mechanisms and
key process that drive F⁻ contamination in the groundwater along
the riverine systems of the region are still not well defined.
Therefore, the main objectives of current study are 1) to monitor
the distribution of F⁻ in groundwater samples collected alongwhole
stretch of major riverine system in two provinces, Sindh and Pun-
jab, Pakistan, 2) to categorize the hydro-geochemical processes that
control groundwater chemistry, which ultimately affects F⁻
contamination in the study area, and 3) to investigate the key
process responsible for initiation of F- enrichment in unconfined
aquifers in the study area.

2. Material and methods

2.1. Geological background of the study area and sample collection

About more than 75 percent population of Pakistan settled in
two central provinces of Pakistan, namely, Sindh and Punjab. The
study area is mainly categorized as the flat-low-lying Indus plain
region (Shahid et al., 2018). It is primarily composed of approxi-
mately 300m of the Quaternary alluvial residues, permeable soils
with truncated inorganic content (Ali et al., 2018b; Mushtaq et al.,
2018). The climate of this area is semiarid to arid excluding
temperate north-west regions (Mushtaq et al., 2018). The uncon-
solidated gravel and sand deposits of the Quaternary age alluvial
are the key factors to development of most aquifer systems in the
region (Podgorski et al., 2017). Themain sources of aquifer recharge
include rainfall and extensive irrigation rivers such as the Ravi
River, the Jhelum River, the Sutlej River, the Chenab River and the
Indus River in this area (Eqani et al., 2016; Podgorski et al., 2017).
These homogenous, high transmissivity and unconfined aquifers
are composed of sedimentary complex's and alluvial deposits,
which mainly contained fine-average clay, sand and silt through
varied extents of quartz, muscovite, biotite, chlorite and other
minerals with an average thickness of 40m (Mushtaq et al., 2018).
The field sampling campingwas launched in November 2017, a total
146 groundwater samples in duplicates were randomly collected in
Sindh (n¼ 38) and Punjab (n¼ 108) from the pre-existing bore-
holes (Fig. 1). The duplicate samples were filtered by using a
0.45 mm membrane (Whatman, USA) for quantification of major
anions including SO₄2⁻, PO₄3⁻, NO₃⁻, HCO₃⁻, Cl⁻, Br, SiO2 and F⁻, while
for measurement of cations such as Na⁺, K⁺, Mg2⁺, Ca2⁺, all samples
were acidified with nitric acid (HNO3⁻). Then, the samples were
stored in 50mL propylene bottles tightly capped and stored at 4 �C
by following the standard sampling protocols and methods defined
by (APHA., 2005). The collected samples were transported to the
“State Key Laboratory of Environmental Geochemistry, Chinese
Academy of Sciences, Guiyang, China”. To maintain and assure the
quality and integrity of the samples, the critical quality control
measures were taken during all the stages from samples' collection
to analysis (APHA., 2005). Replicate samples were also collected to
reduce cross-contamination during sampling, and all instruments
were properly calibrated before analysis.

2.2. pH, EC, TDS, cations and anions analysis

pH and EC of the samples were measured on site by using pH/EC
meter (HANNA instruments, Canada) and before sample analysis,
the electrodes were properly calibrated. However, the TDS were
measured indirectly by using EC values and conversion factor by
using following equation (Moharir et al., 2002).

Total dissolved solids (TDS mg/L)¼ Electric conductivity (EC mS/cm)
✕ 0.64 (1)

All the laboratory based chemical analysis was done at “State
Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry of Chinese Academy of Sciences Guying, Guizhou
Province, Republic of China”. The analysis of major cations
including Na⁺, K⁺, Mg2⁺, and Ca2⁺ was performed by using Induc-
tively Coupled Plasma Optical Emission Spectrometer (ICP-OES
VISTA-MPX, Agilent, USA). The method was applied of metal flame
photometer over specified ranges of wavelength. However, the
major anions SO₄2⁻, PO₄3⁻, NO₃⁻, HCO₃⁻, Cl⁻, Br, SiO2 and F⁻ were



Fig. 1. Map of the study area showing the sampling points with F⁻ < 1.5mg/L, F⁻ 1.5e2mg/L, F⁻ 2e3mg/L and F⁻ > 3mg/L.
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measured by Ion Chromatography System (ICS, DIONEX-90)
ensuing USEPA method 300. Prior to chemical analysis, the in-
struments were properly calibrated with standards and method
detection limits (MDL) were calculated as previously described
(Kelly et al., 2005). The charge balance electro neutrality (EN %) of
cations and anions in meq/L is certain to be within ±5.0%.
2.3. Saturation indices

Saturation indices (SI¼ log [IAP/KT]) were calculated for the
current data to predict themineralogy in the sampling area.Where,
IAP¼ ion activity product (IAP) and KT¼equilibrium constant of a
precise mineral phases at room temperature. The SI values were
measured by applying computer-based geochemical package
PHREEQC (Interactive 2.11) and the WATEQF database.
2.4. Geological & statistical analysis

The study areamaps were developed by using ArcGIS 10.3 (ESRI,
USA). The principal component analysis (PCA) was performed for
source distribution of physiochemical parameters. The PCA carried
out through diagonalization matrix association; several problems
that were arise from various numerical ranges of different variables
in dataset are evaded and the variables were scaled mechanically
on the variance and similarity basis (Jackson, 2005). Hydro-
geochemical facies were determined through Chadha diagram
(Chadha and Ray, 1999). All statistical analysis was performed by
using XLSTAT (Addinsoft, USA) and SPSS 22 software (IBM, USA).
3. Results

3.1. Basic physico-chemical parameters, major ions

The results for basic physico-chemical parameters such as well
depth pH, EC, TDS, F⁻ and major ions in groundwater samples from
Sindh and Punjab are shown in (Table S1). The groundwater
geochemistry of the present study area was also influenced by
various well depth (m) and it was ranged from 27.4 to 61.0m
(mean¼ 34.8m) in Sindh and 30.5e61.0m (mean¼ 48.4m) in
Punjab (Fig. 2 a). The neutral to basic pH ranging from 7.3 to 8.7 and
7.1 to 9.0 were observed in samples from Sindh and Punjab,
respectively with 34.2% and 28.4% of samples exhibited pH beyond
WHO allowable range in groundwater (6.5e8.5) (Fig. 2 b). While,
the EC varied from 656.7 to 3582.1 mS/cm and 313.4 to 4925.4 mS/cm
(mean¼ 1491.8 and 1083.1 mS/cm) in Sindh and Punjab, respec-
tively with 37.0% and 14.4% of samples had EC values beyond WHO
standard value 1500 mS/cm. The TDS concentration ranged from
440.0 to 2400.0 (mean¼ 999.5mg/L) and 210.0e3300.0mg/L
(mean¼ 725.6mg/L) in groundwater samples of Sindh and Punjab,
respectively (Fig. 2 c). Moreover, groundwater samples were
observed mostly rich in Na⁺, Cl⁻ and poor in Ca2⁺. The concentra-
tions of Na⁺ in groundwater samples from Sindh and Punjab,
respectively ranged from 18.6 to 590.9mg/L and 6.9e684.5mg/L
(mean¼ 185.2 and 145.7mg/L), similarly for Cl⁻, the concentrations
were ranged 28.9e890.6mg/L and 11.2e1057.6mg/L
(mean¼ 286.7 and 224.2mg/L), while for Ca2⁺, the concentrations
ranged from 7.4 to 70.2mg/L and 4.9e60mg/L (mean¼ 31.3 &
29.1mg/L) (Fig. 3 c, d & e). The other dominant anions were HCO₃⁻
and SO₄2⁻ (Fig. 3 a & b), whose concentrations ranged from 81.0 to
135.0mg/L and 28.9e253.5mg/L, (mean¼ 110.9 and 189.3mg/L)
and 18.4e435.4mg/L and 2.9e304.6mg/L with (mean¼ 138.0 and



Fig. 2. Bivariate plots of F⁻ concentrations in groundwater with respect to well-depth (a) pH (b) TDS (c) and geo-chemical composition of groundwater of Sindh and Punjab (d).
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82.4mg/L) in groundwater of Sindh and Punjab, respectively. The
Fig. 2 d highlighted the geochemistry of groundwater samples in
term of Chadha plot that revealed Na⁺- Cl⁻ type and Ca2⁺- Mg2⁺- Cl⁻
water as pre-dominant types. The groundwater samples were
observed highly sensitive towards the anthropogenic activities
with highest NO₃⁻ concentration in Sindh ranged from 11.2 to
109.2mg/L (mean¼ 48.5mg/L) and in Punjab ranged from 7.5 to
92.7mg/L (mean¼ 45.0mg/L), Mg2⁺ ranged from 4.1 to 109.0mg/L
(mean¼ 35.9mg/L) and 0.8e76.0mg/L (mean¼ 20.6mg/L), K⁺
ranged from 4.4 to 22.6mg/L (mean¼ 9.6mg/L) and 1.1e34.3mg/L
(mean¼ 7.1mg/L) and low PO₄3⁻ concentration ranged from 0.01 to
0.02mg/L (mean¼ 0.01mg/L) and 0.01e0.4mg/L (mean¼ 0.1mg/
L) respectively, (Fig. 3 g, I & j). However, the concentrations of Br
and SiO₂ ranged from 0.01 to 1.7mg/L (mean¼ 0.4mg/L) and
14.7e35.3mg/L (mean¼ 26.6mg/L) in Sindh and 0.01e3.5mg/L
(mean¼ 0.3mg/L) and 5.0e43.3mg/L (mean¼ 24.8mg/L) in Pun-
jab, respectively.
3.2. Fluoride concentration variation in the study area

Overall F⁻ concentration in groundwater ranged from 0.1 to
10.3mg/L (mean¼ 1.0mg/L) and 27.4% samples revealed values
exceeding the WHO permissible limit for F⁻ in groundwater 1.5mg/
L (Fig. 1). The F⁻ concentration in groundwater samples from Sindh
and Punjab ranged from 0.1 to 3.9mg/L (mean¼ 1.0mg/L) and
0.1e10.3mg/L (mean¼ 1.0mg/L) with 28.9% and 26.6% samples
respectively, exceeding than WHO limit (Fig. 3 I & Table S1). The
distinct pattern was observed in spatial distribution of F⁻ along the
major rivers in Sindh and Punjab, as shown in Fig. 2a and b, c & d.
Table S2 shows the Pearson's correlation coefficients between F⁻
concentration in groundwater with physico-chemical parameters,
the Pearson's correlation coefficient values are also favoring the
PCA (Table S3). Significant negative correlation was observed be-
tween F⁻ and well-depth (r¼�0.2), and positive with pH (r¼ 0.8),
TDS and EC (r¼ 0.2). The pattern of F⁻ distribution in study areawas
clustered as fallows: 1) the shallow depth, brackish Na⁺ - Cl⁻ type of
water, alkaline pH> 8.5 with high F⁻ content in groundwater in
Sindh area in which the F⁻ level is normally above than 3mg/L and
Punjab (Lahore and Kasur zone) exceeding than 4mg/L, 2) the
shallow medium, at pH ranged 7.5 to 8.5 the F⁻ concentration in
Sindh and Punjab higher than 1.5mg/L and less than 2.5mg/L and
higher than 2 and less than 4mg/L respectively, 3) deep ground-
water pH< 7.5 the F⁻ concentration less than 1.5mg/L in Sindh and
Punjab respectively. Likewise, the Pearson's correlation coefficients
of F⁻ concentration in groundwater with major ions observed as, F⁻
and Na⁺ (r¼ 0.2), F⁻ and K⁺ (r¼ 0.2), F⁻ and Ca2⁺ (r¼�0.2), F⁻ and Cl⁻
(r¼ 0.2) and F⁻ and NO₃⁻ (r¼�0.2) (Table S2).
3.3. Saturation indices of the study area

The mineral index, gypsum, calcite, dolomite and fluorite in
groundwater samples present are plotted (Fig. 9). The SI ¼ >



Fig. 3. Box plots showing the summary of investigated parameters HCO₃⁻ (a), SO₄2⁻ (b), Na⁺ (c), Cl⁻ (d), Ca2⁺ (e), CO3⁻ (f), NO3⁻ (g), SiO₂ (h), Mg2⁺ (i), K⁺ (j), TDS (k) and F⁻ (l)
groundwater samples collected from Sindh and Punjab study.
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0 indicates the precipitation is needed as to achieve equilibrium
and SI¼ < 0 suggests that groundwater is under saturated state and
dissolution is required as to reach equilibrium state. The results for
variation of minerals distribution in the study area are summarized
in (Table S1).
4. Discussion

4.1. Groundwater quality & major hydrogeochemical process

The EC is a well-known indicator of salt content in groundwater
(Noli and Tsamos, 2016). The EC of groundwater depends on aquifer
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recharge sources such as recharge from freshwater resources
including rivers, rainfall or irrigation water returns (Argamasilla
et al., 2017). The direct disposal of industrial, agricultural and
household wastes into riverine system of Pakistan may be the
major cause of high EC and TDS in groundwater from Sindh and
Punjab. Pervious literature also reported the same sources of
elevated EC in groundwater samples from Sindh and Punjab
(Brahman et al., 2013; Farooqi et al., 2007; Mushtaq et al., 2018;
Podgorski et al., 2017; Rasool et al., 2015; Shahid et al., 2018). The
elevated concentration of EC reported associate to the higher
concentration of TDS in groundwater in the presences of cations
and anions, as previously described (Ali et al., 2018b; Farooqi et al.,
2007; Tabassum et al., 2018). Whereas (Tirkey et al., 2017), sug-
gested that the presence of higher TDS content in groundwater is
also due to the inorganic and organic dissolution of minerals in
aquifer system. However, the various suite of main geochemical
processes might be occurring in the current study area as high-
lighted in our results by the variation in spatial distribution of F⁻
and major ions. The Gibb's plots (Gibbs, 1970) were used to cate-
gorize the sources of possible geochemical reactions in ground-
water of Sindh and Punjab (Fig. 4 a & b). The 90.0% samples from
the study area fall in rock-water dominance zone, suggesting
mineral weathering as the significant mechanism that controlled
groundwater chemistry. Whereas, remaining 10.0% samples fall in
evaporation-crystallization zone that might be attributed to the
evaporation/dissolution effects or both involved in the formation
saline groundwater in the study area. While the samples fall in
rock-water dominant zone indicated weathering and dissolution of
minerals as main sources of chemical interactions in deep
groundwater aquifer (Ali et al., 2018a; Farooqi et al., 2007; Rafique
et al., 2015). The groundwater receives ions during the dissolution
of minerals from sediments or soil through rock-water interaction.
The bivariate plots were used to assess specific view of mineral
weathering in groundwater system (Fig. 5). To assess the main
controlling lithology in the present study, Na⁺ standardized ratios
(Ca2⁺/Na⁺, HCO₃⁻/Na⁺ & Mg2⁺/Na⁺) were calculated by following
method previously described by (Li et al., 2018). The Fig. 5 a & b
shows, the samples fall near the carbonate-silicate weathering line
and silicate dominant area, suggesting the silicate dissolution also
played significant role in groundwater geochemistry in the present
study area. For understanding the contribution of carbonate
weathering in groundwater geochemistry, the graph between
Ca2⁺ þ Mg2⁺ against HCO₃⁻ þ SO₄2⁻ was plotted. Whereas, Fig. 5 c
suggest the groundwater, samples fall below 1:1 line, indicating the
carbonate and gypsum mineral dissolution was occurred in the
groundwater. While the samples away from the line suggesting
prevalence of (HCO₃⁻þ SO₄2⁻) against (Ca2⁺þMg2⁺). However, these
results highlighted gypsum and carbonate not the main sources of
geochemical processes in the present sampling locations, the
points away from the line, may be attributed to the presence of Ca2⁺
and Mg2⁺ in groundwater primarily originated from cation ex-
change or SiO₂ dissolution (Brahman et al., 2013; Farooqi et al.,
2007; Kumar et al., 2006; Li et al., 2018). The Fig. 5 d shows gyp-
sum dissolution in aquifer through binary plotting of Ca2⁺ þ Mg2⁺ -
0.5 HCO₃⁻ versus SO₄2⁻as showed in previous studies (Li et al., 2018).
Almost all data points fall above zero line provided the strong ev-
idence that the gypsum mineral dissolution is the key source of
geochemical interactions in groundwater of the current study area
(Fig. 5 d). However, significant evaporative effects were also prev-
alent in the study area, the contribution of halite dissolution is
assessed through plot between Na⁺ and Cl⁻(Taheri et al., 2017). The
Fig. 5 e shows the strong positive correlation between Na⁺ and Cl⁻
further suggesting the natural dissolution of evaporative minerals
(Halite) in these arid and semi-arid regions, as reported in previous
study (Mushtaq et al., 2018).
4.2. Sodium percentage and absorption ratio-based water
classification

The sodium percentage (Na⁺%) is an important parameter in all
type of natural water, and it is used to measure the suitability of
water for agricultural purpose (Nakhaei et al., 2016; Wilcox, 1958).
The elevated Na⁺ %may causes de-flocculation and damage soil tilth
and permeability (Nakhaei et al., 2016). The Na% in groundwater
area calculated through the following equation:

Na⁺% ¼ Na⁺ þ K⁺ / (Ca2⁺ þ Mg2⁺ þ Na⁺ þK⁺) ✕100 (2)

whereas Na⁺, K⁺, Ca2⁺ and Mg2⁺ concentrations in groundwater are
expressed in meq/L. The Wilcox diagram Fig. 6 a showed the 2.7%,
21.0% and 25.0% samples fall in unsuitable, doubtful and permis-
sible to doubtful fields, respectively. While, the rest of samples fall
in good to permissible and very good to good fields. For irrigation
purpose, the Na⁺ or alkali level in groundwater is measured through
the total and comparative concentration of major cations and
expressed as sodium absorption ratio (SAR) (Nakhaei et al., 2016).
The SAR is also used to assess the suitability of groundwater agri-
cultural irrigation, because excess concentration of Na⁺ in ground-
water causes to reduce the soil permeability as well as soil structure
(Brahman et al., 2013). The sodium hazard measured through SAR
by following equation (Islam et al., 2017).

SAR ¼ Na⁺ / Ca2⁺ þ Mg2⁺ / 2 (3)

The SAR values in the present study areas Sindh and Punjab
ranged from 0.2 to 5.6 (mean¼ 1.2) and 0.1 to 5.3 (mean¼ 1.1) with
elevated Na⁺ and low Ca2⁺ concentrations respectively, (Table S1).
The elevated Na⁺ concentration in groundwater could reflect the
dissolution of the lithogenic Na⁺ and to exchange its ions for dis-
solved Ca2⁺ through clay minerals in aquifer system (Rafique et al.,
2015). On the basis of United States (US) salinity hazard diagram the
graph was plotted between SAR and EC as reported in previous
study (Fig. 6 b) (Nakhaei et al., 2016). The plot illustrated that the
groundwater samples from the present study area fall in C1eS1,
C2eS1 and C3eS1 zones suggesting low, medium and high salinity,
while C4eS1 indicating very high salinity with low Na⁺ type, which
confirmed the halite dissolution as significant source of salinity in
these samples. For further classification, Van Wirdurm's plot was
drawn between the ionic ratios (IR) of Ca2⁺ and Cl⁻ (meq/L) against
EC (Van Wirdum, 1980). The ionic ratio (IR) values calculated by
following equation:

IR¼ [Ca2⁺]/ ([Ca2⁺] þ [Cl⁻]) (4)

The IR values measured as the occurrence of Ca2⁺ and Cl⁻ be-
tweenmajor cations and anions. The ECmeasured as an indicator of
salinity. The Van Wirdurm's plot Fig. 6 c showed about 42%
groundwater samples fall in atmospheric (At) zone and the rest of
samples fall in lithotrophic (Li) zone with high salinity. The plot
suggested high salinity in these samples that could be attributed to
the halite dissolution of saline sediments.

4.3. Mechanism and sources of F⁻ in groundwater

4.3.1. Alkaline conditions, adsorption and anthropogenic activities
The relationship between F⁻ major ions as well as physico-

chemical parameters (pH, EC, TDS & well depth) also revealed
various geochemical process that control F⁻ concentration in
groundwater. Whereas, the Fig. 2 b, Table S2 expressed a strong
correlation between F⁻ and pH, and alkaline environmental con-
ditions that promoted F⁻ leaching through desperation or by ion



Fig. 4. Gibb's plots showing the geochemical mechanisms of groundwater chemistry: log TDS versus Na⁺ þ K⁺/Na⁺þ K⁺þCa2⁺ (a) and log TDS vs Cl⁻/Cl⁻þHCO₃⁻ (b).
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exchange process (Luo et al., 2018; Magesh et al., 2016). The pH
increased from the zero-point charges of the sorbents in aquifer
sediments, resulting in desorption of F⁻ in groundwater. The basic
pH conditions in aquifer system promoted solids with negatively or
neutrally charged surface that caused the desorption of F⁻ to FeOH
ion exchange (Li et al., 2018). The F⁻ ion exchange (FeOH) and F⁻
release in groundwater took place under basic conditions
(Vithanage et al., 2014). The alkaline environmental conditions in
the present study area indicated the abundance of (OH⁻) minerals
(Nouri et al., 2006), known as apatite muscovite, amphiboles and
biotite, which could be major possible source of elevated F⁻ in
groundwater. The previous studies revealed that these minerals
comprised a significant amount of exchangeable F⁻ (Jacks et al.,
2005; Li et al., 2018). However, in most groundwater samples, the
positive relation was also observed between F⁻ and HCO₃⁻ which
suggested the competitive absorption and weathering as contrib-
uting factors in F⁻ desorption in groundwater (Fig. 6 a, Table S2)
(Rafique et al., 2015; V�azquez-Guerrero et al., 2016). The presence
of HCO₃⁻ ions in groundwater decrease the number of available
absorbents sites that can lead to release F⁻ from deposits or
weathering of silicate and carbonate minerals such as calcite or
dolomite produce bulk of F⁻ and HCO₃⁻ and consequently enhance
F⁻ concentration in groundwater. While, higher level of HCO₃⁻ in
groundwater has minute effect on F⁻ concentration but the positive



Fig. 5. Scattered plots of major ions showing the main sources of chemical in the study area Sindh and Punjab. Plots showing the mineral weathering; Mg2⁺/Na⁺ vs Ca2⁺/Na⁺ (a),
HCO₃⁻/Na⁺ versus Ca2⁺/Na⁺ (b), plots showing the extend carbonate and dolomite minerals dissolution; Ca2⁺ þ Mg2⁺ versus HCO₃⁻ þ SO₄2⁻ (c), plot suggesting gypsum mineral
dissolution; Ca2⁺ þ Mg2⁺- 0.5 HCO₃⁻ versus SO₄2⁻ (d), graph shows the halite dissolution; Na⁺ versus Cl⁻ (e) and Ca2⁺ versus Mg2⁺.
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correlation between F⁻ and HCO₃⁻ suggests the F⁻ ₋ HCO₃⁻ mecha-
nism is also prevailing in the current study area. The week positive
relation between F⁻ versus NO₃⁻ (Fig. 6 e, Table S2). The elevated
concentration of NO₃⁻ higher than 5mg/L in natural water indicated
the influence of anthropogenic activities such as fertilizers and
wastes from agricultural, domestic and industrial sources (Li et al.,
2018). The infiltration of fertilizers from soil to aquifer system
facilitated enrichment of F⁻ in natural water through leaching/
direct input of F⁻ (Sharma and Subramanian, 2008). The weak
correlation between F⁻ and NO₃⁻ in the present study also suggested
relatively mild impact of anthropogenic activities on F⁻ concen-
tration in groundwater.
4.3.2. Evaporation, evaporative dissolution and salt effects on
fluoride

Evaporation is also considered as a main mechanism for
precipitated elimination of Ca2⁺ from the groundwater and caused
F⁻ enrichment (Alarc�on-Herrera et al., 2013; Li et al., 2018). Through
evaporation process the water change to vapor that may lean to-
wards increased level of F⁻ as well as other chemical species in
groundwater. Though, the significant increase in Ca2⁺ level caused
through evaporation process that lead towards extensive precipi-
tation of calcite, hence promoting F⁻ enrichment in natural
groundwater (Li et al., 2015; Li et al., 2018). For further under-
standing of the evaporation effect on F⁻ enrichment, a plot was



Fig. 6. Groundwater quality classification with respect to Na% vs EC (mS/cm) (a), salinity hazard graph between sodium absorption ratio (SAR) versus EC (mS/cm) (b) and Van
Wirdurm's graph to classify groundwater with respect to rainwater (At), lithotrophic (Li) and thalassotrophic or seawater interference Ca2⁺/Ca2⁺ þ Cl⁻ versus EC (mS/cm) (d).
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developed between F⁻/Cl⁻ ratios in meq/L versus F⁻ mg/L (Fig. 7 a).
The evaporation enriched F⁻ and F⁻/Cl⁻ ratios in meq/L likely
remained stable (Olaka et al., 2016). The dissolution of F⁻ bearing
minerals also contributed in F⁻ enrichment of groundwater. The
Chadha's plot showed almost 72.6% sample dominated by Na⁺- Cl⁻
type of water and confirmed that the halite dissolution process was
a major contributor for F⁻ enrichment in groundwater (Fig. 8 a& b).
Further investigation highlighted the dissolution of evaporative
minerals could be another source of F⁻ in groundwater. During the
evaporation process, F⁻ can be precipitated with various salts in the
form of crystalline solids throughout evaporation or decrease in
water table (Li et al., 2018). As shown in Fig. 5 a to e, the evaporative
dissolution occurred in the present study area, mainly in shallow
groundwater, F⁻ comparatively originated from leaching evaporites
through precipitation, irrigation returnswater or surfacewater. The
previous studies also reported the effects of salts on F⁻ concentra-
tion in groundwater from the present study area (Brahman et al.,
2013; Farooqi et al., 2007; Rafique et al., 2015; Rasool et al., 2017;
Rasool et al., 2015). In alluvial aquifer system, the higher ionic
strength could raise the solubility of F⁻- bearingmineral deposits. In



Fig. 7. The bivariate plots showing F⁻ variation with respect to geochemical parameters F⁻ versus HCO₃⁻ (a), F⁻ versus SO₄2⁻ (b), F⁻ versus Na⁺ (c), F⁻ versus Cl⁻ (d), F⁻ versus NO₃⁻ (e), F⁻
versus Ca2⁺ (f), F⁻ versus Mg2⁺ and F⁻ versus SiO₂ in groundwater samples of Sindh and Punjab.
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the present study area, Na⁺, Cl⁻ and SO₄2⁻ concentration revealed
positive correlations with F⁻, which suggested the significant effect
of salinity on F⁻ levels in groundwater (Fig. 6 b to, Table S2). The
elevated salt content (Na⁺Cl⁻ and Na⁺SO₄2⁻) in groundwater may
cause substantial decrease in saturation indices (SI) of fluorite level
in groundwater (Gao et al., 2007; Li et al., 2018). However, high
salinity level decreases the SI content of fluorite and boost up
dissolution process of F⁻- bearing mineral deposits that ultimately
increases F⁻ level in groundwater. The negative correlation between
Ca2⁺, Mg2⁺ and F⁻ indicated fluorite controlling factor (CaF₂) asso-
ciated dissolution of the F⁻ and elimination of Ca2⁺from ground-
water (Fig. 7 f & g, Table S2). The other mechanisms such as the
dolomite/gypsum dissolution or cation exchange could cause the
removal of Ca2⁺ from groundwater (Barzegar et al., 2017).

4.4. Saturation indices

The saturation indices (SI) of all groundwater samples from the
present study area are given in Fig. 9. The SI of calcite, fluorite,
dolomite and gypsum provided detailed understanding and
mechanisms of fluorite dissolution that commonly enhanced
through precipitation of calcite (Brahman et al., 2013). The Fig. 9 a
highlighted the simultaneous increase of SI calcite and SI dolomite
form negative to positive zone suggesting the dissolution of calcite
and dolomite and these minerals possibly precipitated in the
groundwater, both in Sindh and Punjab. However, the inactive ki-
netics of dolomite reported to be insufficient for the magnesium
carbonate to precipitate (Bozda�g, 2016; Li et al., 2018). The Ca2⁺/
Mg2⁺ ratios have been used to assess an index to the dissolution of
dolomite and calcite minerals in aquifer (Fig. 5 e) (Li et al., 2018).
The Ca2⁺/Mg2⁺ ratio >1 suggested the calcite dissolution dominance
and ratio <1 indicated the dissolution of dolomite minerals
prominence in groundwater (Sheikhy Narany et al., 2014). As
shown in Fig. 5 e, the 70% samples from present study fall below 1:1
line, suggesting the dolomite minerals dissolution was dominant.
While the rest of samples fall above 1:1 line that indicated the
calcite mineral dissolutionwas also prevailing in the study area. The
84.2% samples from Sindh Province fall below line that confirmed
the dolomite dissolution as main process to control groundwater
chemistry in Sindh, compared to those of Punjab. In a nutshell the
dolomite dissolution increased Ca2⁺ and Mg2⁺ concentration in
groundwater. Therefore, initiated the precipitative elimination of
Ca2⁺ as calcite. However, Mg2⁺ continually dissolved in ground-
water. Based on Ca2⁺/Mg2⁺ ratio, the dolomite minerals dissolution
influenced on groundwater chemistry. Compare with Punjab, the
groundwater samples from Sindh gained more chemicals from
dolomite minerals dissolution than other mechanisms. The
precipitative Ca2⁺ removal carried out through gypsum dissolution
(Li et al., 2018) and generated an extra Ca2⁺ that caused gypsum
dissolution (Rezaei et al., 2017). As shown in Fig. 9 c & e, the SI of
calcite versus Ca2⁺ and SI dolomite against Mg2⁺, most of the sam-
ples fall above line suggesting that the samples are saturated with
calcite and dolomite dissolution could increase Ca2⁺ and Mg2⁺
concentration in groundwater. While, the SI of gypsum versus SO₄2⁻
represented the undersaturated samples. The SI calcite versus the
SI gypsum and the SI dolomite lead to the simultaneous gypsum
dissolution and calcite precipitation in groundwater from both
Sindh and Punjab (Fig. 9 b& d). A plot between the SI calcite against
the SI fluorite the Fig. 9 g showed the relationship between fluorite
and calcite in aquifer system, as previously described (Farooqi et al.,
2007). While, the 80.3% samples from both Sindh and Punjab
revealed negative values for the SI fluorite and positive value for the
SI calcite suggested the groundwater samples undersaturated with
fluorite, while saturated with calcite. Therefore, limited influence of
calcite mineral dissolution/precipitation observed on F⁻
concentration in groundwater samples from the present study area.
Hence, F⁻ concentration in groundwater depends on interaction,
rate and frequency of F- bearing minerals. The present status of
fluorite dissolution (other than SI) were sensitive with respect to
Ca2⁺ level in groundwater. In groundwater, calcite played a signif-
icant role to control Ca2⁺ level (Fig. 9 c), dissolution of F-bearing
minerals and F⁻ concentration (Brahman et al., 2013; Farooqi et al.,
2007; Li et al., 2018; Singaraja et al., 2014). The graph between the
SI of fluorite versus F⁻ (mg/L) provided another angle to understand
association between fluorite and F⁻ in groundwater system (Fig. 9
h) (Brahman et al., 2013). The positive correlation observed be-
tween elevated F⁻ samples with fluorite in both Sindh and Punjab,
which implied that the fluorite dissolutionmay also play significant
role for leaching of F⁻ in groundwater from sediments.

4.5. Principle component analysis

The principal component analysis (PCA) is a best statistical
recognition method that describes variance of large data set of
variables to small set of independent variables on base of inter-
correlation (Dupas et al., 2015). The five-principle components
(PC-1, PC-2, PC-3, PC-4& PC-5) were analyzed from present dataset
showed 74.23% of the total variance on the resulted data obtained
after analysis of groundwater samples taken from both Sindh and
Punjab (Table S3). The positive score of loading principle compo-
nents suggesting groundwater samples are influenced by the
significantly loaded water variables. Whereas, the negative loading
score shows the groundwater quality is unfaceted by those vari-
ables. The PC-1 explained 29.8% variance of total dataset of the
groundwater parameters including major ions Na⁺, K⁺, Mg2⁺, Cl⁻,
SO₄2⁻, Br and F⁻ and physico-chemical parameters well depth, pH,
EC and TDS. Except well depth, the physico-chemical parameters
almost behaved equally as important as major cations, anions and
F⁻ concentration in groundwater. The PC-1 suggesting the ionic
composition of groundwater controlling by weathering, minerals
dissolutions and ion exchange process. Overall both natural and
human related sources play important role in groundwater pollu-
tion. The Na⁺, K⁺ Mg2⁺, Br and Cl⁻ and were originated from the
natural sources such as weathering of granitic rocks, ion exchange
process and dissolution of plagioclase, albite, dolomite and
muscovite, fluorite and halite dissolution process drive F⁻ enrich-
ment in groundwater (Kaown et al., 2009; Li et al., 2015;
Soltermann et al., 2016). Whereas, Cl⁻ and SO₄2⁻ contamination in
groundwater also cause from the anthropogenic activities i.e.,
agricultural activities, industrial effluent, atmospheric deposition
and soil sources (Rashid et al., 2019). Moreover, the physico-
chemical parameters pH, EC and TDS pollution sources also attri-
bute towards the alteration of sulfide bearing minerals as well as
anthropogenic activities (Rashid et al., 2019). The PC-2 explained
16.2% of variance between Ca2⁺ and NO₃⁻ and concentrations in
groundwater, possible sources the dissolution of calcite minerals
and NO3⁻ comes from agricultural activities such as widely use urea
and animal manure for purpose to increase soil fertility (Farooqi
et al., 2007; Rashid et al., 2018). The PC-3 explained 12.1% of vari-
ance with strong positive loading with HCO₃⁻, CO₃⁻, Ca2⁺ and with
well depth. Natural sources dissolution calcium carbonate (CaCO₃)
concentration increase with well-depth contributes towards Ca2⁺
and HCO₃⁻ the contamination (Rashid et al., 2019) in aquifer system
of the present study area. The PC-4 and PC-5 explained 9.2% and
7.1% variance with significant correlation coefficient value SiO₂,
PO₄3⁻ and pH respectively. The PO₄3⁻ and SiO₂ pollution in
groundwater natural sources included silicate weathering, disso-
lution of phosphate rocks and sulfide ores (Rashid et al., 2018;
Srinivasamoorthy et al., 2008). From the above observation one can
clearly understand the sample distribution and their



Fig. 8. Plot between F⁻/Cl⁻ versus F⁻ concentration in groundwater shows the different evaporation effects (a) and Chad's plot showing over all groundwater chemistry with respect
to F⁻ in groundwater samples in the study area (b).
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characteristics. Importantly, PC-1 was more enriched and had
strong positive correlationwith pH, EC, TDS, Na⁺, K⁺, Mg2⁺, Cl⁻, SO₄2⁻,
Br and F⁻. The positive correlation between EC and TDS is a well-
known indicator for the presences of elevated ions such as Na⁺,
K⁺, Mg2⁺, Cl⁻ and Br that reported to be mainly responsible for
soluble salts in groundwater (Chanpiwat et al., 2011). The presences
of soluble salts and alkaline environment promoted the halite
dissolution and other minerals weathering process that ultimately
caused F⁻ enrichment in groundwater of the present study area.

5. Conclusion

The present study highlighted F⁻ contamination in groundwater
prevailing with different pattern in unconfined aquifer system
along the major rivers of Sindh and Punjab, Pakistan. A total of
28.9% and 26.6% groundwater sample respectively in Sindh and
Punjab exhibited F⁻ concentration beyond its WHO limit (1.5mg/L).
Importantly, several geochemical processes were identified that
were possibly involved in F⁻ enrichment of unconfined aquifers
such as minerals weathering, alkaline environmental, dolomite
dissolution, arid climatic conditions and fluorite dissolution. While,
72.6% sample from each Sindh and Punjab dominated with Na⁺- Cl⁻
type of water, confirmed that the halite dissolution process as the
major contributor for F⁻ enrichment in groundwater of the present
study area. In a nutshell, the alkaline conditions, evaporation effect
or dissolution of the evaporative, F-bearing minerals dissolution,



Fig. 9. Saturation indices scattered plots of the study area, dolomite vs calcite (a), calcite vs gypsum (b), calcite versus Ca2⁺ (c), dolomite versus gypsum (d), dolomite versus Mg2⁺ (e),
gypsum versus SO₄2⁻ (f), fluorite versus calcite (e) and fluorite versus F⁻ (f).
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cation exchange conditions as well as the anthropogenic activities
derived F⁻ concentration in groundwater from the present study
area.

The results of present study suggest that most of the ground-
water samples along riverine system in Sindh and Punjab contain
high F⁻ concentration and consequently residents of these areas are
at a high to very high-risk of fluorosis, bone deformation and
skeletal fluorosis. Therefore, Government of Pakistan and other
environmental authorities should systematically investigate fluo-
rosis cases, and immediately launch rehabilitation measures and F⁻
mitigation program in affected areas. Furthermore, the well testing
should be made available at village level along the major rivers to
socially mobilize people and assist them switching from F⁻-rich
(unsafe) to F⁻-free (safe) groundwater wells. It is also recommended
that authorities must employ various water purification techniques
such as reverse osmosis (RO) to produce and supply potable water
in the affected areas.

This study will be helpful do devise policies regarding F⁻ miti-
gation in groundwater at both national as well as regional level and
for better understanding of the spatial distribution, sources,
mobilization and key processes, which drive F⁻ contamination in
groundwater along the riverine eco-system specifically in Sindh
and Punjab, Pakistan.
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