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Abstract Litho-geochemical characteristics  of
low and high fluoride (F~) groundwater along with
hydrological processes were investigated to deline-
ate its genesis and enrichment mechanism in a water-
shed sedimentary basin. In this study, groundwater
F~ concentration ranged from 0 to 20 mg/L with a
mean and standard deviation of 2.8 and+3.7 mg/L,
respectively. Out of N=87, 63% of samples exceeded
the World Health Organization (WHO) limit of
1.5 mg/L. The order of cationic and anionic domi-
nance in groundwater samples with mean was found
in decreasing order as Nat >Mg** >Ca’" >K* and
HCO;~ >S0,>~ >CI~ >P0O,*~ >NO;™ measured in
milligrams per liter. Groundwater chemistry changed
from Ca-HCOj; to Na-HCO; type and low to high flu-
oride as we moved from mountain foot towards the
synclinal basin. Low fluoride groundwater reflected
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weathering, recharge, and reverse ion exchange pro-
cesses with Ca—-HCO;— and Ca-Mg—Cl-type water
while high fluoride groundwater revealed base ion
exchange, mixing, and desorption as dominant hydro-
logical processes with Na-HCO; and Na-Cl types
of water. Gibb’s diagram showed rock weathering
and mineral dissolution as the major geochemical
processes controlling water chemistry with an insig-
nificant role of evaporation in the semi-arid area.
Fluoride was undersaturated with mineral fluorite,
indicating fluoride in groundwater is released by
secondary minerals. However, due to complex geo-
logical features, groundwater fluoride enrichment was
affected by a broad-scale process across a wide area
such as depth, residence time, and most important
geomorphological units hosting the aquifer.

Keywords Fluoride - Lithological units - Aquifer
depth - Principal component - Quetta valley

Introduction

About 1/3rd of the world population lacks access to
safe drinking water, and over 80% of diseases occur
due to consumption of poor standard water (World
Health Organization, 2011). Fluoride (F~) being a
modern toxic agent is used as a quality indicator
for safe drinking water. Fluoride is the ionic form
of fluorine-F, representing the halogen family; it
is considered the most reactive, non-metallic, and

@ Springer


http://orcid.org/0000-0003-2478-4842
http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-021-09365-8&domain=pdf
https://doi.org/10.1007/s10661-021-09365-8
https://doi.org/10.1007/s10661-021-09365-8

644 Page?2 of 18

Environ Monit Assess (2021) 193: 644

non-radioactive element in the periodic table. It is
one of the richest trace elements and the 13th most
abundant element on the earth’s crust, with a natural
abundance of 0.06 to 0.09% and an average concen-
tration of 0.3 g/kg (Ozsvath, 2009). Fluoride does not
exhibit any color, taste, or smell; when dissolved in
water, it is found in free and reduced form as nega-
tively charge monovalent ion. Fluoride is considered
a double-edged sword due to its lower and upper lim-
its. Depending on the dosage and duration, its effect
may range from acute to chronic (Fawell & Bailey,
2006).

Health impacts of F~ from drinking water are max-
imum as it comprises 75% of daily intake in compari-
son with sources such as drugs, food, industrial expo-
sure, etc., and because soluble F~ is easily absorbed
by the gastrointestinal tract making its bioavailability
to 100% (Rao et al., 2021). World Health Organiza-
tion (WHO) recommends a minimum of 0.7 mg/L
for optimal growth and a maximum of 1.5 mg/L as
a threshold for F~ content in potable water due to
its essentiality as a nutrient. Historically, its health
effects trackback to the early nineteenth century, when
low fluoride drinking water in Britain was associated
with dental caries, followed by another study in the
USA where high fluoride drinking water was found to
be concomitant to dental fluorosis (Ainsworth, 1933;
Dean & Elvove, 1937). High groundwater F~ level of
causing fluorosis is becoming a toxicological prob-
lem with a global prevalence of 32%, especially in
water-stressed countries. In addition, high F~ is likely
to produce crippling skeletal fluorosis, hypersensitiv-
ity, immunological effects, damage to DNA structure,
low children IQ, and cancer; however, this relation is
not well linked (Chen et al., 2012; Hu et al., 2021;
Rashid et al., 2019a; Zhang et al., 2014).

Fluoride-contaminated groundwater has drawn
worldwide consideration due to its substantial impact
on human health (Brindha & Elango, 2011; He et al.,
2021; Hossain & Patra, 2020; Ozsvath, 2009; Rashid
et al.,, 2018; Su et al., 2019; Wei et al., 2016; Wen
et al., 2013). The input and magnitude of groundwater
fluoride depend upon its sources. Natural groundwa-
ter F~ sources include geothermal activities, volcanic
emissions, marine aerosols, marine origin sediments,
and fluoride-bearing mineral dissolution such as fluo-
rite, fluorapatite, illite, cryolite, apatite topaz, musco-
vite, and mica mainly associated with recent quaternary
deposit clay minerals (Edmunds & Smedley, 2013;
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Rashid et al., 2020; Raza et al., 2016). Anthropogenic
sources of groundwater F~ contamination reported in
various parts of the world include mining, brickworks,
aluminum smelting, iron, steel production, cement
production, ceramic firing, and agriculture activities
(Mukherjee et al., 2015; Rao et al., 2021; Rashid et al.,
2018, 2019b). General factors marked for promoting
high-fluoride groundwater are fluoride-bearing min-
erals, pH, residence time, ion exchange, climate, and
most importantly aquifer lithological features. Whereas
in basins, the provenance and occurrence of ground-
water F~ depend chiefly on factors, such as, grain
size, topography, primary and secondary porosities of
aquifer, slope, recharge patterns, hydraulic conductiv-
ity, landform, land use, land cover, climate conditions,
depth, and extent of weathering (Chae et al., 2007; Cur-
rell et al., 2011; Farooqi et al., 2009; Hu et al., 2016;
Kim & Jeong, 2005; Liu et al., 2015; Luo et al., 2018;
Saxena & Ahmed, 2001; Selvam, 2015; Su et al., 2019;
Wen et al., 2013).

According to Jadhav et al. (2015), in Pakistan, the
estimated population exposed to F-contaminated
water is about 2.75 million. When compared with other
F~-affected countries such as China, India, Mexico,
Egypt, Ethiopia, Saudi Arabia, Nigeria, USA, and Sen-
egal, Pakistan comes 4th after China, India, and Mex-
ico. In Pakistan, a large variation in groundwater F~ has
been observed in drinking water as a result of man-
made or natural pollution (Farooqi et al., 2009; Naseem
et al., 2010; Azizullah et al., 2011; Tahir & Rasheed,
2013; Chandio et al., 2015; Rafique et al., 2015; Rashid
et al., 2020). Very high groundwater fluoride concentra-
tion (24.4 mg/L) was reported in the study area Quetta
Valley by Tahir and Rasheed (2013), but the spatial
distribution of such high-fluoride groundwater was
unknown. Therefore, to probe lithological influences in
basins, the study aims (1) to determine the spatial dis-
tribution of groundwater fluoride, (2) to examine depth-
dependent variability of groundwater fluoride, and (3)
to access the processes and factors controlling fluoride
concentration in the aquifer by using well logs data of
the area.
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Study area
Geographical position and geology

The study area Quetta valley is the capital city of
Baluchistan, Pakistan located in the western high-
lands of the province between latitude 30°00 and
30°20 and longitude 66°50 and 67°15 in the form
of landlocked watershed sub-basin (Fig. la). The
intermountain synclinal basin stretches over an
area of 1756 km?2, out of which 792 km? is covered
by alluvium (Alam & Ahmad, 2014). The study
was conducted in the capital city connecting with
Afghanistan to its west. Topographically, Quetta
is surrounded by high mountains namely Chilton,
Takatu, and Murdar with altitudes ranging from
1000 to 4000 m. Climatic conditions are mostly
arid consisting of long cold winters and short mild
summers, receiving an average rainfall of ~ 100 mm/
year (WAPDA, 2001).

The structural history of Quetta and its surround-
ings is quite complex due to massive folds and
faults as it denotes the western edge of the collision
zone between Indo-Pakistan and Eurasian plates,
the collision consumed Tethys Ocean (Sagintayev
et al.,, 2012). The study area (Quetta valley) con-
tains geological formations from the recent Quater-
nary to Jurassic age (Fig. 1b). Quaternary deposits
(Q) capping most of the basin comprises uncon-
solidated (sand, silt, and clay) to semi-consolidated
(claystone, sandstone, and subordinate conglomer-
ate overlying calcareous and carbonaceous beds)
deposited because of weathering from the surround-
ing geological formation. Middle Jurassic (J¢), Chil-
ton limestone light to dark grey, black, brownish to
bluish grey, and in places with massive white lime-
stone, fine-grained, oolitic, and reefoid, exposed in
the east and west of the valley as outcrops that have
contact with the highest thickness up to 1800 m
found in the Quetta area. Lower Jurassic (Js) with
the highest thickness up t01800 m is found in the
Quetta area. Lower Jurassic (Js) contains grey to
dark grey, thin- to medium-bedded coarse-grained
shelly, oolitic, pesolitic, and pellitic limestone inter-
bedded with shale and sandstone towards the base.
Tertiary to Cretaceous (Tku) chocolate brown or
dark grey limestone are exposed in the southeast and
southwest with thickness ranging from 25 to 60 m.

The lower tertiary Eocene marine shelf sequence
(Tg) is composed of shale with interbedded sand-
stone and a marked thickness of 915 m at northeast.
Upper Jurassic and cretaceous (Kjm) contain shale
with interbedded limestone with an approximate
thickness of 130 m but narrows towards Quetta
(Kazmi et al., 2005; Sagintayev et al., 2012).

Hydrogeology and lithology

During the early twentieth century, Karezes and
springs were the major irrigation sources (60%) in the
upland areas of Baluchistan. At present in Quetta val-
ley, groundwater is the only available source utilized
by the inhabitants for agriculture, industrial, as well
as domestic purposes. Due to overexploitation, the
water table in the aquifer system of the Quetta Val-
ley is declining at an alarming rate and groundwater
is under great stress. From 1987 to 2013, groundwater
decline ranged from 2.8 to 30.66 m in different areas
of Quetta Valley (Durrani et al., 2018; Khair et al.,
2015), with an average drop of 2.6 m/year in the over-
all area. Hydrogeologically, two types of aquifers
exist in Quetta valley, namely, unconsolidated allu-
vial aquifer and hard bedrock aquifer. The majority of
groundwater is extracted from the thick (30-900 m)
alluvial deposits of Quaternary age (consisting of
gravel, sand, and silt of different proportions) in the
main valleys while less groundwater is extracted
from the bedrock aquifers of Jurassic age (Kazmi
et al., 2005). The aquifers are recharged from infiltra-
tion of precipitation runoff, inflow from the bedrock
aquifer in the foothill areas, and in the surrounding
mountain areas where these formations are exposed
or hydraulically connected. The piedmont zone and
stream beds are the main recharge zones, the gravel
in these zones slope down towards the valley and are
buried beneath the silt and loess which are 100-200
feet thick at some places. The rainwater infiltrates in
basin piedmont and gravels to recharge aquifers in the
central plain while moving so it encounters different
lithological deposits. The rate of movement depends
upon the size, arrangement of rock opening, gradient,
and most important the lithological unit with which it
comes into contact (Kazmi et al., 2005).
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Fig. 1 a Location of the
study area. Distribution

of low (0-1.5 mg/L), high
(1.64 mg/L), and very high
(4.1-20 mg/L) groundwater
fluoride in Quetta Val-

ley along with schematic
hydrological cross-section
diagram. b Geological map
of the study area
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Materials and methods
Sampling and field analysis

A total of 87 groundwater samples from community
tube wells and 5 composite surface soil samples were
collected randomly from the sites where groundwater
samples were collected to determine fluoride concen-
trations in different lithological units. Sampling was
conducted in the first week of April 2016 along the
path from where the major perennial rainwater stream
generates from southeast to northwest. Before col-
lection, groundwater was flushed for 10—15 min. EC,
pH, and TDS were measured on-site by using multi-
probe digital meter (HANNA) instruments that were
already calibrated. Samples were collected in dupli-
cates in 100 ml HDPE bottles for analysis of major
cations and anions. All samples were stored at 4 °C
before analysis following the sampling protocols as
defined by APHA (2005). All samples were capped
tightly and transported to the hydrogeochemistry lab
of Quaid-i-Azam University, Islamabad for a detailed
chemical analysis.

Laboratory analysis

Alkalinity was determined by titrating sample against
hydrochloric acid (HCI). Chloride was determined
by arganometric method while SO42‘, NO;™, and
PO,>~ were analyzed through UV-visible spectro-
photometer (DR 5000) at wavelengths 420, 410, and
690 nm, respectively, following the standard proto-
col. For determination of major cations, groundwater
was filtered through Whatman filter paper (No. 45)
of 11 pm pore size, and pH was adjusted by add-
ing 1-2 ml of ultrapure HNO;. Major cations like
(Ca**, Mg®*, Na*, and K*) in groundwater samples
were analyzed by a sequential Flame Photometer
Atomic Absorption spectrophotometer (Varian Spec-
tra AA-240) under standard operating conditions
(APHA, 2005). Total hardness was calculated indi-
rectly using the concentration of Ca®* and Mg>* by
rearranging the following equation.

Hardness = Mg/0.243 + 2.5 x Ca

Ion-selective electrode (ISE) was used to deter-
mine fluoride in groundwater and soil-using

ISO-certified 9001-HANNA instrument; however, for
water-soluble fluoride in soils, 5 g of soil and 25 ml
distilled water were mixed in polyethylene bottles; the
solution was centrifuged, and after allowing for 0.5 h,
the resultant water was analyzed by the ion-selective
electrode (HANNA). Simultaneously, EC and pH of
soil samples were measured by making an aqueous
solution at a ratio of 1:5 (soil and distilled water), the
media was left overnight and then measured by using
a multi-probe digital pH/EC meter (HANNA instru-
ments) according to the standard protocols. Soil tex-
ture was determined by the hydrometer method while
its mineralogical composition was found through
X-ray diffraction spectroscopy using a standard pro-
tocol (APHA, 2005). To assure sample quality and
integrity, essential quality control measurements were
taken during sample collection and analyses. During
the complete experimental process, all reagents used
were certified and equipment soaked in 10% HNO;
overnight.

Geochemical modeling of the mineral phases was
assessed by pH redox equilibrium (PHREEQ) soft-
ware. Saturation indices and Gibb’s diagram were
used for understanding hydrogeochemical processes.
Statistical techniques were performed by using
XLSTAT software; these include different multivari-
ate analyses such as the correlation matrix and prin-
cipal component analysis-multiple linear regression
analysis (PCA-MLR) for interpretation of data sets.
Study area map, concentration map, interpolation,
and other geostatistical analyses were performed
through ArcGIS 10.1.

Results and discussion
Major groundwater chemistry

Statistical summary of overall groundwater param-
eters with minimum, maximum, mean, and percent-
age of samples exceeding the WHO limit are listed in
Table 1. According to the WHO, the pH of drinking
water should be between 6.5 and 8.5; however, 9% of
the samples exceeded the set limit. EC of the drinking
water ranged from 321 to 2007 pS/cm, with 97% of
the samples exceeding the WHO set limit of 400 uS/
cm. In the study area, about 63% of the sample sur-
passed the threshold level for F~. TDS is a measure
of salinity, about 6% of the total samples have a TDS
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Table 1 Statistical

Variables WHO limit Range Mean +SD % >WHO
summary of groundwater limit
physiochemical properties

pH 6.5-8.5 7.1-8.9 8+0.5 9

EC (uS/cm) 400 321.0-2007 779243413 97

TDS (mg/L) 1000 215-1344.7 522142285 6

F~ (mg/L) 1.5 0.0-20 2.8+3.7 63

HCO;™ (mg/L) 300 60.0-450 186.7 +88.5 10

CI™ (mg/L) 250 4.0-547.8 90.8+82.8 7

NO;™ (mg/L) 50 9.1-23.5 10.6+2.2 0

SO,* (mg/L) 250 5.6-771.6 127.8+116.6 8

PO~ (mg/L) 0.1 —4.6-147.1 12.2+26.8 69

Na* (mg/L) 200 5.8-70.6 48.6+16.0 0

K* (mg/L) 30 -0.14.9 1.5+0.8 0

Ca?* (mg/L) 200 5.6-67.5 18.9+9.6 0
Detection limits for PO,* Mg?* (mg/L) 150 2.1-23.3 113+5.9 0
is 0.1 mg/L while for K it Hardness (mg/L) 60-200 62-251 137 +45.04 -
was 0.5 mg/L

Depth (m) - 110.4-289.4 209.5+45.1 -

Bdl below detection limit

value above the acceptable limit of 1000 mg/L.. Na*
and HCO;™ in groundwater were marked as domi-
nant cation and anions with concentrations of 70.6
and 450 mg/L, respectively. The national limit for
fluoride in drinking water is 1.5 mg/L. In the over-
all groundwater samples, fluoride ranged between
0 and 20 mg/L. To sketch a clear view of the spatial
distribution of groundwater fluoride, it was classified
into three categories based on groundwater fluoride
levels. First category contained low fluoride, i.e.,
0-1.5 mg/L, second category contained high fluo-
ride, i.e., 1.6-4.0 mg/L, and third category contained
very high fluoride, i.e., 4.1-20 mg/L. The number of
groundwater samples falling in low, high, and very
high category was 37% (n=32), 51% (n=44), and
12% (n=11), respectively. The ionic balances for all
the groundwater samples were within the range — 1
to+ 1, ensuring that the chemical analysis is suitable
for further geochemical interpretation and processing.

To envisage and streamline the role of contributing
variables on groundwater fluoride level, the concen-
trations of important variables were plotted against
low, high, and very high groundwater F~ concentra-
tion in box plot to comprehend the dataset distribu-
tion of major variables as min, max, and median
(Fig. 2). Among major controlling factors, EC, pH,
Na, HCO;, and C1 showed a linear trend with ground-
water fluoride concentration while Ca, Mg, and depth
showed a nonlinear trend with elevated concentration
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of groundwater fluoride. Furthermore, to know the
interrelationship between F~ and the analyzed phys-
icochemical variables, the correlation matrix (Pear-
son) was applied (Table S1). Correlation of cati-
onic species with F~ in groundwater was found in
the decreasing order as K* >Na*t >Mg** >Ca*".
Similarly, the correlation of F~ with anionic
species was found in the decreasing order as
HCO;~ >S0,>~ >CI~ >PO,~ >NO;". Correla-
tion is based on high degree: if the coefficient value
lies between+0.50 and+1, then it is said to be a
strong correlation. Moderate degree: if the value
lies between+0.30 and+0.49, then it is said to be
a medium correlation. Low degree: when the value
lies below +0.29, then it is said to be a small corre-
lation. Among the overall physiochemical variables,
HCO;™ showed a high degree of positive correlation
(=0.7), potassium K* showed medium correlation
(#*=0.3) while (Ca>") on the other hand showed low
correlation with F~ (= — 0.2). Apart from all, a
significant correlation of fluoride was seen with pH
(*=0.6) which is recognized as an important param-
eter in the genesis of groundwater F~.

Hydrogeochemistry of groundwater
Hydrogeochemistry of the area displayed a hori-

zontal zonation from the mountain foot towards the
basin plain. Groundwater quality degraded from the
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Fig. 2 Concentration of variables among low (0-1.5 mg/L), high (1.6-4 mg/L), and very high (4.1-20 mg/L) groundwater fluoride
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mountainous recharge zone towards the central dis-
charge zone. Hydro-chemical faces reflected chemi-
cal processes operative in a certain lithological
environment and geochemical conditions. Chadha
(1999) proposed a method for classification of water
type in terms of different hydro-chemical faces by
plotting the difference between (CO;> +HCO;™)
and (Cl_+SO42_) on the x-axis versus the differ-
ence between (Ca’*+Mg?*) and (Na*+K%) on
y-axis expressed in meq/L in the form of Chadha
diagram. The data plotted on the Chadha diagram
(Fig. 3a) resulted in four different fields represent-
ing four different types of hydro-chemical faces, the
plot helped us to understand the division of low and
high fluoride groundwater types as well as the pro-
cesses promoting their evolution. The decreasing

order of water faces showed that percentage of
Na-HCO; > Ca-HCO; > Na—Cl > Ca-Mg-Cl.

The predominant hydrogeochemical water type
was found to be of Ca-HCO; in the recharge zone
supported by low groundwater fluoride which may be
due to the high recharge potential of piedmont zones
and weathered products of the surrounding mountains
such as carbonaceous rocks, representing hard water
with Ca—-HCO; faces while roughly the predominant
water type was found to be of Na—-HCO;, Ca—Mg—Cl,
and NaCl in the discharge areas of the basin plain,
indicating slow movement and groundwater recharge.
An increase in the concentration of HCO;~ with
F~ illustrated weathering of F~-bearing minerals, sup-
ported by significant correlation (+*=0.7). The most
common source for Na* in the groundwater was the
dissolution of silicate minerals that showed a linear

(a) 30 -+

(Field 4)

Na-HCO3 N 25 +
n=42

%=48 20 +

(HCO,)-(Cl+50,)

(Field 1)
Ca-HCO3
n=18
%=21

. -5 4
(Field 3) (Field 2)
Na-Cl .10 L Ca-Mg-Cl
n=15 n=12
%=17 (Ca+Mg) - (Na+K) %=15
(b) Log TDS vs Na/(Na+ Ca) Log TDS vs Cl/ (CI+HCO,)
10000 + 10000 -
Evaporation Evaporation
1000 0 A A [
a 0o 00-15 , oo g 0015
- o [eXe) ﬁ B0 =} o sap o
g Rock Weathering 01.6-4 % & ° O1.6-4
- 0oC o :
100 A4.1-20 - 100 | Rock Weathering A4.1-20
Precipitation
10 T T T T 1 10
0 0.2 0.4 0.6 0.8 1 o 0'2 04 0I6
Na/(Na +Ca) Cl/(Cl +HCO,)

Fig. 3 a Chadha diagram showing classification of ground-
water samples of the understudy area (Chadha, 1999). Field
1: Ca-HCO;-type waters, reflecting recharge and weather-
ing. Field 2: Ca-Mg-Cl-type waters, reflecting reverse ion
exchange. Field 3: Na-Cl-type waters, reflecting evaporation
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or mixing. Field 4: Na-HCO;-type waters, reflecting base ion
exchange. b Gibb’s plot indicating hydro-chemical processes
for low (0-1.5 mg/L), high (1.6-4 mg/L), and very high (4.1-
20 mg/L) groundwater fluoride
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trend with HCO;~ (+2=0.5); this points that the long
interaction time with the aquifer matrix and steady
recharge of deep groundwater made conditions suit-
able for groundwater fluoride release. Similar results
were seen by Rashid et al. (2020) with CaHCO,
groundwater type to be associated with recharge pro-
cesses and weathering while NaHCO; indicated base
ion exchange.

To elaborate our discussion, major hydrogeo-
chemical processes that influence groundwater chem-
istry was probed through Gibb’s plot (Gibbs, 1970).
The outcome of the result elucidated that majority of
the samples fall in the rock weathering zone except
for few high fluoride groundwater samples in which
the evaporation process dominates (Fig. 3b), which
further strengthens our discussion that weathering
acted as a prominent process controlling the qual-
ity of groundwater of the valley as compared with
other processes. For sketching the view of cation-
exchange processes and scenarios within the aquifer-
hosting geological unit, chloro-alkaline indices (CAI)
was used, which was calculated using the following
equations:

CAIl = (Cl — (Na+K)/Cl)

CAI2 = (Cl - (Na + K))/(SO, + HCOj; + NO;)

Positive values of both CAI 1 and CAI 2 mean
that dissolved Na* and K* in the water solution were
exchanging with the Mg®* and Ca®* of the clay or
rock matrix (Fig. 4). In turn, if the exchange occurred
in the reverse order, then the chloro-alkaline indices
should be negative. The greater the value of both
indices, the more significant is the impact of cation
exchange in groundwater. This exchange process can
be represented as.

" CAI2 vs CAIL
i
il _
0 = s
0-15
o
3 o & 0164
0 'y £41-20
A
-20
-20 -10 0 10
ca

Fig. 4 Scatter plot of CAlland CAI2 for low (0-1.5 mg/L),
high (1.6-4 mg/L), and very high (4.1-20 mg/L) groundwater
fluoride samples

ion-exchange process, Mg>* and Ca?* precipitate;
it occurs when Na® in the groundwater dominates
allowing its exchange with F~ on clay minerals and
hence the mobility of groundwater fluoride (Rashid
et al., 2020). The products of secondary weathering
such as kaolinite and smectite as well as marine (fine-
grained oolite, reefoid, shale) and non-marine sedi-
ment sequence in the study area provided abundant
exchange sites to facilitate this process. Moreover, the
stagnant nature of groundwater in the valley plain and
longer residence time made conditions favorable for
the promotion of the cation exchange process (Hos-
sain et al., 2016; Rashid et al., 2018).

Distribution of low and high groundwater F~
The valley filled unconsolidated to semi-unconsol-

idated recent deposits influenced the water quality,
especially groundwater F~ concentration in the study

2Na—clay/rock + (Mg** + Ca**) — water < —— > (Ca** + Mg”*) — clay/rock + 2Na — water

CAI indices of groundwater vary from—15.3 to
3.4 and—15.3 to 4.5 for CAI 1 and CAI 2, respec-
tively. Figure 4 shows that all the groundwater in the
study area was influenced by the cation exchange
process, where Na™ and K* of the aquifer matrix
that contained clay minerals were exchanging with
Mg?* and Ca®" in the groundwater. During the

area (Fig. 1a). According to Kazmi et al. (2005), these
deposits showed a great variation from the mountain
towards the central basin. The mountain foot with
piedmont characteristics contains enormous, small-
to large-sized gravels; however, moving towards the
central plain, the gravels are buried beneath silt and
loess of insignificant depth, they are hydraulically
connected with the gravels of the piedmont zone.
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Low and high groundwater F~ showed horizon-
tal zonation in the synclinal Quetta valley from the
mountain towards the central plain. Low groundwa-
ter F~ mostly occurred near the foot of massive lime-
stone mountains (Jurassic age) in the east and west of
the study area as highlighted with circles compared
to high groundwater F~ that was found in central val-
ley with recent Quaternary deposits of secondary
weathered products (sand, silt, and clay) in the north-
west and south of the valley. In the northwest middle,
Jurassic units as outcrops with sandstone and shale
having fluoride content of 270 and 740 mg/L, respec-
tively, may give rise to high groundwater F~. While
on the south of the valley, Paleocene units as outcrops
with shale and interbedded limestone were found
giving rise to very high groundwater F~ (Wen et al.,
2013). This can be seen in Fig. 1b where groundwater
fluoride levels are related to geological units. In the
center of the basins, quaternary aquifers mostly con-
tained high levels of groundwater fluoride; this may
be due to slow recharge from adjacent groundwater
channels providing high residence time for interac-
tion between aquifer matrix and groundwater favor-
ing abnormal level of groundwater F~ (Fig. 5). It is
supported by hydraulic conductivity that generally
transformed from 40 to 20 mm/h moving from high-
altitude area to comparatively low-altitude area of the
basin (Khair et al., 2015). Major cations such as Ca’*
and Mg** showed low and moderate negative corre-
lation with groundwater F~ (F*=-02, *=-0.3),
respectively, and envisaged clear distinction when
plotted against the groundwater flow that is from
mountain foot towards the valley (Table S1; Fig. 5b,
¢). As we moved from the mountains towards the cen-
tral plain, the concentration of such ions decreased,
favoring the genesis of high to very high groundwater
F~ (Fig. 5a). A negative correlation of fluoride with
Ca®" in groundwater had been observed by several
studies around the world (Mao et al., 2021; Mukher-
jee et al., 2015; Rashid et al., 2020). The possible
sources of these divalent cations may be due to the
interaction of groundwater with associated minerals
such as calcite, feldspar, dolomite, serpentine, etc.
Ton concentration of Na*/Ca®* ratio when plot-
ted against the groundwater flow showed a slight
increase with F~ concentration (Fig. 5g); this may
be due to common ion effect that replaces Ca>* ion
with Na™ ion, representing the cation-exchange-rich
sites of the clayey matrix which may be mobilizing
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free F~ in groundwater. Among the monovalent ions,
K* showed moderate correlation with F~ (©2=0.3),
which may originate from the dissolution of associ-
ated minerals (e.g., potash-feldspar, illite, fluorapa-
tite, and mica) associated with clay to silt clay
units and was responsible for high concentration as
groundwater flow converges to discharge. Electrical
conductivity which is a measure of dissolved salts
increased along the groundwater flow path indicating
that as we moved towards the basin, the freshwater
turned to become more saturated with dissolved salts
and subsequently the ionic strength, which helped
in the enrichment of groundwater F~ due to steady-
state circulation of groundwater. Among major ani-
ons, HCO;™ with a highly significant correlation of
(*=0.8), behaved as releasing factor for the mobility
of fluoride through the dissolution of F~-bearing min-
erals and can be illustrated by the following reaction

(Eq. 1).

CaF, + 2HCO; = CaCO; + 2F + H,0 + CO,
ey
The above stoichiometric equation tells that the
greater the HCO;™ level in groundwater, the more
will be the dissolution of fluorite (CaF,) mineral, as
two moles of bicarbonate are required for the disso-
Iution of 1 mol of fluorite in groundwater and hence
releasing 2 mol of free fluoride ions. Saxena and
Ahmed (2001) put forth that alkaline conditions with
pH ranging between 7.6 and 8.6 are favorable for the
dissolution of fluorite minerals from the host rocks.
At pH<6 F~ is mostly found attached on the clay
surfaces, an increase in pH causes the replacement of
F~ from the clay minerals with OH™ ion in the water
of typically similar radius under anionic exchange
process as explained below.

Muscovite: KAlL, [AlSi;O4]F, + 20H™ =
KAL[AISi;0,)][OH], + 2 F~
Biotite: ~ KMg;[AISi;Op]F, +
KAIL[AISi;0,y][OH], + 2 F~
Fluorite: CaF, + 20H™ =Ca (OH), + 2 F~

20H"

The plot of pH when plotted against the ground-
water flow and subsequently fluoride concentration
showed significant relation (7*=0.6), indicating that
the mobility of fluoride is driven from the dissolu-
tion of F™-bearing minerals and dissociation from
active sites of abundant clay minerals (Fig. 5h),
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similar relations have been seen by Hossain et al.
(2016) (Table S1).

F~ concentration and control of lithology

Several studies have been conducted so far on the
depth-dependent variability of fluoride in ground-
water of different basins such as the Taiyuan basin,
Zhangye basin, Datong basin, and Yuncheng basin
(Hu et al., 2016; Luo et al., 2018; Pi et al., 2015; Wen
et al., 2013). In such basins, groundwater with shal-
low depth seemed to have elevated fluoride concen-
tration with evaporation process acting as a driving
force causing precipitation of calcite, due to which
groundwater becomes deficit with Ca>* making con-
ditions favorable for dissolution of F~-bearing miner-
als (CaF,), while high-depth groundwater was uncon-
taminated in terms of F~ concentration. However, in
the study area (Quetta Valley), upper high-altitude
groundwater found at depth< 170 m is observed to
be least contaminated as compared to lower, low-
altitude groundwater with depth> 170 m, when plot-
ted against the depth, groundwater flow, and subse-
quently groundwater fluoride levels (Fig. 6). Few high
groundwater F~ samples are obtained from upper
groundwater of 170 m; these samples are obtained
from the northwest (middle Jurassic) and south (Pli-
ocene) with shale as a common unit. From the plot,
low groundwater fluoride was hosted at the edges of
the basin with high altitude as compared to the low-
altitude central basin.

Upper high-altitude groundwater was found to be
associated with low EC, low HCO;™, and low Na*
but high in terms of Ca®*, whereas on the other hand,
the low-altitude groundwater at depth up to 300 m
is linked to comparatively high EC, high HCO;™,
high Na*, and low Ca?". The groundwater of the
study area, geographically lying in an arid zone is
least affected by evaporation because even the upper
groundwater at depth< 170 m is rich in Ca>*, while
high evaporation causes the precipitation of Ca*" in
the form of various minerals.

The study area once known for its karez system
and shallow groundwater found at depth up to 30 m
have turned into deep aquifers with water table declin-
ing up to 10 m/year due to uncontrolled groundwater
abstraction (Khair et al., 2015). Abstraction of lower-
depth groundwater with heterogenic lithology espe-
cially increases in thickness of silty clay towards the
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center caused the evolution of high fluoride ground-
water; such groundwater is frequently observed at
the valley plain supported by high Na*, high K*, and
high HCO;™ that may be associated with the disso-
Iution and hydrolysis of silicate minerals such as
silty clay and clay matrices. A similar finding was
reported by Pi et al. (2015). High groundwater F~ is
further dependent on factors such as the preferential
pathways followed by the groundwater recharge, resi-
dence time, well depth, circulation within different
lithological units, and the hydrological conditions.
Groundwater fluoride concentrations were com-
pared with the well logs of the basin and its subse-
quent lithological units (Fig. S1). It clearly illustrated
the control of geomorphological units on groundwater
quality especially in terms of groundwater F~ concen-
tration. Wells 1 and 2 were taken from the recharge
zones of west and east at depths of 120 and 130 m
of the valley showing a comparatively low concentra-
tion of F~ 0.1 and 1.1 mg/L, respectively, with greater
thickness of admixture and gravel units compared
to wells 3 and 4 that were taken from the discharge
zones at depths of 200 and 230 m in the basin plain
with F~ concentration of 2 and 3.3 mg/L and having
a greater thickness of silty clay and clay units. When
related with the surface soil, the soil collected mostly
from the mountain foot appeared to be of sandy
loamy texture with soluble F~ ranging from 0.01 to
1 as compared to the soluble fluoride content in silty
soil of central valley with soluble F~ ranging from O
to 2.3. According to Farooqi et al. (2009), the mean
soluble F~ in subsurface silty soil-30 cm (1.9 mg/
kg) > surface sandy soil-0 cm (0.8 mg/kg). However,
the highest soluble F~ up to 2.3 mg/L in the study
area was evidenced in soil with clayey loam texture, a
high value of EC 1700, and alkaline pH 8 (Table S2).
High F~ concentration in such wells may be
linked to an increase in the depth of silty clay
and clay units as compared to their depth in low
F~ wells. An increase in F~ concentration due
to the thickness of fine sediments has also been
reported in several studies. F~ occurs within clay
minerals or adsorbed to it. Activity and sorption
capacity of sand <silt<<clay (Calvi et al., 2016;
Wen et al., 2013). According to Liu et al. (2015),
F~ in sediments ranged from 140 to 1690 mg/kg;
however, F~ content in clay to silty clay > silty-
fine sand>fine sand>coarse sand. Another pos-
sible reason that may be linked to the low and
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high F~ groundwater is the lateral recharge of the
groundwater in the central plain from the moun-
tain foot giving a maximum time for the interaction
between steady flow groundwater and fluoride-rich
aquifer matrix; hence, we encountered an abnormal
level of groundwater F~.

Geochemical modeling was used by calculating
the saturation indices (SI) and predicting the reactive
mineralogy of the subsurface from groundwater data
without collecting the samples of the solid phase and
analyzing its mineralogy. If the mineral has saturation
indices SI=0, the groundwater sample is said to be
saturated with that mineral, if the mineral has SI>0,
the groundwater is supersaturated reflecting precipi-
tation is required to attain equilibrium, and if SI<0,
the groundwater is said to be undersaturated which
means further dissolution is required to reach equilib-
rium. Geochemical factors in terms of saturation indi-
ces of different minerals (fluorite, calcite, halite, and
gypsum) are shown in Figs. S2a and S2b. The mean
SI of different minerals was found in the decreasing
trend as calcite (CaCOj;)> fluorite (CaF,)>gypsum
(CaSO,-2H,0) > halite (NaCl). Among all miner-
als, mineral calcite (CaCO;) is important because it
shares common ion (Ca’*) with fluorite (CaF,) and
controls the dissolution of groundwater fluoride.
Fluoride concentrations in groundwater are restricted
by fluorite solubility, i.e., in the presence of 40 mg/L
calcium, it should be restricted to 3.1 mg/L (Fawell
& Bailey, 2006). The calculation of saturation indices
for calcite and fluorite is plotted in Fig. S2b.

All the groundwater samples were in the satura-
tion phase for calcite, while for halite minerals, all
the samples were undersaturated which means more
minerals can dissolve in the groundwater. Fluoride
seemed to be undersaturated with fluorite except
for few very high groundwater F~ samples that
were in oversaturated phase. This further supports
our hypothesis that neither the dissolution of fluo-
rite (CaF,) nor the precipitation of calcite (CaCO3)
seemed to be the mechanism controlling the concen-
tration of F~, as reported by many studies (Edmunds
& Smedley, 2013). Fluoride, as a strong ligand in
water, may form soluble complexes with polyvalent
cations, such as, Mg?*, AIP*, and Ca’" depending
upon the water pH, while its mobility in groundwater
is attributed to desorption from metal oxides present
in the loess sediments that compose the aquifer (Cur-
rell et al., 2011).
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Mineral composition of soil

The distribution of soluble fluoride in the soil of the
study area along with the mineralogy and physico-
chemical parameters (EC, pH, and texture) of the 5
soil samples are listed in Table S2. The accumula-
tion of F~ is based on fluoride-bearing minerals in the
soil. The overall soluble F~ content in the soil showed
a positive correlation with EC and pH. Generally, pH
acts as a governing factor for the leaching of F~ from
soil and subsequent enrichment of F~ in the aqui-
fers. Clayey soil tends to adsorb F~ on the surface
at pH< 6 and tends to desorb it at pH above 6. The
soil of the study area is calcrete in nature; calcretes
and dolocretes are found to contain F~ to a maximum
of 1%. The average abundance of F~ in the soil is
100-300 mg/kg. However, hardly 5-10% of the total
soil F~ content is water soluble. Chemical analysis
of calcrete samples from Nalgonda District of India
observed F~ content in the range of 440-1160 mg/kg
(Reddy et al., 2016). The percentage weightage for
important minerals that played a vital role in ground-
water mobility is listed in Table S2.

In general, F~ in the earth’s crust is present in dif-
ferent forms and associated with different minerals
like silicates (e.g., humite (MgFe)7(Si0,);(F,OH),;
topaz Al,SiO,(F,OH),)), phosphates (e.g., wag-
nerite (MgFe)2PO,F; apatite Ca5(PO,); (FCIOH);
amblygonite (LiNa)AIPO,(F,OH)); calcium (e.g.,
fluorite CaF,; fluorapatite Ca5(PO,)3F); magnesium
(e.g., sellaite, MgF,), etc. are the chief sources of
fluoride in groundwater (Farooqi et al., 2009). From
the result of the mineral phase identification (Fig. S3)
through the XRD diffraction pattern of soil, we found
that the percentage of fluorite mineral in samples S1
and S2 collected near the foot of the mountains with
sandy loamy texture was 2% and 3.7% as compared
to the soil samples S3, S4, and S5 collected from the
central valley with clayey loam texture having fluo-
rite content of 6.5%, 7.7%, and 2.8%. Many minerals
contain F~ as a primary constituent or as an impu-
rity. Among primary minerals, biotite and muscovite
contain about 1 wt.% of F~, while fluoride contents
are higher in accessory minerals, such as fluorapatite
(~3.8 wt.%), topaz (~11.5 wt.%), and fluorite (~48
wt.%) (Edmunds & Smedley, 2013). The soil samples
of the central valley were found to have high con-
centrations of fluorite mineral as compared to those
collected from the mountain foot and can be found in
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Table 2 Principal component analysis

Principal component matrix

Variables Component
PC1 PC2 PC3 PC4

Depth -0.265 -0.131 0.736 0.235
pH 0.356 0.762 —0.086 0.206
EC 0.938 0.139 -0.075 —-0.076
F~ 0.167 0.877 0.014 0.102
HCO;~ 0.554 0.718 0.066 0.107
ClI- 0.936 0.135 -0.072  —0.090
NO;~ 0.167 -0.111 -0.118 0.554
S0,~ 0.936 0.135 -0.072  —0.090
PO, 0.063 —0.088 0.638 0.331
Na 0.624 0.195 0334 -0.131
K 0.613 0.161 0.256 0.378
Ca 0.135 -0.382 —0.645 0.125
Mg 0.178 0.306 -0.571 0.517
Eigenvalue 4.943 2.115 1.404 1.228

% of variance 35.307 15.106 10.027 8.768
% of cumulative  35.307 50.413 60.44 70.012

Values in bold are different from 0 with a significance level
alpha=0.05

good relationship with high concentrations of ground-
water fluoride levels in the central basin.

Principal component analysis

For defining the meaningful role of major variables
on groundwater fluoride chemistry, multivariate sta-
tistical analysis (PCA-principal component analysis)
was performed on 13 major variables analyzed in 87
groundwater samples up to 4 principal components
(PCs), which explained 70% of the total cumulative
variance (Table 2).

Loading of variables in four components expressed
the correlation between major variables in each com-
ponent. In terms of hydrochemical applications, PCs
can be interpreted to determine processes governing
groundwater chemistry such as water—rock interac-
tions, desorption, evaporation, ion-exchange pro-
cesses, and anthropogenic inputs by examining load-
ings of variables in each of the PC; PC-1 showed
35% variance with highest eigenvalue of 4.94 and
positive loading of EC, Na, K, SO,, Cl, HCO;, Ca,
and Mg with coefficient correlation ) of 0.938,
0.624, 0.613 0.936, 0.936, 0.554, 0.135, and 0.178,

respectively, illustrating the general chemistry of
groundwater due to water—rock interaction and min-
eral weathering in a sedimentary basin with complex
geological formation ranging from recent Quaternary
to Jurassic age formations. PC-2 showed 15.10% of
the variance with an eigenvalue of 2.12 and positive
loading of F~ with pH, and HCO;~ with coefficient
correlation (rz) of 0.762, 0.877, and 0.718, respec-
tively, described that dissolution of fluoride-bearing
minerals during water—rock interactions, desorption
of fluoride from secondary silicate minerals (mus-
covite, biotite, apatite, illite, smectites, fluorite, and
shale), active organic surfaces and especially ion-
exchange processes between F~ and OH™ in alkaline
conditions were driving the fluoride concentration in
groundwater (Luo et al., 2018; Rashid et al., 2020).
PC-3 shows 10% variance with eigenvalue of 1.40,
high positive loading of depth in PO,*~, Na*, and K*,
and negative loading of Ca®*, Mg**, and CI~ with
coefficient correlation (rz) of 0.736, 0.638, 0.334,
0.246,—0.645,—0.571, and—0.072, respectively,
denoting the biogeochemical weathering of Eocene
age marine sequences (oolitic, pesolitic, pellitic, and
reefoid limestone) interbedded with shale and sand-
stone towards the base in deep groundwater contrib-
uted to high loading of PO,*~ with depth indicating
another insight of F~ release by acting as a compet-
ing sorbent ion (Gao et al., 2013). Whereas moderate
to low loading of Na* and Kt showed inverse rela-
tion with Ca®*, Mg?*, and CI-, indicating reverse
base ion-exchange processes with the silicate mineral.
PC-4 contributed 8.76% variance with an eigenvalue
of 1.21, moderate loading of nitrate and magnesium,
low loading of depth, pH, PO,*~, K*, and Ca®* with
coefficient correlation (rz) of 0.554, 0.517, 0.235,
0.206, 0.331, 0.378, and 0.121, respectively; moder-
ate loading of NO;™ depicts that the groundwater may
be affected by human inputs from domestic wastewa-
ter discharges and septic tank leakage due to diffuse
recharge and extensive groundwater mining in quater-
nary aquifers; the positive loading of most variables
in this component indicated a mixture of both natural
and anthropogenic processes. However, this does not
coincide with the high loading of EC (Jehan et al.,
2019; Mao et al., 2021; Rashid et al., 2018). The
overall processes indicate the effect of lithological
influences on the enrichment of groundwater solutes
especially fluoride in the sedimentary basin, Quetta
Valley.
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Conclusions

The study examined the spatial distribution of
groundwater fluoride with the lithogeochemical
approach.

e High groundwater F~ concentrations were evi-
denced in the synclinal basin while low ground-
water F~ concentrations were found near the
mountains’ foot.

e High groundwater F~ was supported by Na-
HCO; groundwater-type water with high HCO;™~
and high Na/Ca, indicating the influence of
cation exchange on fluoride enrichment and
mobilization.

e Fluorite was undersaturated in most of the sam-
ples indicating groundwater F~ does not come
from the dissolution of the mineral fluorite nor
its precipitation has any role.

e All the samples were influenced by rock-weath-
ering processes, indicating the dominance of the
hydrological process while the genesis of fluo-
ride is related to the F -bearing silicate mineral.

e PCA revealed that alkaline pH and the presence
of competitors to sorption (especially HCOj;,
OH) facilitate F~ mobilization, especially in
such basins where immense pumping and water
table drawdown have caused the mixing of het-
erogeneous lithological units (sandstone, silty
clay, and clay sediments) giving rise to high
groundwater F~.

e Due to complex geological features, F~ enrich-
ment in groundwater sedimentary basin Quetta is
affected by a broad-scale process across a wide
area, depths, hydraulic conductivity, residence
times, and most importantly the geomorphologi-
cal units hosting the aquifer matrix.

e Abnormal levels of F~ in groundwater are of
great concern to the public health in Quetta;
therefore, continuous monitoring of groundwater
fluoride and its management is recommended.
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