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ABSTRACT

Groundwater from deep confined aquifers is often recommended for use because of it’s low fluoride health risk.
Thus, this study appraised groundwater fluoride hydrochemistry in a multi-aquifer system in Jilin Qianan to
determine the non-carcinogenic health risk liable from exploiting the respective aquifers. 124 samples collected
from the tertiary confined aquifer (N), quaternary confined aquifer (Q;), and quaternary phreatic aquifer (Q3z)
during surveys in 2001 and 2017 was analyzed using hydrochemical, statistical, spatial, and health risk
assessment methods. Results show that the dominant water facies in the respective aquifer layers was
Na+K-HCO3+CO3 except in Q;, where Ca+Mg — HCO3 + CO3 was marginally dominant. Fluoride concentrations
outside the recommended guideline occurred in all the aquifers except N, where concentrations were optimum.
The mean fluoride concentration of groundwater in the aquifers was of the order Qs (2017) > Qs (2001) > Q; >
N (mean 2.09, 2.03, 1.41 and 0.75 mg/L with 51.85%, 57.44%, 36.36% and 0% occurring beyond recommended
guideline values respectively). Silicate weathering, cation exchange, and fluorite dissolution in an alkaline
environment were the significant fluoride contributing processes. Evaporation and MgF" complex additionally
influenced Q; and Qs (2017). The total hazard quotient (THQ) from oral and dermal pathways shows fluoride
health risks in the order: infant > children > adult. The associated risks likely from using water in the respective
aquifer layers is of the order Q3 (2017) > Qs (2001) > Q; > N. The mean groundwater fluoride in 2017 was
marginally higher than that of 2001 ( 2.09>2.03 mg/L respectively) although the percentage of age group
members disposed to fluoride risk from using water from Q3 decreased from 2001 to 2017. Knowledge of local
hydrogeology in exploiting deep groundwater free of fluoride pollution and on-site defluoridation treatment of
groundwater was recommended in the study area and other areas with similar characteristics.

1. Introduction

Dharmaratne, 2019; Dissanayake and Chandrajith, 2019; Malago,
2017). Excessive fluoride intake has also been linked to fertility, infer-

Fluorine is widespread in the environment. In water, it is safe for
drinking within the limits of 0.5-1.5 mg/]1 according to the recom-
mended guidelines (WHO, 2017; Yousefi et al., 2018a). At concentra-
tions below/above this recommendation, fluoride becomes detrimental
to health and is referred to as a double-edged sword (Gazzano et al.,
2010; Goldberg, 2018). At lower concentration, water consumers are
susceptible to dental carries while at concentrations higher than stipu-
lated, it can cause dental fluorosis, skeletal fluorosis, crippling fluorosis,
and detrimental effects on the kidneys (Demelash et al., 2019;

tility, abortion, and hypertension (Yousefi et al., 2017, 2018b). Inges-
tion and dermal absorption of water are the main intake pathways of
trace elements in the environment (Dhiman and Keshari, 2006; Zhai
et al., 2017).

Around 200 million people are estimated worldwide to be affected
by fluorosis (Ayoob and Gupta, 2006). In Asia, for instance, it is esti-
mated that a population of 25 million in Pakistan (Farooqi et al., 2007),
22-45 million in China (J. Li et al., 2020; Wang et al., 2002), and 66
million in India (Mukherjee and Singh, 2018) are affected by high
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fluoride in water. There is thus a need to understand fluoride source and
mobilization mechanism in the environment for water resources man-
agement purposes (Amini et al., 2016; Emenike et al., 2018; Subba Rao
et al., 2016). The occurrence of fluoride in groundwater depends on
temperature, pH, the influence of complex or precipitating ions and
colloids, the solubility of fluoride bearing minerals, anion exchange
capacity of aquifer material, aquifer type, and residence time (Apambire
et al., 1997; Reddy et al., 2010; Rezaei et al., 2017). Anthropogenic
activities also exacerbate fluoride contamination in the environment
(Farooqi et al., 2007; Jia et al., 2019).

In China, the brackish waters in the northern coastal aquifers, the
iron-rich soils in the south, and the sodic groundwaters of the arid/semi-
arid areas of the north have been identified as geochemical environ-
ments favourable to geogenic fluoride enrichment (Jia et al., 2018; Wen
et al., 2013). The groundwater of Jilin Qianan, like most of the Songnen
plain of northeastern China, is known to have deleteriously high fluoride
concentration, with the mechanism of enrichment being related pri-
marily to weathering of parent rocks and secondarily to leaching,
desorption, and carbonate sedimentology under alkaline conditions (Jia
etal., 2018; M. Li et al., 2019; Wen et al., 2013; Xibei, 2007; Zhang et al.,
2003; Zhiwu, 2009). The fluoride health risk associated with ingestion
of such water has been considered mostly at regional scales (Zhang et al.,
2003; Zhang et al., 2017), and studies on smaller scales focus on the
unconfined phreatic aquifer (Xibei, 2007; Zhang et al., 2003). Deeper
aquifers have also been recommended for use because of observed lower
fluoride content than the shallow phreatic aquifer (Jia et al., 2019; Wen
etal., 2013; Xibei, 2007; Zhang et al., 2003). However, there is a gradual
trend of contamination of deep aquifers in response to natural and
anthropogenic influences (Chen et al., 2017; Jia et al., 2019; Zhan and
Bian, 2006). Qian et al. (2020) estimated that nearly 60% of inflow into
the confined aquifer in the Yinchuan region of north central China
originated from leakage from the phreatic aquifer, although minimal
(0.2%) compared to the volume of water in the confined aquifer storage.
In Jilin Qian’an, like most of western Jilin Province, poorly managed
drill wells with hole density ranging from 1.32 to 10 holes per square
kilometer has increased the hydraulic connection between the phreatic
aquifer and the unconfined aquifer leading to pollution of the confined
water (M. Li et al., 2020; Liao and Lin, 2004). It is thus essential to
consider the health risk associated with ingesting waters from these
deeper aquifers.

Additionally, approximately 82% of endemic fluoride villages in
China have implemented defluoridation projects by 2010 (Zhao et al.,
2013), with the main defluoridation methods practiced being physical
treatments, chemical reduction, and modification at the source point
which is the most widespread (Zhang et al., 2017). Source point modi-
fication may also involve the drilling of deep wells into aquifers that
often have a lower concentration of fluoride, and many
government-sponsored public water supply systems in some areas
plagued by high fluoride in water exploit this technique (Fawell et al.,
2006; Jia et al., 2019). Wang et al. (2019) emphasized the need for a
detailed monitoring system to track changes in environmental condi-
tions and exposure to fluoride in children. This study, therefore, un-
dertakes an aquifer-based fluoride health risk assessment of
groundwater in the multi-aquifers in Jilin Qianan. The main objectives
of this research are to (1) Determine the groundwater chemistry of the
respective aquifer layers; (2) Determine the levels of fluoride in the
aquifers in the area; (3) Delineate fluoride source and mobilization
mechanism in the study area; (4) Determine the aquifer-based
non-carcinogenic fluoride health risks of groundwater; (5) Assess the
temporal variation of groundwater fluoride in an aquifer in 2001 and
2017 respectively. The results from this study will aid water resources
managers in appraising the viability of confined deeper aquifers as an
alternative to unconfined aquifers in controlling endemic fluorosis in
China and the rest of the world.
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2. Study area

Jilin Qianan, with a population of about 301,981 people, is a county
located in Northeastern China, the northwestern part of Jilin province,
and the central part of the Songnen Plain (Fig. 1). It bounded approxi-
mately by longitudes 123°21 16 — 124°22’ 50 " E and latitudes 44°37
"47" — 45°18° 08" N, covering an area of 3617.24 km?, with a total
cultivated land area of 169.35 km?. The study area belongs to the arid
and semi-arid continental monsoon climate in the middle temperate
zone. According to the observation data of the Qianan meteorological
station, the average temperature for many years is 4.6 °C. Meteorolog-
ical data from the study area indicate that the average annual precipi-
tation in the area is 415.53 mm and is concentrated mainly in June to
September, accounting for more than 80% of the annual precipitation.
The lowest occurrence was in 2001, with precipitation of 220.3 mm. The
perennial average evaporation was 1849.01 mm. The annual evapora-
tion rate is mainly concentrated in April to September, during which the
evaporation rate was about 80% of the annual evaporation rate. Geo-
morphologically, the study area surface is highly salinized, with light
wetland formation or slight marsh — wetland formation, perennial water
accumulation or seasonal water accumulation, and an elevation of
120-138 m above sea level (masl), which decreases from southeast to
northwest and northeast respectively.

Jilin Qianan is located in the central depression zone of Songnen low
plain with Mesozoic and Cenozoic strata widely distributed in the study
area. The stratigraphy of the area, as obtained from borehole data, has at
its base a cretaceous system characterized by mudstone and glutenite of
the Mingshui Formation (Kom). It is widely distributed in the area, with
a buried depth of about 275 m and a single layer thickness greater than
59.84 m. Overlying it is the upper Tertiary Da’an Group (Nd) and Tai-
kang Group (Nt). The Da’an Formation (Nd) is widely distributed and
comprises fine sands, sandstone, argillaceous conglomerate, and glu-
tenite. The Taikang Formation (Nt) is widely distributed and is
composed of conglomerate, silty mudstone, and mudstone, generally
buried at a depth of 25-108 m with a thickness range of 83-93 m
(Fig. 1b, Supplementary Data, Fig. S1).

Quaternary system (Q) mainly developed in this area are Baitushan
Formation of lower Pleistocene, Daginggou Formation of middle Pleis-
tocene, Guxiangtun formation of upper Pleistocene and Holocene strata,
with a total thickness of 25-95 m. The Baitushan Formation (Q'f) with a
lithology of sand, gravel, relatively loose, partially sandwiched thin
layer of clay lenses. The Daginggou Formation Q9 of the middle
Pleistocene is widely distributed and is dominated by lacustrine facies.
Silty loam, sandy loam, and sand lenses make up its lithology. The
Guxiangtun Formation (Qs s1) is widely distributed in the area, and it is a
loose accumulation layer mainly composed of gravel, sand, sandy loam,
and loessial loam. The Holocene is composed of aeolian deposit (Qi"])
and lacustrine deposits (Qh) and is mainly distributed in the northwest,
north-central and northeastern parts of the study area. Lithologies pre-
sent include sand, sandy loam, loam, and gravel. In terms of hydroge-
ology, Guxiangtun Formation and Mingshui Formation are aquitards.
The Holocene aquifer is phreatic while the others are confined (Fig. 1).

3. Methodology
3.1. Sample collection and analysis

Forty-seven samples from the phreatic quaternary aquifer (Qs),
forty-four from the quaternary confined aquifer (Q;), and six from the
tertiary confined aquifer (N) were collected based on well location, well-
depth, and local hydrogeology by the Jilin Water Resources Bureau for
groundwater quality and fluoride monitoring purposes at the end of the
second quarter, 2001. The authors similarly collected an additional
twenty-seven (27) phreatic groundwater samples for the same purpose
in the fourth quarter of 2017, totalling one hundred and twenty-four
(124) groundwater samples collected and analyzed from Jilin Qianan
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Fig. 1. (a) Location map of the area showing sampling points, geology, groundwater elevation, and fluoride concentration; (b) Lithostratigraphy and hydrogeology of

the area.

for this study. The Chinese National Standard procedure for sampling,
which involves collecting two water samples per location, was followed
(NEPS-PRC, 2009). Plastic bottles were thoroughly rinsed with water
from the well to be sampled, and samples used for cation analysis were
acidified to a pH of about two using few drops of concentrated HNO3.
The sample for anion determination was taken directly to the laboratory
without acidifying. Pony Testing International Group did all analyses in
Changchun following Standard Examination Methods for Drinking
Water (National Standardization Administration of China, 2007a;
2007b). The major cations (K™, Na*, Ca®", Mg?*, Fe>*) were analyzed
using inductively coupled plasma atomic emission spectrometry
(ICP-AES). An ion chromatograph measured F~, CI”, NO3, and S0%
Total hardness (TH) (CaCOs3; hardness) was measured by NayEDTA
titrimetric method and HCO3 by acid-base titration. The temperature
and pH were measured in-situ using a calibrated EC/pH metre (HANNA,
HI99131). An electric blast-drying oven, along with an electronic
analytical balance (vapour-drying method), was used to measure TDS.
The reliability of the water sample analysis was confirmed as all the
samples had errors less than 10% when assessed using the ionic balance
equation.

3.2. Geochemical modelling

The dominant ionic phases/water facies were classified using the
Piper tri-linear diagram (Piper, 1944). The PHREEQC programming
bundle (Parkhurst and Appelo, 1999) was used to estimate the degree of

saturation of fluoride-related minerals (calcite, fluorite, aragonite,
gypsum, halite, and dolomite, respectively) in all the water sampled.
The saturation indices (SI), which indicate the thermodynamic tendency
of minerals to dissolve or precipitate was computed using Eq. (1).

SI = Log(IAP/K,,) = LogIAP — LogK,, @

Where SI means saturation index, IAP is the ion activity product of the
dissociated chemical species in solution, and Ksp, is the equilibrium sol-
ubility product for the chemical involved at sample temperature. Based
on the value of the SI, the saturation states are recognized as in equi-
librium when SI = 0, undersaturation when SI < 0, and oversaturation
when SI > 0.

Inverse modelling of groundwater chemical evolution along two flow
paths along the Qs in 2001 and 2017 was similarly carried out using
PHREEQC (Fig. 1). Based on the groundwater flow path and hydrolog-
ical condition, paths A—C (2001) and X-Z (2017) were selected. The
major ions (Na/Mg/Ca and HCO3/Cl/SO4) and the trace element (F)
were employed in the simulation. The representative mineral phases
calcite, dolomite, gypsum, and halite, which are characteristic of the
study area, were selected. Additionally, because of the wide distribution
of clay minerals in the study area that makes cation exchange likely, the
openness of the system, and strong evaporation tendency, the model also
included CaXy/NaX, CO(g), and HoO(g) phases (Du et al., 2009; M. Li
et al., 2019).
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3.3. Statistical and spatial analysis

Descriptive statistics of groundwater physicochemical parameters
was done using Microsoft Excel 2010 software package. The software
Statistical Package for Social Sciences (SPSS) v. 16 was used for corre-
lation analysis between fluoride and other groundwater properties to
identify the principal factors that affect the concentration of fluoride in
the water.
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3.4. Human health risk assessment

To assess the probable adverse effect of fluoride from water intake
over a long period, the tested and widely used model of the United States
Environmental Protection Agency was adopted (US EPA, 1989). The
study area was grouped into three categories: infants (<6 months),
children (>6months < 17years), and adults (>17 years) (Yin et al.,
2020; Zhai et al., 2017). Oral and dermal intake pathways were
considered because they are the most dominant potential exposure
pathways to groundwater contaminants in daily life (Emenike et al.,
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Fig. 2. Box plots for the groundwater physicochemical parameters: (a) pH, (b) TDS, (c) TH, (d) Na, (e) K, (f) Ca, (g) Mg, (h) Fe, (i) bicarbonate, (j) carbonate, (k) Cl,
(D) sulphate, (m) nitrate, (n) fluoride. N, Q;, Q3-2001 and Q3-2017 refers to water from tertiary confined aquifer, quaternary confined aquifer, quaternary phreatic

aquifer (2001) and quaternary phreatic aquifer (2017) respectively.
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2018; Yin et al., 2020). The non-carcinogenic risk through the oral
pathway was determined using Eqgs. (2) and (3), while the
non-carcinogenic risk due to dermal intake was determined using FEqgs.
(4) and (5). The total hazard quotient of non-carcinogenic risk due to
fluoride (THQ) was obtained using Eq. (6).

EDI,.q = C, x IR x EF x ED/BW x AT ()]

HQ,yu1 = EDIoyat/RfD oy 3

Where EDI,;,; means estimated daily intake through the oral pathway,
Cw means the concentration of fluoride in water (mg/L), IR means
ingestion rate of drinking water (L/day), EF means resident exposure
frequency (days), ED means exposure duration (years), BW means
bodyweight (Kg), AT means exposure time (days), HQoa) means hazard
quotient from the oral pathway, and RfD,;, means reference dose of
fluoride due to oral intake of water [mg/(Kg x day)]. The calculation
parameters used for this study are listed in Table S1.

EDI jorma = C,y X SA X K X ED x EF x ET x CF/BW x AT (©)]

HQdermal = EDIdeI‘)nﬂl/Rdee)mal (5)

Where EDlgerma) means estimated daily intake through the dermal
pathway, C,, means the concentration of fluoride in water (mg/L), SA
body surface area (cmz), K means dermal permeability coefficient of

CATIONS %meq/l
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water (cm/h), EF means resident exposure frequency (days), ED means
exposure duration (years), ET means water exposure time (h/day), CF
means conversion factor (L/cmB), BW means bodyweight (Kg), AT
means exposure time (days), HQdermal means hazard quotient from the
dermal pathway, and RfDgerma) means reference dose of fluoride due to
dermal contact with water [mg/(Kg x day)].

THQ =  HQu+ HOyerma (6)

Where THQ means total hazard quotient due to oral intake and dermal
contact, respectively.

4. Results and discussion
4.1. Groundwater hydrochemistry

The summary of physicochemical characteristics is given in Fig. 2
and Table S2 (Supplementary Material). The groundwater in aquifers in
the study area is generally slightly alkaline ranging from 7.40 in Q3
(2017) to 8.45 in N. (Fig. 3).

The major cation composition of groundwater in the aquifers
analyzed is of order Na* > Ca®" > Mg?" > K*. The anionic magnitude in
N and Qs (2017) is respectively of the order HCO%’ >ClI > SO?{ > NOs3,
while in the Q;, the anionic dominance was of the order HCO% > SO% >
CI” > NOs. In the Qg aquifer in 2001(Q3 2001), the anionic dominance is

LEGEND

A=Ca+ Mg-HCO,+CO3

B =Na+ K-HCO,+CO3
C=Na+K-SO,-Cl

D =Ca+Mg - SO, -ClI

¢ Tertiary Confined Aquifer (2001)

@ Quaternary Confined Aquifer (2001)
+ Quaternary Phreatic Aquifer (2001)
% Quaternary Phreatic Aquifer (2017)

Chloride(Cl)
ANIONS

Cl

Fig. 3. Piper plot showing groundwater hydrochemical facies characterization.
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of the order HCO% > CI” > NO3 > SO%.

In the tertiary aquifer, Na+K — HCO3+CO3 water facies dominates
(66.67%), followed by Ca+Mg — HCO3 + CO3 (47.73%) (Fig. 2). The
groundwater is slightly alkaline, with pH ranging from 7.8 to 8.45
(average 8.13). The pH falls within the recommended guidelines (WHO,
2017). Total dissolved solids (TDS) ranged from 725.66 to 1920 mg/L
(average 1212.28 mg/L) with 83.33% being brackish and exceeding the
recommended guidelines of 1000 mg/L (WHO, 2017). The high TDS of
this confined groundwater may be due to infiltration from phreatic
sources common in the Songnen plain (Bian et al., 2018; Jia et al., 2019).
Total hardness (TH) ranged from 231.28 to 952.87 mg/L (average
465.42 mg/L) implying that 33.33% of the aquifer’s water is hard, and
other is very hard (Sawyer and McCarty, 1967). Water hardness has
been linked to kidney disease and body tissue calcification (Dharmar-
atne, 2015; Dissanayake and Chandrajith, 2019) but no guideline for
hardness has been developed (WHO, 2017).

Na' and K' ranged from 26.50 to 200.31 mg/L (average 96.53 mg/
L) and 0.88-1.89 mg/L (average 1.51 mg/L) respectively. One sample
representing 16.67% of the N aquifer’s water exceeds the 200 mg/L
drinking standard (WHO, 2017), while no drinking guideline has been
set for K*. The groundwater concentration of Ca%* and Mg?" in this
aquifer all occur within recommended limits. Ca?* ranges from 23.11 to
45.92 mg/L (average 33.07 mg/L), while Mg?" varies from 9.17 to
29.99 mg/L (average 15.52 mg/L). Elevated Fe concentrations were
observed in this aquifer with 83.33% of the samples exceeded national
guidelines values of 0.3 mg/L (National Standardization Administra-
tion, 2017). Concentration ranged from 0.03 to 1.5 mg/L (average
0.74 mg/L). Fe is not often regarded as a hazardous groundwater
pollutant though it can influence water palatability (Emenike et al.,
2018). With Mn, Fe has been associated with chronic intoxication, lung
embolism, impotence, nerve damage, and parkinsonism (Zoni, 2007).
Geogenic origin has been inferred for high Fe concentration in the
Songnen plain (Adeyeye et al., 2020; Jia et al., 2018; Zhang et al., 2020).
Among the anions, HCO3 and CO%" concentrations ranged from 217.36
to 428.32 mg/L (average 307.71 mg/L) and <1.47-6.29 mg/L (average
of 1.47 mg/L), respectively. There is no guideline value determined for
CO%’ in drinking water (WHO, 2017), and all the samples fall within
recommended limits for HCO3. Groundwater bicarbonate often origi-
nates from the natural dissolution of silicate and carbonate rocks and
runoff and irrigation sources (Alaya et al., 2014; Emenike et al., 2018;
Rasool et al., 2016). The groundwater Cl” ranged from 6.05 to
126.35 mg/L (average 40.76 mg/L), with all samples occurring within
recommended limits. For SO; 4, all samples also occurred within
guideline limits for drinking water with a range of 12.10-93.00 mg/L
(average 35.02 mg/L). NO3 N ranged from <0.40-2.25 mg/L (average
0.81 mg/L). None of the samples exceeded the recommended NO3-N
guideline.

Most of the groundwater in Q; is Na+K — HCO3+CO3 (50%) and
Ca+Mg — HCO3+ COg3 (47.73%), while Ca+Mg-SO4—Cl waters occur
marginally with 2.27% of the samples (Fig. 2). The pH is slightly alkaline
as in the tertiary aquifer occurring within recommended limits. pH
ranged from 7.76 to 8.40 (average 8.06). TDS ranged from 331 to
2834 mg/L (average 826.28 mg/L). Most of the groundwater was fresh
and 20.45% was brackish exceeding the recommended guidelines. Total
hardness (TH) ranged from 61.77 to 860.34 mg/L (average 266.53 mg/
L), indicating 2.27%, 20.46%, 47.73%, and 29.55% were soft, moder-
ately soft, hard, and very hard, respectively. Na* and K* ranged from
19.97 to 287.45 mg/L (average 102.93 mg/L) and 0.63-2.42 mg/L
(average 1.43 mg/L) respectively. Out of the forty—four samples
analyzed for this aquifer, only two representing 4.55% of the water from
the aquifer exceeds the recommended drinking standard for Na™.
Similarly, 4.55% of the samples analyzed for Ca®" and Mg?", respec-
tively, exceeded the recommended limits. Ca®" ranged from 11.80 to
104.30 mg/L (average 47.49 mg/L), while Mg?" varied from 7.85 to
133.40 mg/L (average 23.14 mg/L). 100% of the samples have Fe
concentration above recommended national limits (National
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Standardization Administration, 2017) and ranged from 0.05 to
2.42 mg/L (average 0.45 mg/L). No sample exceeded the recommended
limits in terms of bicarbonate (HCO3). HCO3 and CO,_3 concentrations
ranged from 189.23 to 910.34 mg/L (average 388.59 mg/L) and
<2.52-31.4 mg/L (average of 3.78 mg/L) respectively. Cl” ranged from
8.90 to 266.00 mg/L (average 42.29 mg/L) with all samples occurring
within recommended limits. SO, 4 on the other hand, along with NO3'N
had 2.27% of the samples exceeding guideline limits. SO ranged from
3.26 to 266.00 mg/L (average 43.29 mg/L) while groundwater NO3 N
had range and average of < 0.2-2.25 mg/L and 0.81 mg/L respectively.

The Q3 (2001) is mainly composed Ca+Mg — HCOs+ CO3 (42.55%)
and Na+K - HCO3+COs (40.42%) groundwater facies while
Ca+Mg-SO4-Cl and Na-+K-SO4—Cl waters occur marginally with
12.77% and 4.26% respectively. The groundwater pH is also marginally
alkaline though occurring within recommended limits with a range and
average of 7.72-8.35 and 8.01, respectively. TDS ranged from 320 to
2743 mg/L (average 916.51 mg/L), with 34.04% being brackish. TH
ranged from 128.48 to 809.56 mg/L (average 324.42 mg/L). Conse-
quently, 12.77%, 42.55%, and 44.68 were moderately soft, hard, and
very hard, respectively. In the case of Na*, 31.91% of the water from the
aquifer exceeds the recommended drinking standard for Na* (WHO,
2017). Na™ and K' ranged from 43.59 to 714.42 mg/L (average
171.64 mg/L) and 0.25 - 6.38 mg/L (average 1.16 mg/L) respectively.
Ca?" ranged from 20.49 to 245.00 mg/L (average 75.62 mg/L) while
Mg?* varied from 16.21 to 169.20 mg/L (average 57.34 mg/L). About
21.28% and 40.42% of groundwater exceeded the recommended limits
for Ca" and Mg?™, respectively. As observed in previous aquifers (N and
Q1), 93.62% of groundwater samples have Fe concentration above na-
tional limits (National Standardization Administration, 2017). Fe ranges
from 0.003 to 4.81 mg/L (average 0.38 mg/L). HCO3 and CO, 3 con-
centrations ranged from 232.06 to 920.56 mg/L (average 507.92 mg/L)
and < 2.52-37.73 mg/L (average 6.55 mg/L) respectively. CI” ranged
from 24.91 to 211.00 mg/L (average 169.07 mg/L), with 17.02% of
samples occurring above the recommended limits (WHO, 2017). SOy_4
ranged from 1.00 to 211.00 mg/L (average 40.53 mg/L) with all sam-
ples occurring within WHO (2017) limits. However, 46.81% of the
samples had groundwater NO3 N exceeding the guideline limits. Natural
nitrate is often less than 15 mg/L (Chen et al., 2016; Naderi et al., 2020).
Nitrate pollution is a cardinal indicator of anthropogenic influence on
groundwater (Adimalla and Qian, 2019; Maila et al., 2004). The phre-
atic nature of this aquifer makes anthropogenic influences likely. NO3'N
had a range and an average of < 1-389.00 mg/L and 106.5 mg/L,
respectively.

In Q3 (2017), the dominant water characteristic of the order Na+K —
HCO3+CO3 (59.26%) > Ca+Mg - HCOsz+ COs (33.33%) >
Ca+Mg-S04-Cl (7.41%). The pH range and average were respectively
7.40-8.30 and 7.78. TDS ranged from 215 to 2080 mg/L (average
754.04 mg/L). Most of the water occurred within WHO drinking
guidelines except 18.52%, which were brackish. TH ranged from 67.80
to 1080.00 mg/L (average 273.40 mg/L), implying 3.70%, 18.52%,
48.15%, and 29.63% were soft, moderately soft, hard, and very hard,
respectively. Na* and K* ranged from 11.50 to 572.00 mg/L (average
168.29 mg/L) and 0.58-13.60 mg/L (average 1.89 mg/L) respectively.
Na™ had 29.63% of the samples exceeding the recommended standard
WHO (2017). Ca?" ranged from 15.40 to 154.00 mg/L (average
54.56 mg/L) while Mg varied from 5.62 to 182.00 mg/L (average
33.65 mg/L). 3.70% and 18.52% of the Ca?" and Mg samples,
respectively exceeded the recommended guideline. Fe ranged from
0.005 to 3.78 mg/L (average 1.16 mg/L). The sample HCO3 concen-
trations ranged from 234.00 to 1270.00 mg/L (average 535.11 mg/L),
with 7.4% exceeding guideline limits (WHO, 2017). The average con-
centration of COy3 was 2.00 mg/L. ClI” ranged from 3.52 to
246.00 mg/L (average 70.82 mg/L), with all samples occurring within
recommended limits. SOy 4 ranged from 4.68 to 270.00 mg/L (average
63.16 mg/L) with all but one sample (3.70%) occurring within guideline
limits. The Q3 (2017) had a lower NO3 N pollution compared to Q3
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(2001) with range and average of 0.01 — 43.80 mg/L and 4.44 mg/L
respectively. The nitrate content in groundwater is naturally determined
by the depth of waterlogging, soil and aquifer texture, organic matter
content, and precipitation amount. Irrigation returns also contribute to
groundwater nitrate (Currell et al., 2012). Agricultural practices in the
area have been maintained, and the soil and aquifer texture is constant
in both 2001 and 2017. The only exception is that in 2001, the study
area was recorded to have had the lowest rainfall. Rainfall may be
directly proportional to nitrate concentration in groundwater as infil-
tration transports nitrate from human activities to groundwater
(Kawagoshi et al., 2019; Pociene and Pocius, 2005). However, higher
precipitation might serve in diluting nitrate in groundwater (Wick et al.,
2012). The scenario is plausible in the area as irrigation is done using
groundwater. In a low rainfall time, undiluted irrigation return flow may
lead to higher nitrate concentrations, as seen in 2001. Additionally, the
effects of rainfall on groundwater in the Songnen plain is usually far
greater in the fourth quarter when the 2017 samples were collected than
in the second quarter when 2001 samples were collected respectively
(Yu, 2016).

4.2. Fluoride in groundwater

The average fluoride content of groundwater in aquifers in the study
area was of the order Q3 (2017) > Q3 (2001) > Q; > N (Fig. 2n). The
N-aquifer was optimum as 100% of all the samples occurred within the
0.5-1.5 mg/L guideline range WHO (2017). F~ ranged from 0.56 to
0.95 mg/L (average 0.75 mg/L). In Q;, however, fluoride pollution was
observed, with 36.36% and 15.91% above and below the recommended
guidelines respectively. F concentration ranged from 0.35 to 4.12 mg/L
(average 1.41 mg/L). A similar scenario was observed in Qs (2001), in
which 57.44% and 23.40% of the samples occurred above and below the
recommended guideline limit respectively. The F concentration in Qs
(2001) ranged from 0.23 to 5.43 mg/L (average 2.03 mg/L). Fluoride
pollution in Qs aquifer is persistent on a temporal scale because, in 2017,
51.85% and 14.89% respectively had concentrations above the standard
with Fconcentration ranging from 0.33 to 7.99 mg/L (average
2.09 mg/L). The spatial distribution of fluoride displays a general
decrease from the southwestern portion of the study area to the north-
west (Fig. 1). The mean fluoride concentrations obtained in the
multi-layered N, Q, and Qs aquifers are slightly lower than those ob-
tained by Xibei (2007) in the respective aquifers and Zhang et al. (2003)
in the Q3 aquifer in 1998. The widespread distribution of the fluoride in
both the confined and phreatic groundwater suggests a non-point source
of fluoride pollution in the area (Luo et al., 2018).

4.3. Correlation matrix and saturation indices

Pearson correlation was used to appraise the effects of other physi-
cochemical parameters on fluoride in the respective aquifers as has been
done elsewhere (Dhiman and Keshari, 2006; Rasool et al., 2015; Rezaei
et al.,, 2017; Singaraja et al., 2018). Correlation was tagged as weak,
moderate and strong based on r< 0.3, 0.3<r<0.7, and r > 0.7
respectively (Emenike et al., 2018; Salifu et al., 2012).

In the N aquifer, at a significance level of p > 0.05, fluoride had a
moderate positive correlation of 0.633, 0.524, 0.482, 0.424, and 0.370
with Na®, K*, HCO3, CO2 3 and CI” respectively, highlighting the
importance of alkaline waters to fluoride dissolution and desorption
(Reddy et al., 2010; Saxena and Ahmed, 2003) (Table S3, Supplemen-
tary Material). Fluoride had a strong negative correlation with Ca®*
(r =-0.781) and moderate negative correlation with TH, TDS and Fer
(r =-0.321, -0.501 and -0.565 respectively). Fluoride generally shows
a negative relationship with Ca%* ( Dhiman and Keshari, 2006; Fawell
et al., 2006; H. Jia et al., 2019; Singaraja et al., 2018; Subba Rao et al.,
2016) indicating the influence of fluorite solubility on dissolved fluoride
because pKuorite = 1076 (Parkhurst. and Appelo, 1999). When [Ca2*]
[F1? is less than Keyorite, fluorite dissolution is favoured while [Ca®*]
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[F1? greater than Kgyorite encourages fluorite precipitation and de-
creases fluoride in water (Liu et al., 2015; Wei et al., 2016). Variation of
Fluoride and Ca2* activity in this study shows four groups (Fig. 4a): 1)
samples occurring to the right of line 1 indicate fluoride is from sources
other than fluorite; 2) samples between line 2 and line 3 suggest the
strong role of fluorite mineral dissolution (especially in the N aquifer); 3)
samples between line 1 and line suggest the influence of mineral pre-
cipitation and/or cation exchange on fluoride concentration (Q; and Qs
aquifers); 4) samples which occur above Kgyqrite indicative of fluorite
precipitation which limits fluoride dissolution in some groundwater
samples from Qg3 in 2017. Jia et al. (2020) noted that SI calculated by
PHREEQC only gives information about which phases are at a given
stage of saturation but do not prove whether dissolution or precipitation
occurs. The N, Q1, Q3 (2001), and Q3 (2017) aquifer are all saturated
concerning calcite (Fig. 4b—e). There is, however, no significant corre-
lation between fluoride and calcite SI, which may be an indication that
fluorite was heterogeneously distributed in the aquifer sediments and is
not a consistent contributor to groundwater fluoride (Wei et al., 2016).
The N aquifer is an exception with a moderate negative correlation of
—0.551 between fluoride and calcite SI (Table S3, Supplementary Ma-
terial). This is related to the strong influence of fluorite dissolution in the
aquifer. The mechanism of Na-HCO3 water fluoride release by calcite
precipitation is given by Eqs. (7) and (8).

CaF,+ Na,CO,—CaCOs+2Na* +2F~ 7

CaF,+ NAHCO;—CaCO;+2Na* +2F +H,0+ CO, ®

In the Q; aquifer, fluoride had moderate positive correlation with
Mg?*, HCO3, and Na® (r=0.611, 0.561, and 0.394 respectively,
p < 0.01), moderate positive correlation with CI", and NO%’ (r=0.372
and 0.332, p < 0.05 respectively) and moderate negative correlation
with TH and TDS (r =-0.425 and -0.429, p < 0.01 respectively)
(Table S4, Supplementary Data). The positive relationship of fluoride
with Mg?" may be due to other fluoride-bearing minerals (Manikandan
et al.,, 2014; Yan et al., 2020), precluding dolomite because aquifer
shows dolomite saturation (Fig. 4b). The positive fluoride versus Mg>*
correlation may also be due to the formation of MgF ' complexes due to
salt effect (Luo et al., 2018).

Fluoride in Q3 (2001), had moderate positive correlation with HCO3
(r = 0.494, p < 0.01) and moderate negative correlation with Ca®** and
pH (r =-0.355 and -0.433, p < 0.05 respectively) (Table S5, supple-
mentary data). The negative relationship of fluoride with pH has been
observed in some studies (Chae et al., 2006; Viero et al., 2009). It shows
the importance of fluoride dissolution over desorption of fluoride from
the surface of clays as is common at alkaline pH where OH™ and F~
compete for adsorption sites (Su et al., 2015). In 2017, fluoride in the Q3
had a moderate positive correlation with HCO3, Mg TDS, Na™ and
NO3 (r = 0.573, 0.442, 0.438, 0.403 and 0.384 respectively, p < 0.05)
(Table S6, Supplementary Data). The positive relationship of fluoride to
TDS and NOs is related to the phreatic nature of the aquifer and thus
climatic and anthropogenic influences (Xiao et al., 2015). In general,
groundwater from aquifers in the study area is saturated in calcite,
dolomite, and aragonite but undersaturated with fluorite and gypsum.
The scenario thus enhances the dissolution of fluorite mineral in
groundwater (Banerjee, 2015; Singh et al., 2011; Yidana et al., 2012)
(Fig. 4b—e).

4.4. Ionic ratios

Several ionic ratios were used to identify the principal factors
affecting fluoride concentration in groundwater in the area. The plots of
[(Ca+Mg)-(HCO3+S04)] against (Na+K)-Cl was used to identify the
occurrence of cation exchange in the various aquifers. (Ca+Mg)-
(HCO3+S04) represents the amount of Ca?" and Mg?" added or
removed from the system apart from that contributed by gypsum,
calcite, and dolomite, while (Na+K)-Cl represents Na® added or
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Saturation Indices
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removed from the system apart from chloride salts (mainly halite)
(Jalali, 2007; Mondal et al., 2014). A linear relationship with a slope of
—1 often implies the significant participation of Ca%*, Mg?" and Na*t
ionic exchange within the system. Consequently, all the aquifers in the
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study area display a strong influence of cation exchange as the N, Q1, Q3
(2001), and Q3 (2017) aquifers respectively had correlations of —0.941
(slope —0.576), —0.941 (slope —0.952), —0.935 (slope —0.882) and
—0.931 (slope —0.805) (Fig. 5a). The cation exchange’s importance was
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further emphasized using the Ca+ Mg versus SO4+HCO3 plot after
Rezaei et al. (2017) (Fig. 5b). The majority of the samples from the N,
Q1, Q3 (2001), and Q3 aquifer (2017) aquifers occurred below the 1:1
line (except three samples representing 11.11% of the Q3 aquifer in
2017), indicating the impact of cation exchange and silicate weathering
on water chemistry in the whole aquifer system (Atkinson, 2018; Chen
et al., 2020; Datta and Tyagi, 1996; Kaur et al., 2017).

The Na normalized HCO3 versus Ca®* molar plots of Gaillardet et al.
(1999) similarly displayed silicate weathering as a principal process
governing groundwater chemistry to further emphasize the role of sili-
cate weathering in determining groundwater chemistry.

Alkaline waters favour the desorption of fluoride from fluoride-
bearing minerals like biotite, muscovite, and fluorite (Xiao et al.,
2015). These minerals are present in the recharge zones and margin of
the confined aquifers. Fluoride dissolution by hydrolysis (weathering) of
fluoride-bearing minerals is displayed by Egs. (9) to (11). Banerjee
(2015) and Kumar & Saxena (2011) found that, though mineral disso-
lution by hydrolysis and dissolution pulled by calcite precipitation can
contribute to groundwater fluoride contamination, dissolution by hy-
drolysis is more efficient in releasing fluoride in groundwater.

KAL[AISi;010)F, + OH —KAL[AISi;0,0](0OH), + 2F~ ©
KMg;[ALSiz010]F, + 20H —KMg,;[AlSiz010](OH), + 2F~ (10)
CaF,+ 20H —Ca(OH),+ 2F~ an

The TDS versus Na/(Na+Ca) and Cl/(Cl4+HCOg3) diagram of Gibbs
(1970) similarly showed the dominance of water-rock interaction in the
chemistry of the water in all the aquifers in the study area (Fig. 5d and
e). Additionally, evaporation contribution to groundwater was also
noticed as some samples from both confined and phreatic aquifers
occurred in the evaporation dominance zone. The semi-arid climate of
the study area agrees with evaporation contribution to phreatic
groundwater as species, including fluoride, are concentrated in
groundwater by evaporation (Brahman et al., 2013; Xiao et al., 2015;
Yan et al., 2020). On the contrary, in the confined aquifers, the display of
evaporative dominance traits in some samples with high TDS may be
due to leakage from the phreatic water into the confined aquifer (Z. Su
et al., 2020). Such leakages have been reported in the study area and
other parts of northern China (Bian et al., 2018; Yan et al., 2020; Jia
et al., 2019). Further evidence of geogenic enrichment and mild evap-
orative contribution to groundwater fluoride is shown by the F/Cl versus
F plot of Currell et al. (2011). High F/Cl ratios in most samples imply
fluoride enrichment independent of evapotranspiration (Fig. 5f).

4.5. Fluoride and groundwater evolution along flow path

The inverse hydrogeochemical modelling result of the Qs aquifer
along flow paths A-C in 2001 and X-Z in 2017 is shown (Fig. 1, Table S7
Supplementary Data). In the recharge zone (A-B), Ca+Mg-HCO3-CO3
facies dominate and evaporation occurs. Fluorite, dolomite, and halite
are precipitated while gypsum and calcite remain in the solution. Cation
exchange also occurs with Na?" (0.00625 mmol/L) desorbed into
groundwater from the surface of rock and soil by Ca’*. Na+K-HCO3-CO3
facies dominates the runoff and/or discharge area. As groundwater
continues from B-C, evaporation persists with calcite and fluorite being
precipitated while other minerals remain in solution. Cation exchange in
this flow transect involves Na' adsorption and Ca?' release into
groundwater (0.00709 mmol/L). In general, along the flow path A-C,
fluorite is precipitated from solution, and fluoride concentration de-
creases contrary to many studies elsewhere (Haji et al., 2018; Wang
etal., 2018; J. Li et al., 2020) and in the inland basin where the study is
located (Du et al., 2009; M. Li et al., 2019). However, the observation is
plausible as a local variation to the regional trend because the area is
about 1/11th part of the 41,140 km? inland basin west of Jilin province
and 1/49th part of the 178,000 km? Songnen plain, which is reported to
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have alternating high and low fluoride areas (B. Zhang et al., 2007).
Additionally, regional groundwater flow in the north China plain dis-
played many local fluoride decreases in the central plain and coastal
area though the regional trend increased (J. Li et al., 2020). Conse-
quently, local transects of regional groundwater flow can show
decreased fluoride. The low fluoride observed in this flow path may have
been due to fluorite re-precipitation as displayed by inverse model or
possible inclusion of fluoride in concretions because of the significant
negative correlation between F and pH (Table S5, Supplementary Ma-
terial), which hampers fluoride desorption (Su et al., 2015).

In 2017, along flow part X — Y, calcite was precipitated in the
recharge area, characterized by Na-+K-HCO3-COs facies. Other minerals
remain in solution as CO; is added to the system with weak cation ex-
change with Ca?' replacing Na' in solution (0.00038 mol/L). As
groundwater moves from Y-Z, calcite is precipitated along with dolo-
mite and gypsum with stronger cation exchange where Ca®* replaces
Na™ (0.00217 mmol/L). Overall, along the flow path X-Z, fluoride is
enriched along with halite, as corroborated by the significant positive
correlation of fluoride with SI of fluorite and halite, respectively
(Table S6, supplementary material).

Natural recharge of the multi-aquifers in the study area is believed to
be from precipitation (Yan et al., 2020), including groundwater from N
aquifer which has been estimated to be from modern precipitation using
tritium values (Yang, 2008). The water originates at the fringes of the
basin outside the study area. Within the study area, the phreatic Q3
aquifer and the confined Q; and N aquifers are believed to have minimal
contact due to the confining layer’s thickness (15-45 m). On-site mea-
surement and correlation of water quality parameters via a long
pumping process were used to confirm the multi-aquifers’ connection
(Local Chronicles Compilation Committee of Jilin Province, 1992). The
increased fluoride in the confined aquifers in many cases is a result of
anthropogenic activities demonstrated by poor drilling practices, which
destroys the confining bed leading to an increased hydraulic connection
between the Qs, Qiand N aquifers, respectively (Jia et al., 2019; M. Li
et al., 2020). A significant positive relationship between Fluoride and
NO_3 in the Q; indicates possible human influence on groundwater
chemistry.

The study area lies in the central area of the Songnen plain, and
groundwater movement is very slow. Consequently, fluoride in
groundwater is believed to be enriched by dissolution processes, cation
exchange, desorption, and groundwater evaporation. Since the phreatic
and confined aquifers in the study area originate from similar processes,
the higher fluoride concentration in the phreatic aquifer may be related
to its sediment composition and exposure to additional hydro-
geochemical processes like evaporation. Pang (1991) confirmed shallow
sediments to have the highest fluoride concentration in the study area.

4.6. Health risk assessment

The non-carcinogenic fluoride health risk through oral and dermal
pathways associated with using groundwater from the multi-layered
aquifer in the study area is summarized in Table 1. The total hazard
quotient (THQ) is in the order infant > children > adult. The trend is
similar to other parts of the world, including China (Emenike et al.,
2018; Guissouma et al., 2017; Rahman et al., 2020; Zhang et al., 2017).
Also, the hazard quotient due to the ingestion pathway (HQoq1) far ex-
ceeds that due to dermal contact (HQgermal), implying groundwater
ingestion is the most critical means of fluoride exposure in the study
area.

The THQ for infants, children and adults in N aquifer ranges from
0.8788 to 1.4907 (mean 1.1795), 0.5438-0.9225 (mean 0.7299) and
0.1971-0.3343 (mean 0.2645) respectively. No health risk occurs for
children and adults due to groundwater from this aquifer. However,
83.33% of infants are at risk. For the Q; aquifer, THQ ranges from
0.5492 to 6.4651 (mean 2.2158), 0.3399-4.008 (mean 1.3712), and
0.1232-1.4498 (mean 0.4969) corresponding to infants, children, and
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Table 1
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Summary of computed fluoride hazard quotients through oral and ingestion pathways in the multi-aquifer layers in the study area.

Aquifer Statistical Hazard quotient (oral pathway) Hazard quotient (dermal Total hazard quotient
parameter pathway)
Infant Children Adult Infant Children  Adult Infant Children Adult
Tertiary Confined Aquifer (n = 6)" Min 0.8742 0.5405 0.1947 0.0046  0.0033 0.0023  0.8788 0.5438 0.1971
Mean 1.1734 0.7255 0.2614 0.0062  0.0044 0.0031 1.1795 0.7299 0.2645
Median 1.1942 0.7384 0.2660 0.0063 0.0044 0.0032 1.2004 0.7429 0.2692
Max 1.4829 0.9170 0.3304 0.0078  0.0055 0.0039  1.4907 0.9225 0.3343
No. HQ > 1 (% > 5 (83.33) nil nil nil nil nil 5 (83.33) nil nil
1
Quaternary Confined Aquifer Min 0.5464 0.3378 0.1217 0.0029  0.0020 0.0014  0.5492 0.3399 0.1232
(n = 44)" Mean 2.2042 1.3630 0.4911 0.0116  0.0082 0.0058  2.2158 1.3712 0.4969
Median 1.8264 1.1293 0.4069 0.0096  0.0068 0.0048  1.8360 1.1361 0.4117
Max 6.4313 3.9768 1.4328 0.0338 0.0240 0.0170 6.4651 4.0008 1.4498
No. HQ > 1 (% > 33 23 4(9.09) nil nil nil 33 23 4 (9.09)
1" (75.00) (52.27) (75.00) (52.27)
Quaternary Phreatic Aquifer (2001) Min 0.3590 0.2220 0.0800 0.0019 0.0013 0.0010 0.3609 0.2233 0.0809
(n = 47)" Mean 3.1692 1.9597 0.7060 0.0167  0.0118 0.0084  3.1858 1.9715 0.7144
Median 2.8878 1.7857 0.6434 0.0152  0.0108 0.0077  2.9030 1.7965 0.6510
Max 8.4762 5.2413 1.8883 0.0445  0.0316 0.0225  8.5208 5.2729 1.9108
No. HQ > 1 (% > 34 30 10 nil nil nil 34 30 10
1° (72.34) (63.83) (21.28) (72.34) (63.83) (21.28)
Quaternary Phreatic Aquifer (2017) Min 0.5151 0.3185 0.1148 0.0027  0.0019 0.0014  0.5178 0.3205 0.1161
(n=27)" Mean 3.9162 2.4216 0.8724 0.0206 0.0146 0.0104 3.9368 2.4362 0.8828
Median 3.7932 2.3456 0.8451 0.0199  0.0141 0.0101  3.8132 2.3597 0.8551
Max 12.4724 7.7124 2.7786 0.0655  0.0465 0.033 12.5379 7.7588 2.8116
No. HQ > 1 (% > 16 15 6 (22.22) nil nil nil 16 15 6 (22.22)
1)° (59.26) (55.56) (59.26) (55.56)

@ Means the number of samples.
b

adults, respectively. 75% of infants, 23% of children, and 9.09% of
adults using groundwater from this aquifer are exposed to fluoride risk.
A perusal of the spatial distribution THQ due to water from this aquifer
reveals wells in the northern portion of the study area are safer than
those in the south (Fig. 6a—c).

In the Q3 aquifer in the year 2001, THQ ranges from 0.3609 to
8.5208 (mean 3.1858) in infants, 0.2233-5.2729 (mean 1.9715) in
children, and 0.0809-1.9108 (mean 0.7144) in adults. The results
indicate that 72% of infants, 63% of children, and 21.28% of adults are
liable to non-carcinogenic health risks using water from the aquifer. The
data displays a spatial increase in health risk from north to south
(Fig. 6d—f). In 2017, THQ for infants, children and adults respectively
ranges from 0.5178 to 12.5379 (mean 3.93), 0.3205-7.7588 (mean
2.4362) and 0.1161-2.8116 (mean 0.8828). Conversely, using water
from this aquifer in 2017 exposes 59% of infants, 55.56% of children,
and 22.22% of adults to health risks. Although the percentage exposure
to fluoride risk in the Qs aquifer shows a marginal decrease between
2001 and 2017 as has been observed elsewhere in China (Y. Li et al.,
2019), the mean THQ of the respective aquifer layers is of the order
Q3(2017) > Q3 (2001) > Q1 > N. Thus, though deeper confined aquifers
N and Q; have better groundwater quality compared to the phreatic
aquifer in the study area, there is still considerable non-carcinogenic
health risk such as dental fluorosis, skeletal fluorosis, crippling fluo-
rosis and detrimental effects on the kidneys associated the use (Deme-
lash et al., 2019; Dharmaratne, 2019; Dissanayake and Chandrajith,
2019; Malago, 2017).

5. Conclusion

The groundwater fluoride hydrochemistry of multiple aquifer layers
was studied to determine the non-carcinogenic health risks associated
with groundwater from the respective layers. The following conclusions
were drawn:

1. Groundwater pH in the area was slightly alkaline, ranging from 7.40
in Q3 (2017) to 8.45 in N. The dominant water type was
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means the number of samples with Health Quotient > 1 (percentage of samples with Health Quotient > 1).

Na+K-HCO3+COs in all aquifers except Q;, where Ca+Mg — HCO3
CO3 water facies was marginally dominant.

2. Fluoride concentrations below and/or above the recommended
guideline occurred in all the aquifers except N, where concentrations
were optimum in all samples analyzed. The mean fluoride concen-
tration of groundwater in the aquifers was of the order Q3 (2017) >
Q3 (2001) > Q> N with 51.85%, 57.44%, 36.36% and 0% occurring
below/above recommended guideline values respectively.

3. Silicate weathering, cation exchange, and fluorite dissolution
determined fluoride concentration in groundwater. Evaporation
contributed to fluoride concentration in the Qs aquifer by forming
MgF+ complexes in Q; and Q3 (2017), respectively.

4. Computed THQ from both oral and dermal pathways show risks of
the order infant > children > adult. The associated risks liable from
using water in the respective aquifer layers is of the order Qs (2017)
> Q3 (2001) > Q1> N.

5. The mean groundwater fluoride in 2017 was marginally higher than
that of 2001 (2.09>2.03 mg/L respectively), although the percent-
age of age group members disposed to fluoride risk from using water
from Q3 decreased from 2001 to 2017.

Though the deeper confined aquifers are better quality than the
phreatic aquifers in fluoride pollution, considerable health risk still ex-
ists in using some deep confined aquifers like Q;. Therefore knowledge
of local hydrogeology in exploiting deep groundwater free of fluoride
pollution and on-site defluoridation treatment of groundwater is rec-
ommended for the study area and other areas with similar
characteristics.
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Fig. 6. Symbol map showing the spatial distribution of total hazard quotient (THQ) of (a) infants in Q, (b) children in Q;, (c) adults in Q;, (d) infants in Q3 (2001),
(e) children in Q3 (2001), (f) adults in Q3 (2001), (g) infants in Q3 (2017), (h) children in Q3 (2001), (i) adults in Q3 (2017).
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