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Abstract Climatic condition, geology, and geochemical pro-
cesses in an area play a major role on groundwater quality.
Impact of these on the fluoride content of groundwater was
studied in three regions—part of Nalgonda district in
Telangana, Pambar River basin, and Vaniyar River basin in
Tamil Nadu, southern India, which experience semi-arid cli-
mate and are predominantly made of Precambrian rocks. High
concentration of fluoride in groundwater above 4 mg/l was
recorded in these areas. Human exposure dose for fluoride
through groundwater was higher in Nalgonda than the other
areas. With evaporation and rainfall being one of the major
contributors for high fluoride apart from the weathering of
fluorine-rich minerals from rocks, the effect of increase in
groundwater level on fluoride concentration was studied.
This study reveals that groundwater in shallow environment
of all three regions shows dilution effect due to rainfall re-
charge. Suitable managed aquifer recharge (MAR) methods
can be adopted to dilute the fluoride-rich groundwater in such
regions which is explained with two case studies. However, in
deep groundwater, increase in fluoride concentration with in-
crease in groundwater level due to leaching of fluoride-rich
salts from the unsaturated zone was observed. Occurrence of
fluoride above 1.5 mg/l was more in areas in deeper ground-
water environment. Hence, practicing MAR in these regions
will increase the fluoride content in groundwater and so
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physical or chemical treatment has to be adopted. This study
brought out the fact that MAR cannot be practiced in all re-
gions for dilution of ions in groundwater and that it is essential
to analyze the fluctuation in groundwater level and the fluo-
ride content before suggesting it as a suitable solution. Also,
this study emphasizes that long-term monitoring of these fac-
tors is an important criterion for choosing the recharge areas.

Keywords Hard rock terrain - Shallow water table - Granitic
gneiss - MAR - Check dam - Recharge well - India

Introduction

Chemical composition of groundwater changes due to various
processes including evaporation, weathering of rocks, and
dissolution of minerals from the aquifer matrix. Weathering
of rocks by hydrolysis increases the weakness of the mineral
structure and the ionic bonding in them. This in turn increases
the chance for leaching and replacement of ions between min-
erals and groundwater. These processes enhance the ionic
concentration in groundwater. As the circulation of ground-
water is less due to non-uniform rainfall pattern in the semi-
arid regions, the contact time between the aquifer material and
the groundwater will be more which in turn increases the
release of ions from the rocks into the groundwater. As the
availability of surface water resources is limited in arid and
semi-arid regions of southern India, the population living in
rural areas with no piped water supply relies on use of ground-
water for drinking purposes. Long-term use of such water for
drinking purpose leads to health problems. Fluoride is one
such ion which is essential for good teeth and bones but at
the same time if its concentration is below or above the desir-
able range of 0.6 to 1.5 mg/1 (BIS 2012) in drinking water, it
affects human health. Prolonged consumption of water with
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fluoride below 0.6 mg/l increases the chance for tooth decay
but above 1.5 mg/l causes dental fluorosis, a disturbance of
dental enamel and drinking water containing >3 mg/l leads to
skeletal fluorosis. Fluoride is generally released to groundwa-
ter from aquifer material having minerals such as sellaite,
fluorite, cryolite, fluorapatite, apatite, topaz, fluormica, biotite,
epidote, amphibole, pegmatite, mica, clays, villuanite, phos-
phorite, etc. (Matthess 1982; Pickering 1985; Hem 1986;
Handa 1988; Haidouti 1991; Gaumat et al. 1992; Gaciri and
Davies 1993; Datta et al. 1996; Apambire et al. 1997; Kundu
et al. 2001; Ayoob and Gupta 2006; Mohapatra et al. 2009;
Kim et al. 2011).

Fluoride-rich groundwater is a major problem in many
countries such as China, Japan, Sri Lanka, Iran, Pakistan,
Turkey, Algeria, Mexico, Korea, Italy, Brazil, Malawi,
Jordan, Ethiopia, Canada, Norway, Ghana, Kenya, and the
USA (Brindha and Elango 2011; Ayoob and Gupta 2006;
Fawell et al. 2006) apart from India. It can be commonly
quoted that high evaporation and low rainfall regions in the
arid to semi-arid parts of the world with aquifer formation
containing fluorine are at a risk of elevated fluoride in ground-
water. North western and southern parts of India are more
prone to fluoride contamination due to various geochemical
processes. Among the states in southern India, Telangana (for-
merly a part of Andhra Pradesh), Karnataka, and Tamil Nadu
are holding higher fluoride bearing groundwater (Brunt et al.
2004). Because of fluoride prevalence in these southern states,
several studies have been conducted by Mamatha and Rao
(2010), Kantharaja et al. (2012), Tirumalesh et al. (2007) in
Karnataka, Reddy et al. (2010), Brindha and Elango (2013),
Mondal et al. (2009)) in Andhra Pradesh, and Karthikeyan
et al. (2010), Viswanathan et al. (2009), Kalpana and Elango
(2013), Jagadeshan and Elango (2012) in Tamil Nadu.

Mitigation of this problem is a major issue. Treatment of
water to remove fluoride is available, but at a cost. In countries
like India, people cannot afford to treat the water in spite of the
availability of cost-effective treatment methods. Furthermore,
the treatment methods have many limitations as it depends on
the initial concentration of water to be treated, occurrence and
removal of co-contaminants along with fluoride, disposal of
sludge generated while treatment, etc. Hence, rather than
treating the groundwater after pumping, the rainfall recharge
can be increased and the quality of groundwater can be im-
proved by dilution. Increase in recharge has been adopted
through managed aquifer recharge (MAR) methods such as
check dams (Bhagavan and Raghu 2005) and percolation
ponds (Pettenati et al. 2014) in regions with high fluoride
groundwater. Reactive transport modeling carried out by
Pettenati et al. (2014) showed the beneficial effect of percola-
tion tanks on fluoride in groundwater during the monsoon,
whereas fluoride increased in groundwater during dry period
because of evaporation. So, it is possible that the effect of
these recharge methods may be variable and not always
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beneficial. Increase in fluoride concentration in groundwater
at two locations has also been reported after the construction
of check dams (Bhagavan and Raghu 2005). Thus, there are
some contradicting findings on the applicability of MAR for
in situ mitigation of high fluoride problem.

Earlier study by Brindha et al. (2011) indicated the classi-
fication for wells into two types based on the fluctuation in
groundwater level and fluoride concentration. It is necessary
to carry out long-term studies similar to this to identify areas
where MAR can be adopted through check dams, recharge
wells, infiltration ponds, and other recharge structures to en-
sure positive benefit. In this study, we have attempted to un-
derstand this long-term variation in groundwater level fluctu-
ation and fluoride concentration so as to identify locations
suitable for MAR for groundwater augmentation and im-
provement in groundwater quality by dilution. For this study,
three regions falling in two administrative states of southern
India, having different geological and climatic conditions as
well as where groundwater is the primary source for drinking
purposes were chosen. Objective of this study is to understand
the temporal variation in groundwater level and fluoride con-
centration in three fluoride-rich groundwater regions of south-
ern India along with assessing the effect of MAR as a mitiga-
tion measure.

Study area

Three regions in south India were considered in this study—a
part of Nalgonda district in Telangana state and two regions in
Tamil Nadu forming parts of the Pambar River basin and
Vaniyar river basin (Fig. 1). In common, these places experi-
ence arid to semi-arid climate. Rivers in the study areas form
dendritic to sub-dendritic drainage pattern and are seasonal
with water flowing only during the monsoon. Therefore,
groundwater forms major source for drinking and agricultural
purposes in these areas. Groundwater occurs in the weathered
and fractured parts under unconfined conditions. Agriculture
in these areas is mainly depended on groundwater apart from
the limited surface water source.

Nalgonda district

Study area in Nalgonda district is located about 80 km ESE of
Hyderabad (Fig. 1), the capital of the state of Telangana and
covers an area of about 724 km?. This area is drained by
Gudipalli Vagu River partly in the north, Pedda Vagu River
in the south, and Nagarjuna Sagar reservoir in the southeast.
Summer prevails mostly from March to May (30 to 46.5 °C)
and winters from November to January (17 to 38 °C). Rainfall
occurs during June to September contributed by the SW mon-
soon to about 600 mm/year. Topographically, the area is slop-
ing toward SE with elevation ranging from 360 to 150 m
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Indian Ocean

Fig. 1 Location of study areas

above mean sea level (amsl). This area is made of late Archean
to early Proterozoic granites and granitic gneiss basement with
intrusions of dolerite dykes and quartz veins. This is overlaid
by Eparchean unconformity and is followed by Srisailam for-
mation of Cuddapah supergroup which comprises of quartzite,
shale, and limestone (Fig. 2).

Pambar river basin

This area (about 600 km?) is situated in the northeastern part
of Tamil Nadu (Fig. 1), located at 180 km SW of Chennai, the
capital of the state of Tamil Nadu. The Pambar River basin
drains a part of Vellore and Krishnagiri districts of Tamil
Nadu. This river forms one of the northern tributaries of
Ponnaiyar River and confluences with the main river through
N-S trending Thurinjalar fault. This area experiences hot cli-
mate from March to June with temperature around 38 °C, and
in winter between December and February the temperature is
around 19 °C. Though SW (June to September) as well as NE
(October to December) monsoon brings rain in this area, most
of it is contributed by SW monsoon. Annual rainfall ranges
from 750 to 900 mm. Elevation in this area varies from
1200 m amsl in the north to about 340 m amsl in the south.
The basin is made of Archaen gneissic and charnockitic base-
ment (Rao and Narayana 1988) with igneous intrusions of
Proterozoic age. The intrusions are dolerite dykes,

TELANGANA

Nalgonda

ANDHRA PRADESH

‘ Pambar

-
Vaniyar
TAMIL NADU

BRATIAN RN BAY OF BENGAL

INDIAN OCEAN

pyroxenites, syenites, and carbonatites (Fig. 2). Among these,
Yelagiri syenite and Sevvatur and Samapaltti carbonatite are
of geologic significance in Tamil Nadu.

Vaniyar river basin

Located in the south of Pambar river basin in the Dharmapuri
district (Fig. 1), it forms one of the southern tributaries of
Ponnaiyar River. It joins the main river along the Thurinjalar
fault similar to the Pambar River basin. This study region
covers 255 km?® and experiences similar climatic conditions
as that of the Pambar River basin with rainfall mostly during
the SW monsoon ranging from 760 to 910 mm annually.
Topographically, this area gently slopes toward the east.
South and western parts of this area are mountainous.
Archean gneisses and charnockites intruded with dolerite
dykes (Fig. 2) of Proterozoic age are predominant in this area.

Methodology

Groundwater sampling was carried out once in 2 months from
January 2009 to January 2010 in Nalgonda district, Telangana
and from April 2011 to April 2012 in the two regions located
in Tamil Nadu. Forty-five representative wells were chosen in
Nalgonda, 37 in Pambar, and 44 in Vaniyar (Fig. 2).
Polyethylene bottles (500 ml) were used to collect
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Fig. 2 Geology and location of monitoring wells in a Nalgonda, b Pambar, and ¢ Vaniyar

groundwater samples. These bottles were washed in distilled
water and rinsed with the sample before collecting the sample.
Samples were collected from both open wells and bore wells.
Water level indicator (Solinst 101) was used to measure the
groundwater level in open wells and the samples from these
wells were collected 30 cm below the water level using a
depth sampler. For bore wells, water was pumped for about
10 min allowing sufficient time to collect the formation water.
Electrical conductivity (EC in puS/cm) and pH were deter-
mined using portable meters. These meters were calibrated
with 4.01, 7, and 10.01 buffer solution for pH and 84 and
1413 pS/cm conductivity solution for EC. Alkalinity of the
groundwater samples was determined in the field by titration
with diluted sulphuric acid (APHA 1998). Collected samples
were filtered in the laboratory with a 0.2-pm filter paper, and
the analysis for major and minor ions was done by Metrohm
861 advanced compact ion chromatograph. Recommended
standards and blanks were run as per standard procedures to
ensure accuracy in analysis. The ion balance error calculated
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was within +5 %. However, this paper concentrates mainly on
the fluoride dynamics in the groundwater samples. Total dis-
solved solids (TDS) in the groundwater samples were calcu-
lated from the EC, i.e., TDS=EC X 0.64 (Lloyd and
Heathcote 1985).

Health risk of the individuals exposed to fluoride-rich
groundwater which is mainly used for drinking purposes
was ascertained by calculating the exposure dose. Fluoride
exposure dose is calculated for infants, children, and adults
based on the following generic equation,

C x WI

Exposure dose =
BW

Wherein C is the fluoride concentration (mg/l), WI is the
water intake (I/d), and BW is the body weight (kg). It was
assumed that the exposure is chronic and the concentration
of fluoride assessed in groundwater is the total bioavailability
of fluoride in water (Viswanathan et al. 2009; Ortiz et al.
1998). It was also assumed that the people rely only on
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251  groundwater as their drinking water source. But in reality, itis  regions makes its suitable for irrigation rather than for drinking
252 possible that packaged drinking water might be used in the  use.
253  semi-urban and urban areas. This is, however, mostly for
254  drinking only and gr.oundwater pumped. from private bf)re pH and alkalinity
255  wells located mostly in every household is used for cooking
256  purpose. Wa‘Fer intake differs in 1nd1V1$1uals of different age— Analysis of groundwater shows that most of the samples are
257 250 ml for infants, 1.5 l/day for children, and 3 1/day for X . .. .
. . , alkaline with pH above 7. Alkalinity of groundwater is con-
258  adults. For infants, usually the water is boiled and used for S
.. . . . . . trolled by its bicarbonate content (Arya et al. 2011), and
259  mixing with milk formulas, and the risk of increase in the o . . . .
. . . . titration-based analysis resulted in varying range of bicarbonate
260  fluoride concentration due to evaporation was considered. . o
. . . in groundwater. Among them, groundwater of Pambar basin is
261  Assuming as an extreme case that groundwater is used for this . . .
. X . more alkaline with pH up to 9.5 and mean bicarbonate of
262  purpose, the concentration of fluoride was doubled (Grimaldo
. . . 323.8 mg/l (Table 1). However, groundwater of Nalgonda and
263 etal. 1995). Body weight for infants (0 to 6 months), children, . . . .
964 d adult dered as 6. 20. and 70 k fivel Vaniyar basin has comparatively less pH which ranges from 6.1
and adults were considerec as b, 21, an & fespectively: to 9.3 and 6.1 to 8.5, respectively. Bicarbonate levels in
Nalgonda and Vaniyar were also lower than in Pambar with an
average concentration of 288.3 and 280.3 mg/l, respectively.
265  Results and discussion
Fluorid
266 A total of 484 groundwater samples from Nalgonda, 193 from uoride
;2; Panllbarziand 255 samples from Vaniyar were collected and Health impact of fluoride is both due to its low and high
anatyzed. concentration through intake. Hence, the permissible limit
for fluoride in drinking water proposed by WHO (1993) and
269 EC and TDS BIS (2012) is between 0.6 and 1.5 mg/l. Table 1 gives the
fluoride content measured in groundwater of this area during
270 General quality of water can be determined from EC. Table 1 the sampling period. High concentration of fluoride greater
271 lists the minimum, maximum, and average of EC and TDS in  than 4 mg/l was recorded in all the three regions. Figure 3
272 groundwater of the three focal regions. Recorded average values ~ shows the number of samples with varying in fluoride content
273 of EC show that Pambar and Vaniyar are similar and are com-  in the three areas for the total sampling period. Fluoride defi-
274  paratively higher than Nalgonda. Classification of groundwater ~ ciency may cause dental carries (<0.6 mg/l); fluoride between
275  samples based on EC and TDS values (Table 2) imply that most 0.5 and 1.5 mg/I is optimum for dental health and hence ben-
276 of'the groundwater samples in Nalgonda were fresh with respect  eficial, dental fluorosis may be caused while fluoride intake
277 to TDS (<1000 mg/l). More than 50 % of the samples were  ranges between 1.5 and 4 mg/l which is designated in the low
278  brackish in Pambar and Vaniyar regions. This shows that the  risk zone, 4 to 10 mg/I causes dental and skeletal fluorosis, and
279  occurrence of groundwater with high ionic concentration is very ~ fluoride intake above 10 mg/l results in crippling skeletal fluo-
280  common in Pambar followed by Vaniyar river basin and then  rosis (Dissanayake 1991). These risk classification for fluoride
281  Nalgonda. Based on the suitability of groundwater for drinking  is given by different authors, and the groundwater in these
282  purpose (Table 2), Nalgonda region was highly desirable. High ~ areas were classified based on Maithani et al. (1998)
283  concentration of ions in groundwater of Pambar and Vaniyar  (Fig. 3). Fluorosis may not only be caused due to intake of
tl.1 Table1 Statistical details of various parameters in groundwater
t1.2  Parameter Nalgonda Pambar Vaniyar
t1.3 Min Max Average Min Max Average Min Max Average
t1.4  Groundwater level (m bgl) 0 14.6 4.04 1.8 19.2 9.05 5 27 13.9
t1.5  EC (uS/cm) 144 5030 1008 150 6000 1928.5 366 4129 1763.2
t1.6  TDS (mg/l) 92.2 3219.2 645.1 96 3840 1234.2 234.2 2642.6 1128.4
t1.7 pH 6.1 9.3 - 9.5 - 6.1 8.5 -
t1.8  Carbonate (mg/l) 0 0 0 60 8.4 0 78 8.1
t1.9  Bicarbonate (mg/l) 68 592.8 288.3 42.7 671 323.8 72.5 576.9 280.3
t1.10 Fluoride (mg/1) 0.1 8.8 13 0.1 43 13 0.2 6.9 22
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Table 2  Classification of groundwater based on TDS

TDS (mg/l) Water type/usability Percentage of samples Reference
Nalgonda Pambar Vaniyar
<1000 Fresh 94.7 39.9 47.8 Freeze and Cherry (1979)
1000-10,000 Brackish 53 60.1 522
10,000-100,000 Saline 0.0 0.0 0.0
>1,00,000 Brine 0.0 0.0 0.0
<500 Desirable for drinking 32.6 5.7 10.8 Davis and DeWiest (1966)
500-1000 Permissible for drinking 62.2 342 36.9
1000-3000 Useful for irrigation 44 59.1 522
>3000 Unfit for drinking and irrigation 0.8 1.0 0.0

fluoride-rich drinking water but also due to other diet habits.
Fluoride was deficient, i.e., <0.6 mg/l in 20 % of groundwater
in Nalgonda and 18.6 and 7.4 % in Pambar and Vaniyar River
basins, respectively. Nearly 35 % of the groundwater samples
had fluoride above 1.5 mg/l in Nalgonda and Pambar regions,
whereas in Vaniyar, high fluoride content was recorded in
65 % of the region. Figure 4 gives the exposure dose for
fluoride through groundwater used as drinking. Nalgonda
has the highest exposure dose followed by Vaniyar and
Pambar regions. As a representation, spatial distribution of
the fluoride content in groundwater of the three sites is shown
for one sampling period in Fig. 5. In general, the spatial var-
iation in fluoride concentration of groundwater did not follow
any systematic pattern (Fig. 5).

Sources of fluoride

Fluoride in groundwater of all three areas is of geological
origin attributed to rock-water interaction and weathering of
minerals. Though the rocks differ in these geographically dis-
tinct locations, these rocks possess minerals rich in fluorine

that attribute to the fluoride content in groundwater.
Groundwater occurring in some granitic regions is commonly
affected by high fluoride in groundwater (Brindha et al. 2011;
Brindha and Elango 2013; Reddy et al. 2010; Deshmukh et al.
1995; Kim and Jeong 2005). Nalgonda district comprises
mainly of weathered and fractured granite and granitic
gneisses which are widely known for their high fluoride con-
tents than any part of the world (Rao et al. 1993). These rocks
contain fluorine-rich minerals such as fluorite, biotite, and
hornblende (Brindha et al. 2011; Brindha 2012; Brindha and
Elango 2013) and the weathering of these rocks leads to re-
lease of fluoride into groundwater. Carbonatite complex of
Pambar basin is also rich in fluoride. Carbonatite intrusions
consisting of fluorite and fluorapatite, epidote hornblende bi-
otite gneiss consisting of biotite and hornblende and
charnockites have high fluoride. Vaniyar basin with
Archaean gneisses, charnockites with dolerite dyke intrusions,
and epidote hornblende gneiss also contain fluoride-bearing
minerals. Weathering and release of fluoride from these rocks
leads to fluoride-rich groundwater in these areas (Jagadeshan
et al. 2015a, b).

Fig. 3 Groundwater samples in 354
different frequency of fluoride
concentration and its risk (after 3() “€—>r&BeneficiaF>r —Harmful >
Maithani et al. 1998) = 1 : -
2 i Low risk : High risk Very high
£ 254 ¢& i : : risk
= a 1 1
g H : 1
2 9 i i
b 1 1
s ; ;
LY 1 1
o0 1 1
g 15 4 ' 1% Nalgonda
L} 1
g H 'm Pambar
R B
1
1
5
0 -

@ Springer

1.5 2 2.5 3
Fluoride (mg/1)

3.5 4 4.5 5 >5

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357



AUTHOR'S PROOF!

358

359
360

Environ Sci Pollut Res

JmlID 11356_ArtID 6069_Proof# 1 - 13/01/2016

Fig. 4 Fluoride exposure dose to 0.80 -
humans in various regions . |
0.60 1
0.50 -
0.40 1

0.30 1

Exposure dose (mg/kg/d)

0.20 1

0.10 +

oon k4

© Minimum
B Maximum

Average

| 1]

-, ) S S

Infants Children Adults Infants Children Adults Infants Children Adults

Nalgonda

Geochemical processes

Generally, high fluoride concentration is present in Na-HCO4
groundwater which is deficient in calcium (Apambire et al.

Pambar Vaniyar

1997; Chae et al. 2007; Raju et al. 2012). Though this is
widely accepted, mixed groundwater types have also been
reported (Coetsiers et al. 2008; Davraz et al. 2008; Rafique
etal. 2009) similar to the varied hydrochemical facies found in
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Fig. 5 Spatial distribution of fluoride concentration in the three study areas
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these three regions. Ca-HCOs3, mixed Ca-Mg-Cl, and mixed
Ca-Na-HCOj; were the major groundwater type in Nalgonda
region. Weathering and dissolution of silicate minerals were
responsible for the concentration of cations, i.c., calcium,
magnesium, sodium, and potassium (Rajesh et al. 2012) in
addition to the ion exchange processes that involve the absorp-
tion of calcium and magnesium by clay minerals and subse-
quent release of sodium into groundwater. In Pambar region,
groundwater type was in the order of mixed Ca-Na-HCO3,
Ca-HCO3;, Na-Cl, and mixed Ca-Mg-Cl. Ion exchange and
evaporation were the main geochemical processes leading to
these ions in groundwater (Kalpana 2014). Major groundwa-
ter type in Vaniyar basin was Na-Cl and mixed Ca-Mg-Cl
where high sodium and low calcium contents in Vaniyar basin
may be due to ion exchange (Jagadeshan et al. 2015b).
Though most regions of Nalgonda and Pambar had high bi-
carbonate waters, contribution from chloride was also
witnessed in some locations.

High TDS in groundwater can also enhance the ionic
strength and lead to increase in fluoride solubility in ground-
water (Rafique et al. 2009; Sreedevi et al. 2006; Rao 2003). A
plot of fluoride and TDS of the samples in the three study
areas in Fig. 6a—c shows that in Vaniyar basin increase in the
fluoride concentration with increase in TDS is significant. In
Nalgonda and Pambar regions, the relationship is not very

prominent. High TDS can be attributed to higher intensity of
weathering in Vaniyar basin compared to the other areas.
These regions being located in arid to semi-arid zones expe-
rience high temperature leading to larger evaporation of water
which too leads to high TDS. Contribution of evaporation
process and weathering of rocks for high TDS is also evident
from the Gibbs diagram for mechanisms controlling ground-
water chemistry (Gibbs 1970) (Fig. 7).

Fluoride also depends on the alkalinity as alkaline ground-
water is more vulnerable for fluoride leaching from the rocks in
the aquifer matrix. Hence, mostly high fluoride occurs in
groundwater rich in bicarbonate (Madhnure et al. 2007; Raju
et al. 2012; He et al. 2013). Plot of fluoride against bicarbonate
shows an increasing trend (Fig. 6d—f). Thus, fluoride varies
directly with alkalinity, but inversely with hardness (Rao et al.
1993), i.e., fluoride will increase with increase in the ratio of
(HCO; + CO3)/(Ca + Mg). Groundwater samples were divided
into two groups based on the fluoride concentration being less
than or greater than 2 mg/1 in groundwater and the percentage of
the water samples falling in the two groups were plotted against
different range of ratio obtained from a sum of the concentration
of carbonates and bicarbonates divided by the sum of the con-
centration of calcium and magnesium (Fig. 8). It is seen that as
the range of this ratio increases, the number of samples having
higher fluoride concentration also increases. This has also been
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Fig. 6 Concentration of fluoride in groundwater versus a—¢ TDS, d—f bicarbonate. and g—i well depth
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Fig. 7 Geochemical processes in 10000 10000
the study areas o el Evaporation
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g Rock water g
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1 r r 1 T T
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reported by Rao et al. (1993) while the similar trend was also 415
60 1 Nalgonda ® Fluoride <2 mg/l observed by Brindha et al. (2011) for fluoride in groundwater 416
50 4 Fluoride >2 mg/l ranging above and below 1 mg/l. Thus, it is evident in all three 417
regions that the fluoride in groundwater increases with increase 418
& 401 in carbonate and bicarbonate and decreases with increase in 419
§ 30 calcium and magnesium. 420
E 20 o
Temporal variation in groundwater level and fluoride 421
10 4
0 - . i ] I ) Intensity of weathering varies in the different areas and so also 422
<2 2.1t03 31to4 >4.1 the depth of open dug wells. Maximum depth of open wells in 423
[CO,+ HCO,]/[Ca + Mg] Nalgonda and Pambar sub basin is about 20 m, whereas in the 424
Vaniyar sub basin, it is more than 27 m. Depth of the wells 425
50 1 Pambar play an important role in increasing the fluoride concentration 426
45 1 in the extracted groundwater as reported by many researchers 427
. :‘5} (Rafique et al. 2009; He et al. 2013; Jagadeshan et al. 2015a). 428
g’ 30 - Wells with greater depth have groundwater with relatively 429
3 25 4 high concentrations of fluoride (Fig. 6g—i) due to longer resi- 430
g 20 dence time and interaction with the fractured and weathered 431
15 1 fluorine bearing rocks. In Nalgonda, wells deeper than 11 m 432
10+ bgl had comparatively higher fluoride than the shallow wells 433
(5) (Fig. 6g) (Brindha and Elango 2013). Likewise, in Vaniyar 434
2.1t03 3.1to4 region, wells with depth greater than 30 m bgl have more 435
[CO,+ HCO,] /[Ca + Mg] fluoride (Fig. 6h) (Jagadeshan et al. 2015a). Though a similar 436
evident relation is not clearly observed in Pambar, dug wellsat 437
80 - Vaniyar a minimum depth of 7 m bgl and bore wells deeper the 25 m 438
70 A has records of fluoride greater than 2 mg/I (Fig. 6i). 439
60 - Groundwater level varied spatially and temporally during 440
g 50 A the study which is given in Table 1. Even though these loca- 441
g 40 4 tions are characterized by different rock types, the annual 442
S 30 rainfall is similar and the maximum depth to groundwater 443
= 20 l l level was high in Vaniyar region and less in Nalgonda. 444
10+ L L Fluctuation in groundwater level and the fluoride concentra- 445
g tion was studied by plotting graphs for all the dug wells that 446
2.1t03 31tod were sampled and monitored. Since the depth to groundwater 447
[CO,+ HCO,]/[Ca + Mg] in bore wells of all three regions were not measured, they were 448
) exempted from this exercise. The rise or fall in fluoride con- 449

Fig. 8 Ratio of carbonates and hardness versus percentage of  centration with that of groundwater level was analyzed. Also, 450
groundwater samples with fluoride above and below 2 mg/l the positive or negative trend of groundwater fluctuation with 451
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fluoride was compared with the different range of fluoride
concentration. This study on temporal variation in fluoride
concentration and groundwater level resulted in classification
of wells into two types in all the three regions. In wells clas-
sified as type I, the groundwater level rise is associated with
fall in fluoride concentration and vice versa. But in the case of
wells classified as type II, the increase in groundwater level
increases the fluoride concentration and vice versa. It was
observed that the groundwater fluctuate in the upper part of
the formation in type I, whereas in the wells grouped as type
I, groundwater fluctuates at a comparatively greater depth.
Analysis based on fluoride in groundwater samples of wells
showing type I and Il relation with groundwater level is shown
for few sampling locations in Figs. 9 and 10. However, this
classification based on the groundwater fluctuation in shallow
and deep conditions varied at different depths for the three
regions. Fluctuation in water levels up to 5 m bgl in
Nalgonda (Brindha et al. 2011), up to 10 m bgl in Pambar,
and up to 15 m bgl in Vaniyar represented the type I relation-
ship. This variation is due to the local meteorological and
hydrogeological conditions apart from the withdrawal of wa-
ter by the people for various uses. Average groundwater levels
recorded in these regions vary from 4, 9, and 14 m bgl for
Nalgonda, Pambar, and Vaniyar, respectively (Table 1). As
groundwater in these locations occur at shallow depth during
rainfall recharge, dilution of groundwater results in decrease
in the concentration of fluoride (Brindha et.al 2011) with in-
crease in groundwater levels. Rise in fluoride concentration
with decrease in groundwater level is attributed by direct
evaporation from the open wells which are usually of large
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diameter (Brindha et al. 2011). Further during the lowering of
groundwater level, abstraction and lateral flow lead to release
of more fluorine from the comparatively fresher rocks at the
bottom. In wells classified as type II, the groundwater level
fluctuation is mostly below 5, 10, and 15 m bgl in Nalgonda,
Pambar, and Vaniyar basins, respectively. As groundwater oc-
curs comparatively at greater depth, percolation of rainwater
leaches the salt deposited due to evaporation in the soil layer
to the groundwater (Brindha et.al 2011). This flushing of salts
with the infiltrating rainwater and also the rock-water interac-
tion occurring at greater depths raise the fluoride concentra-
tion in groundwater along with the rise in water table. A sche-
matic diagram of the type I and II relations between ground-
water level and fluoride concentration is shown in Fig. 11.
Number of dug wells showing type I and II variations are
given in Fig. 12a. In Nalgonda, more wells show type II con-
dition where the leaching of salts from the unsaturated zone
increase the fluoride content with raise in groundwater level.
But in Pambar and Vaniyar regions, the effect of evaporation
in increasing the fluoride concentration in the shallow ground-
water and subsequent reduction by dilution effect (type I) was
observed in more wells (Fig. 12b). Overall, the number of
samples containing fluoride concentration above 1.5 mg/l
was more in type Il wells compared to the wells with type I
relationship. It was observed that mostly the fluoride concen-
tration is within the maximum permissible limit of 1.5 mg/l
(BIS 2012) in wells where groundwater level fluctuates at
shallow depths (type I). However, in the case of Vaniyar area,
the fluoride concentration higher than 1.5 mg/l falls under
both types (Fig. 12b). High intensity of weathering and
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Fig. 9 Temporal variation in groundwater level and fluoride concentration (type I) in well with shallow water level fluctuation
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Fig. 10 Temporal variation in groundwater level and fluoride concentration (type II) in well with deep water level fluctuation

fracturing of rocks in Vaniyar region compared to the other
regions has resulted into release of higher amount of fluoride
into groundwater which was also evident from the TDS and
bicarbonate contents (Fig. 6a—f).

MAR as a mitigation measure

Fluoride removal methods may be expensive and time
consuming and might concentrate on the removal of one or
few ions only. MAR is widely proposed as a suitable option to
dilute the concentration of ions in groundwater and minimize
the health effects due to consumption. Rao et al. (1992) and
Rao and Tucker (1996) reported that the wells located down-
stream of surface water bodies such as tanks in parts of
Nalgonda district had lower fluoride content in groundwater
due to dilution by increased recharge. Similar results were
observed by Andrade (2012) where a check dam and a perco-
lation tank installed in a micro-watershed in Nalgonda district
reduced fluoride from ~2 to 0.9 mg/l. In Anantapur district,

Andhra Pradesh, impact of check dams on diluting fluoride-
rich groundwater showed success rate at 58.6 % while two
samples showed higher fluoride concentration after the con-
struction of check dam indicating a negative impact. But these
studies did not look into the temporal relation between
groundwater level and fluoride concentration such as the pres-
ent study. Having studied the relationship between fluoride
and groundwater level fluctuation in three different areas,
the increase in groundwater level by MAR is expected to
reduce the fluoride concentration by dilution and make the
groundwater potable especially in case of wells where water
level fluctuates in shallow depth, i.e., type I wells. In the case
of type II wells, if MAR is adopted, this might increase the
concentration of fluoride up to a certain extent after which
dilution may occur only in the event of long spells of rains
during monsoon.

MAR as a measure of mitigation by a check dam and a dug
well recharge system was assessed as a part of this study. Effect
of dilution by MAR was verified by field observations in and
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Fig. 12 a Wells classified into two types based on fluoride and
groundwater fluctuation; b fluoride concentrations in different ranges in
type I and II wells

around a type I well of Pambar area where a check dam was
constructed. A monitoring well located near the check dam in
the western course of the Pambar River showed type I relation,
i.e., dilution of fluoride concentration due to rise in groundwa-
ter level. As the well was near the check dam, the groundwater
level was always shallow. Average groundwater level was at
4 m bgl and the fluoride concentration was in the range of 1.09
to 1.5 mg/l. Observed fluctuation of fluoride with groundwater
level in the well is shown in Fig. 13a. Even though the rocks of
this region are known for high fluoride content which is the
source of fluoride in groundwater, the fluoride in this well is
less due to dilution compared to those located farther for the
check dam. Water in the well was potable with respect to fluo-
ride content as the concentration did not exceed the maximum
permissible limit of 1.5 mg/l. Variation in the concentration of
fluoride and groundwater level in wells located on both banks
of river and near the check dam is shown in Fig. 13b which
establishes the reduction fluoride concentration in groundwater
due to the MAR structure.

As a pilot experiment, a recharge well was constructed in the
Vaniyar river basin of Dharmapuri district. A monitoring well
close to the newly constructed recharge well was observed reg-
ularly for groundwater level and fluoride concentration which
improved after installing the recharge structure (Fig. 14a). Water
table raised from 14.5 to 9.1 m bgl, EC decreased from 1342 to
945 uS/cm, and fluoride reduced from 3.1 to 1.4 mg/l, i.e.,
within the permissible drinking water limits. This induced re-
charge benefited an area of about 1 km? (Fig. 14b) and sets as an
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Fig. 13 a Temporal variation in groundwater level and fluoride
concentration in the monitoring well located near the check dam; b
groundwater level and fluoride concentration in wells on both banks of
the river at different distances from the check dam

example for using low-cost recharge structures to decrease fluo-
ride in groundwater of affected areas.

Though these studies indicate the positive impact of MAR
on mitigating fluoride in groundwater by dilution, this de-
pends entirely on the quantity of rainfall that might be able
to capture through MAR structures. With high evaporation in
these arid to semi-arid regions, the increase in fluoride during
the dry season is possible. It is thus highlighted that recharge
can help to dilute the water and minimize fluoride pollution
only in certain cases. Also, a systematic, long-term monitoring
of water table and fluoride as carried out in the present study is
essential to understand the processes and identify the relation
between them to determine the possibilities for treatment. This
exercise will help in the decision-making to adopt MAR and
also help to identify suitable recharge areas for the MAR
structures. In contrast to the general recommendation of arti-
ficial recharge structures in regions with greater depth to
groundwater table, this study recommends such structures in
areas of shallow water table which will result in improvement
in groundwater quality with respect to fluoride.

Conclusion

This study aims to understand the variation in groundwater
chemistry based on fluoride, the important health affecting ion
with respect to the groundwater level fluctuation. Fluoride
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contamination in groundwater of three areas in south India
located in arid to semi-arid regions with high temperature
and rainfall with similar drainage and distinct geological fea-
tures was studied. Geological units of these areas contain
fluoride-bearing minerals such as fluorite, fluorapatite, biotite,
and hornblende. Maximum concentration of fluoride above
4 mg/1 was recorded in all three regions. Fluoride concentra-
tion was above the maximum permissible limit of 1.5 mg/l in
36, 37, and 65 % of the groundwater samples in Nalgonda,
Pambar, and Vaniyar regions, respectively. Fluoride exposure
dose to humans was highest in Nalgonda followed by Vaniyar
and Pambar regions. TDS levels recorded shows that the
groundwater in these areas vary from fresh to brackish and
are mostly alkaline with high pH and bicarbonate content.
Correlation between fluoride and TDS as well as bicarbonate
content in groundwater of these regions suggest that geochem-
ical processes such as rock-water interaction and weathering
attribute to high fluoride in groundwater. High pH, carbonates,
and low hardness in groundwater lead to fluoride leaching
from the inherent rocks and increase the concentration of fluo-
ride. Study of groundwater level and fluoride fluctuation
shows that most of the wells with shallow groundwater have
comparatively less fluoride than wells with deep groundwater
environment. However, the depth of groundwater level fluc-
tuation of shallow wells differed in the three areas which was
up to 5 m bgl in Nalgonda, 10 m bgl in Pambar, and 15 m bgl
in Vaniyar. In wells where groundwater fluctuation is in shal-
low zone, it is associated with fall in fluoride concentration,
whereas in deeper cases where the fluctuation is more in the
weathered zone, the increase in groundwater level increases
the fluoride concentration and the other way round. As

Distance (m)

dilution occurs in the former case, the artificial recharge is
suggested in shallow water table regions to decrease the fluo-
ride concentration. It is crucial not to adopt MAR in areas
where groundwater fluctuation is in the deeper levels as it
might increase the fluoride concentration. Hence, a study of
this nature is essential before deciding on the type of treatment
or mitigation method to be adopted. The analysis of mixing of
surface water and groundwater studied in a location in the
Pambar River basin around a check dam shows the reduction
in fluoride concentration by MAR. Similar results were ob-
served around a recharge well constructed specifically to de-
crease fluoride concentration in Vaniyar River basin. These
studies evidences that the recharge of groundwater by MAR
will improve the quality of groundwater.
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