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Abstract
In the present study, identification of groundwater zones that are affected by anthropogenic contaminants based on litho-
hydrogeological parameters has been attempted using multi-criteria decision analysis–analytical hierarchy process (MCDA–
AHP) technique in an agriculturally intensive Arang block of Raipur district, Chhattisgarh, Central India. Litho-hydroge-
ological factors, such as geological and aquifer characteristics, land use–land cover, depth to water table, soil type, rainfall 
distribution, slope, geomorphological features, drainage density, elevation and lineament density parameters are considered 
for the delineation of anthropogenic contamination zones based on an integrated index model in Arc-GIS. Various input 
layers were assigned weights and then weight normalization process was adopted using Saaty’s AHP method to develop 
the integrated potential anthropogenic contamination zone (PACZ) map, based on the relative importance of anthropogenic 
contamination of groundwater. According to the proposed model majority of the study area falls under precarious zone, 
though certain areas fall under safe zone. In course of time, without proper planning the area could turn out to be moderately 
unsafe to unsafe zone. The PACZ map was validated with the fluoride concentration in groundwater as per National Rural 
Drinking Water Programme (NRDWP) report along with the measured nitrate concentration values. Model accuracy was 
achieved by agreement of about 82% of the fluoride values and 94% of the nitrate values with the proposed output map. 
Further validation of the model with fluoride and nitrate data was performed using computing similarity analysis with Pear-
son’s correlation coefficient which suggests anomalously higher concentrations of fluoride and nitrate ion concentration in 
certain areas of Arang block, which could be emanated from non-point anthropogenic sources. Additionally, Gibbs’s plot and 
saturation indices of fluorite and calcite suggest that groundwater chemistry is primarily controlled by aquifer lithological 
characteristics (rock–water interaction) and diffused anthropogenic contamination sources.
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Introduction

Groundwater is a valuable natural resource and its world-
wide availability is steadily and continuously depleting 
because of excessive utilization by human beings espe-
cially in certain water sensitive areas (Gleeson et al. 2012; 
Singh et al. 2018). Nowadays, deterioration in groundwater 
quality is an imminent concerns across the globe (Singh 
et al. 2017a, b) especially the toxic trace elements includ-
ing fluoride and nitrate ion contamination of groundwater. 
Fluoride and nitrate ions in groundwater are found in vary-
ing concentrations, i.e., ranging from low to high which 
is well reported from literature. Consumption of fluoride 
concentration in certain proportion is vital for humans that 
prevent tooth decay and thereby making the tooth more 
acid resistant. However, when consumed in exceeding pre-
scribed limits (> 1.5 mg/L), resulting major health hazards 
such as dental fluorosis, skeletal fluorosis, and deforma-
tion of bones in children and adults (Amalraj and Pius 
2013; Olaka et al. 2016). At a global scale, fluoride con-
tamination in groundwater is widely encountered in China, 
Ethiopia, India, Iran, Jordan, Kenya, Nigeria, Pakistan, 
Sri Lanka, Sudan, Syria and western Brazil (Craig et al. 
2015; Kumar et al. 2017). Moreover, fluoride concentra-
tion has been notified as a main concern of groundwater 
contaminant by the United States Environmental Protec-
tion Agency (USEPA).

Globally, various researchers also have reported inci-
dence of nitrate concentration within groundwater in 
Australia, Canada, India, Iran, Morocco, Northern China, 
Turkey, USA, etc. (Foster and Chilton 2003; Zhou 2015; 
Fienen and Arshad 2016; Ward et al. 2018). The permis-
sible limit of nitrate concentration as restricted by the 
Bureau of Indian Standards (BIS 2012) and USEPA 2006 
is 45 mg/L. The consumption of nitrate above permissi-
ble limit (> 45 mg/L) in drinking water cause methemo-
globinemia for children especially below 6 months of age 
(Fan and Steinberg 1996; Alabdula’aly et al. 2010; Singha 
et al. 2017) and also various stomach and gastrointesti-
nal health problems such as cancer and tumors (Khandare 
2013; Khan and Jhariya 2017), headache, breathing trou-
ble, multiple sclerosis and thyroid problems (Gatseva and 
Argirova 2008; Ahada and Suthar 2018). In India, a total 
of 11 states covering 95 districts are affected by consum-
ing groundwater with nitrate concentration exceeding the 
prescribed limit (Kumar and Shah 2006). The occurrence 
of groundwater anthropogenic contamination due to fluo-
ride and nitrate content in various parts of Chhattisgarh 
was also reported (GWYB 2016; Yadav et al. 2016; Khan 
and Jhariya 2017).

Fluoride contamination in groundwater can be from 
both geogenic and anthropogenic sources. Among the 

geogenic sources, most common type of fluoride-bearing 
minerals are fluorite, apatite, biotite, and muscovite which 
are responsible for releasing fluoride in the groundwater 
system (Edmunds and Smedley 2013). Similarly, anthro-
pogenic sources include the use of phosphate fertilizers in 
agricultural fields, pesticides, industrial chemical spills, 
burning of coal for brick kilns (Jha et al. 2011), over-
extraction of groundwater, deforestation (Roy and Dass 
2013; Ramteke et al. 2018) and seepage in septic tanks 
(Jordan and Smith 2005). Elevated nitrate concentration in 
groundwater is rarely contributed by the geogenic sources 
and mainly caused due to the contact of soil media with 
waste disposed water and the application of nitrate fer-
tilizer in agricultural fields. Application of nitrogenous 
fertilizer, manure, animal farming and well soil drainage 
system are the major factors for leaching of nitrate from 
surface to the groundwater storage (Srivastava and Ram-
anathan 2018; Ducci 2018). Various litho-hydrogeological 
factors such as geology, soil, water table depth, geomor-
phology, elevation, faults or lineaments, land use–land 
cover, rainfall, aquifer, slope, drainage density, etc., play 
important role in groundwater system. Earlier workers 
have reported various groundwater management studies 
based on different hydrogeological factors with geographi-
cal information system (GIS)-based models. Using multi-
criteria decision analysis–analytical hierarchy process 
(MCDA–AHP) technique, various studies such as deline-
ation of groundwater potential zones (Pinto et al. 2015; 
Panahi et al. 2017; Akinlalu et al. 2017), identification of 
site selection for artificial recharge (Mehrabi et al. 2013; 
Al-shabeeb 2016; Kazakis 2018), groundwater vulnerabil-
ity assessment (Sener and Davraz 2013; Wu et al. 2016; 
Xiaoyu et al. 2018) have been carried out considering dif-
ferent hydrogeological inputs. Till date, very few stud-
ies with limited litho-hydrogeological factors have been 
employed for AHP-based GIS model in the field of anthro-
pogenic contamination zone mapping. Based on literature 
review, it is clear that identification of groundwater anthro-
pogenic contamination areas has been reported either by 
groundwater hydro-geochemical studies or by consider-
ing hydrogeological factors alone. Therefore, the present 
study adds an approach for groundwater potential anthro-
pogenic contamination (PACZ) zonation mapping using 
litho-hydrogeological parameters with GIS-based AHP 
method and identifying the actual source of anthropogenic 
contamination in groundwater through hydro-geochemical 
analysis as such studies are very limited and needs to be 
looked into carefully.

The present study demonstrates the GIS-based 
MCDA–AHP approach for a better understanding on the 
leading factors contributing to groundwater fluoride and 
nitrate contamination zones in Arang block of Raipur dis-
trict, Chhattisgarh, India. The principal objectives of this 
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study include (1) identification and selection of the most 
controlling geological, hydrogeological and hydromete-
orological factors that are causing groundwater anthro-
pogenic contamination. (2) Developing a litho-hydrogeo-
logical-based model by including the selected fluoride and 
nitrate controlling and contributing factors thereby assign-
ing weights and ratings based on their relative importance 
using GIS-based AHP approach. (3) Mapping of potential 
anthropogenic contamination zones of the study area. (4) 
Identification of actual significant source of groundwater 
anthropogenic contamination by hydrochemical analy-
sis. (5) Accuracy performance of the proposed model by 
superimposition of fluoride and nitrate points over the 
final PACZ map. (6) Similarity analysis between fluoride, 
nitrate concentration values and respective PACZ indices. 
(7) Finally, comparison analysis between fluoride and 
nitrate concentration with land use patterns.

Study area

Arang block is located in the eastern stretch of Raipur dis-
trict, Chhattisgarh, India, and is one of the largest, fairly 
composed and compact shaped blocks which extends an 
area of 905.79 km2 comprising 168 villages and 104 gram 
panchayats (village councils). The present study area is geo-
graphically bounded by latitudes 21°27′20″ N and 21°4′37″ 
N and longitudes 81°42′58″ E and 81°11′49″ E (Fig. 1), cov-
ered in the Survey of India toposheet No. 64 G. Mahanadi 
River is the major perennial river flowing over quartzite ter-
rain, from South-east to North-east. Rocks mainly consist 
of limestone, shale, dolomite and sandstone belonging to 
Chhattisgarh Supergroup of Proterozoic age. Groundwater 
occurs in phreatic condition in the weathered mantle of these 
rocks, which extends up to a depth of 25 mbgl (meter below 
ground level). The caverns formed in limestone and dolo-
mites holds good amount of ground water which are lim-
ited mostly to around 80 m. Limestone and dolomite form 

Fig. 1   Geographical location map of the study area
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the main aquifer system in the area. Charmuria limestone 
(yield ranges 0.5–7 lps) and Gunderdehi shale (yield ranges 
0.1–3 lps) are not very good yielding. Gunderdehi Forma-
tion in the study area behaves as aquiclude and thickness 
ranges from 60 to 120 m. Cavernous limestone of Chandi 
Formation forms the good aquifer (yield ranges 0.5–14 lps) 
in the district. The transmissivity of this formation varies 
1–440 m2/day. Potential zones for Charmuria limestone, 
Chandi Formation and Gunderdehi Formation encountered 
from 25 to 85 mbgl, 17–172 mbgl and 21–66 mbgl, respec-
tively. The alluvium blanket along the major rivers also form 
good repository of ground water (maximum yield 10 lps) 
comprise mainly gravel, coarser to medium sand and silt. 
The thickness of the alluvium deposits in the region varies 
from 10 to 20 m. The depth of water level as recorded in the 
year 2012 in the pre-monsoon period is 13.6 m and in post-
monsoon period is 2.83 m (DSR 2016). Geologically, the 
study area is characterized by rocks belonging to Proterozoic 
age, limestone and dolomite being the dominant rocks fol-
lowed by laterite and soils ranging age between sub-recent 
to recent formations. Ultisols and vertisols are the two major 
soil groups found in Arang block. Paddy is the major kharif 
crop cultivated with largest sown area (658.06 km2) followed 
by pulses and wheat in the entire study area (DSR 2016). 
Groundwater is the prime source for domestic purposes and 
nearly 75% of the rural population is totally dependent on 
groundwater. The stage of groundwater development esti-
mated in the year 2009 for the study area is 35.51% (CGWB 
2013). Climatically, the district experiences a tropical wet 
and dry climate and the temperature varies in between a 
maximum of 45 °C (May and June) to a minimum of 13 °C 
(December and January) annually. The normal annual rain-
fall in the district is 1319 mm and the average is 1323 mm 
as recorded in the year 2011 responsible mainly due to the 
South-west monsoon. Based on the collected data of last 
35 years, the average annual rainfall is 1260 mm in the study 
area.

Materials and methods

Data source and preparation of thematic maps

Geomorphology, soil and lithological (geology and aquifer 
media) data were obtained from Chhattisgarh Infotech Pro-
motion Society (CHIPS), Raipur. Hydrological data such 
as groundwater table (2017, pre-monsoon period) and rain-
fall (35 years) were collected from CGWB official website 
(http://cgwb.gov.in/GW-data-acces​s.html) and State Data 
Centre, Raipur, respectively. Lineament map was prepared 
using collected satellite images, digital elevation model 
(DEM) and aerial photographs from the official portal of 
Bhuvan (http://bhuva​n.nrsc.gov.in/) and National Remote 

Sensing Centre (NRSC). Slope map, elevation map and 
drainage density map were prepared from collected DEM 
with a resolution of 30 m from Bhuvan official portal. Land 
use–land cover map was prepared from the published map 
of the district survey report of the year 2016. Various water 
quality parameters (pH, EC, TA, TH, Ca2+, Mg2+, Na+, 
Fe2+, K+, HCO3, Clˉ, SO4

2ˉ, Fˉ, and SiO2) were obtained 
from CGWB year book 2016–2017, to study the ground-
water hydro-geochemistry of the Arang block. A total of 
11 groundwater with some fluoride concentration (obtained 
from contamination report of National Rural Drinking 
Water Programme, NRDWP, 2016–2017) and 55 locations 
of measured groundwater nitrate values were considered for 
model validation purpose. Groundwater nitrate concentra-
tions of 55 locations were measured during May 2019 by 
nitrate ion electrode method using ion meter (model 781 
of Metrohm made). All the thematic layers were initially 
prepared in the form of shape file (.shp) and later on con-
verted to raster format in Arc-GIS 10.3. The methodology 
undertaken for the study area is shown in Fig. 2.

Allocating weights and ranks to the thematic layers 
and respective subclasses

Relative information of various controlling factors

Usually superficial aquifers are permeable and unconfined 
in nature; thus are highly vulnerable to anthropogenic con-
tamination (Javadi et al. 2011a, b). The leaching of anthro-
pogenic contamination depends on the permeability of 
aquifer material. Quaternary alluvium (unconsolidated) 
is the composition of gravel, sand, silt and clay with high 
infiltration capacity which promotes leaching of anthropo-
genic contamination to the aquifer. The shallow lateritic 
formation is highly permeable in rainy season that makes 
shallow groundwater highly susceptible to surface contami-
nation (Bonsor et al. 2014). Similarly cavernous limestone 
of Chandi Formation and Charmuria Limestone (semi-
consolidated) bears high permeability and porosity, forms 
the potential aquifer in the study area as compared to the 
Gunderdehi shale Formation (CGWB 2011). Hence, lime-
stone aquifers are also susceptible to surface source con-
tamination in the region. Phosphatic fertilizers causes the 
major source of anthropogenic fluoride contamination in 
groundwater through leaching (Dartan and Taspinar 2017; 
Ramteke et al. 2018). Soil alkalization mainly occurs due 
to intensive agricultural practice with phosphatic fertilizer 
and organic manure which results in the availability of high 
fluoride concentration in the groundwater (Ayoob and Gupta 
2006). Significant positive correlation between application 
of phosphatic fertilizer and fluoride concentration and its 
subsequent leaching may also lead to high concentration 
of fluoride in groundwater (Kundu and Mandal 2009). The 

http://cgwb.gov.in/GW-data-access.html
http://bhuvan.nrsc.gov.in/
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water hardness level, pH and soil with the clayey material 
mainly govern the transportation as well as the transforma-
tion of fluoride in the soil. By displacing hydroxide from the 
clay surface, fluoride binds to clay particles (Meeussen et al. 
1996). Single superphosphate (SSP) which is well-known 
phosphatic fertilizer and the manufacture of this fertilizer 
involves the following equation:

After the reaction of mobilized fluoride with calcium it 
forms CaF2:

The further dissolution of fluorite (CaF2) in groundwater 
environment enhances the fluoride concentration. Normally, 
soluble fluoride content present in the phosphatic fertilizer 
is 60–250 mg/kg with the average content of 175 mg/kg 
(Farooqi et al. 2007).

Groundwater anthropogenic contamination depends on 
the soil texture, irrigation and amount of rainfall. Sandy 
soil is responsible for nitrate leaching as compared to 
the clay (Boumans et al. 2008) with higher the annual 
rainfall, higher is the nitrate leaching (Goolsby et  al. 

(1)
2Ca5(PO4)3(F) + 7H2SO4 → 3Ca(H2PO4)2 + 7CaSO4 + 2HF ↑

(2)Ca2+ + 2HF → CaF2 + 2H+

1997; Huang et al. 2017). The intensity of leaching is 
generally more in sandy type of soil under high irriga-
tion or high rainfall (Elfaki 2010). Extensive application 
of nitrogenous fertilizer especially urea (CH4N2O) for 
the high-yielding crops in agricultural field plays a vital 
role for elevated concentration of nitrate in groundwater. 
The occurrence of leached nitrate through urease which 
is very much common in clay particles, soil microbes and 
plant residues and is summarized in Eqs. 3 and 4:

The ammonium (NH4
+) further oxidized with the avail-

able oxygen in soil to form the NO2 and finally NO3:

Moreover, leaching of nitrate from the unsaturated 
deposits is very common as nitrate is negatively charged 
high soluble ion and results in higher mobility of nitrate 
into the aquifer (Vinod et al. 2015). Flat ground surface 
promotes to high infiltration because of its less drainage 
density which may lead to higher leaching of fluoride and 
nitrate in the subsurface water system.

(3)CH4N2O + 3H2O
urease
���������������������→ 2NH+

4
+ OH− + HCO−

3

(4)NH+

4
→ NO2 → NO3

Fig. 2   Flowchart of the methodology followed for the study area
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Assigning weights and ranks to the parameters

The litho-hydrogeological-based GIS model was devel-
oped by considering the parameters namely, geological 
and aquifer characteristics, land use–land cover, depth 
to water table, soil type, distribution of rainfall, geomor-
phology, drainage density, slope, elevation and lineament 
density. Each parameter was assigned weightage between 

1 and 10 and the subclasses of each parameter were fur-
ther assigned with rating according to their importance on 
nitrate and fluoride contamination. Ratings and weights 
were assigned based on the previously published docu-
ments, knowledge base information and conditions favora-
ble for anthropogenic groundwater contamination. The 
most significant parameter leading to higher anthropogenic 

Table 1   Normalized weight, ratings and areal extent of litho-hydrogeological parameters using AHP process

Parameter Classification Weight Normalized 
weight

Rating Area % Area

Geology and aquifer (G) Cavernous limestone of Chandi Formation 10 0.27 6 167.47 18.49
Gunderdehi shale Formation 4 311.33 34.37
Charmuria limestone Formation 7 337.67 37.28
Laterite (cenozoic) 9 53.39 5.90
Alluvium-(quaternary) 10 35.93 3.96

Land use–land cover (Lulc) Agricultural land 9 0.18 9 751.27 82.94
Built-up area (rural) 5 60.76 6.70
Built-up area (urban) 7 2.43 0.27
Waste land 1 36.66 4.05
Water body 2 54.67 6.04

Depth to water table (DWT) (m) < 4 8 0.12 8 361.69 39.93
4–8 6 538.30 59.43
> 8 4 5.80 0.64

Soil (S) Clayey loam 8 0.12 5 596.89 65.89
Clay 4 155.97 17.22
Sandy clay loam 6 104.88 11.58
Gravelly sand clay loam 7 33.94 3.75
Sandy loam 8 14.11 1.56

Rainfall (R) (mm/year) < 1200 7 0.10 5 235.52 26.00
1200–1300 6 384.98 42.50
> 1300 7 285.29 31.50

Geomorphology (GM) Pediment 6 0.06 6 391.57 43.22
Buried pediment 3 236.66 26.13
Flood plain 4 205.04 22.65
Valley fill 4 18.17 2.00
Alluvium plain complex 5 54.35 6.00

Drainage density (DD) (km/sq.km) 0–0.45 4 0.05 4 187.30 20.68
0.45–0.90 3 326.47 36.04
0.90–1.30 2 250.30 27.63
1.30–2.32 1 141.72 15.65

Slope (T) (degree) 0–4 4 0.06 4 855.64 94.46
4–10 2 48.61 5.37
> 10 1 1.54 0.17

Elevation (E) (m) 225–285 3 0.02 3 612.11 67.58
285–300 2 207.18 22.87
> 300 1 86.50 9.55

Lineament density (LD) (km/sq.km) 0.50–1.13 3 0.02 3 74.16 8.19
0.18–0.50 2 272.67 30.10
0–0.18 1 558.96 61.71
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pollution in groundwater was assigned higher ratings (10) 
and the least was assigned a rating of 1 (Table 1).

Normalization of weights using AHP method

MCDA techniques have been proved to be most efficient 
tools in providing solutions to the various water resource 
problems associated for its sustainable management for more 
than 20 years (Hatefi Ardakani and Ekhtesasi 2016; Jenifer 
and Jha 2017). AHP is one of the widely adopted methods 
of MCDA technique that helps in decision-making while 
selecting options for assigning appropriate weights and rates 
in a spatial domain in the model. AHP for the first time was 
introduced by Saaty (1980) for helping different resource 
managers dealing with various socio-economic decision-
making problems.

Thematic maps have been developed for all the ten 
parameters selected for the study and their relationships 
among each other has been derived using AHP method. 
AHP technique proves successful in the case, when param-
eters are independent and gives the impacts of distribu-
tion among the parameters/factors with ratio scale priority 

vectors for better judgment (Alonso and Lamata 2006; 
Jhariya et al. 2016). The application of AHP process basi-
cally involves three dominant steps: (1) disintegration, or 
construction of hierarchy; (2) data execution and collec-
tion to provide pair-wise comparison in hierarchy arrange-
ment; and (3) combination of priorities (Harker and Vargas 
1987). This method computes the normalized weights for 
each parameter by preparing a square matrix where all the 
parameters are compared with each other on the basis of 
their importance on the other parameter. To obtain this 
square matrix, a pair-wise comparison matrix was formed 
and the relative importance values were examined based 
on Satty’s 1–9 point scale (Table 2), where minimum 
point scale (1) and maximum point scale (9) reflects equal 
importance and extreme importance, respectively, between 
two thematic layers (Saaty 1980). The diagonal elements 
of the matrix show 1. The pair-wise comparison matrix 
(Table 3) constructed for the input layers is as follows:

The computed pair-wise comparison matrix (X = [rij]) 
is normalized by the following equation:

for all j = 1, 2, 3, 4,……, n, rij is the element of i row and j 
column of matrix.

The normalized weight (wi) is calculated utilizing Eq. 7 
and shown in Table 4:

(5)X =

⎛
⎜⎜⎜⎜⎝

r11 r12 … r1j
r21 r22 ⋯ r2j
⋮

ri1

⋮⋱

⋯

⋮

rij

⎞
⎟⎟⎟⎟⎠
.

(6)r∗
ij
=

rij∑n

i=1
rij

(7)wi =

∑n

j=1
r∗
ij

n
,

Table 2   Saaty’s 1–9 point intensity of relative importance scale

Source: Saaty (1980)

Scale Importance

1 Equal importance
3 Moderate importance of one over another
5 Strong importance
7 Very strong importance
9 Extreme importance
2, 4, 6, 8 Intermediate values between the two 

adjacent judgments
Reciprocals of the above 

nonzero numbers
Reciprocal for inverse comparison

Table 3   Pair-wise comparison 
matrix of key ten factors for 
AHP process

P1 geology and aquifer, P2 Lulc, P3 depth to water table, P4 soil, P5 rainfall, P6 geomorphology, P7 
drainage density, P8 slope, P9 elevation, P10 lineament density

Parameters P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

P1 1.00 2.00 3.00 3.00 4.00 5.00 5.00 5.00 6.00 6.00
P2 0.50 1.00 2.00 2.00 3.00 4.00 4.00 4.00 5.00 5.00
P3 0.33 0.50 1.00 1.00 2.00 2.00 3.00 3.00 4.00 4.00
P4 0.33 0.50 1.00 1.00 2.00 3.00 3.00 2.00 4.00 4.00
P5 0.25 0.33 0.50 0.50 1.00 3.00 3.00 3.00 4.00 4.00
P6 0.20 0.25 0.50 0.33 0.33 1.00 2.00 2.00 3.00 3.00
P7 0.20 0.25 0.33 0.33 0.33 0.50 1.00 1.00 4.00 4.00
P8 0.20 0.25 0.33 0.50 0.33 0.50 1.00 1.00 4.00 4.00
P9 0.17 0.20 0.25 0.25 0.25 0.33 0.25 0.25 1.00 1.00
P10 0.17 0.20 0.25 0.25 0.25 0.33 0.25 0.25 1.00 1.00
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for all i = 1, 2, 3, 4,……, n.
The AHP method helps to decide and reduce the uncer-

tainty in judgments with the aid of principal eigen-value and 
the consistency index as proposed by Saaty (2004). Satty’s 
proposed index for computation of consistency is known as 
consistency index (CI) which is computed using Eq. 8:

where n = total number of parameters (10) and λmax = mean 
consistency eigenvector value.

Consistency ratio (CR) is determined which signifies the 
degree of consistency of pair-wise comparison matrix is 
obtained by Eq. 9:

where CI is the consistency index and RI is the random/ratio 
index. The respective RI values for different “n” parameters 
as proposed by Saaty (2007) are shown in Table 5. The CR 
value obtained was 5.5% which is less than 10%, thus jus-
tifying the consistency of the weights chosen (Saaty 1980).

Weighted overlay index technique (WOIT)

The widely adopted index overlay method was utilized by vari-
ous researchers in the area of groundwater investigation from 
different locations (Senanayake et al. 2016; Al-Abadi et al. 
2017; Singha et al. 2017). The rates and weights were multi-
plied for each factor and added together to produce potential 

(8)CI =
�max − n

n − 1
,

(9)CR =
CI

RI

anthropogenic contamination zone (PACZ). Hence, the PACZ 
for the study area was computed by the summation of the prod-
ucts of rating and weights of each factor by using Eq. 10:

where X and Y indicate the parameters and subscript r and w 
are the respective ratings assigned to parameter subclasses 
and weights to each parameter class.

Groundwater chemistry and governing process 
of the study area

Gibbs diagram

Gibbs plot (Gibbs 1970) is widely popular to distinguish the 
impact of three distinct fields of dominance which are mainly 
precipitation, rock–water and evaporation on groundwater 
chemistry. A total of 14 numbers of point location data from 
Central Groundwater Board’s yearbook (2016–2017) for 
Arang block, within the study area, were selected to construct 
the Gibbs’s plot. The ratio of Na+ to (Na+ + Ca2+) and Clˉ to 
(Clˉ + HCO3ˉ) and TDS as the components were used to con-
struct the Gibbs diagram. The TDS concentrations computed 
from the groundwater EC values using Eq. 11 as suggested by 
Rusydi (2018):

(10)PACZ =

n∑
1

(XrYw),

(11)TDS = 0.7 ∗ EC.

Table 4   Scores/weights of ten 
key parameters for AHP process

P1 geology and aquifer, P2 Lulc, P3 depth to water table, P4 soil, P5 rainfall, P6 geomorphology, P7 
drainage density, P8 slope, P9 elevation, P10 lineament density

Parameters P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Weights

P1 0.30 0.36 0.33 0.33 0.30 0.25 0.22 0.23 0.17 0.17 0.27
P2 0.15 0.18 0.22 0.22 0.22 0.20 0.18 0.19 0.14 0.14 0.18
P3 0.10 0.09 0.11 0.11 0.15 0.10 0.13 0.14 0.11 0.11 0.12
P4 0.10 0.09 0.11 0.11 0.15 0.15 0.13 0.09 0.11 0.11 0.12
P5 0.07 0.06 0.05 0.05 0.07 0.15 0.13 0.14 0.11 0.11 0.10
P6 0.06 0.05 0.05 0.04 0.02 0.05 0.09 0.09 0.08 0.08 0.06
P7 0.06 0.05 0.04 0.04 0.02 0.03 0.04 0.05 0.11 0.11 0.05
P8 0.06 0.05 0.04 0.05 0.02 0.03 0.04 0.05 0.11 0.11 0.06
P9 0.05 0.04 0.03 0.03 0.02 0.02 0.01 0.01 0.03 0.03 0.03
P10 0.05 0.04 0.03 0.03 0.02 0.02 0.01 0.01 0.03 0.03 0.03

Table 5   Saaty’s ratio index 
(RI) for various number of 
parameters (n)

Source: Saaty (2007)

n 1 2 3 4 5 6 7 8 9 10 11 12

RI 0 0 0.58 0.89 1.12 1.25 1.32 1.41 1.45 1.49 1.52 1.54
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Saturation index (SI)

Saturation index with respect to a mineral indicates the ther-
modynamic stability of groundwater (Chidambaram et al. 
2011). Groundwater chemical data (CGYB, 2016–17) of 14 
locations from various parts of Arang block were consid-
ered to compute the SI value of fluorite (CaF2) and calcite 
(CaCO3) using PHREEQC version 2 (Parkhurst and Appelo 
1999). The calculation of SI is based on the following equa-
tion (Appelo and Postma 2005):

where SI refers to the saturation index of minerals, IAP rep-
resents the ion activity product of the dissociated chemi-
cal species in solution and Ksp is the equilibrium solubility 
product. Finally, SI values of both the minerals were plotted 
for better visual interpretation of the groundwater chemistry 
the area.

Results and discussion

Lithological and hydrogeological factors

The occurrence of groundwater and its quality deteriora-
tion are related to geological and aquifer characteristics, 
land use–land cover, depth to water table, soil type, rain-
fall, geomorphology, drainage density, slope, elevation and 
lineament features of the region. The discharge of minerals 
from geological units into groundwater through rock–water 
interaction plays significant role resulting in changes in 
groundwater quality. The study area was categorized into 
five geological (G) subclasses: i.e., cavernous limestone of 
Chandi Formation, Charmuria limestone Formation, Gun-
derdehi shale Formation, Laterite (Cenozoic), and Quater-
nary (alluvium) extending over an area of about 167.44 km2, 
311.08 km2, 338.27 km2, 35.51 km2, and 53.49 km2, respec-
tively. Geology and aquifer map of Arang block is shown 
in Fig. 3a.

Groundwater infiltration rate in an area is also greatly 
influenced by land use–land cover (Lulc) patterns of the 
region which in turn may increase groundwater recharge or 
vice versa (Chaudhary and Kumar 2018). The whole study 
area was categorized into five land use–land cover patterns, 
namely agricultural land, built-up area (rural), built-up 
area (urban), wasteland and water body covering an area of 
751.27 km2, 60.76 km2, 2.43 km2, 36.66 km2 and 54.67 km2, 
respectively. Majority of the study area is surrounded by 
agricultural land (82.94%) which also may be attributed as 
one of the anthropogenic sources for discharging fluoride 
and nitrate through leaching from chemical fertilizers into 

(12)SI = log

(
IAP

KSP

)
,

the groundwater. The land use–land cover map of Arang 
block is shown in Fig. 3b.

The depth to water table (DWT) of a region depends on 
hydrogeological conditions of the area, topography, rain-
fall, soil type, etc. (Elewa and Qaddah, 2011). As shown 
in Fig. 3c, the groundwater table depth in the study area 
was classified into three subclasses viz., less than 4 m 
(361.69 km2) in central southern and a small patch in west-
ern portion, 4–8 m (538.30 km2) in majority portion of the 
study area and finally a small patch with more than 8 m 
(5.80 km2) in western part of Arang block is demarcated.

Soil type (S) of an area indicates the holding capacity 
of water and their permeability (Avtar et al. 2010) through 
which the contaminants can take longer time to travel and 
reach the groundwater. In the study area, clay soil and 
clayey loam occupies the major portion (155.97 km2 and 
596.89 km2), whereas gravelly sand clay loam covers an area 
of 33.9 km2, sandy clay loams covers an area of 104.88 km2 
and sandy loam extends over an area of 14.11 km2. The soil 
map of Arang block is shown in Fig. 3d.

Rainfall distribution (R), intensity and its duration in 
an area play a major role in infiltration. Higher the rainfall 
intensity shorter is the duration which indicates that higher 
surface runoff with less infiltration, whereas low intensity 
with longer duration reduces surface runoff and increases 
groundwater infiltration and (Ibrahim-Bathis and Ahmed 
2016) thereby contributing to rise of contamination rate in 
subsurface water. The distribution of rainfall in the study 
area was categorized into three subclasses: i.e., less than 
1200 mm is experienced in an area of 235.52 km2, an area 
of 384.98 km2 is experienced with 1200–1300 mm rainfall 
and more than 1300 mm rainfall is observed in 285.29 km2, 
respectively. The annual rainfall ranges from 1173 to 
1364 mm. The rainfall distribution map of Arang block is 
shown in Fig. 3e.

The geomorphic patterns (GM) of an area indicate infor-
mation related to groundwater conditions, its occurrence, 
different landforms (Nag and Kundu 2018), underlying 
geological units, structural fractures, etc., and therefore is 
selected as one of the significant parameters of ground-
water studies (Thapa et al. 2017). Geomorphologically, 
the study area is categorized into five subclasses, namely, 
pediment encompasses an area of 391.57 km2, buried pedi-
ment with an area of 236.66 km2, flood plain covers an area 
of 205.04 km2, valley fill covers an area of 18.17 km2 and 
alluvium plain complex covers an area of 54.35 km2. The 
geomorphology map of Arang block is shown in Fig. 3f.

Drainage density (DD) and permeability are conflicting 
in function to each other, higher drainage density indicates 
low permeability (Nag and Kundu 2018) thereby indicating 
a lower rate of contaminants to infiltrate and contrariwise. 
Drainage density was classified into four subclasses, i.e., 
very low (0–0.45 km/km2) accounts with 187.30 km2 area, 
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Fig. 3   Spatial distribution map of a geology and aquifer. b Land use–land cover. c Depth to water table. d Soil type. e Rainfall distribution. f 
Geomorphology. g Drainage density. h Slope. i Elevation. j Lineament density of the study area
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low (0.45–0.90 km/km2) with 326.47 km2, 250.30 km2 with 
moderate (0.90–1.30 km/km2) and high drainage density 
(1.30–2.32 km/km2) covers an area of 141.72 km2, respec-
tively, in the study area. The drainage density map of Arang 
block is shown in Fig. 3g.

The slope (T) of a region is one of the leading factors 
which influences groundwater recharge, i.e., a gentle slope 
will have low surface runoff thereby greater the rate of infil-
tration along with an increase in groundwater contamination 
and vice versa (Das et al. 2017). In the study area, the slope 
was grouped into three subclasses, i.e., low, moderate and 
high. A major portion of the study area with 855.64 km2 
falls within low slope area (0°–4°), moderate slope (4°–10°) 
covers 48.61 km2 and areas with higher slope (10°–37.9°) 
accounts for hardly 1.53 km2. The slope map of Arang block 
is shown in Fig. 3h.

Areas with lower elevation tend to increase groundwa-
ter recharge as the duration of water to retain on surface 

increases and vice versa (Thapa et al. 2017). Elevation (E) 
in the study area was categorized into three subclasses, i.e., 
612.11 km2 falls within 225–285 m elevation, 207.18 km2 
falls within 285–300 m elevation and 86.50 km2 falls under 
higher than 300 m elevation. The elevation map of Arang 
block is shown in Fig. 3i.

Lineament density (LD) in an area indirectly signifies a 
permeable zone, i.e., the presence of fractures/lineaments 
become a path for movement of groundwater (Murasingh 
and Jha 2013), moreover may increase the rate of ground-
water contamination. Lineament density in the study area 
was grouped in three subclasses, i.e., High fault density 
(0.50–1.13 km/km2) encompasses an area of 74.16 km2, 
moderate density (0.18–0.50) km/km2 covers an area of 
272.67 km2, low fault density (0–0.18 km/km2) extends an 
area of 558.96 km2. The lineament density map of Arang 
block is shown in Fig. 3j.

Fig. 3   (continued)
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Major ion chemistry and dominant 
hydro‑geochemical process

Groundwater quality statistics of the study area

The groundwater chemistry data of study area were obtained 
from Central Ground Water Year Book (CGYB) 2016–2017, 
CG, are shown in Table 6. It presents the overall general 
statistical characteristics of groundwater chemistry of the 
study area where the mean concentration of major ions in the 
study area follow the order of Na+ > Ca2+ > Mg2+ > K+ and 
HCO3ˉ > Clˉ > SO4

2ˉ > Fˉ, respectively, for cations and anions. 
High standard deviation of cations such as Ca2+ and Na+ and 
anions such as HCO3ˉ, Clˉ and SO4

2ˉ in groundwater, within 
the study area, indicates the higher degree of variability. The 
pH value indicates that groundwater in the Arang block is 
alkaline, ranges from 7.32 to 8.02. The minimum and maxi-
mum values of electrical conductivity (EC) and total alka-
linity (TA) vary from 276 to 1120 µS/cm and 80–365 mg/L, 
respectively. The overall total hardness (TH) in the study 
area varies from 20 to 295 mg/L. The Ca2+, Mg2+, Na+ and 
K+ concentrations range from 4 to 78 mg/L, 1.2–30 mg/L, 
6.7–253.5 mg/L and 0.3–31 mg/L, respectively. In the study 
area, HCO3ˉ and Clˉ content varies from 98 to 445 mg/L and 
14.2–156.2 mg/L, respectively. The SO4

2ˉ concentration is 
found in Arang block, ranges from 0.1 to 143.7 mg/L and Fˉ 
vary from 0.5 to 1.9 mg/L. The SiO2 and Fe2+ concentrations 
in groundwater of Arang block ranges from 5.7 to 25 mg/L 
and 0.023–18.3 mg/L, respectively.

Pearson correlation coefficient matrix was performed 
among the various constituents of groundwater of Arang 
block (Table 7). The correlation of Fˉ with Ca2+ and Mg2+ 
found from this matrix reflects a negative relationship, 
whereas there exists a significant positive correlation (> 0.6) 
of Fˉ with TA, HCO3ˉ, and Na+. Many researchers have also 
reported that Fˉ is inversely related to Ca2+ (Raj and Shaji 
2017; Kumar et al. 2018) and strongly related to alkalin-
ity (Reddy et al. 2010; Jabal et al. 2014). The relationship 
between Fˉ and Ca2+ is influenced by the overall ground-
water quality such as pH level and the ionic strength, which 
results in the different types of geochemical processes that 
can occur (Rafique et al. 2015). In order to trace the gov-
erning hydrochemical process dominating the groundwater 
chemistry of the study area analytical data of 14 locations 
in meq/L were imported into the Gibbs plot. The output 
of Gibbs plot (Fig. 4a, b) clearly indicates that, majority 
of points fall within the field rock-water dominance. This 
implies that the interaction of percolating water with the 
host rock/aquifer present in the area governs the composition 
of subsurface water and which in turn triggers to elevated 
concentrations of TA, HCO3ˉ and Na+ in groundwater of 
the study area, besides ion exchange process. Furthermore, 
Fig. 5 represents the SI values of fluorite and calcite in the 

study area. The plot shows that baring a sample, most of 
the samples fall in the calcite equilibrium zone and fluo-
rite under-saturation zone. Presence of dolomite and calcite 
minerals mainly controls the groundwater geochemistry of 
the study area. Groundwater in the study area is mostly in an 
equilibrium condition with respect to calcite, however, the 
dominance of Na+ over Ca2+ reported could be due to pre-
cipitation of calcite mineral at high pH conditions and cation 
exchange process (i.e., replacement of Ca2+ by Na+) in the 
groundwater. The SI value of fluoride clearly indicates the 
absence of fluoride-bearing minerals in the host rock of the 
study area (CGWB 2014) and also deduces adding fluoride 
into the groundwater system through anthropogenic activity.

Potential anthropogenic contamination zonation 
map (PACZ)

The potential anthropogenic contamination zone map is 
developed using Arc-GIS 10.3 software by integrating all 
the respective thematic layers through a weighted overlay 
index technique according to Eq. 13:

Here the uppercase letters represent each parameter/the-
matic layers and subscripts ‘r’ and ‘w’ represents ratings and 
weights assigned to respective layers.

The index values of PACZ map (Fig. 6a) varies from 
3.96 to 7.62 and the developed map was further classified 
into three subclasses using natural breaks process (Jenks), 
namely safe (3.96–5.62), moderate (5.62–6.14) and risk zone 

(13)

PACZ =

∑n

1
G

r
G

w
+ Lulc

r
Lulc

w
+ DWT

r
DWT

w
+ S

r
S
w
+ R

r
R
w

+ GM
r
GM

w
+ DD

r
DD

w
+ T

r
T
w
+ E

r
E
w
+ LD

r
LD

w

Table 6   Statistics of groundwater chemistry (n = 14 no. locations) of 
study area

Parameters Minimum Maximum Mean Median Standard 
deviation

pH 7.32 8.02 7.62 7.63 0.18
EC (µS/cm) 276.0 1120.0 645.0 691.0 211.3
TA (mg/L) 80.0 365.0 174.0 157.5 82.9
TH (mg/L) 20.0 295.0 167.0 167.5 84.0
Ca2+ (mg/L) 4.0 78.0 42.7 45.0 24.5
Mg2+ (mg/L) 1.2 30.0 14.4 12.0 9.8
Na+ (mg/L) 6.7 253.5 64.2 41.1 66.5
Fe2+ (mg/L) 0.0 18.3 4.0 0.3 7.0
K+ (mg/L) 0.3 31.0 4.8 1.7 8.2
HCO3ˉ (mg/L) 98.0 445.0 212.4 192.0 101.1
Clˉ (mg/L) 14.2 156.2 72.8 58.6 47.3
SO4

2ˉ (mg/L) 0.1 143.7 36.4 24.9 38.1
Fˉ (mg/L) 0.5 1.9 0.9 0.8 0.5
SiO2 (mg/L) 5.7 25.0 15.1 14.5 5.9
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(6.14–7.62), respectively. A major portion of the Arang block 
is occupied with moderate to unsafe contaminated zones with 
an area of 768.03 km2 (84.79% of the total area) whereas safe 
zones occupy an area of 137.76 km2 (15.21% of the total 
area). Unsafe zone is mainly observed in the western portion 
of the study area underlain by limestone aquifer of Chandi 
Formation and laterite aquifer whereas; it spreads over the 
Charmuria limestone and alluvium deposit in the south-east-
ern portion. Moreover, output map reveals that, the existence 
of favorable hydro-geomorphological condition such as pedi-
ment, buried pediment, flood plain, shallow water table depth 
(< 8 m) and relatively higher rainfall also contributing to the 
groundwater contamination. The existence of agricultural 

land and rural built-up area are the major land use patterns 
encountered in the unsafe zone. Agricultural activities in the 
study area may be one of the major anthropogenic sources 
contributing to high fluoride and nitrate contamination of 
groundwater. Presence of sandy loam, gravelly sand clay 
loam and sandy clay loam also promotes the leaching of sur-
face contamination to the groundwater storage. 

Validation of potential anthropogenic 
contamination zone map

Three methods are employed for validating the proposed 
potential anthropogenic contamination zone map, are as 
follows:

Overlying of nitrate and fluoride points

To check the accuracy and reliability of the final output 
map, initially the reported fluoride contaminated data (fluo-
ride concentration) obtained from NRDWP, Raipur was 
used. A total number of 11 groundwater fluoride affected 
wells are superimposed on the PACZ map (Fig. 6b) and a 
gross precision of 82% in agreement was achieved (Supple-
mentary Table 1). Similarly, 55 wells of measured nitrate 
concentration are layered on the PACZ map (Fig. 6b) which 
makes an agreement of 94% (Supplementary Table 2).

Similarity analysis for nitrate and fluoride concentrations 
with respect to PACZ indices

The similarity analysis has been carried out by perform-
ing the Pearson’s correlation analysis for both nitrate and 

Fig. 4   a Gibbs plot for cations. b Gibbs plot for anions

Fig. 5   Plot showing saturation indices of fluorite and calcite
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fluoride concentration with the potential anthropogenic 
contamination indices, which shows r = 0.62 and r = 0.67, 
respectively (Fig. 7a, b). Hence, nitrate and fluoride con-
centration data satisfactorily validate the PACZ map.

Comparison analysis of nitrate and fluoride concentrations 
with respect to land use patterns

Nitrate and fluoride concentration wells are further super-
imposed on the Lulc map of the study area (Fig. 8a) and it 
shows that all the fluoride contaminated wells fall in agri-
cultural land, whereas for nitrate concentration, out of 55 
wells location total 28 numbers of high nitrate contaminated 
wells are falling in agricultural land, 23 and 4 wells are 

concentrated in rural built-up area and waste land, respec-
tively. Furthermore, the mean nitrate concentrations in each 
land use pattern were computed and the mean nitrate con-
centrations follow a decreasing trend in the following man-
ner: i.e., agricultural land (mean NO3 = 75.4 mg/L) > rural 
built-up area (mean NO3 = 21.8 mg/L) > waste land (mean 
NO3 = 12.4 mg/L) (Fig. 8b). The model validation results 
obtained by three methods significantly justify the assigned 
weights and ratings to the various litho-hydrogeological 
inputs for developing the PACZ model. Therefore, results 
also support the employed MCDA-AHP technique for com-
puting the normalized weights for the model parameters.

Application of AHP in GIS-based model with various 
lithological and hydrogeological data can provide a very 

Fig. 6   a Potential anthropogenic contamination zone map of the study area. b Model validation—PACZ map with NRDWP reported data of 
fluoride concentration and measured data of nitrate concentration

Fig. 7   Correlation plot: a fluoride concentration with model indices, b nitrate concentration with model indices
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logical interpretation to groundwater anthropogenic con-
tamination. Various research works were carried out for 
delineating the anthropogenic potential zone using hydro-
geochemical datasets. However, very few studies have been 
conducted for the same purpose using different litho-hydro-
geological data. The present work focused on both litho-
hydrogeological and hydro-geochemical study for assessing 
the groundwater anthropogenic pollution in the study area. 
The final PACZ map helps to identify the areas of potential 
fluoride and nitrate contamination and the hydrochemical 
analysis highlights the significant reason behind the ground-
water anthropogenic contamination in the study area. Hence, 
the prepared final output map can aid planners, designers, 
engineers as well as the decision-makers of groundwater 
resource management for proper planning of preventive 
measures to reduce contamination and also for judicious 
use of the precious natural resource.

Conclusions

In the current research study, a GIS–AHP-based litho-
hydrogeological approach was developed for Arang Block, 
Raipur, Chhattisgarh, Central India. A total of ten litho-
hydrogeological parameters including geology and aquifer, 
Lulc, depth to water table, soil type, rainfall distribution, 
geomorphology, drainage density, slope, elevation and line-
ament density are considered for MCDA-AHP analysis. The 
key findings of the present study are presented below:

•	 Selected parameters were assigned weights based on their 
relative importance towards delineation of groundwater 
anthropogenic contamination zones. Weight normaliza-
tion using MCDA-AHP technique integrated with GIS 

platform was performed to obtain a more realistic output 
of the model.

•	 Proposed model output revealed that 768.06 km2 of the 
total area falls within the moderate to unsafe zone cat-
egory and rest 137.76 km2 comes under safe zone cat-
egory.

•	 Groundwater physico-chemical data for pH, EC, TA, 
TH, Ca2+, Mg2+, Na+, Fe2+, K+, HCO3ˉ, Clˉ, SO4

2ˉ, Fˉ, 
and SiO2 were selected to perform statistical analysis of 
groundwater geochemistry. The results of the statisti-
cal analysis show that mean pH level in the study area 
is alkaline in nature (7.62) and the presence of major 
cations and anions follow the mean increasing trend; 
K+ < Mg2+ < Ca2+ < Na+ and Fˉ < SO42ˉ < Clˉ < HCO3ˉ, 
respectively.

•	 Hydro-geochemistry of the groundwater represented 
by Gibbs’s plot shows that rock-water interaction influ-
ences the groundwater chemistry. Moreover, the SI value 
of the calcite mineral (i.e., SI = − 0.5 to 0.5) indicates 
the existence of equilibrium conditions that favored to 
deficit Ca2+ concentration in groundwater than the Na+, 
besides ion exchange process (i.e., replacement of Ca2+ 
by Na+). Whereas, the lack of fluoride-bearing minerals 
in the aquifer system is responsible for the undersaturated 
condition of fluorite. However, groundwater fluoride con-
tamination reported in the study area in a disseminated 
manner, is principally attributed to the non-point anthro-
pogenic sources.

•	 Finally, to check the reliability and accuracy of the pro-
posed model, NRDWP reported data of fluoride concen-
tration for 11 locations and measured nitrate concentra-
tion of 55 locations were superimposed over the resulted 
PACZ map, which satisfied 82% and 94% of the proposed 
model. In addition, Pearson’s correlation coefficient (r) 

Fig. 8   a Comparison of Lulc map with fluoride and nitrate concentration. b Box plot of mean nitrate concentration with land use pattern
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of 0.62 and 0.67 were achieved between fluoride and 
nitrate concentration with PACZ model indices. Hence, 
the results validate the model successfully.

•	 The proposed concept is implemented in the flat terrain 
of Raipur district where aquifers are contaminated by 
elevated fluoride (dispersed manner at places) and nitrate 
contents due to intensive agricultural practices. Anthro-
pogenic sources such as excessive use of phosphates and 
nitrogenous fertilizers in agricultural activities are sig-
nificantly contributing to fluoride and nitrate concentra-
tion in groundwater of the current study area, apart from 
that of emission of fluoride from small scale brick kiln 
units.
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