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ABSTRACT: An assessment of groundwater quality with special reference to fluoride (F)
contamination was carried out systematically on extensive basis using hydro-
geochemical and multivariate statistical approach to delineate the factors governing the
chemistry of groundwaters in Unnao district of Uttar Pradesh (India). The water samples
(n=84) were collected randomly at a random intersection of 2.6 km × 2.6 km of a square
grid from both shallow (n=42) and deep (n=42) hand-pumps from the study area. The
results revealed higher concentration of F in shallow hand-pumps which ranged
between 0.19 to 4.33 mg L-1. The F level in the shallow hand-pumps exceeded the
desirable limit of 1.0 mg L-1 in 28.57% of sampled water whereas it was only 7.14% in
case of deep hand-pumps. The hydro-geochemical analysis revealed that, besides pH,
weathering of silicates, carbonates, and ion exchange processes were responsible for
the geochemistry of the groundwater. The F had a significant positive correlation with
pH (r=+0.63, p<0.05) in shallow hand-pumps. The water type of majority of the samples
of groundwater was found to be Na-HCO3 type. The spatial distribution of F
concentration in deep hand-pumps was determined by geo-statistical method using
semi-variogram analysis and F map was generated by using Kriging. The inverse
distance weighting method was applied for mapping of F in shallow hand-pumps, where
no valid semi-variogram was obtained. The present study may be helpful for public
health departments for carrying out epidemiological surveillance to reduce the F
exposure risk in the delineated areas. 
Keywords: Assessment; Geochemical; Groundwater; Kriging; Multivariate; Spatial. 

INTRODUCTION

Fluoride (F) contamination in the groundwater is a worldwide health problem.1 In
India, out of 36 states and union territories, 23 including Andhra Pradesh, Arunachal
Pradesh, Assam, Bihar, Chhattisgarh, Delhi, Gujarat, Haryana, Jammu and Kashmir,
Jharkhand, Karnataka, Kerala, Madhya Pradesh, Maharashtra, Manipur, Odisha
(Orissa), Punjab, Rajasthan, Tamil Nadu, Telangana, Uttar Pradesh, Uttarakhand, and
West Bengal, have F beyond the maximum permissible limit of 1.0 or 1.5 ppm in
drinking groundwater due to presence of heavy deposition of F bearing minerals in
the earth crust.2,3 Prolonged exposure of such fluoridated water causes diverse health
problems (fluorosis) in both humans4-6 and domestic animals.7-10

In the state of Uttar Pradesh, F content with varying amount in the groundwater of
Indo-Gangetic plains has been reported.11-13 Although, in different regions of Unnao
district of this state a high content of F in groundwater has also been reported,14-16 no
systematic attempts have been made so far for characterization and mapping of F in
the district or identification of the factors responsible for high F occurrence in the
groundwater. Therefore, the present study was aimed to interpret groundwater quality
of both shallow and deep hand-pumps in Nawabganj block of Unnao district of Uttar
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Pradesh, India, with special reference to F using both hydro-geochemical and
multivariate analysis techniques and to determine the spatial distribution of F using
geo-statistical method. 

MATERIALS AND METHODS

The study area lies between 26º 32’ 33” N to 26o 41’ 42” N latitude and 80º 30’ 04”
E to 80º 48’18” E longitude in the Central Indo-Gangetic plains of Unnao district,
Uttar Pradesh, India which is a part of Ganga-Gomti drainage basin (Figure 1).

 Geologically, the area consists of quaternary sediments differentiated into older
alluvium of middle to late Pleistocene age.17 The water samples were collected from
the study area in fresh and clean 500 mL polypropylene bottles separately at a
random intersection of 2.6 km × 2.6 km of a square grid from both privately owned
shallow hand-pumps (25–35 feet) and India MK-II deep hand-pumps (>150 feet)
installed by Uttar Pradesh Jal Nigam, Government of Uttar Pradesh. The analysis of
F and other water quality parameters were carried out as per APHA methods.18 The
hydro-geochemical characterization of groundwater was carried out using trilinear
Piper diagram and 1:1 equiline scatter plots. The chemical data generated was
subjected to principal component analysis (PCA).19 The spatial distribution of F in
shallow and deep hand-pumps was determined by geo-statistical method using semi-

                    Figure 1. Map of study area showing location of sampling points.
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variogram analysis and Kriging.20 Where no valid variogram could be drawn, the
mapping was done using inverse distance weighting (IDW) method.21

RESULTS

The data showed that the pH value of shallow hand-pumps ranged from 7.39 to
8.97 with a mean of 7.96 (SD=0.38) whereas for deep hand-pumps it varied from
7.54 to 8.57 with a mean of 8.09 (Tables 1A and 1B). The dominance order of cations
in the shallow and deep hand-pumps was Na>Mg>Ca>K while anions followed
dominance as HCO3>SO4>Cl>CO3 in shallow and HCO3>Cl>CO3>SO4 in deep
hand-pumps. The F concentration in the shallow hand-pumps was found higher (0.19
to 4.33 mg/ L) than the deep hand-pumps (0.21 to 1.48 mg/L) where 28.57% of the
sampled water in shallow hand-pumps and 7.14% in deep hand-pumps were found to
be contaminated with F exceeding the desirable limit of 1.0 mg/L.3 The hydro-
chemical analysis using trilinear piper diagram showed Na-HCO3 type waters for
both shallow and deep hand-pumps. 

 

Table 1A. Classical statistics of water quality parameters of shallow 
hand-pumps in the study area (SAR= Sodium adsorption ratio) 

       
  Statistic Parameter 
       
 pH 

 
EC 

(dS/m) 
F 

(mg/L)
CO3 

(mg/L)
HCO3 
(mg/L) 

Cl 
(mg/L) 

       
Mean 7.96 1.09 0.94 1.35 4.51 2.61 
Median 7.91 1.00 0.63 1.10 4.30 1.75 
SD 0.38 0.55 0.81 0.91 1.34 3.26 
Minimum 7.39 0.38 0.19 0.00 2.10 0.30 
Maximum 8.97 2.84 4.33 4.60 7.90 16.20 
Lower quartile 7.65 0.75 0.51 0.80 3.80 1.10 
Upper quartile 8.21 1.26 1.03 1.60 5.00 2.60 
       

 
SO4 

(mg/L)
Ca 

(mg/L) 
Mg 

(mg/L)
Na 

(mg/L)
K 

(mg/L) 
SAR 

 
       
Mean 2.70 1.81 3.93 5.09 0.47 3.16 
Median 2.00 1.40 3.35 5.20 0.20 2.85 
SD 2.84 1.24 2.53 2.90 0.80 1.78 
Minimum 0.10 0.60 1.20 0.80 0.10 0.61 
Maximum 13.80 6.20 12.60 12.80 3.80 8.80 
Lower quartile 0.60 0.90 2.50 3.10 0.14 1.79 
Upper quartile 3.70 2.00 4.00 6.60 0.26 4.35 
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The geo-chemical variations in the ionic concentration in the groundwater were
studied using 1:1 equiline plot. The plot of Na vs Cl showed most of the water
samples lying around or above the equiline in both shallow and deep hand-pumps
(Figures 2A and 2B). 

The graph of Ca+Mg vs HCO3+SO4 showed the points scattered almost equally
between 1:1 equiline, indicating both silicate and carbonate weathering processes
(Figures 2C and 2D). The graph also suggested ion exchange and reverse ion
exchange processes. 

The Ca+Mg vs TC (total cations) plot indicated Ca+Mg enrichment compared to
alkali (Na+K) in waters of deep hand-pumps which was also explained by
considering Ca+Mg/Na+K ratio (Figures 2E and 2F). 

In shallow hand-pumps, Ca+Mg/Na+K was found to be 1.44 while in deep hand-
pumps, it was 2.31. The relative contributions of the calcite or dolomite weathering
processes were assessed using the Ca/Mg ratio and this suggested the dominance of
calcite weathering, as most of the sample points were found to be below 1 (Figure
2G).

Table 1B. Classical statistics of water quality parameters of deep 
hand-pumps in the study area (SAR= Sodium adsorption ratio) 

       
  Statistic Parameter 
       
 pH 

 
EC 

(dS/m) 
F 

(mg/L)
CO3 

(mg/L)
HCO3 
(mg/L) 

Cl 
(mg/L) 

       
Mean 8.09 0.75 0.58 1.22 3.99 1.43 
Median 8.12 0.65 0.52 1.20 3.70 1.00 
SD 0.27 0.37 0.29 0.62 1.48 1.71 
Minimum 7.54 0.34 0.21 0.40 2.20 0.30 
Maximum 8.57 2.03 1.48 3.90 9.10 8.00 
Lower quartile 7.91 0.52 0.38 0.80 3.10 0.60 
Upper quartile 8.31 0.88 0.68 1.50 4.50 1.20 
       

 
SO4 

(mg/L)
Ca 

(mg/L) 
Mg 

(mg/L)
Na 

(mg/L)
K 

(mg/L) 
SAR 

 
       
Mean 1.09 1.53 2.91 3.00 0.35 1.92 
Median 0.70 1.60 2.65 2.40 0.13 1.50 
SD 1.17 0.59 1.11 2.43 0.76 1.55 
Minimum 0.10 0.50 1.20 0.40 0.07 0.31 
Maximum 4.10 2.80 6.00 11.70 3.50 7.55 
Lower quartile 0.15 1.00 2.30 1.40 0.10 0.67 
Upper quartile 1.50 1.90 3.50 3.90 0.18 2.82 
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Figures 2A–2C. Scatter diagram for different parameters for the ground waters of shallow and
deep hand-pumps depicting the hydro-geochemical processes.
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The Pearson’s coefficient correlation analysis indicated that F had a significant
positive correlation with pH (r=+0.63, p<0.05) and sodium adsorption ratio (SAR) (r
= 0.41, p<0.05) in shallow hand-pumps and negatively correlated with Ca in both the
sources of water. In the PCA analysis, only factors with eigen values greater than 1
were considered (Table 2). It revealed that factors 1, 2, and 3 accounted for 35.62%,
25.79%, and 13.15%, of the total variance, respectively, in the data pertaining to
shallow hand-pumps. On the other hand, factors 1, 2, and 3 in the deep hand-pumps
accounted for 46.13%, 18.39%, and 10.39% of total variance, respectively. 

In shallow hand-pumps, the variogram analysis could not display an increase of
semi-variance with increasing distance. Thus mapping of F in shallow hand-pumps
was carried out by IDW interpolations technique. In the deep hand-pumps, a valid
variogram was obtained that followed a linear model with slope, nugget, and R2 as
0.065, 0.18, and 0.85, respectively. With the help of semi-variogram, geo-statistical
interpolations by point Kriging were carried out for F concentrations in deep hand-
pumps. The cross-validation result with respect to the mean absolute difference
between the Kriged estimate and the measured value was found to be 0.010 (Table 3).

 The high F concentration (F>1.5 mg/L) loops (Figure 3A) in the shallow hand-
pumps was found to be scattered mostly towards north to south-west direction in the
Nawabganj area. The interpolated map of F (Figure 3B) for deep hand-pumps was
prepared using the Kriged values which indicated an apparent regional spatial
variation pattern of F with distinct loops. 

di f diff t t f th d t f h

Figure 2G. Scatter diagram for different parameters for the ground waters of shallow and deep
hand-pumps depicting the hydro-geochemical processes.
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Table 2. Eigen values and factor loadings in shallow hand-pumps and deep hand-pumps 
 in the study area: Extraction method: Principal component analysis.  

Rotation method: varimax with Kaiser normalization  
(SAR= Sodium adsorption ratio) 

 
   Variable                                                            Rotated component matrix 

                                           Shallow hand-pumps         Deep hand-pumps 
  
 Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3 

   
pH –0.423 0.556 0.140 0.346 0.716 0.120 
EC (dS/m) 0.840 0.079 0.532 0.904 0.176 0.175 
F (mg/L) –0.394 0.601 0.336 –0.077 0.880 –0.127 
CO3  (mEq/L) 0.017 0.799 –0.102 0.062 0.738 0.339 
HCO3  mEq/L) 0.058 0.647 0.221 0.682 0.424 0.242 
Cl  (mEq/L) 0.877 –0.034 0.278 0.894 –0.036 0.283 
SO4  (mEq/L)  0.600 –0.362 0.646 0.653 –0.288 –0.305 
Ca  (mEq/L) 0.836 0.232 –0.294 0.117 –0.067 0.732 
Mg  (mEq/L) 0.880 –0.215 0.186 0.277 0.170 0.108 
Na  (mEq/L) 0.395 0.106 0.882 0.948 0.224 –0.092 
K  (mEq/L) 0.139 0.593 0.486 0.849 –0.010 0.418 
SAR –0.086 0.219 0.925 0.918 0.216 –0.226 
Eigen values 4.631 3.354 1.709 5.997 2.391 1.350 
Variance (%) 35.621 25.797 13.146 46.133 18.395 10.388 
Cumulative variance (%) 35.621 61.418 74.564 46.133 64.528 74.916 

Table 3. Comparison of statistical parameters for the measured and Kriged values of fluoride 
in deep-hand pumps in the study area 

     
Type of water 

source 
Parameter Measured 

value 
Estimated value 

from point  
Kriging 

Residual obtained 
from cross  
validation 

  

Deep hand-pumps 
Mean 
SD 
Variance 

0.937 
0.805 
0.648 

0.948 
0.537 
0.288 

0.010 
0.888 
0.789 
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DISCUSSION

The presence of higher F content in the water of shallow hand-pumps may be due
to the presence of hard pan of CaCO3 concretions at a shallower depth which acts as
a potential source of F contamination22 because during its formation, F gets
embedded into it. During weathering of parent rocks, F/OH exchange-adsorption

Figures 3A and 3B. Fluoride concentration (mg/L) map of the groundwater from hand pumps in
the study area. 3A: water from shallow hand-pumps; (3B) water from deep hand-pumps.

  km
3A

 3B   km

          1.5                 1.0                 0.5                  0
Fluoride concentration in shallow hand-pump water (mg/L)

                  1.5                 1.0                 0.5                  0
       Fluoride concentration in deep hand-pump water (mg/L)
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reactions also occur in the clay minerals23 which could be responsible for higher
concentration of F in the shallow aquifer water. The water type in the study area was
Na-HCO3 type which increases the solubility of CaF2, 24,25and thereby releases F
into the groundwater as shown in Equation 1: 

In the geochemical evaluation of the ionic constituents, the source of Na excess in
Na vs Cl 1:1 equiline was attributed to silicate weathering. Such findings have also
been observed in the previous studies.26,27 The points which are placed towards the
Ca+Mg of 1:1 equiline plot of Ca+Mg vs HCO3+SO4 indicated dominance of
carbonate weathering while those placed below 1:1 equiline are indicative of silicate
weathering.26,28 The plot for Ca+Mg versus HCO3+SO4 is also a major indicator to
identify ion exchange process activated in the area. If ion exchange is the process, the
points shift to right side of the plot due to HCO3+SO4 excess 29 whereas in reverse
ion exchange, points shift left due to Ca+Mg in excess.30 The ratio Ca+Mg/Na+K has
also been used as an index to understand carbonate and silicate weathering.31 The
higher ratio signifies carbonate weathering. The dominance of calcite weathering was
confirmed by Ca/Mg ratio being less than 1. This result also corroborates the earlier
finding.32 

The positive correlation between F and pH suggests that the pH is an important
determining factor for F in the groundwater.33 The alkaline pH favors the F
dissolution activities.34 The positive correlation of F with pH and SAR (sodium
adsorption ratio) was also reported.35 The contribution of a factor in PCA analysis is
said to be significant when the corresponding eigen values is greater than unity.36 The
positive high loading on EC and Mg compared to Ca may be due to the fact that
salinity is mainly caused by the salts of Mg.37 In the present study area, the
pedogenic calcite and dolomite were found at shallower depth17 (upper 2 m of the
horizon) and were the source of Ca and Mg. The association of high F concentrations
with high EC or TDS, pH, Na, and SAR has also been reported earlier.38 The strong
loading on Na and K indicated natural weathering of rock minerals and various ion
exchange processes in the groundwater system which agrees with the earlier
findings.39 The percentage abundance of these variables indicated that their sources
of origin may be expected from silicate weathering. The silicate weathering
processes releases Na and K ions to the groundwater.26 The source of K may be
mineral ‘illite’ which is prevalent in the area 15 and is a source of F. The high
loadings on K might be due to weathering of illitic minerals in the present study
area.40 Such weathering reactions result in the release of bicarbonate ions and are
responsible for the alkalinity of groundwater as shown in Equation 2:

Such findings have also been reported from a large coal mine of Anhui China.41

The deep hand-pumps showed no loops of F>1.5 mg/L, i.e., the F in waters of the
deep hand-pumps was within the desirable or maximum permissible limit.3 The
findings of the present study may be helpful for public health departments for
carrying out epidemiological surveillance to reduce the F exposure risk in the
delineated areas. 

                          CaF2 + 2NaHCO3 = CaCO3 + 2Na+ + 2F– + H2O + CO2 ....... Equation 1

     2KAlSi3O8 + 2CO2 + 11H2O = Al2Si2O5(OH)4 + 4H4SiO4 + 2K+ + 2HCO3
–...... Equation 2
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CONCLUSIONS

As there were no major anthropogenic sources of F contamination in the
groundwater of studied area, the occurrence of high F was attributed to natural or
geogenic sources. The results of present study showed that combining factor analysis
and water chemistry is an effective approach for studying geochemistry of F in the
groundwater. The water types of majority of the samples in shallow and deep hand-
pumps were found to be Na-HCO3 type, which helps in increasing the solubility of
CaF2 and thereby releases F into the groundwater. The correlation studies indicated a
significant positive correlation between F and pH whereas a negative correlation
existed between F and Ca in both the sources of water. The natural weathering of
carbonate, silicate minerals, and various ion-exchange processes contributed to the
high F occurrence in the groundwater as well as the alkalinity. The study suggests,
deep bore wells and hand-pumps should be provided in the area in order to reduce
exposure risk from F, as F in waters of deep hand-pumps are within the safe limit. 
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