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Abstract
Oil and natural gas production has been an important economic booster in the recent past. However,
unconventional methods have risen environmental health concerns. This study presents preliminary
results of heavy metal concentrations in water (surface and groundwater) samples around oil and natural
gas drilling sites in East-West Godavari districts of A.P, India. A total of 36 samples, 24 surface water
(SW) and 12 groundwater (GW) were collected to evaluate the distribution of pH, EC, TDS, As, Cd, Cr, Cu,
Mo, Ni, Pb, Zn, and radiogenic elements (U, Th). Results acquired were treated with principal component
analysis (PCA)/factor analysis (FA), hierarchical cluster analysis (HCA), and regression coe�cient
analysis to identify a collective contamination source.

 Mean concentrations obtained for surface and groundwater were 7.60 and 7.34 for pH; 4048 and 2964
mg/L for TDS; 8.50 and 5.91 µs/cm for EC; 11.5 and 10.7 μg/L for As; 14.6 and 10.8 μg/L for Cr; 0.60 and
0.70 μg/L for Cd; 18.6 and 29.1 μg/L for Cu; 3.00 and 4.20 μg/L for Mo; 19.9 and 24.8 for Ni; 15.2 and
13.4 μg/L for Pb; 4.60 and 3.10 μg/L for Th; 1.00 and 8.30 μg/L for U; 187 and 348 μg/L for Zn
respectively. FA recognized four factors accountable for data structure elucidating 86.23 % of the total
variance in SW, four factors in GW explaining 91.6%, and permitted to assemble particular parameters
based on collective features. As, Cd, Cu, Mo, Pb, and U were linked and well-ordered by diverse origin with
related in�uence from anthropogenic and geogenic sources. This study describes the importance and
e�cacy of multivariate statistical methods for evaluation and understanding the data to get better
evidence about the water quality and project some mitigation methods to avert the contamination
affected by harmful heavy metals in the future.

Introduction
Having endured a constant decrease in the use of non-renewable resources and the relinquishment of
cleaner technologies, the oil industry to maximize production has invested in new technologies, such as
hydraulic fracturing to overcome the �nancial costs. During oil and natural gas production using
hydraulic fracturing, so-called backwater or produced water covers as the major byproduct stream
evolved after injecting the �uids into the formation. This �ow back �uids that remain underneath pose a
severe threat to the environment as 5–60% of the fracturing �uid �ows back to the surface and the rest
residues remain underground (Carter, 2013). These �uids contain different chemicals including inorganic
and organic compounds which are known to be detrimental to human health (John., 2016; Govil etal.,
2018). Heavy metals are among them in drilling waste discharges that pose a risk of contaminating the
environment (Muhammad et al., 2019; Govil et al. 2012; Krishna and Mohan 2014). Natural and
anthropogenic sources producing heavy metals are considered the major environmental pollution source
affecting the surface and groundwater that disturb plants and human being chain. One of the sources is
the waste �uid generated during hydraulic fracturing that is left in open-air pits to evaporate, liberating
harmful VOCs (volatile organic compounds) into the atmosphere, generating unclean air and acid rain.
75% of the total 600 identi�ed chemicals during HF are known to affect the skin, eyes, and other vital
sense organs including the respiratory and gastrointestinal system (40%) rest of the chemicals toxic in
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nature affect the nervous, urinary, and endocrine systems (37%) and in turn found to cause cancer and
mutations (25%) in human bodies (Colborn et al., 2011).

Multivariate statistical methods like principal component analysis (PCA), factor analysis (FA), cluster
analysis (CA), and correlation analysis were applied to surface and groundwater data to understand the
status of the water quality around the sampling points nearby the drilling sites. A large dataset has also
been applied to better understand the water quality in different monitoring programs carried out by
Renato et al. 2018; Igibah CE et al. 2019; Mrazovac and Miloradov-Vojinovi 2011, with the perspective.
These studies characterize the evidence that in�uences the water structure and related contamination
factors affecting the human health and risk characterization in the contaminated areas (Shrestha and
Kazama 2007; Simeonov et al. 2003; Reghunath et al. 2002; Ammar et al. 2014; Carlon et al. 2001;
Howladar et al. 2017).

The present study was carried out keeping in view the growing demand for non-renewable energy sources
using advanced technologies, thereby to sustain and protect the environment, with objectives (i) a
preliminary assessment of ten toxic heavy metals, that are associated with other chemicals in water
(surface and groundwater) samples around oil and natural gas drilling sites. (ii) evaluating the
contribution of heavy metals to the proximity of drilling sites using multivariate statistical methods like
the PCA/FA, cluster analysis. Baseline information regarding metal distribution and accumulation in the
surface water and groundwater would also be generated. Further, these studies will also be bene�cial in
identifying the major contaminants and help in combating and designing an approach to control the
emission and spread of pollutants in the study environment.

Materials And Methods

Description of the Study area
The proposed study area (Fig. 1) covers the East and West Godavari districts of Andhra Pradesh. The
West Godavari District lies in between 16° 15' to 17° 30' N Latitude and 80° 50' to 80° 55' E Longitude and
East Godavari District lie in between 16° 30' to 17° 00' N Latitude and 81° 30' to 82° 30' E Longitude. The
main soils in the districts are alluvial clay, sandy clay, and black clay. There are 10 drilling sites spread
over the two districts. It is seen that in most of the drilling sites the backwater waste in the form of
sediment waste is deposited on the surface and the backwater is stored in the storage tanks surrounding
the drilling site.

The study area is characterized by tropical rainy climate with aggressive summer with a temperature
range of 17.4°C in winter and 43.5°C in summer (Climatologically normal 1981–2010) and the average
annual rainfall in West Godavari district is 1078mm and in East Godavari district is 1100mm
(Groundwater brochure – West Godavari, East Godavari, (CGWB, 2013; Nagiredddi, 2007). The signi�cant
rainfall occurs during the southeast monsoon from June to October. The districts are underlain by
Archaean crystallines, Gondwanas, Deccan Traps, Tertiaries, and alluvial sediments. About 45% of the
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district is underlain by Gondwana formations, 40% is underlain by Alluvium and the rest is by Archaean
crystalline rocks.

Water Sampling, Sample Preparation, And Analysis
A total of thirty- six (36) representative surface water (24) and groundwater (12) were sampled in one-liter
containers with air-tight screws from different surface backwaters and bore wells/hand pumps. These
containers were altogether washed and rinsed with dilute hydrochloric acid and distilled water in the lab
to keep away from any possible contaminations. During groundwater sample collection, the
borewell/hand pumps were �rst pumped for 10 minutes to pump out the stagnant water present in the
pipes. Next, fresh groundwater was collected in a 1-liter clean plastic container. While surface water
sample collection was collected from 30 cm below the water surface using a bailer and a clean and well-
dried 1-liter container.

Experimental
Physico-chemical parameters pH, TDS, EC, and Temperature were measured directly in sampled water
immediately after sampling in the �eld using the Combo instrument. Collected samples were �ltered into
100ml PET bottles using 0.40 µm Millipore �lter paper and then shifted and acidi�ed (2ml of HNO3) to
each 100ml of the sample and were measured for heavy metals by HR ICP-MS Instrument.

Analytical Procedures And Instrumentation
This study highlights the combined methodology of various statistical indices to evaluate the heavy
metal contamination status on surface and groundwater around drilling sites in and around the study
area. Given this, 36 representative surface water (24) and groundwater (12) samples were collected from
bore wells, canals, and hand pumps. The heavy metals (As, Cd, Cu, Cr, Mo, Ni, Pb, and Zn) and radiogenic
elements (Th and U) were analyzed using HR-ICP-MS and compared with the WHO standards for drinking
appropriateness. Physico-chemical parameters like pH, electrical conductivity (EC) expressed in micro
Siemens/cm, total dissolved solids (TDS) in mg/kg were determined using pen-type models, whereas,
heavy metal concentrations in µg/L. Plasma Quad (VG Elemental Ltd., Winsford, Cheshire, UK) High-
resolution inductively coupled plasma mass spectrometer was used to measure the heavy metal
concentrations. Multielement reference water standards 1640A and 1643E from the National Institute of
Standards and Technology (NIST, USA) were used to prepare calibration curves. The accuracy and
precision of the results were compared with the certi�ed values of the reference materials.

The calibration curves were prepared using multielement standard solution after dilution to micrograms
per liter levels. The accuracy and precision (QC/QA) of the analysis were compared with certi�ed values
of reference water samples which were used to check the reliability of the calibration curve. The values
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achieved by HR ICP-MS were in good agreement with that of certi�ed values and the precision is better
than 2% and shows comparable accuracy.

Data Handling And Statistical Techniques
Multivariate statistical methods concerning distribution and correlation among the studied parameters
were applied to surface and groundwater data using SPSS 10.0 programming platform. The sample
locations were noted using Atrax global positioning system (GPS). Descriptive statistical parameters, for
example, minimum, maximum, mean, standard deviation, kurtosis, skewness, regression analysis were
reported, while multivariate measurements such as PCA (the principal component of analysis) and CA
(cluster analysis) were also carried out. Varimax standardized rotation on the data was utilized to
perform PCA, whereas, the dendrogram strategy was utilized to link with the sample concentrations (Liu
et al. 2003; McKenna 2003; Omo-Irabor et al. 2008). Principal components obtained provide us the most
important parameters which represent the information of the total deducted data with the minimum loss
of the unique data. Further, the PCA method is an effective method that explains the difference in the
spacious arrangement between associated factors and altering into smaller ones based on pattern
recognition of uncorrelated variables. Ward’s hierarchical agglomerative cluster analysis method with
square euclidean distances was executed on the normalized dataset.

Results And Discussion
Descriptive statistics of 13 parameters of surface and groundwater in the study area are summarized in
Tables (1a, 1b). The groundwater pH values varied between 6.69 to 7.68 with mean pH of 7.34 and
surface water pH values varied between 6.40 to 8.69 with a mean of pH 7.60. A maximum number of the
water samples shows a neutral to basic and alkaline nature. TDS values of groundwater display 110 to
10,000 mg/L and surface water shows 80 to 10,000 mg/L. The prescribed limit of TDS in drinking water
is 500mg/L. Observed elevated values of TDS though not injurious to humans but have health effects on
individuals suffering from kidney and heart-related ailments. High TDS values indicated health-related
issues like laxative or constipation effects (Sasikaran et al. 2012).

The ionic concentrations, pH, TDS in surface water are indicated as electrical conductivity, total dissolved
solids. pH value (6.67–8.69) moderately acidic to alkaline, TDS (Total Dissolved Solids) vary from 80 to
10000 mg/L and EC (Electro conductivity) between 0.16 to 20 µs/cm. In groundwater samples
concentration, pH value (6.69–7.68 ppm) moderately acidic to alkaline, TDS (Total Dissolved Solids) vary
from 400 to 20000 mg/L and EC (Electro conductivity) between 0.80 to 20 µs/cm. Distribution of heavy
metals and radiogenic elements in surface and groundwater in the study area occur in the order of Cd < U 
< Mo < Th < As < Pb < Cr < Cu < Ni < Zn and Cd < Th < Mo < U < As < Cr < Pb < Cu < Ni < Zn respectively.

The correlation coe�cient analysis was carried out for ten heavy metals for surface and groundwater as
shown in tables (2a, 2b). There was important linearity observed between these metals. The signi�cance
of the correlation is based on the ‘r-value which indicates how one metal behaves with the other and the
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best linearity between the variables is determined by coe�cients (-1,1) interval. Higher and positive values
of the ‘r-value, indicates the good correlation between the variables and r = 0 indicates a poor correlation,
whereas negative values of ‘r’ indicate an inverse relationship. The correlation (Tables 2a, 2b) as noticed
in surface water samples As-Cu; As-Pb; Cr-Mo; Cr-Ni; Cd-Cu; Cu-Pb; Cu-Zn; Th-U; and groundwater samples
As-Cd; As-Cu; As-Mo; As-U; Cr-Ni; Cd-Mo; Cu-Mo; Cu-U; Mo-U; Pb-Th.

 
Table 1

a: Descriptive Statistical data (mg/L) of surface water analysis

  Minimum Maximum Mean Std.

deviation

Skewness Kurtosis WHO

pH 6.40 8.69 7.60 0.53 0.29 -0.13  

TDS 80.0 10000 4048 3913 0.48 -1.54  

EC(µS /cm) 0.16 20.0 8.50 7.78 0.34 -1.60  

As 0.90 61.7 11.5 14.5 2.20 5.50 10

Cr 7.40 125.3 14.6 8.40 1.70 2.20 50

Cd 0.10 1.70 0.60 0.40 1.10 0.70 5

Cu 1.30 57.2 18.6 155 1.10 0.90 2000

Mo 0.20 13.3 3.00 2.80 0.70 -0.60  

Ni 4.00 38.5 19.9 10.2 0.08 -0.90 70

Pb 1.10 88.6 15.2 18.7 2.80 10.0 10

Th 0.50 25.1 4.60 5.80 2.20 5.50  

U 0.01 4.10 1.00 1.10 1.20 1.10 30

Zn 0.50 1288 186.8 271 3.10 12.1 3000

Table 1b:  Descriptive Statistical data (mg/L) of groundwater analysis



Page 7/16

  Minimum Maximum Mean Std. deviation Skewness Kurtosis WHO

pH 6.69 7.68 7.34 0.28 -0.98 1.276  

TDS 110 10000 2964 3863 1.23 -0.134  

EC(μS /cm) 0.80 20.0 5.91 7.72 1.23 -0.125  

As   1.00 59.6 10.7 17.5 2.30 2.3 10

Cr   8.60 19.8 10.8 2.90 2.80 2.8 50

Cd  0.20 3.50 0.70 0.90 2.70 2.7 5

Cu  3.40 92.8 29.1 30.9 1.20 1.2 2000

Mo 0.30 21.4 4.20 6.60 2.00 2.0  

Ni   9.90 105 24.8 26.0 3.10 3.1 70

Pb  2.10 44.7 13.4 11.7 1.80 1.8 10

Th  0.50 10.6 3.10 3.20 1.40 1.4  

U   0.10 29.8 8.30 10.3 1.60 1 30

Zn 6.80 2505 348 692 3.20 3.2 3000
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Table 2
a: Correlation coe�cient matrix of heavy metals in surface water

  As Cr Cd Cu Mo Ni Pb Th U Zn

As 1.00 0.34 0.54 0.70** 0.46 0.21 0.64* 0.03 0.22 0.03

Cr 0.42 1.00 0.11 0.48 0.67* 0.93** 0.09 0.16 -0.08 0.04

Cd 0.54 0.11 1.00 0.76** 0.11 -0.01 0.57 0.49 0.32 0.46

Cu 0.70** 0.48 0.76** 1.00 0.48 0.40 0.75** 0.46 0.42 0.52*

Mo 0.46 0.67* 0.11 0.48 1.00 0.59 0.12 0.19 0.15 0.04

Ni 0.21 0.93** -0.01 0.40 0.59 1.00 0.12 0.11 -0.06 0.08

Pb 0.64* 0.09 0.57 0.75** 0.12 0.12 1.00 0.21 0.33 0.37

Th 0.03 0.16 0.49 0.46 0.19 0.11 0.21 1.00 0.59* 0.33

U 0.22 -0.08 0.32 0.42 0.15 -0.06 0.33 0.59* 1.00 0.13

Zn 0.03 0.04 0.46 0.52* 0.04 0.08 0.37 0.33 0.13 1.00

*Level of signi�cance = 0.05; **level of signi�cance = 0.01

 

Table 2
b: Correlation coe�cient matrix of heavy metals in groundwater

  As Cr Cd Cu Mo Ni Pb Th U Zn

As 1.00 0.10 0.79* 0.78** 0.94** -0.04 0.27 -0.16 0.82** -0.20

Cr 0.10 1.00 -0.12 -0.04 0.15 0.94** -0.20 -0.15 -0.03 -0.17

Cd 0.79** -0.12 1.00 0.58 0.74** -0.15 0.17 -0.07 0.58 -0.06

Cu 0.78* -0.04 0.58 1.00 0.76** -0.13 0.12 0.12 0.81** 0.34

Mo 0.94* 0.15 0.74** 0.76** 1.00 -0.00 0.01 -0.28 0.89** -0.21

Ni -0.04 0.94** -0.15 -0.13 -0.00 1.00 -0.22 -0.03 -0.23 -0.02

Pb 0.27 -0.20 0.17 0.12 0.01 -0.22 1.00 0.52* -0.04 -0.05

Th -0.16 -0.15 -0.07 0.12 -0.28 -0.03 0.52* 1.00 -0.28 0.43

U 0.82** -0.03 0.58 0.81* 0.89** -0.23 -0.04 -0.28 1.00 -0.16

Zn -0.20 -0.17 -0.06 0.34 -0.21 -0.02 -0.05 0.43 -0.16 1.00

*Level of signi�cance = 0.05; **level of signi�cance = 0.01
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Table 3

a: loading for varimax rotated factor matrix explaining
86.29% of the total variance for surface water

Parameters VF1 VF2 VF3 VF4

As 0.719 0.036 -0.567 -0.300

Cr 0.575 0.769 0.125 0.098

Cd 0.731 -0.456 -0.114 0.126

Cu 0.971 -0.098 -0.085 0.080

Mo 0.590 0.568 0.100 -0.234

Ni 0.505 0.769 0.168 0.156

Pb 0.716 -0.334 -0.397 0.024

Th 0.535 -0.309 0.691 -0.100

U 0.458 -0.437 0.406 -0.537

Zn 0.466 -0.343 0.187 0.710

Eigenvalue 4.154 2.240 1.231 1.004

Loading% 41.544 22.398 12.308 10.043

Cumulative% 41.544 63.942 76.250 86.293

Table 3b: loading for varimax rotated factor matrix explaining 91.65 % of the total variance for
groundwater.
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Parameters VF1 VF2 VF3 VF4

As 0.967 0.066 0.098 0.184

Cr -0.012 0.865 0.471 0.110

Cd 0.814 -0.107 0.021 0.093

Cu 0.844 -0.196 0.337 -0.306

Mo 0.963 0.200 -0.003 -0.001

Ni -0.164 0.799 0.562 0.052

Pb 0.133 -0.520 0.331 0.720

Th -0.201 -0.572 0.684 0.164

U 0.920 0.045 -0.145 -0.144

Zn -0.126 -0.410 0.548 -0.674

Eigenvalue      4.185      2.248      1.559      1.172

Loading%    41.852    22.480    15.594    11.723

Cumulative%    41.852    64.333    79.927    91.650

Principle Component Analysis
The varimax method with kaiser normalization was utilized for obtaining principal components. The
related effect of the PCA established on factor analysis of the correlated chemical components for
surface and groundwater are shown in tables (3a, 3b). Four constituents of PCA analysis showed 86.29%
of the variance in the surface water data set of the study area. The eigenvectors classi�ed the 10 heavy
metals into four groups. The �rst constituent (VF1) is loaded with arsenic, cadmium, copper, and lead; the
second constituent (VF2) is loaded with chromium and nickel, while the third constituent (VF3) thorium
and fourth constituent (VF4) were not signi�cant. Whereas, for groundwater data set the four constituents
of PCA analysis showed 91.65% of the variance for 10 heavy metals into four groups. The �rst
constituent (VF1) is loaded with major elements As, Cd, Cu, Mo, and U; the second constituent (VF2) is
loaded with As, Cr, and Ni; the third component is loaded with As and Th; while the fourth constituent is
loaded with Pb only.

Cluster Analysis
Cluster Analysis (CA) is one of the cluster-based statistical methods to classify different clusters based
on their characteristic similarity to evaluate the surface water quality. Hierarchical agglomerative
clustering is the most collective approach that delivers spontaneous comparison associations between
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anyone sample and the entire data set and delivers visual outlines of the clustering process and it is
usually shown by a dendrogram (Vega et al., 1998; Singh et al., 2005; Tabachnick and Fidell, 1996;
Shrestha and Kazama, 2007; Tokatlı et al., 2013; Tokatlı, 2014b).

Dendrogram obtained for surface water (Fig. 2) displayed �ve clusters with Cd, Cu, Ni (Cluster I), Cu, Ni, As
(Cluster II), Ni, As, Pb (Cluster III), As, Pb, Zn (Cluster IV), Pb, Zn, Th, U, Cr (Cluster V). Cluster I and II specify
the related activity of factor 1; Cluster IV and V represent the same activity of factors 3, 4 obtained by
factor analysis. The subsequent multielement factors were separated into factors with strong
anthropogenic in�uence. Whereas, Cluster III signi�es the collective activity of factor 1 and factor 2.
Correspondingly, for groundwater, the dendrogram obtained (Fig. 3) also showed three clusters with As,
Mo, Cd (Cluster I), Mo, Cd, Cu, U (Cluster II), Cd, Cu, U, Pb, Th, Cr, Ni, Zn (Cluster III). This clustering points
to collective causes of the natural method of degeneration of soil parts primarily carbonates. Cluster I
and Cluster III resemble similar activity when compared to factor analysis components wherein Cr, N, Th,
Pb played the dominating heavy metals. Therefore, the dominant source may be attributed to the drilling
activities with backwater waste and partially from surrounding agriculture activity.

Conclusions
This study described the preliminary surface and groundwater heavy metal and their probable source
distribution around oil and natural gas drilling sites. Various multivariate statistical methods like PCA,
Factor, and cluster analysis were applied for 10 heavy metal constituents of 36 surface and groundwater
samples. The study area effects veri�ed that both natural and anthropogenic practices were the two
major factors for the chemical compositions of groundwater. FA recognized four factors accountable for
data organization explaining 86.23% of the total variance in surface water and four factors in
groundwater explaining 91.6% and allowed to group selected parameters according to common features.
As, Cd, Cu, Mo, Pb, and U were accompanied and organized by mixed origin with similar in�uences from
anthropogenic and geogenic sources.

Recommendations
The recommendations in the study area would be to monitor the quality of the groundwater by applying
basic quality testing and to monitor the activities in the drilling sites. To further contain the backwater
chemicals generated which are harmful to human health. Further, suggest suitable remedial measures to
avert contamination due to heavy metals in near future.
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Figure 1

Location Map of the Study area
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Figure 2

Dendogram of hierarchical cluster analysis in surface water
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Figure 3

Dendogram of hierarchical cluster analysis in groundwater


