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Abstract
Çarşamba plain located in the north-east of Turkey is a region where agricultural and industrial activities have strongly devel-
oped in recent years. In this region, excessive use of pesticides and fertilizers in agricultural areas and waste discharges from 
industrial zones can lead to the pollution of groundwater by heavy metal(loid)s. The purpose of the present study is to assess 
heavy metal(loid)s pollution in groundwater of Çarşamba costal aquifer using pollution indices and multivariate statistical 
methods. For this study, 33 groundwater samples were taken in this region and for these samples’ physical parameters and 
Pb, Cu, Al, Zn, Cr, Mn, Fe, Ni, Co, As, Mo, Se, B, Ti, V, and Ba values were determined. The analysis results showed that 
the Al, Mn, Se, Cr, and Ni values in some wells exceeded the permitted limit of WHO and Turkish Standards. The HPI and 
HEI values of most water samples fall in low pollution water class. Multivariate statistical methods revealed a significant 
anthropogenic influence in the accumulation of metal(loid)s in groundwater. The decreasing order of heavy metal(loid)s in 
most water samples is Al > Mn > Zn > Se > Ti > Ba > Cr > Ni > As > V > Cu > Mo > Se > Co > Pb > B > Cd. Five principal 
components that explain 80.44% of the total variance have been formed. The component 1 includes Al, Pb, Co, Ti, Cu, Ni, 
Zn, and V while the second component is associated with EC, Se, and B. The component 3 includes pH, Ba, and Mn; com-
ponent 4 represents As and Mo; and finally component 5 includes only Cr.

Keywords Hydrochemical process · Metaloids · Seawater intrusion · Çarşamba coastal aquifer · Turkey

Introduction

Groundwater is in general an excellent source of potable 
water for consumption and irrigation. The natural filter 
made up of geological materials most often produces high-
quality water with low levels of microorganisms and other 

suspended elements. The groundwater quality can however 
be altered when undesirable or even toxic substances come 
into contact with the aquifer (Ahoussi et al. 2010). The 
chemical fertilizers used in agricultural activities as well as 
wastewater from industrial and urban origins present a risk 
for groundwater quality. Among the wide variety of pol-
lutants affecting the quality of groundwater, heavy metals 
are the most worrying due to their high toxicity even at low 
concentrations (Hooda and Alloway 1998). Excessive heavy 
metal contamination of soils causes metals entrance in the 
food chain through plants and water, posing a possible risk 
for human health (Yaylalı-Abanuz 2019). One of the major 
properties of heavy metals and that sets them apart from 
other toxic contaminants is that they are not biodegradable 
in the environment (Sougo et al. 2005). Among the met-
als some such as copper, iron, manganese, nickel, and zinc 
are indispensable in animals and plants while many oth-
ers such as chromium, cadmium, and lead have no impor-
tance (Kar et al. 2008). Monitoring of the concentration of 
heavy metals especially in groundwater is important as it 
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can help remedy health problems particularly waterborne 
diseases (Kwaya et al. 2019). Several methods for assess-
ing the quality of groundwater are used to characterize the 
sources of contamination and the associated parameters. 
The determination of pollution indices is one of the most 
efficient methods used to assess the pollution of surface and 
groundwater by heavy metals and metalloids. Among these 
methods, the heavy metal pollution index (HPI) calculation 
is one of the most important methods used to assess surface 
and groundwater quality based on the concentrations of met-
als that they contain (Arslan et al. 2017; Abou Zakhem and 
Hafez 2015). The use of heavy metal pollution index method 
in the spatial distribution study of metals in water can be 
useful in determining of water quality tendencies. It can also 
provide information that can help resource management and 
regulatory agencies to assess alternatives and to make neces-
sary decisions (Milivojević et al. 2016). In addition to this 
method, the use of the contamination index (Cd) and heavy 
metal evaluation index (HEI) methods can also help to assess 
the recent level of contamination in water (Sobhanardakani 
et al. 2017). Many research have been realized through the 
world to assess the heavy metal pollution in surface and 
groundwater. The work carried out in India by Kumar et al 
(2020) to assess the intensity of pollution in Marar industrial 
area based on the physicochemical parameters and heavy 
metals analysis results of water samples highlighted that 
most of water samples exceeded the desirable limit of Al 
and Mn. The HEI, HPI, and Cd values of water samples of 
this area showed that most of water samples belong to low 
and medium pollution classes. In addition, their study dem-
onstrated that the Fe, Ni, Cr, Pb, Cu, and Mn are the promi-
nent contributors for the three water pollution indices (HPI, 
HEI, and Cd). In Bangladesh, Rahman et al. (2020) using the 
water pollution indices approach assessed the heavy metal 
pollution in the groundwater of the Meghna Ghat industrial 
area. According to the results of their study, the Cr, Cd, 
and Pb mean values of water samples exceeded the drinking 
water standards set by Bangladesh. The water quality index 
(WQI) values indicated that almost all water samples from 
this area are polluted. In addition, the heavy metal pollution 
index (HPI), the heavy metal evaluation index (HEI), and the 
degree contamination (DC) values indicated that some water 
samples were subjected to high level of pollution, therefore 
are unsuitable for drinking. The work realized in Nigeria 
by Adeyemi and Ojekunle (2021) to assess the concentra-
tion and health risk of industrial heavy metal pollution in 
groundwater of Ogun state highlighted that the metals con-
centration in groundwater samples was in the order Pb > 
Fe > Ni > Cr > Cd > Cu > Mn > Zn and Pb. In addition, the 
Cd, Cr, and Ni can be considered as a carcinogenic metal 
in groundwater samples of this area. The total hazard index 
(HI) of the metals in the groundwater samples of this region 
presented a high risk across the different age groups and 

the health risk index value indicated major adverse effects 
on human health. In Saudi Arabia, the work carried out by 
Alfaifi et al. (2021) to evaluate the heavy metal contamina-
tion and groundwater quality along the Red Sea Coast indi-
cated that maximum As, Mn, Cr, Ni, Se, and Zn values of 
water samples exceeded the permissible limits for drinking 
water. The calculated pollution indices values of samples 
indicated that most of groundwater samples of this region 
are unsuitable for agricultural and domestic purposes. In 
addition, the polluted water samples were dispersed mostly 
in the western part along the Red Sea coast.

In Turkey among the sources of water pollution in most 
coastal areas, heavy metals are one of the most worrying fac-
tors which mainly threaten surface and groundwater resources. 
In these areas, unfavorable factors such as urbanization and 
industrial organizations, wild storage areas, and discharges 
of untreated liquid waste into basins cause rapid pollution 
of surface and groundwater. Due to soil fertility in coastal 
areas, intense agricultural activities take place and in case of 
excessive use of fertilizers such as phosphorus fertilizers and 
metal-containing pesticides in agricultural areas, groundwa-
ter can easily be polluted by heavy metals. The work carried 
out by Arslan and Avşar (2020) in Köyceğiz-Dalyan coastal 
lagoon watershed to assess surface and groundwater heavy 
metals pollution highlighted high values of Pb, As, and Fe in 
most water samples collected in this area. In addition, almost 
all water samples from this region have HPI value higher than 
100 which is the critical pollution index level. In Ispala dis-
trict, Varol and Tokatlı (2021) carried out research to assess 
the level of toxic metal (loid)s in drinking water by using the 
pollution indices and to estimate health risks that these met-
als represent for children and adults. According to the results 
of their study, the Cd, Ni, Cu, Zn, Mn, Pb, As, and Cr values 
of water samples collected during the both seasons did not 
exceed the drinking water limit values. These low toxic metals 
content in the water of this region may be due mainly to a high 
clay content and a low rate of soil infiltration in the study area. 
However, the concentrations of these toxic metals measured 
during the wet season are higher than those measured during 
the dry season. In addition, the calculated heavy metal pollu-
tion indices values indicated that all water samples from this 
area were subjected to low level of pollution, therefore are 
suitable for drinking. In this region, it was also found that the 
low concentrations of toxic metals in drinking water present 
no health risk to the local residents. The work realized in the 
district of Eskipazar by Keskin (2010) to assess the nitrate 
and heavy metal pollution in agricultural area demonstrated 
that water samples from wells drilled in clastic levels present 
a high level of pollution of  NO3 and metals such as Na, B, 
Pb, Hg, and Se. It was also revealed that in this region, the 
main causes of  NO3 and metals pollution in groundwater are 
fertilizers and pesticides used in agricultural activities. In the 
Amik plain, Ağca et al. (2014) carried out research to assess 
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the ammonium, nitrate, phosphate, and heavy metal pollu-
tion in groundwater. According to the results of their study, 
the metals concentration in groundwater samples were in the 
order Fe > Mn > Ni > Cr > Cu > Zn > Co > Cd > Pb. In addi-
tion, the Cd values of all water samples and the  NO3 concen-
tration of some samples exceeded the drinking water limit val-
ues. Agricultural activities are considered as the main sources 
of nitrogen and some heavy metal pollution in this region.

Çarşamba aquifer is one of the most important coastal 
aquifers in Turkey. In this region where intense agricultural 
and industrial activities take place, excessive use of fertiliz-
ers and pesticides in agricultural areas and waste discharges 
from industrial areas can easily lead the pollution of surface 
and groundwater by various pollutants such as heavy metal. 
In this region, the work carried out by Sağlam et al. (2011) 
to determine contents of heavy metal and physico-chemical 
properties of soil showed that due to the natural and anthro-
pogenic influences, 77.6% of soils samples exceeded the limit 
level. In addition, their study demonstrated a slight increase 
of Cd, Cu, and Zn contents of soils due to excessive phos-
phorus fertilization and field traffic in this region (Saglam 
et al. 2011). The work realized by Arslan and Turan (2015) 
revealed that the main groundwater pollutants in Çarşamba 
coastal aquifer are iron, manganese, aluminum, arsenic, and 
cadmium while boron and zinc can be considered as poten-
tial pollutants. Their study slighted in addition that most of 
groundwater samples collected in this area were polluted due 
to the high levels of iron, manganese, and arsenic.

The purpose of this study is to assess the sources and the 
concentrations of heavy metals in Çarşamba costal aquifer by 
using the pollution indices and multivariate statistical methods. 
This study therefore made it possible to highlight the influence 
of industrial and agricultural activities on the groundwater 
quality of Çarşamba coastal aquifer. It also allowed to highlight 
the main pollutants as well as their spatial distribution in the 
study area. Thanks to the present study, regional and national 
authorities could take the necessary measures to combat water 
pollution through programs for the prevention and monitoring 
of pollution by toxic metals in groundwater of Çarşamba plain.

Study area

The study area is located on the left bank of the Yeşilırmak 
river and the western part of the Çarşamba plain, lying 
between the latitudes 41° 11′ 30′′ and 41° 16′ 30′′ and 
the longitudes 36° 22′ 00′′ and 36° 36′ 00′′; the plain of 
Çarşamba is situated in the Middle of Black Sea Region 
(Fig. 1). The climate of this region is humid and the average 
annual precipitation varies between 600 and 700 mm. The 
rainiest period is from October to the end of December. The 
average annual temperature varies between 15 and 17 °C. 
The hottest months are July and August while January and 
February are the coldest.

Geology and hydrogeology

There are three formation types in the study area, which are 
the Tertiary age Tekkeköy formation, Eocene age Sarıyurt 
formation, and Quaternary age Alluvium formation (Fig. 2). 
The Sarıyurt formation consists of sandstones, siltstones, 
marls, and conglomerates. Its upper part is composed of 
interstratified siltstones, sandstones, and marls while an 
alternation with sandstones is observed in the middle part. 
In the lower part of this formation, conglomerates and sand-
stones are observed. The Tekkeköy Formation consists of 
sandstones, mudstones, basalts, marls, and tuffites alterna-
tion and agglomerates. The Quaternary Alluvium which cov-
ers almost the entire study area consists of sands, gravels, 
clays, sandstones, muds, and silts (Yoldaş et al. 1985). The 
geology of the study area indicates that only the Quater-
nary Alluvium can be considered as important groundwater 
reservoirs. The volcanic rocks of the Çarşamba plain are 
geological formations which have the characteristics of 
the secondary aquifer after the alluvial deposits in terms 
of groundwater. In these formations, the weathered basalts 
and in particular the interconnected cracks and the fracture 
systems developed in the agglomerates levels facilitate 
transportation and accumulation of groundwater. In terms 
of hydrogeological characteristics, the Çarşamba plain can 
be divided into two parts: the left bank and the right bank 
of the Yeşilırmak river. The left bank is generally composed 
of unconfined and semi-confined aquifers while on the right 
bank semi-confined and confined aquifers are the most fre-
quent. On the left bank of Yeşilırmak river where the study 
area is located, the aquifer begins generally at a depth vary-
ing between 4 and 40 m and its thickness values ranged from 
1 and 20 m. The majority of aquifers in the left bank of 
Yeşilırmak river consists of various layers of gravels, clayey-
sands, clayey gravels, and silty sands within the Quaternary 
Alluvium (DSI 1993).

Materials and methods

For this purpose, in July 2019, 33 groundwater samples were 
taken in the study area and for these samples the physical 
parameters (TDS, pH, and EC) and heavy metal(loid)s pol-
lutants (As, Pb, Se, Cu, Al, Ti, Zn, Co, Cr, Mn, Ba, Fe, Ni, 
Mo, B, and V) values were determined. The global coor-
dinates of all the sampling points were taken and recorded 
with a GPS device. The analysis of the physical parameters 
of groundwater samples was determined using a portable 
multimeter Hach-HQ40d. The heavy metal(loid)s analysis 
was carried out at the General Directorate of State Hydraulic 
Works Technical Research and Quality Control Department 
(TAKK) by using inductively coupled plasma-mass spec-
trometer (ICP-MS) method according to the United States 
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Environmental Protection Agency (US EPA Method 200.8) 
standard method.

Heavy metal pollution and heavy metal evaluation indi-
ces were calculated for to evaluate the degree of contami-
nation of groundwater in the study area. The determination 
of HPI is one of the effective techniques used to assess sur-
face and groundwater quality with respect to heavy metals. 
This method was first established by Mohan et al. (1996) 
and consists in allocating a rating or a weight (Wi) for each 
designated pollution parameters according to its impor-
tance in terms of water quality. The rating value varies 
between 0 and 1 depending on the importance of each con-
sidered metal. This value is inversely proportional to the 
suggested standard (Si) value for each parameter (Horton 
1965; Mohan et al. 1996). In this study, Ni, Zn, Mn, Pb, Se, 
Cr, Cu, As, B, Mo, Cd, and Al concentrations were used to 

determine the heavy metal pollution index values. Cobalt, 
barium, and vanadium for which there are no defined limit 
values were not included in the HPI calculation. The heavy 
metal pollution index can be determined by using the fol-
lowing Eq. 1:

where Wi represents the unit weightage of each metal, 
n the total number of considered metals, and Qi represents 
the sub-index of each metal. The unit weightage value of 
each considered heavy metal can be calculated by using 
the following Eq. 2:

(1)HPI =

n
∑

i=1

Wi ∗ Qi

n
∑

i=1

Wi

Fig. 1  Study area
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where Si represents the permissible value of each metal 
and K the constant of proportionality.

The sub-index value of each metal was determined by 
using the following equation:

(2)Wi =
K

Si

where Mi represents the detected value of each metal in 
µg/L, Si the recommended value, and Ii the ideal value of ith 
metal. The critical pollution index value for drinking water 

(3)Qi =

n
∑

i=1

|

|

Mi − Ii
|

|

Si −Mi

∗ 100

Fig. 2  Geology of study area
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is 100. In this study, the recommended value of each param-
eter was taken from Turkish Standards and the international 
WHO (World Health Organization) guidelines. The ideal 
value of each heavy metal is considered as equal to zero.

Another method used to evaluate the quality of water in 
relation with metals concentrations is the determination of 
heavy metal evaluation index value (Sobhanardakani 2016). 
The heavy metal evaluation index can be determined by 
using the following Eq. 4:

where Hc and Hmac represent the measured value and the 
maximum admissible concentration of the ith parameter, 
respectively.

The classification of water samples according to pH and 
heavy metals values was carried out by using the method 
developed by Ficklin et al. (1992) and modified by Caboi 
et al. (1999). In general, cationic species are less mobile 
when the pH of the environment is high and are more mobile 
when the pH value is low. Since most metals form a + 2 
charge, their movement and bioavailability are improved 
under low pH conditions (Smith 2007). Using Ficlin-Caboi 
method, the water class is determined by plotting the sam-
ples on a diagram on which the pH values are placed on the 
horizontal axis and the metal load values on the vertical 
axis. The metal load of each water sample is determined by 
summing the concentrations of the different metals that it 
contains. This method classified groundwater samples into 
12 classes including ultra-acid ultra-metal class, high acid 
ultra-metal class, acid ultra-metal class, near neutral ultra-
acid class, high acid high metal class, acid high metal class, 
near neutral high metal class, high acid extreme metal class, 
near neutral extreme metal class, high acid low metal class, 
acid low metal class, and near neutral low metal class. The 
Ficklin-Caboi diagram is a simple and efficient method of 
classifying water samples based on the differences in the 
sum of the base metal concentrations that they contain 
(Manoj et al. 2012).

Multivariate analysis methods, such as principal com-
ponent analysis (PCA), hierarchical cluster analysis (CA), 
and correlation analysis methods were used to investigate 
the sources of heavy metal(loid)s of Çarşamba coastal 
aquifer. Correlation analysis method was utilized to deter-
mine the relationships existing between heavy metal(loid)
s of groundwater in the study area. When the correlation 
coefficient is close to 0, there is no relationship between 
the variables. When this value is greater than 0.7, there is 
a strong correlation between the variables and when this 
value varies between 0.5 and 0.7, there is then a mod-
erately correlation between the variables. A very high 
value (r =  + 1 or − 1) of the correlation coefficient reflects 

(4)HEI =

1
∑

i=1

Hc

Hmac

a strong relationship between the variables (Kumar et al. 
2006). The principal component analysis method is one of 
the most commonly used statistical analysis methods. This 
method is used to measure and explain the relationships 
between many variables (Çakır 1994). The main objective 
of the principal component analysis method is to reduce 
the large number of variables under a smaller number of 
components that can be easily interpreted. The Kaiser-
Mayer-Olkin coefficient (KMO) and the Bartlett’s test are 
performed in this study to determine whether the collected 
data are suitable for principal component analysis. The 
KMO measure is an index value that tests the relevance of 
samples for principal component factor analysis by com-
paring the observed correlation coefficients with the sig-
nificance of the partial correlation coefficients. When this 
value is less than 0.50, the data are not accepted for princi-
pal component analysis (Kellekçi and Berköz 2010). Bar-
tlett’s test for homogeneity of variances is used to check 
whether the variances are equal for all samples. This test is 
used so to verify whether the equality of variance assump-
tion is true before running the statistical test. In order for 
the data to be compatible with the principal component 
analysis, Bartlett test must be at the level of significance 
with p values less than 0.05. The factor analysis was made 
by using varimax rotation that is a method allowing to 
minimize the number of parameters with a high loading 
on each factor, thus simplifying the interpretation of the 
principal component analysis results (Boateng et al. 2015).

Cluster analysis is a multivariate statistical method that 
is used to classify objects into group based on their similar-
ity. The use of this method in geology and hydrogeology 
is recent. This method is therefore commonly used to ana-
lyze the hydrochemical data of water and complements the 
principal component analysis method. Cluster analysis is a 
powerful tool for the analysis of water chemical data given 
the complexity of hydrochemical systems and the difficul-
ties encountered in their interpretation (Soro et al. 2019). 
In this study, hierarchical cluster analysis was carried out 
to determine the relationship between heavy metal(loid)s 
and between groundwater samples. The Ward method that 
uses the analysis of variance approach to evaluate the dis-
tances between clusters was applied. This method also has 
the advantage of minimizing the sum of the squares of any 
two groups that can be formed at each step (Ward 1963). 
Q-mode CA was carried out to classify groundwater sam-
ples on the basis of their similarities while R-mode analysis 
was realized to determine the association of different heavy 
metal and physical parameters of groundwater samples.

In this study, multivariate statistical analyzes were per-
formed using the SPSS software (version 23.0 for Windows) 
and all maps were made by using ArcGIS software. The 
spatial distribution maps of heavy metal concentrations, 
heavy metal pollution index, and heavy metal evaluation 
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index were produced by using inverse distance weighted 
(IDW) interpolation method. This method is one of the effi-
cient and most popular methods adopted by geoscientists 
and geographers that used to estimate unknown depth data 
from known measured depths (Maleika 2020). IDW method 
approximates the values corresponding to the points where 
sampling was not executed using a linear combination of 
values corresponding to the points where the sampling was 
performed weighted by an inverse function of the distance 
between the point of interest and the sampled points (Kes-
havarzi and Sarmadian 2012; Arslan and Turan 2015). This 
method has a significant advantage when the distribution 
of estimated parameters is not a normal distribution (Chen 
and Liu 2012).

Results

Heavy metal pollution and spatial distribution 
in groundwater

Table 1 presents the summary of descriptive statistical 
results of heavy metal(loid)s of groundwater samples col-
lected in the study area. The decreasing order of heavy 
metal(loid)s in most water samples is Al > Mn > Zn > S
e > Ti > Ba > Cr > Ni > As > V > Cu > Mo > Se > Co > Pb 
> B > Cd. The Cr concentrations of groundwater samples 
vary between 0 and 286.54 µg/L, Mo values between 0 and 
6.13 µg/L, Se values between 0 and 10.29 µg/L, Mn values 
between 2.85 and 1469.28 µg/L, As values between 0 and 
113.61 µg/L, and Ti values ranged from 98 to 159.1 µg/L. 
The spatial distribution of Cr in the study area indicated 

that the high concentrations of Cr occupy the eastern part 
(Fig. 3a) while those of Mo were detected in the western 
part and southeast of the study area (Fig. 3f). The spatial 
variation map of Se showed that high concentrations of Se 
were observed in wells located near the center and the south 
part of the study area (Fig. 3e). The highest value of Mn was 
measured in well number 10 situated in the southwest of 
the study area while the lowest value was detected in well 
number 2 located in the northwestern part. The distribu-
tion map of Mo concentrations indicated that high values 
of Mo occupy the west part of study area while the low 
values were observed in wells situated in the western and 
northern parts (Fig. 3c). The high As concentrations were 
detected in wells located in the east and southeast of the 
study area (Fig. 3d) while those of Ti were observed in the 
northeast, the east, and the southeastern parts of the study 
area (Fig. 3b). The Co values of groundwater samples ranged 
from 0 to 8.22 µg/L, V values between 0 and 47.63 µg/L, 
Al values ranged from 38.94 to 11,014.83 µg/L, Ba values 
ranged from 0.63 and 69.98 µg/L, Cu values vary between 
0 and 16.89 µg/L, and Zn concentrations are between 0 and 
346.21 µg/L. The spatial distribution maps of Co, V, Cu, Al, 
and Zn showed that the high concentrations of Co, Cu, and 
Al occupy the southeast and the northeast part of the study 
area (Fig. 4a, c, f) while those of V and Zn are located in the 
northeast, the southeast and the west part of the study area 
(Fig. 4b, d). The high concentrations of Ba were observed in 
the eastern part of the study area (Fig. 4e). The Ni values of 
water samples are between 2.23 and 63.61 µg/L, B values are 
between 0.14 and 0.67 µg/L, and Pb values ranged between 
0 and 2.80 µg/L. The spatial variation maps of Ni and Pb 
indicated that high concentrations of these metals occupy 

Table 1  Descriptive statistics 
for heavy metal(loid)s

All metals are expressed in µg/L

Heavy 
metal(loid)s

Minimum Maximum Mean Std. Deviation Variance

Ni 2.23 63.61 11.46 15.17 230.00
B 0.14 0.67 0.27 0.13 0.02
Pb 0.00 2.80 0.31 0.69 0.48
Mo 0.00 6.13 1.09 1.43 2.05
Se 0.00 10.29 1.04 1.91 3.64
Mn 2.85 1469.68 350.16 370.52 137,288.54
As 0.00 113.61 9.38 23.47 550.98
Ti 0.98 159.19 22.75 39.17 1534.51
Al 38.94 11,014.83 1192.23 2476.24 6,131,757.29
Cr 0.00 286.54 11.65 49.97 2497.04
Co 0.00 8.22 0.72 1.72 2.95
Ba 0.63 69.98 20.99 18.60 345.82
V 0.00 47.63 5.01 9.36 87.67
Cu 0.00 16.89 3.18 3.87 15.01
Zn 0.00 346.21 77.31 93.00 8648.19
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the northeast and southeast of the study area (Fig. 5a, c). 
The distribution map of B concentrations given in Fig. 5b 
showed that in the study area the high values occupy the 
east, west, and the center part of the study area.

Heavy metal(loids) pollution indices 
and Ficklin‑Caboi diagram

The calculated HPI and HEI values of each groundwater 
samples are given in Table 2. The HPI values of samples 
ranged from 3.12 to 325.09 with an average of 75.32. 
The highest value of HPI was observed in well number 
24 while the lowest value was detected in well number 
2 of the study area. The mean value of HPI determined 
using the mean concentrations of the various heavy met-
als considered in this study is 75.32, therefore lower than 
the critical value of 100 suggested by Prasad and San-
gita (2008) (Table 2). The computed heavy metal evalu-
ation index values (HEI) ranged from 0.51 and 90.81 
with an average of 14.92 (Table 2). The highest value 
of HEI were observed in well number 25 located in the 
southeast of the study area while the lowest value was 

detected in well number 2 situated in the northwestern 
part (Fig. 6).

According to Ficklin-Caboi diagram, the classification 
of groundwater samples collected from the study area are 
presented in Fig. 7. According to this diagram, 42.42% 
of groundwater samples falls within the near neutral high 
metal class and 57.58% within the near neutral metal class. 
The highest values of metal load were observed in wells 
number 25, 28, and 29 located in the eastern part of the 
study area while the lower values were detected in wells 
number 7 and 15 situated respectively in the western and 
southern parts of study area (Table 3).

Multivariate statistical analyses

Correlation analysis

The correlation coefficient matrix for heavy metal(loid)s and 
physical parameters of groundwater samples are presented 
in Table 4. Heavy metals which have the same source and 
similar geochemical behavior exhibit strong correlations 
between them (Lu et al. 2010; Boateng et al. 2015). The 

Fig. 3  Spatial distribution maps of Cr (a), Ti (b), Mn (c), As (d), Se (e), and Mo (f)

2658   Page 8 of 21 Arab J Geosci (2021) 14: 2658



1 3

Ni values of water samples exhibited a strong correlation 
with Ti and moderate correlation with Al, Cr, and Co. The 
B values indicated a moderate correlation with Se, As, and 
EC. Pb showed a moderate correlation with Ti, Al, Cr, Co, 
and V. There is no significant correlation between Mo values 
and the other heavy metals in the study area. Se presented a 
moderate correlation with B, As, and EC. The Mn values are 
only correlated with Ba. As concentrations showed a moder-
ate correlation with B and Se. Ti exhibited a strong correla-
tion with Ni, Al, and Cr; and a moderate correlation with Pb 
and Co. The Al values indicated a moderate correlation with 
Ni, Pb, V, and Cu; and strong correlation with Cr and Co. 
Cr concentrations revealed a moderate correlation with Ni, 
Pb, Ba, and Cu; and strong correlation with As, Al, and Co. 
Co values indicated a moderate correlation with Ni, Pb, Ti, 
and V; and strong correlation with Al and Cr. The concentra-
tions of Ba showed a moderate correlation with Mn and Cr. 
The V values presented a moderate correlation with Pb, Al, 
Co, and Cu. Moderate correlations were observed between 
Cu-Al, Cu-Cr, and Cu-V. The pH and EC values revealed no 
significant correlation with all metal(loid)s.

Principal components analysis and hierarchical 
cluster analysis

In this study, principal component analysis and hierarchical 
cluster analysis methods have been used both to identify 
the sources of heavy metals pollution of groundwater in 
the study area and to visualize the relations between these 
heavy metals. The heavy metals and physical parameters of 
groundwater used for the principal component analysis and 
hierarchical analysis were As, Pb, Se, Cu, Al, Ti, Zn, Co, Cr, 
Mn, Ba, Fe, Ni, Mo, B and V, EC, and pH. The results of 
the KMO and Bartlett tests applied to the heavy metals and 
physical parameters of the groundwater samples are given 
in Table 5. This table showed that the KMO value of the 
data used for principal component analysis is 0.588. The 
significance value for Bartlett’s test is 0; therefore, the data 
are suitable for principal component analysis. The values of 
the total variance explained, the eigenvalues, the cumulative 
% of variance, and the rotated factor loading for each prin-
cipal component were summarized in Table 6. The spatial 
distribution of principal components is given in Fig. 7.

Fig. 4  Spatial distributions maps of Al (a), Zn (b), Cu (c), V (d), Ba (e), and Co (f)
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According to the principal component analysis results, 
five principal factors with eigenvalues greater than one have 
been formed. These five factors alone explain 80.44% of the 
total variance. The first factor represents 35.097% of vari-
ance, factor 2 accounts 18.26%, factor 3 accounts 10.93%, 
factor 4 accounts 9.496%, and factor 5 represents 6.657% of 
the total variance (Table 6). These five principal components 
can help to identify the main sources of heavy metals of 
groundwater in the study area.

The R-mode cluster analysis result which was realized in 
this study to determine the association of heavy metals and 
physical parameters based on their similarities and sources 
is given in Fig. 10a. According to the result of this analyze, 
three large groups of variables were formed. The first group 
includes aluminum, cobalt, lead, nickel, titanium, manganese 

and barium; the second group consists of vanadium, copper, 
zinc, chromium, and pH; and the third group includes sele-
nium, electro-conductivity, boron, molybdenum, and arsenic.

The Q-mode cluster analysis result that was realized 
in this study to classify the groundwater samples on the 
basis of their similarities is given in Fig. 10b. The aver-
age concentrations of heavy metals (loids) in each group 
were given in Table 7. According to Fig. 10b, five large 
groups of groundwater samples were formed in the study 
area. The first group includes 20 groundwater samples and 
represents 60.60% of samples; the second group charac-
terizes water samples number 17, 27, 18, and 11 and con-
cerns 12.12% of samples; the third group is associated 
with groundwater samples number 23 and 33 and repre-
sents 6.06% of samples; the fourth group is associated with 

Fig. 5  Spatial distributions 
maps of Pb (a), B (b), and Ni 
(c)
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wells number 13 and 24 and represents 6.06% of samples; 
and finally the fifth group consists of water samples num-
ber 28, 29, 10, and 25 and represents 12.12% of samples.

Discussions

This study which focuses on the pollution of groundwater 
of Çarşamba costal aquifer highlighted the pollution by 
toxic metals of some wells in the study area. According to 

Cr concentrations of groundwater samples, excepted water 
sample from well number 33, all samples have Cr value 
below the limit value recommended by Turkish Standards 
and WHO. Similar results were observed in the work carried 
out by Ağca et al. (2014) on groundwater from the Amik 
plain where the Cr concentrations in most water samples 
were below the acceptable limit defined by the WHO. Con-
sumption of water containing high concentration of Cr can 
cause in human health problems such as respiratory cancers, 
infertility, and developmental disorder in children (Shams 
et al. 2020). The main sources of Cr in the study area are 
waste discharges from industrials areas. According to Se val-
ues of groundwater samples, excepted groundwater sample 
from well number 13, all water samples fall within the WHO 
guideline and Turkish Standards of 10 µg/L. Chronic expo-
sure to high levels of Se can cause selenosis, which is a dis-
ease that can lead skin rash, gastrointestinal problems, hair 
loss, neurological damage, fingernail brittleness, and even 
cirrhosis of the liver (Goldhaber 2003; Bailey 2017). The 
main source of the high concentrations of Se in the study 
area is fertilizers and pesticides used in agricultural zones. 
In term of the Mn concentrations of groundwater samples, 
it appears that most samples have Mn values that exceeded 
the permissible limit value defined by World Health Organ-
ization guidelines and Turkish Standards. Similar results 
were observed in the work carried out by Arslan and Turan 
(2015) where high concentrations of Mn in the groundwa-
ter of Çarşamba coastal plain were detected. Exposure to 
a high concentration of Mn in drinking water can cause in 
adult neurological problems and diseases like manganism, a 
Parkinson-like disorder (Homoncik et al. 2010). Therefore, 
water samples with Mn values that exceeded the permissible 
limit are not recommended for drinking. The main sources 
of Mn in the study area are industrial discharges and urban 
activities. According to As values of groundwater samples, it 
is observed that excepted water samples from wells number 
24, 25, 26, and 28 where very high values were observed, 
all water samples fall within the WHO guideline and Turk-
ish Standards of 10 µg/L. The consumption of water with a 
high content of arsenic can cause in human diseases such 
as diseases of the blood vessels of the legs and feet, the 
skin disorders, skin cancers, internal cancers (lung, blad-
der, and kidney), increased blood pressure, reproductive dis-
orders, and possibly diabetes (Shankar and Shanker 2014; 
WHO 2011). Therefore, groundwater from wells number 
24, 25, 26, and 28 are polluted and non-recommended for 
drinking. The main sources of arsenic in the study areas are 
discharge wastes from industrial area and pesticides used 
in the agricultural zones. Around 66.66% of groundwater 
samples collected in the study area have Ti values more 
than the average Ti value of normal water. The mean con-
centration of Ti in normal groundwater is 3 µg/L (Şahıncı 
1993). The highs concentrations of Ti are mainly linked 

Table 2  HPI and HEI values of groundwater samples

Samples number ∑Wi ∑Wi Qi HPI HEI

1 0.41 16.35 39.64 7.35
2 0.41 1.29 3.12 0.56
3 0.41 8.67 21.01 2.59
4 0.41 6.46 15.65 4.97
5 0.41 5.97 14.46 4.02
6 0.41 11.37 27.56 4.41
7 0.41 6.12 14.83 1.86
8 0.41 13.45 32.61 5.86
9 0.41 20.55 49.81 10.18
10 0.41 70.78 171.56 41.92
11 0.41 20.37 49.36 16.61
12 0.41 9.36 22.68 4.40
13 0.41 36.56 88.62 11.80
14 0.41 33.45 81.07 20.53
15 0.41 5.34 12.94 2.77
16 0.41 24.20 58.67 8.09
17 0.41 27.22 65.98 13.37
18 0.41 49.24 119.35 24.82
19 0.41 24.27 58.82 13.14
20 0.41 10.62 25.75 6.63
21 0.41 9.12 22.12 3.86
22 0.41 31.17 75.55 12.66
23 0.41 7.63 18.50 3.93
24 0.41 134.12 325.09 15.73
25 0.41 129.41 313.68 90.81
26 0.41 39.31 95.29 11.59
27 0.41 35.50 86.06 20.56
28 0.41 130.19 315.59 56.44
29 0.41 38.87 94.23 43.40
30 0.41 5.10 12.37 1.54
31 0.41 23.45 56.84 8.05
32 0.41 17.61 42.69 7.46
33 0.41 22.25 53.94 10.35
Minimum 3.12 0.56
Maximum 325.09 90.81
Mean 75.32 14.92
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to wastes from industrial activities that take place in the 
study area. WHO guidelines and Turkish Standards have 
not included Ti in drinking water standards. The V and Co 
values in almost groundwater samples of study area are very 
low. These low levels of vanadium observed in most water 
samples indicated that the main origins of this element in 
the study area are geogenic. However, fertilizers used in 
agricultural areas can be considered as the second origin 
of vanadium in groundwater. The concentrations of Co in 
the study area are linked to wastes from industrial activi-
ties and pesticides used in agricultural areas. There is no 
limit value of Co and V defined by WHO and the Turkish 
standards for drinking water. Regarding the Al concentra-
tions, it is observed that most of the groundwater samples 
of the study area present high Al concentrations. Therefore, 
groundwater of this region can be considered as polluted 
and non-recommended for drinking and irrigation purpose. 

These high concentrations of Al in the groundwater of the 
study area were also observed in the work carried out by 
Arslan and Turan (2015). The main sources of Al in the 
study area are waste discharges from industrial activities. 
According to the World Health Organization guidelines and 
Turkish Standards, only 54.55% of samples have Al val-
ues below the acceptable limit concentration of 200 µg/L. 
Several epidemiological studies showed the link between 
high levels of aluminum in drinking water and serious dis-
eases such as Alzheimer disease (Momodu and Anyakora 
2010). The Cu and Ba concentrations in all groundwater 
samples of study area are not significant. It is estimated that 
the mainly sources of Cu in the study area are pesticides and 
fertilizers that are used in agricultural area while wastes dis-
charge from the industrial zones are considered as the main 
source of Ba. The copper is a common constituent of pesti-
cides and fertilizers as well as insecticides (Huang and Jin 

Fig. 6  Spatial distribution maps of HPI (a) and HEI (b)
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2008; Nathalia et al. 2021). According to the World Health 
Organization guidelines, the Cu and Ba values in all samples 
are below the acceptable limit of 2000 µg/L and 700 µg/L, 
respectively. The Ni concentrations in most groundwater 
samples are not significant. However, water samples col-
lected in wells number 24, 25, 28, 29, and 33 have Ni val-
ues which exceeded the acceptable limit of 20 µg/L rec-
ommended by World Health Organization guidelines and 
Turkish Standards. These wells in which high concentrations 
of Ni were observed are not recommended for drinking and 
irrigation purposes. The work carried out by Saglam et al. 

(2011) revealed high concentrations in the soil of the study 
area. It supposed that the high Ni contents would be linked 
to the original material (volcanic) of the soils formed from 
alluvial deposits comprising a large amount of nickel and 
an industrial effect on part of the study area (Saglam et al. 
2011). High exposure to nickel can cause for human toxic 
effects such as allergic reactions, contact dermatitis, nephro-
toxic effects, and embryo toxic effects (Das and Dhundasi 
2008). The Zn, Pb, B, and Mo values observed in all ground-
water samples are below the permissible limit concentration 
defined by World Health Organization guidelines and Turk-
ish Standards. Industrial discharge wastes can be considered 
as the main source of Ni, Zn, Pb, and Mo pollutions in the 
study area. However, in addition to industrial wastes, fertiliz-
ers and pesticides used in agricultural areas can also be the 
sources of Mo in Çarşamba coastal plain.

The HPI values of some groundwater samples of study 
area exceeded the critical pollution index (100) value. Simi-
lar results have been observed by Sirajudeen et al. (2015) in 
groundwater of Fathima Nagar of India and by Chiamsathit 
et al. (2020) in groundwater of hillside area of Kalasin in 
Thailand. The HPI values of groundwater samples can be 
classified into 3 categories by using a multiple of HPI mean 

Fig. 7  Ficklin-Caboi diagram

Table 3  Groundwater classification according to HPI and HPI values

Metal indices Class Degree of pollution Number 
of sam-
ples

Proportion 
of samples

HPI  < 75 Low 22 66.66
75–150 Medium 7 21.22
 > 150 High 4 12.12

HEI  < 15 Low 24 72.73
15–30 Medium 5 15.15
 > 30 High 4 12.12
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value (Prasanna et al. 2012). Based on the HPI values of 
groundwater samples of study area, a new classification was 
proposed by using the calculated mean HPI value. Based on 
this new classification, water samples with HPI values less 
than 75 belong to the low pollution class, those that HPI 
values are between 75 and 150 belong the medium pollu-
tion class, and finally water samples with HPI values higher 
than 150 belong to the high pollution class. According to 
this classification, 66.66% of the groundwater samples fall 
in low pollution water class, 21.22% in medium pollution 
water class, and 12.12% of samples fall within the high pol-
lution water class (Table 3). The spatial variation map of the 
HPI showed that the high values were focused in the eastern 
and southeastern part of the study area while the low con-
centrations extend from the center to the entire western part 
(Fig. 6a). Edet and Offiong (2002) classified the HEI values 
of water samples into 3 level class by using the multiple of 

calculated HEI mean value. Based on this approach, the dif-
ferent levels of contamination of groundwater samples were 
classified in 3 classes that are the low pollution water class 
(HEI < 15), the medium pollution water class (HEI between 
15 and 30), and the high pollution water class (HEI > 30). 
According to this new classification, 72.73% of water 
samples of study area fall within the low pollution water 
class, 15.15% within the medium pollution water class, and 
12.12% fall within the high pollution water class (Table 3). 
The spatial distribution map of heavy metal evaluation index 
showed that the high values were concentrated in the eastern 
and southeastern part of the study area while the low values 
occupy most of the study area (Fig. 6b).

The principal components analysis results revealed that 
the factor 1 which represents 35.097% of total variance 
is principally linked with strong positive loading of Al 
(0.926), Pb (0.905), Co (0.875), and Ti (0.844) and moder-
ate loading of Cu (0.772) and Ni (0.638) and weak loading 
of Zn (0.596) and V (0.594) (Table 6). The association of 
Al, Pb, Co, Ti, Cu, Ni, Zn, and V indicated that in the study 
area these heavy metals have common origin. It is believed 
that these heavy metals are mainly linked to agricultural 
activities and waste from industrial activities that take 
place in Çarşamba plain. The work carried out by Saglam 
et al. (2011) in the Çarşamba region and that carried out 
by Ozyazıcı et al. (2017) throughout the Black Sea region 
revealed high concentrations of Co, Ni, Zn, and Cu in the 
soil (Fig. 8). According to the results of their works, these 
high concentrations may be due to excessive P-fertilization 
and field traffic. Kumar et al. (2020) showed that industrial 

Table 5  KMO and Bartlett’s tests results

Kaiser–Meyer–Olkin measure of sampling adequacy 0.588

Bartlett’s test of sphericity Approx. Chi-square 547.756
df 136
Sig 0.000

Table 6  Rotated factor loading, total variance explained, and eigen-
values of each factor

Component

1 2 3 4 5

Al 0.926 0.000 0.269 0.036 0.057
Pb 0.905  − 0.010 0.265 0.012  − 0.072
Co 0.875 0.017 0.325 0.070 0.174
Ti 0.844 0.002 0.237 0.288 0.037
Cu 0.772  − 0.127  − 0.172  − 0.168 0.016
Ni 0.638 0.088 0.309 0.620 0.159
Zn 0.596 0.087  − 0.057  − 0.109 0.448
V 0.594 0.072  − 0.456  − 0.124  − 0.074
EC  − 0.004 0.958 0.174  − 0.038 0.011
Se  − 0.015 0.954 0.064 0.092  − 0.096
B  − 0.017 0.792  − 0.178 0.497 0.180
pH  − 0.043  − 0.061  − 0.867  − 0.235  − 0.028
Ba 0.342 0.116 0.649  − 0.293 0.113
Mn 0.468 0.054 0.620  − 0.225  − 0.203
As 0.238 0.259 0.157 0.828  − 0.074
Mo  − 0.242 0.020  − 0.180 0.736 0.061
Cr 0.064  − 0.018 0.044 0.067 0.927
Eigenvalues 5.967 3.104 1.858 1.614 1.132
% of Variance 35.097 18.260 10.930 9.496 6.657
Cumulative vari-

ance (%)
35.097 53.357 64.287 73.783 80.44

Table 7  Average concentrations of heavy metals (loids) in each group

Excepted pH and EC all parameters are expressed in µg/l

Parameters Group 1 Group 2 Group 3 Group 4 Group 5

Nickel 7.468 7.666 12.82 35.145 34.765
Boron 0.576 0.212 0.445 0.67 0.235
Lead 0.2495 0.124 0 0 2.02
Molybdenum 1.57 0.204 1.625 2.94 0.26
Selenium 16.3585 0.494 0.325 6.78 0.935
Manganese 212.549 603.064 49.745 241.27 914.4725
Arsenic 7.853 5.484 2.53 59.83 25.91
Titanium 16.026 20.274 9.025 38.015 106.9975
Aluminum 707.5455 840.718 450.15 90.74 6940.19
Chromium 1.6935 1.726 143.27 0 20.3175
Cobalt 0.443125 0.324 0.76 0 4.5125
Barium 14.366 48 10.695 11.965 36.755
Vanadium 3.2955 4.726 24.625 0.22 11.8125
Copper 2.1585 1.648 7.12 0.23 11.155
Zinc 50.692 64.566 168.53 16.65 175.6025
pH 7.3495 6.826 7.54 6.86 7.0675
EC (µs/cm) 1094.1 1316.4 1213.5 2642 1297
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activities contribute also to the accumulation of Cu and 
Ni in agricultural soil. The score plot of samples (Fig. 9) 
indicated that the water samples which are more influenced 
by factor 1 are samples number 25, 28, and 29. The factor 
2 which represents 18.26% of total variance is linked with 
strong positive loading of EC (0.958) and Se (0.954); and 
moderate loading of B (0.792). In the study area, the main 
source of B and Se are fertilizers and pesticides used in 
the study area. The score plot of the water samples (Fig. 9) 
showed that the samples which are more influenced by fac-
tor 2 are groundwater samples number 13, 28, and 22. The 
factor 3 that represents 10.93% of total variance is con-
nected with strong negative loading of pH (− 0.867) and 
weak loading of Ba (0.649) and Mn (0.62). The strong 
negative loading of pH associated with weak loading of Ba 
and Mn indicated that acidic conditions favor the release 
of B and Mn into groundwater. The factor 3 represents 
then the effect of pH on the dissolution and mobility of 
Ba and Mn in the study area. The score plot of the water 
samples (Fig. 9) indicated that the samples that are more 
influenced by factor 3 are groundwater samples number 17, 
18, and 25. High Ba and Mn levels observed in some water 

samples were mainly caused by industrial waste and agri-
cultural activities. The factor 4 which represents 9.496% 
of total variance is linked with strong positive loading of 
As (0.828) and moderate positive loading of Mo (0.736). 
The score plot of groundwater samples (Fig. 9) shows that 
water samples that are more influenced by factor 4 are 
wells number 24 and 8. The source of the accumulation of 
Mo and As in the study area are anthropogenic. Anthro-
pogenic source of these metals includes waste discharges 
from industrial areas and fertilizers and pesticides that are 
used in agricultural zone. The work carried out by Kum-
bur et al. (2008) demonstrated that in agricultural areas 
fertilizers, insecticides, herbicides, and pesticides are the 
mainly sources of Mo. Industrial activities such as energy 
production and waste incineration can be considered as the 
principal origins of As concentration in the study zone (Li 
and Zhang 2010; Arslan and Turan 2015). The factor 5 that 
represents 6.657% of total variance is only associated with 
strong positive loading of Cr (0.927). Cr concentration in 
groundwater is a good indicator of paint and metal indus-
trial waste in the study area (Arslan and Turan 2015). The 
score plot of the water samples (Fig. 9) indicated that the 

Fig. 8  Spatial distribution of 
principal components
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samples which are more influenced by factor 5 is ground-
water sample number 33.

Cluster analysis dendrogram in R-Mode indicated that 
excepted Mn and Ba, all elements of group 1 belong to the 
first factor obtained from the principal component analy-
sis method. The spatial distributions maps of heavy met-
als obtained using the IDW method revealed that the high 
values of heavy metal(loid)s observed in this first group are 
concentrated in the eastern part of the study area. The den-
drogram presented in Fig. 10a showed that the first group 
can be subdivided into 3 subgroups. The first subgroup is 
mainly associated with Al, Co, and Pb; the second subgroup 
is linked with Ni and Ti; and the third subgroup consists of 
Mn and Ba. These subgroups confirm the result obtained in 
the correlation analysis where significant correlations were 
observed between Al-Co-Pb, Ni–Ti, and Mn-Ba. The second 
group of elements can be subdivided into 2 subgroups. The 
first subgroup of this second group includes V, Cu, and Zn 

and the second subgroup consists of Cr and pH. The first 
subgroup which includes V, Cu, and Zn confirms the results 
obtained in correlation analysis where significant correla-
tions were observed between V-Cu and Zn-Cu. The second 
subgroup which contains only Cr as a heavy metal confirms 
the results observed in factor 5 of the principal component 
analysis method where Cr is not associated with any other 
metal in the study area. The third group of elements obtained 
in R-mode cluster analysis can be subdivided in 2 subgroups. 
The first subgroup of this third group is associated with Se, 
EC, and B; and the second subgroups includes Mo and As. 
The first subgroup which includes Se, EC, and B is identi-
cal to the second factor obtained in the principal compo-
nent analysis method where the association of Se, EC, and 
B were observed. The second subgroup that is linked with 
Mo and As is identical to the fourth factor of principal com-
ponent analysis where the association of Mo and As were 
observed. Therefore, the first and second subgroup of the 

Fig. 9  Score plot of different groundwater samples
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third group confirms the results obtained in principal com-
ponent analysis.

The first group of samples obtained in Q-mode cluster 
analysis revealed that the average Se value of 16.35 µg 
observed in this group is higher than that observed in the 
other groups. The mean values of Al, Mn, Ti, and Ba in 
this group are 707.54 µg/L, 212.54 µg/L, 50.69 µg/L, and 
14.36 µg/L, respectively. The average concentrations of 
the dominant metals in this first group are in the following 
decreasing order: Al > Mn > Zn > Se > Ti > Ba. The spatial 
distribution maps of heavy metal showed that most of water 
samples from this group are located in the less polluted 
zones of the study area. In the second group of elements 
obtained with Q-mode analysis, the average Ba concentra-
tion of 48 µg/L observed is higher than that observed in 
the other groups. In this group, the mean concentrations of 
the dominant metals are in the following decreasing order: 
Al > Mn > Zn > Ba > Ti > As. Most of water samples of 
this group are located in the eastern part of the study area. 
The Al, Mn, Zn, Ba, Ti, and As mean values of ground-
water samples of this group are 840.71 µg/L, 603.06 µg/L, 
64.56 µg/L, 48 µg/L, 20.27 µg/L, and 5.48 µg/L, respec-
tively. The spatial distribution maps of metals indicated that 
the samples which make-up this second group were located 

in the west part of the study area and are among the least 
polluted samples. The third group of elements obtained with 
Q-mode analysis indicated that the mean Cr concentration of 
143 µg/L observed in this group is higher than that observed 
in the other groups. The mean concentrations of the domi-
nant metals of this group are in the following decreasing 
order: Al > Zn > Cr > Mn > V. The average Al, Zn, Cr, Mn, 
and V values of this group are 450.15 µg/L, 168.53 µg/L, 
143.27 µg/L, 49.74 µg/L, and 24.62 µg/L, respectively. The 
fourth group of this classification indicated that the mean 
values of Mn observed in this group are higher than those 
observed in other groups. It was also observed that the well 
number 24 of this group is more polluted by As, Ni, and 
Mo than the other wells. In this group, the mean concentra-
tions of the dominant metals are in the following decreasing 
order: Mn > Al > As > Ti > Ni. The average Mn, Al, As, Ti, 
and Ni values of this group are 241.27 µg/L, 90.75 µg/L, 
59.83 µg/L, 38.01 µg/L, and 35.15 µg/L, respectively. The 
spatial distribution heavy metal maps indicated that these 
water samples which make up this fourth group are among 
the most polluted samples of the study area. Finally, the fifth 
group of this Q-mode classification indicated that the aver-
age value of Al in this group is higher than those observed 
in other groups. The average concentrations of the dominant 

Fig. 10  (a) Dendogram of R-mode cluster analysis result (b) and Q-mode cluster analysis result
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metals of this group are in the following decreasing order: 
Al > Mn > Zn > Ti > Ba. The mean values of Al, Mn, Zn, 
Ti, and Ba of this group are 6940.19 µg/L, 914.47 µg/L, 
175.60 µg/L, 106.99 µg/L, and 36.75 µg/L, respectively.

Conclusion

In this study carried to assess the heavy metal pollution in 
groundwater of Çarşamba costal aquifer, heavy metal pol-
lution index, heavy metal evaluation index, Ficklin-Caboi 
diagram, and the multivariate statistical analysis methods 
have been used. This study also made it possible to highlight 
the impact of industrial and agricultural activities on the 
quality of groundwater in the Çarşamba plain. It will enable 
local, regional, and national authorities to take the necessary 
measures to combat water pollution through programs for 
the prevention and monitoring of pollution by toxic metals 
in groundwater of Çarşamba plain.

The decreasing order of heavy metal(loid)s in most water 
samples is Al > Mn > Zn > Se > Ti > Ba > Cr > Ni > As > V > 
Cu > Mo > Se > Co > Pb > B > Cd. The Al, Ni, Mn, Se, As, 
and Cr values of some wells were above the allowed lim-
its of WHO and Turkish standard while in all groundwater 
samples the B, Pb, Mo, Ti, V, Co, and Zn values are below 
the permissible upper values. Based on the HPI values, most 
of water samples have HPI value less than the critical value 
of 100. The classification of HPI and HEI values showed 
that most of groundwater samples fall in low pollution water 
class. The spatial distribution maps of HEI and HPI values 
showed that the eastern part of the study area is more pol-
luted than the other parts. It was observed that Al, Ni, Mn, 
Se, As, and Cr are the mainly toxic metals that contribute 
to water pollution in the study area. Ficklin-Caboi diagram 
exhibited that 42.42% of groundwater samples fall within 
the near neutral high metal class and 57.58% within the near 
neutral metal class. Spearman correlation analysis showed 
strong correlations between Ni and Ti, Ti and Al, Ti and Cr, 
Al and Cr, Al and Co, and between Co and Cr. Five principal 
components which represent 80.44% of the total variance 
have been formed. The first factor which represents 35.097% 
of total variance is linked with strong positive loading of 
Al, Pb, Co, and Ti and moderate loading for Cu and Ni and 
weak loading of Zn and V. The second factor that represents 
18.26% of total variance relates to strong positive loading of 
EC and Se, and moderate loading of B. The factor 3 which 
represents 10.93% of total variance is mainly associated with 
strong negative loading of pH and weak loading of Ba and 
Mn. The factor 4 which represents 9.496% of total variance 
is mainly associated with strong positive loading of As and 
moderate positive loading of Mo.
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