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Abstract
Purpose  This study was carried out to assess human health risk exposure, to apply a novel pollution assessment–based 
receptor model CF-PMF (contamination factor-positive matrix factorization), and to estimate the extent of contamination 
across seven cities in the Frydek-Mistek district. Nevertheless, the impact of agricultural production and industrial activi-
ties on urban soil and the livelihood of the indigenous peoples in the study area as well as the source contribution of the 
individual PTEs is unknown.
Methods  This study collected 49 soil samples across seven towns in the Frydek-Mistek district, which are primarily agri-
cultural and industrially oriented urbanized communities. The samples were air-dried, and the potentially toxic elemental 
(PTEs) (i.e., Pb, As, Cr, Ni, Mn, Cu, and Zn) concentrations measured using portable x-ray fluorescence.
Results  Nemerow Pollution index and modified contamination degree indicated that the urban contamination levels were 
between low and moderate contamination level with a few cases of high contamination levels. The degree of contamination 
and the contamination factor showed varying levels of contamination for PTEs, with a high level of contamination and a 
low to high level of contamination, respectively. PTEs displayed a low to high pattern of spatial distribution in urban soil 
around Trinec, Bystice, Hrcava, and Harirov. The source of the PTEs was detected using principal component analysis, 
and the source apportionment of the PTEs was further assessed using CF-PMF (contamination factor-positive matrix fac-
torization). Comparison of the CF-PMF receptor model and the EPA-PMF receptor model revealed that the novel receptor 
model performed better. The root mean square error (RMSE) and the mean absolute error (MAE) of the new receptor model 
marginal errors reduced significantly. RMSE and MAE for the CF-PMF receptor model for all the PTEs for instance As, Cr, 
Cu, Mn, Ni, Pb, and Zn are 11.56, 97.85, 17.30, 527.26, 37.16, 32.12, and 68.02 (RMSE) and 11.58,95.00, 17.26, 520.85, 
37.04, 32.13, and 68.03 (MAE) were lesser than the EPA.PMF receptor model respectively.
Health risk computed indicated that there was no potential carcinogenic and non-carcinogenic risk being exposed to the 
people living within the study area.
Conclusion  We propose using the novel receptor model CF-PMF because its output has  shown to be optimal with minimal 
error and improved efficiency when compared to the parent model EPA-PMF. In general, continuous introduction of agro-
related inputs and other anthropogenic activities  surges PTEs levels in urban soils. Thus, constructive yet efficient steps, 
appropriate control, and mitigation measures are required to abate pollution sources that may be sowed to the soil.

Keywords  Contamination factor-positive matrix factorization · Spatial distribution · Urban soil · Health risk assessment · 
Principal component analysis

1  Introduction

Potential toxic elements (PTEs) have always been at the 
center stage of soil pollution due to human activities that sus-
tain human life and survival on earth. Agyeman et al. (2020) 
stated that PTE is a generic lexicon given to hazardous 
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metal(loids) that damages the human health or the ecosys-
tem. PTE’s soil pollution has escalated over the globe (Solgi 
et al. 2012; Yang et al. 2018) and has gained a tremendous 
spotlight in modern times (Chen et al. 2015; Wang et al. 
2016). Mineral ore and rocks are the origin of PTEs (Alloway  
2013), which are usually natural formation like those of 
weathering of rocks including mineral formations and from 
anthropogenic impacts correlated to urbanization, industrial 
activities, mining, agriculture, and natural resource extrac-
tion (e.g., gold) (Alyazichi et al. 2017; Jones et al. 2019; 
Bhuiyan et al. 2021). According to Alloway (2013), PTEs can 
typically be small in nature with an elevated concentration 
level that is often recurrent and has a sustained bioavailable 
duration. These PTEs due to their bioavailability in nature 
and long residence period are found to be injurious to human 
health and the ecosystem at large. According to Burges et al. 
(2015), PTEs are pervasive and may be detrimental to the 
environment and human health due to their degree of nox-
iousness and tenacity in nature. Anthropogenic processes 
such as industrial development, urban sprawl, mining, and 
agriculture have long been at the forefront of soil pollu-
tion. According to Wei and Yang (2010) and Agyeman et al. 
(2020), over the last decades, toxic substance from various 
sources, including PTEs, have been significantly introduced 
into the soil because of accelerated industrial development 
and urban sprawl. Kabata-Pendias (2011) have reported that 
soil has the greatest natural environmental effect because it 
monitors the distribution of PTEs to the air, the hydrosphere, 
and the biosphere, not only as a geochemical sink for the use 
of pollutants, but also as a natural safety valve. However, 
much research has been done on PTEs, since it is a potential 
threat to health in society (Agyeman et al. 2020) in terms of 
human activities, especially in the urban areas, agricultural 
land, and industrial areas (Guagliardi et al. 2013). Ferri et al. 
(2012) reported that the soil tends to remain in its condition 
for a period of time following contamination due to sorption 
and mobility of soil particles by PTEs.

According to USEPA (1996), PTEs that are mostly 
uncovered in most polluted site such as urban soil in excess 
are As, Cd, Cr, Cu, Hg, Pb, and Zn. The rate of reaction, 
transportation, and the fate of the these PTEs are largely 
dependent on the metal speciation and the chemical forms 
of the metals (Wuana and Okieimen 2011). Shiowatana 
et al. (2001) and Buekers (2007) outlined that PTEs are 
adsorbed in seconds or minutes by a rapid reaction, fol-
lowed by a gradual adsorption reaction process that can take 
days or weeks, and are disseminated in various forms such 
as toxicity, mobility, and bioavailability. PTEs may possibly 
alter soil properties particularly  biological soil properties 
(Friedlova 2010). Nevertheless, the toxicity of the PTEs has 
a rippling effect on the flora and fauna of the soil. These are 
profoundly influenced by factors such as pH, organic matter, 
soil temperature, clay minerals, inorganic cation and anion 

ratios, and the chemical types of PTEs (Giller et al. 1998; 
Šmejkalová et al. 2003). According to Levy et al. (1992), 
the rate of reaction of PTEs in soils such as urban soil, 
can potentially control the following processes: biological 
immobilization and mobilization, mineral precipitation and 
dissolution, plant uptake, aqueous complexation and ion 
exchange, adsorption, and desorption.

Mamut et al. (2017) and Eziz et al. (2018) argued that 
PTEs could potentially have an effect on humans, flora, fauna, 
and the food chain in the environment. Substantial research 
in recent years has based its studies on both health risk and 
ecological risk as well as  the distribution of environmental 
impacts (Xu et al. 2014; Eziz et al. 2018; Doabi et al. 2018; 
Rinklebe et al. 2019; Baltas et al. 2020). PTE pollution to 
human from either anthropogenic or natural sources most often 
has a devastating health implication. Human exposure to PTEs 
is realized in several forms, be it dermal, ingestion, or inhala-
tion, as the surest orifice or pathways in which the pollutants 
gets into human body (Ayantobo et al. 2014). The procedural 
and standardization procedures that human use in the field of 
medicine have characterized human exposure to PTEs at any 
level and can lead to carcinogenic and non-carcinogenic health 
effects (Lim et al. 2008).

Even through there are many pieces of literature pub-
lished across the globe on health threats, there is a lack of 
documentation and research in the study area. Quite apart 
from that, some papers published by Gržetić and Ghariani 
(2008), Wang et al. (2010), Maria Figueiredo et al. (2011), 
Luo et  al. (2012), and Bhuiyan et  al. (2021) claim that 
health-related risk evaluation is limited in various cities such 
as Belgrade in Serbia, Changsha in China, Sao Paulo in Bra-
zil, Xiamen in China, and Bangladesh, respectively. Health 
risk assessment is a realistic cardinal approach to assess-
ing and evaluating risk to human health posed by PTEs by 
diverging pathways of exposure according to Kampa and 
Castanas (2008) and Bempah and Ewusi (2016).

A number of receptor models are consistently applied in 
the source allocation study, involving positive matrix fac-
torization (PMF), UNMIX, principal component analysis/
absolute principal component score analysis-multi-linear 
regression (PCA/APCS-MLR), and chemical mass balance 
(CMB). In recent papers published by Salim et al. (2019), Fei 
et al. (2020), Wu et al. (2020), Zhang et al. (2020), Agyeman  
et al. (2020), and Bhuiyan et al. (2021) relied mainly on  
PMF or APCS/PCA-MLR or both to calculate and identify 
the elemental source distribution of PTEs. PMF and APCS/
PCA-MLR are chosen due to the following reasons: (i) the use 
of effective monitoring procedures, along with the intention 
of establishing a substantial database, has recently become 
a universal practice; (ii) these receptor models do not need 
pre-quantified source profiles (i.e., backward tracking) in dis-
parity with CMB; and (iii) the capacity of the receptor mod-
els is capable of coping with significant monitoring datasets  
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(Lee et al. 2016). Even though PMF and APCS/PCA-MLR 
are frequently used, some authors have also raised concerns 
on the effectiveness and the efficiency of the receptor mod-
els based on their applicability to their intended purpose. 
Some of the constraints outlined by some of the authors are 
the differences in computing source contribution, differ-
ences in estimated contribution for each potential pollution 
source (Gholizadeh et al. 2016), inability to identify more 
sources (Zhang et al. 2019), and high percent error Salim 
et al. (2019). 

The study area has a strong emphasis on indigenous 
health, and therefore, it is necessary and reasonable to evalu-
ate the quality and the detail of the risk of the soil across the 
cities, predicated on the priority for human life, livestock, and 
soil health (example urban soil). The aim of this study is to 
estimate the degree of soil contamination and the pattern of 
spatial distribution of PTEs and proposes and applies a novel 
pollution assessment–based receptor model (contamination 
factor-positive matrix factor-CF-PMF) for source distribution 
and the assessment of carcinogenic and non-carcinogenic 
health risks to humans. This study seeks to answer the fol-
lowing research questions: What is the impact of agricul-
tural production and industrial activities on urban soil and 
the livelihood of the indigenous peoples in the study area? 
What is the source contribution of the individual PTEs? We 
hypothesized that the chemical composition of the soil in the 
study area is less favorable to the health of the indigenes and 
PTE levels above the normal threshold. Nevertheless, both 
industrial and agricultural activities were actively carried out 
in the study area, and therefore, the chemical composition of 
prevailing pollutants and the spatial distribution across the 
area need to be investigated. The findings of this study would 
significantly contribute to understanding the risks resulting 
from human and livestock exposure to PTEs in cities and 
towns within the Moravian-Silesian Region in the Czech 
Republic. Furthermore, the results will motivate interested 
parties’, indigenes of the study area, and legislators to raise 
awareness of the soil toxicity and health risk exposure level 
of the urban soil, allowing them to take corrective actions to 
ensure a safer environment.

2 � Materials and methods

2.1 � Study area

The area under study is situated in the district of Frydek-
Mistek within the foothill of the Moravian-Silesian Region 
in the Czech Republic (Fig. 1). The community is a combina-
tion of a previous two independent towns, namely, Silesian 
Frydek and the Moravian Mistek, which were put together 
in the year 1943 and stayed since 1955. The area under 
study is positioned within the geographical coordinates  

49° 41′ 0″ North and 18° 20′ 0″ East at an altitude between 
225 and 327 m above sea level, characterized by a cold 
temperate climate and a high amount of rainfall even in 
dry months. In Frýdek-Místek, the summers are hot and 
partially cloudy, and the winters are cold, dry, windy, and 
mainly cloudy. Over the course of the year, temperatures 
usually range from 24 to 75 °F and are rarely below 8 °F or 
above 86 °F while the average annual precipitation ranges 
from 685 to 752 mm (Weather Spark 2016). The area sur-
vey of the district is measured at 1208 km2 with 39.38% 
of the land size designated for agricultural activities and 
49.36% for forestlands. The study area comprises of the 
following cities: Havirov, Terlicko, Trinec, Bystrica, Jab-
lunkov, mostly Jablunkov, and Hrcava, which are affected 
by intensive urban farming and active industries such as 
the steel industry. Trinec and Vitkovice, a part of Ostrava 
city, where the steel industry is located, becomes an essen-
tial area for the assessment of PTEs distribution and health 
risk within and around neighboring communities (Agyeman  
et al. 2020). The soil’s properties are differentiated evi-
dently from color, structure, and carbonate content. The soil 
shows a medium and fine texture material that is derived 
from parent materials. It is mostly colluvial, alluvial, or 
aeolian deposits. Some part of the soils shows mottles in the 
top and subsoil that is primarily accompanied by concre-
tions and bleaching. The potential toxic element pollution in 
the area is anticipated to occur from atmospheric deposition 
emitted from the steel industry nearby, vehicular emission, 
abrasion from tires, and agricultural activities (e.g., pesti-
cide and insecticide applications) (Agyeman et al. 2020). 
Nevertheless, the dominant soil types are cambisols and 
stagnosols (Kozák 2010). Cambisols soil type dominate the 
Czech Republic; they are found at the elevation range of 
455.1 to 493.5 m (Vacek et al. 2020).

2.2 � Soil sampling and analysis

A total sample of 49 topsoil  was obtained across seven 
towns (Havirov, Terlicko, Trinec, Bystrice, Jablunkov, 
mostly Jablunkov, and Hrcava) situated within the dis-
trict of Frydek-Mistek. The sample design adopted for 
sampling was the regular grid, and the soil sample inter-
vals were 2 x 2 km using the handheld GPS device (Leica 
Zeno 5 GPS) at a depth 0 to 20 cm. The collected sam-
ple was placed in Ziploc bags, well labeled accordingly, 
and transported to the laboratory. The collected samples 
were air-dried, crushed by a mechanical device (Fritsch 
disc mill pulverize), and then sieved (< 2 mm), to obtain 
a pulverized sample. These samples were then scanned 
including a three-beam system (Weindorf et al. 2013) for 
the elemental concentration of As, Cr, Cu, Mn, Pb, Ni, 
and Zn using a portable X-ray fluorescence spectrom-
eter (Delta Premium XPD 6000, OLYMPUS INNOV-X, 
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USA). Each sample was measured in triplicates with the 
average measurement computed for each sample at the 
end of the analysis.

2.3 � Quality assurance and quality control (QA/QC)

The quality assurance and control process, the stand-
ard reference material for a portable device (i.e., XRF 
2711a NIST, the National Institute of Standards and 
Technology), was used in the analysis to ensure quality 
compliance. Reference material was measured intermit-
tently together with the soil samples to ensure that the 
analysis remained precise until completion. The detec-
tion limits for the elements been research on are < 10 mg/
kg (Ni), < 10 mg/kg (Cu), < 5 mg/kg (As), < 10 mg/kg 
(Mn), < 10 mg/kg (Cr), < 5 mg/kg (Pb), and < 5 mg/kg 
(Zn).

2.4 � Contamination assessment indices

2.4.1 � Contamination degree (Cdeg)

This is a contamination assessment tool used in computing 
the degree of contamination index. This was introduced 
by Håkanson (1980), and it is defined as the summation 
of contamination factors for all PTEs analyzed reflecting 
the degree of environmental contamination. The equation 
is given by

whereby Cf  represents contamination factor and n the num-
ber of PTEs analyzed.

Cf  is employed to compute the contamination level of 
toxic chemicals such as PTEs in soil or sediments centered 

(1)Cdeg =
∑n

i=1
Cf

Fig. 1   Study area map showing sampling points
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on the concentration level in the sample to the geochemical 
background level. The equation is given as 

whereby Csample denotes the PTE concentration in the 
soil, and Cgeo−background refers to the geochemical back-
ground level. The geochemical background level used was 
selected from the European average value (EAV) (Kabata- 
Pendias 2011) (refer to Table 1). The contamination level can be  
categorized according to their values from 1 to 6: if CF < 1, 
low pollution; 1 < CF < 3, moderate pollution; 3 < CF < 6, 
considerable pollution; CF > 6, very high pollution. The 
interpretation of CDEG values is given as Cd < 6 = low 
degree, 6 < Cd < 12 = moderate degree of contamination, 
12 < Cd < 24 = considerable degree of contamination, and 
Cd > 24 = high degrees of contamination.

2.4.2 � mCd

Abrahim and Parker (2008) first used this index. The index 
allows the assessment of the total contamination of the soil 
PTEs corresponding to the sum of the total contamination 
factor (Cf) to the given number of PTEs divided by the 
number of PTEs analyzed. This index is calculated by the 
sum of the content of PTEs at a given location. This is 
given by

in which n denotes the number of analyzed PTEs and Cn the 
individual PTEs concentration.

The classification of modified degree of contamination 
(mCd) values is given as < 1.5 very low contamination, 
1.5–2 = low contamination, 2–4 = moderate contamination, 
4–8 = high contamination, 8–16 = very high contamination, 
16–32 = extremely high contamination and > 35 = ultra-high 
contamination.

(2)
c
f=

Csample

Cgeo−background

(3)mCd =

∑n

i=1
Cn

n

2.4.3 � Nemerow pollution index ( PI
Nemerow

)

PINemerow computes the overall degree of pollution of the 
soil that consists of the concentration of all analyzed PTEs 
(Qingjie et al. 2008). The index is used in the assessment 
of for both the O and A horizons. The formula is given by

where PI represents the computed values for the single 
pollution index and Pmax the maximum values for the sin-
gle pollution index of all the PTEs; the interpretation of 
PINemerow class values is given as ≤ 0.7 = clean, 0.7–1 = warn-
ing list, 1–2 = slight pollution, 2–3 = moderate pollution 
and ≥ 3 = heavy pollutions. However, single pollution index 
(PI) is defined as the concentration of the PTE in the sample 
to its geochemical background level. The equation is given 
by

in which the cn represents the concentration of the sampled 
PTEs, and Bn also denotes the geochemical background level 
of the same elements. The geochemical background level 
used was selected from the European average value (EAV).

2.4.4 � PMF receptor model

Positive matrix factorization (PMF), EPA–PMF v5.0 (U.S. 
Environmental Protection Agency 2014), is a mathematical 
technique, a receptor model used in computing the contri-
bution of the source of samples built on the composition or 
fingerprints of the sources. The input files are composed 
of the concentration and uncertainty values of the samples. 
Matrix X concentration is given as

(4)PINemerow =

�

(1∕n
∑n

i−1
PI)2 + PI2

max

n

(5)PI =
Cn

Bn

(6)X = GF + E

Table 1   The concentration of 
PTEs in the study area, basic 
statistics, and background level 
of toxic elements

* Kabata [11] (page 41 and 42) Upper continental crust (UCC), world average value (WAV)
European average value (WAV), coefficient of variability (CV

Elements Cr Ni Cu As (mg/kg) Mn Pb Zn

Mean 62.14 16.25 21.25 9.76 674.97 50.23 95.69
*UCC​ 100.00 20.00 55.00 1.80 900.00 15.00 70.00
*WAV 59.50 29.00 38.90 6.83 488.00 27.00 70.00
*EAV 94.80 37.00 17.30 11.60 524.00 32.00 68.10
CV % 22.95 63.47 43.68 46.41 31.19 50.17 38.75
Minimum value 44.00 0.00 8.87 5.60 319.67 28.47 53.17
Maximum value 111.67 43.00 58.33 28.67 1335.67 180.67 270.33
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in which G (m × p), F (p × n), and E (m × n) represents the 
concentration factor matrices, for the source profile species 
and uncertainty.

The determination of the contribution, as well as profiles 
factors, is given by this equation

whereby m refers to the number of PTEs investigated, n sig-
nifies the number of soil samples, and Uij means the uncer-
tainty of PTEs j in soil sample i.

The authors have previously described the function of the 
minimum Q and the uncertainty and explaining the param-
eters involved as well as the implementation techniques 
(Agyeman et al. 2020).

2.4.4.1  CF‑PMF  The pollution assessment–based receptor 
model, contamination factor receptor (CF-PMF), is a novel 
receptor model which is based on the PMF model, but its 
determination utilizes the computed CF values of the respec-
tive PTEs under investigation instead of the raw data got-
ten from the field. The CF-PMF receptor model equation is 
given as

in which the (Csample)ij is the calculated total contamination 
factor of the PTEs from the jth source in the ith sampling 
area, (Cgeo−background)ij also represents the examined single 
PTE concentration in the assessed environment in the jth 
source from the ith sampling location, and (Bn)i denotes the 
geochemical background values of the respective analyzed 
PTEs in the reference environment of the reference PTEs.

2.5 � Health risk assessment

The presence of industries, productive agriculture, and 
other anthropogenic factors exposes individuals within 
the study area  to PTEs. Based on the risk of people being 
exposed, inhalation, ingestion, and dermal are three known 
pathways that the residents can be exposed to. Accord-
ing to Wang et al. (2017), in urban, peri-urban, and rural 
areas, three ways can be used to evaluate the risk of PTEs 
described below. The following equations specify the path-
ways of human exposure by PTEs.

(7)Q =
∑n

i=1

∑m

j=1

(

�ij

uij

)2

(8)Cf =
(Csample )ij

(Cgeo−background )i

(9)CDIing =
C × IRing × EF × ED

BW × AT
10

−6

(10)CDIinh =
C × IRinh × EF × ED

PEF × BW × AT

The definition of the parameters for CDIing, CDIinh, and 
CDIderm and reference values of the indices above Eqs. (8, 
9, 10, and 11) are listed in the table (see ST1).

2.6 � Non‑carcinogenic risk assessment

The potential non-cancerous risk of one PTE was deter-
mined as the hazard quotient (H.Q), in which the equation 
is given by

where Rfd implies the reference dosage (mg/kg/day) and is 
the projected daily humans’ exposure. The computational 
HQ values were used to assess the detailed risk to health 
of all the PTEs studied. The values were summed up and 
expressed by equation as a hazard index (HI), which is given 
by Eq. 14:

In which HQing, HQinh, and HQderm correspond to the 
hazard quotient for ingestion, inhaling, and dermal. USEPA 
report (US EPA 1989) specifically asserted that if HI < 1, 
there is a possibility to have a negative effect upon a person’s 
health who is exposed to PTEs. Eziz et al. (2018), however, 
reported that there are also, non-carcinogenic health risks 
when the HI > 1 occurs.

2.7 � Carcinogenic risk assessment

The USEPA report (EPA  2002) stressed that a human 
exposed to carcinogenic risk (CR) could increase the likeli-
hood of developing cancer of any form. Equations 13 and 
14 were used to calculate PTEs such as As, Ni, and Cr car-
cinogenic risk.

where CR, TCR, and SF values symbolize carcinogenic risk 
(no unit), total carcinogenic risk (no unit), and slope factor 
for carcinogenic PTEs (mg/kg/day) respectively. The value of 
the TCR should differ from 1 to 10–6 to 1 to 10–4 in value. 
This is the acceptable criterion which shows that human 
health is not significantly endangered (Hu et al. 2012).

(11)CDIderm =
C × SA × AF × ABS × EF × ED

BW × AT
× 10

−6

(12)CDItotal = CDIing + CDIinh + CDIderm

(13)HQ =
CDItotal

RfD

(14)HI =
∑

HQ = HQing + HQinh + HQderm

(15)CR = DCI × SF

(16)TCR =
∑

CR = CRing + CRinh + CRderm
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2.8 � Data analysis

Statistical analyses were conducted using kyplot, PMF 
EPA 5.0 for source distribution estimation, Excel for pos-
sible health risk estimation, RStudio for mapping, princi-
pal component analysis (PCA), and Pearson’s correlation 
matrix estimation. PCA is applied with the aim of finding 
a collection of low-sized orthogonal base functions known 
as principal components (PCs) (Jollife and Cadima 2016). 
PCA also shows the principle of similarity of findings and 
variables by showing them in maps as points. Furthermore, 
there is a smaller new collection of uncorrelated variables, 
also called PCA scores, which represent the original vari-
ables of interest (John et al. 2021).

The multiple linear regression model (MLR) is a regres-
sion model that encompasses the relationship between a 
response variable and a large number of predictor variables 
by using linearly integrated parameters computed using the 
least squares method. Following the selection of an explana-
tory variable, the least square model is a prediction function 
directed toward a soil property in MLR. In order to construct 
a linear relationship using the explanatory variable, PTE 
was used as a response variable. The factor scores served 
as predictors, and the PTEs served as the response vari-
able. The number of samples used in this analysis was 49, 
and the scale was set between 0 and 1, indicating low and 
high values. A random approach was used to divide the data 
into a test dataset (with 25% for validation) and a training 
dataset (75% for calibration). The models were subjected 
to a tenfold cross-validation procedure, which was repeated 
five times. Mean absolute error (MAE), root mean square 
error (RMSE), and R square or coefficient determination 
(R2) were used to assess the receptor models. To evaluate 
the best receptor model using the validation parameters, the 
R2 value must be high, and the closer the value is to 1, the 
higher the accuracy.

The ordinary kriging (OK) geostatistical interpolation 
technique was used. This interpolation technique enabled 
us to estimate the spatial distribution of PTEs in the location 
under investigation. Kriging is an interpolation that predicts 
values of a variable at locations where data are not available 
based on the spatial pattern of the available data (Bishop and 
McBratney 2001). It is expressed by this equation:

in which Z′(§ 0) is the interpolated value for point § 0, Z(§ i) 
denotes the known value, and λi represents the kriging weight 
for the Z(§ i) values. It can be computed by the semi-variance 
function of the variables on the condition that the estimated 
value is unbiased and optimal. The semivariogram model is 
expressed as:

(17)Z
�(§

0
) =

∑n

i=1
�i.Z(§i)

whereby γ (h) signifies semi-variance, N(h) denotes point 
group number at distance h, Z(xi)represents numerical value 
at position xi, and Z (xi + h) is the numerical value at a distance 
(xi + h).

3 � Results

3.1 � PTE concentration in soil

The concentration of the PTEs in the soil decreased in the fol-
lowing order Mn > Zn > Cr > Pb > Cu > Ni > As (see Table 1). 
The general mean concentration of the PTEs of the current 
study juxtaposed with the European average background 
(EAV) level, particularly Cu, Mn, Pb, and Zn was higher than 
the EAV tolerable limit. The mean concentration of copper 
in the present study is 1.23 higher than EAV (see Table 1), 
likewise Mn (1.28), Pb (1.59), and Zn (1.4). Alternatively, the 
mean concentration of the following PTEs Cr, As, Mn, Pb, and 
Zn in Table 1 indicated that the world average value (WAV) 
(Kabata-Pendias 2011) of the same elements was lower than 
the mean concentration of the elements of this present study. 
The present research PTE (Cr, As, Mn, Pb, and Zn) concentra-
tion levels are higher with a magnitude of 1.04, 1.4, 1.38, 1.86, 
and 1.36 times than respective values of WAV. Furthermore, 
the elements studied juxtaposing with the same elements of 
upper continent crust (UCC) (Table 1) exceeded some of the 
PTEs of the present study in exception of As, Pb, and Zn. 
Comparatively, As, Pb and Zn concentration exceeded that of 
UCC by the size of 5.44, 3.33, and 1.36 time higher than the 
respective values.

According to Karimi Nezhad et al. (2015), the coefficient 
of variance (CV) suggests the degree of variability within 
the concentrations of PTEs. CV ≤ 20% indicates low vari-
ability, 21% ≤ CV ≤ 50% is considered as moderate variability, 
50% ≤ CV ≤ 100% suggests high variability, and CV above 100% 
is regarded as exceptionally high variability. The coefficient of 
variation (CV %) of the PTEs in the current soils decreases in 
this order Ni > Pb > As > Cu > Zn > Mn > Cr accruing 63.47%, 
50.17%, 46.41%, 43.68%, 38.75%, and 22.95%, respectively.

3.2 � Chemometric approach

3.2.1 � PCA and Pearson’s correlation matrix

PCA was used in the pattern recognition of the principal source 
of  PTEs pollution in the study area. It is a useful tool that 
can provide informative suggestion concerning PTE pathways 
and primary sources (Hou et al. 2013). In this research, the 
principal component loading’s significant correlation value  

(18)�(h) =
1

2N(h)

∑n

i=1
[Z(Xi) − Z(Xi + h)]2
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was fixed at 0.65 or higher (Table 2). Based on the eigenvalues 
that should be 1 or more than 1, PC 1 and 2 were found to 
be statistically significant, accounting for 74.23% of the total 
data variance. The first principal component (PC1) accrued 
54.58% that explains the variation in total, which comprises 
the following PTEs in the order Pb, Zn, As, Mn, and Cu. PC1 
origination can be ascribed to a multiplicity of sources such 
as geogenic and anthropogenic components. Principal compo-
nent 2 loading explained that 19.65% of the total variance and 
demonstrated that the concentration of PTEs (Cr and Ni) is 
associated. Hence, it suggested that Cr and Ni share a common 
source of contamination and more of geogenic origin with an 
anthropogenic boost.

The correlation matrix (see Fig. SF1) between the investi-
gated PTEs indicated that there is a nexus between the PTEs. 
The correlation between the PTEs illustrated a stronger 
connection between the elements. Zinc (Zn) and lead (Pb) 
showed a stronger positive correlation of r = 0.92, as well 
as Pb and As, r = 0.88; Zn and As r = 0.75; and Mn and As, 
r = 0.72. With this, therefore, it is vital to accentuate that 
they probably share the same or closely related sources. In a 
like manner, other correlation between PTEs such as Pb and 
Mn (r = 0.58), Zn and Cu (r = 0.55), Cu and Ni (r = 0.48), 
Ni and Cr (r = 0.48), and Pb and Cu (r = 0.46) also showed 
a resilient connection specifying that the source of pollution 
might be related or close. Zn and Pb showed the strongest 
positive correlation, and the least positive correlated element 
was between Ni and Mn with r = 0.06. All the PTEs showed 
a positive collection without any negation.

3.2.2 � CF‑PMF pollution assessment‑based receptor model

The CF-PMF model was used in the identification of the 
source in the soil and the apportionment of PTE contribution 
(Fig. 2). The minimum Q controls the residual matrix that 
ensures that the reasonable number of factors is produced. The 
CF-PMF used in the current paper discharged factor loadings 

that run for 20 runs. Run 8 was the selected run among the 20 
runs to discharge the factor loadings as well as the percentage 
contribution of each PTEs in the study. Factor 1 gave high 
factor loading values that comprised Ni and Cr (42.7% and 
46.3%, respectively). Factor 2 was dominated by Cr, Mn, and 
Cu with 50.6%, 39.7%, and 31.0% factor loadings, respec-
tively. Factor 3 loading comprised As, Zn, and Pb having the 
factor loadings of 51.7%, 50.6%, and 60.4%, respectively. 
The fourth-factor loading was dominated by Ni, Mn, and Cu 
accruing 53.7%, 32.9%, and 36.5% loadings, respectively.

3.3 � Contamination assessment of PTEs

3.3.1 � Contamination and modified contamination degree

The calculated contamination assessment indices such as 
contamination factor, contamination degree, and modified 
contamination degree values of the PTEs showed a diverse 
degree of contamination (Table 3). The estimated contami-
nation factor showed a contamination level from low to 
moderate among all the PTEs. However, Zn, Cu, and Pb 
showed considerable high contamination at sample point 
41(FM-468–01), which is displayed on a box plot (Fig. 3 and 
see Table ST3). Contamination degree (Cdeg) computation 
is given in Table 3, and Ni showed a considerable degree 
of contamination. The other PTEs indicated a very high 
degree of contamination, and Zn calculated Cdeg was very 
high. The degree of contamination in the soil as assessed by 
modified contamination degree (mCd) indicated that the Ni 
level of contamination was moderate; nonetheless, Cr and 
As showed high contamination level in the soils. Moreover, 
Cu, Pb, Zn, and Mn degree of contamination was very high.

3.3.2 � Nemerow pollution index (PInemerow)

Nemerow pollution of PTEs is shown in Fig.  4 and 
Table ST3. Application of Nemerow pollution index to inter-
pret the pollution level in the soil showed that some areas 
were least polluted by PTEs as displayed in Fig. 4. Neverthe-
less, some of the regions revealed the tendency of warning 
limit, as well as other areas, showed slight to the moderate 
pollution level. The northeastern (Trinec and Bystrice) and 
some parts of the central regions (Bystrice and Jablunkov) 
showed moderate to high spatial distribution pollution class 
as indicated in the map. This hotspot shows an active hetero-
geneous pollution distribution with a multiplicity of sources. 
The spatial distribution pattern of PInemerow of soils in the 
study area showed a sectorial distribution pattern in the soils 
in these towns: Trinec, Bystrice, and Jablunkov. The non-
polluted regions distributed in the western and some parts of 
the central, north-western, and southwestern areas showed 
evidence of clean to low polluted areas distributed spatially 
in other parts of the study area.

Table 2   The total contribution of PTEs in the principal component of 
the study area

Elements PC1 PC 2

Cr 0.37 0.73
Ni 0.57 0.68
Cu 0.67 0.29
As 0.88  − 0.29
Mn 0.71  − 0.35
Pb 0.91  − 0.26
Zn 0.9  − 0.12
Eigen value 3.82 1.38
% Variance explained 54.58 19.65
Cumulative % total 74.23
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3.4 � Potential health risk

3.4.1 � Non‑carcinogenic risk

The computed chronic daily intake (CDI), HQ, and HI val-
ues are displayed in Table 4. The CDItotal distribution for 
the PTEs in the soils in the present studies (adult and chil-
dren) is given in the following descending order: Mn > Zn 
> Cr < Pb < Cu < Ni < As (Table 4). The computed hazard 
quotient (HQ) of the children seems to be higher than the 
adult’s HQ (see Table 4), and it falls within the range of 
4.7E − 01 to 6.81 − 03 while that of the adults’ span between 

the range 4.47E − 02 to 7.31E − 04. In ascending order, the 
estimated HQ values for the PTEs (both adults and children) 
is as follows: As < Cr < Pb < Mn < Ni < Cu < Zn account-
ing for 27.96%, 1.10%, 0.72%, 43.87%, 6.49%, 19.43%, 
and 0.43% for children and 28.22%, 1.09%, 0.71%,43.71%, 
6.47%,19.37%, and 0.43% for adults, respectively.

3.4.2 � Carcinogenic risk

Regarding carcinogenic risk CDI, CR, and TCR were com-
puted as shown in Table 5. The chronic daily intake was cal-
culated for Cr, Ni, Pb, and As. The CDI total for children and 

Fig. 2   Factor profile of PTEs from CF-PMF model analysis showing percentage contributions

Table 3   Computed modified 
contamination degrees values 
of PTEs

Elements Cr Ni Cu As Pb Zn Mn

Cdeg 32.12 21.52 60.20 41.22 63.12 76.91 68.86
mCd 4.59 3.07 8.60 5.89 9.02 10.99 9.84
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adults is given in this ascending order: Cr < Pb < Ni < As. The 
CDI for children ranges between 5.51E − 05 and 6.82E − 05 
whereas that for adults from 2.36E − 05 to 2.92E − 05.

3.5 � Spatial prediction of PTEs

The spatial distribution of PTEs in the study area is shown 
in Fig. 5. The distribution pattern of the PTEs showed a 
sectorial trend of spatial variability that is skewed toward the 

east northern part of the map for Cu and Ni (this was toward 
Trinec and Bysrice town). The southeastern part (Trinec and 
Hrcava) and a little part of the central part skewed toward the 
east northern part (Trinec and Bysrice) of the map showed 
a hotspot for As and Mn. A larger area of the central part of 
that map showed a high concentration and a spatial variabil-
ity pattern for Cr (Trinec and Bysrice). On the other hand, 
Pb and Zn showed a spatial distribution pattern at the east 
northern part moving downward to the southeastern part of 
the map (Trinec, Bysrice and Jablunkov).

Fig. 3   Box plot showing for contamination factor (CF) of PTEs significance levels in the selected towns

3126 Journal of Soils and Sediments (2021) 21:3117–3136



1 3

4 � Discussion

4.1 � PTE concentration in soil

The PTEs such as Cu, Mn, Pb, and Zn showed a high pol-
lution in the study area. The higher content of the PTEs 
signifies that they have multiple sources. The geogenic 
source cannot be ruled out; hence, there is enough evidence 
that proves that anthropogenic activities (steel industry and 
intensive agriculture) and other factors are accounting for 
the upsurge of the PTE concentrations. Hossain Bhuiyan 
et al. (2021) reported that human-related pollution is mostly 
caused by anthropogenic activities such as agriculture and 
sewage drainage, as well as industrial and air emissions. 
According to Jia et al. (2018), the excess of some of the 
PTE values in the present study to the UCC respective PTE 
values provides a clear indication that the source of pollution 
might also have an anthropogenic origin. Comparatively, the 
current soil concentration likened to the soil concentration 
of Sweden (Kabata-Pendias 2011) portrays that the present 

PTE concentration of the study area exceeded similar PTE 
concentrations in all levels. The coefficient of variability 
results explained that there is a moderate variability between 
As, Cu, Zn, Mn, and Cr and that they are more homogene-
ous. Ni and Pb showed high variability, which indicates a 
non-homogenous distribution of Ni and Pb, which explained 
a probable human-related activity. The spatial distribution 
of the non-homogeneity of Ni and Pb foretells the presence 
of locally enrichment source.

4.2 � Pollution assessment

The contamination factor of the PTEs revealed that 97.95 
% (48 samples) of the 49 urban soils sampled had low 
chromium contamination, with Ni displaying 93.87 % (46 
samples), Cu 34.69 % (17 samples), As 87.75 % (43 sam-
ples), Mn 18.38 % (9 samples), Pb 2.05 (1 sample), and 
Zn 20.4 % (10 samples). Lead, manganese, zinc, and cop-
per exhibited elevated moderate contamination distribution 
level representing 91.84%, 81.64% 77.55%, and 61.22% of 
the total sample, respectively. Similarly, chromium, nickel, 
and arsenic moderate contamination level was relatively low 
representing 2.05%, 6.13%, and 12.25% of the total sampled 
data. Contamination levels of lead, zinc, and copper of the 
urban soil in some locations were considerably high: 6.47%, 
2.05%, and 4.09% of the overall sample that were sampled 
from the 49 locations, respectively.

Modified contamination degree suggests a moderate enrich-
ment based on the cumulative and average of all the PTEs 
analyzed. The overall enrichment of urban soil and the result-
ant impact of PTEs on the soil were pervasive in the study 
area based on the results (see Table 3). The mCd result of Ni 
compared to the proposed gradations of Abrahim and Parker 
(2008) establishes that the cumulative average calculation of 
Ni is moderately contaminated which might be attributed to 
a geo-anthropogenic source (blend of geogenic and anthropo-
genic sources (steel industry)). However, arsenic and chromium 
showed a high level of contamination that can be related to par-
ent materials and intensive farming. Cu, Pb, Mn, and Zn also 
showed a very high degree of pollution that might be associated 

Fig. 4   Distribution map of PInemerow_kriging showing pollution levels 
in soils of the study area

Table 4   Comparison assessing 
of model quality using multiple 
linear regression

CF_PMF

CR_As CR_Cr CR_Cu CR_Mn CR_Ni CR_Pb CR_Zn

R2 0.830 0.993 0.478 0.930 0.983 0.993 0.905
RMSE 0.179 0.013 0.433 0.113 0.038 0.073 0.180
MAE 0.100 0.011 0.228 0.081 0.023 0.062 0.127

PMF
As Cr Cu Mn Ni Pb Zn

R2 0.831 0.993 0.478 0.929 0.983 0.992 0.905
RMSE 2.070 1.272 7.493 59.580 1.412 2.345 12.244
MAE 1.158 1.045 3.936 42.189 0.852 1.992 8.640
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to the intensive urban crop production on urban soil, the appli-
cation of livestock manure on the urban farmland, and the steel 
industry. Despite the fact that the parent material’s contribution 
to higher levels of Cu, Pb, Mn, and Zn in urban soil is undenia-
ble fact. However, Bhuiyan et al. (2011) posited that PTEs with 
higher pollution levels demonstrate an anthropogenic impact.

The Nemerow pollution index displayed various color 
patterns indicating differing  levels of pollution on the urban 
soil. But the most contaminated area on the PInemerow dis-
tribution map is where the steel plant is situated. The areas 
that are in proximity with the steel plant also revealed a 
relatively high pollution pattern, implying that the steel plant 
seems to be the major pollutant source within that environ.

4.3 � PCA

Figure 6 shows the projection of the clustered PTEs and the 
relationship fostered between the PTEs. The high r values of 
Pb and As (PC 1) indicate that they may share the same or 
close related source which might be more of anthropogenic 
than geogenic (see Fig. 6). However, lead and arsenic are 
agronomically related in agrochemicals, such as lead arse-
nate pesticides or herbicides, which are an essential source of 
chemicals in urban agricultural soil (Franco-Uría et al. 2009). 
Previous studies from Nicholson et al. (2003) and Luo et al. 
(2009) outlined that fertilizer and livestock manures are an 
essential source for both Pb and As, and this is coherent with 

the present findings in the urban soil. Zn, Mn, and Cu (0.90, 
0.71, and 0.67 respectively) source of occurrence may be 
attributed to a combination of the geogenic and anthropo-
genic source (liming). Zinc displayed a more definite correla-
tion matrix with the other two PTEs (Mn and Cu). According 
to Mantovi et al. (2003), Cu and Zn concentrations in soil 
surges in relation to the application of wastes derived from 
animal farming and fertilizer application. The enrichment 
of the PC 2 PTEs (Cr and Ni) proposed that PC 2 might be 
controlled primarily by a parent material with a hinge to an 
anthropogenic source. The anthropogenic source of Cr and 
Ni could be appropriated to agricultural fertilizer that is in 
accordance with research carried by USEPA (2002) as part 
of the central metal contaminants.

4.4 � CF‑PMF receptor model

The dominance of Cr and Ni (factor 1) in the urban soil can 
be ascribed to geogenic- and anthropogenic-related sources 
(such as the steel industry where it is predominantly used 
for alloy for formation and other agricultural-related activi-
ties such as slaked lime). The current results are in accord-
ance with similar studies by Veit et al. (2009) and Saha 
et al. (2011) outlining that slaked lime NPK plays a role in 
enriching the soils with Cr. Nevertheless, previous studies 
by Zhang et al. (2016) revealed that high Cr concentration 
in agricultural soils that surpasses the maximum acceptable 

Table 5   The non-carcinogenic 
risk index of PTEs in soils in 
the study area

Elements Cr Ni Cu As Mn Pb Zn

Children
CDIing 7.94E − 04 2.08E − 04 2.72E − 04 1.25E − 04 8.63E − 03 6.42E − 04 1.22E − 03
CDIinh 2.23E − 08 5.84E − 09 7.64E − 09 3.51E − 09 2.43E − 07 1.81E − 08 3.44E − 08
CDIderm 6.83E − 07 1.79E − 07 2.34E − 07 1.07E − 07 7.42E − 06 5.52E − 07 1.05E − 06
CDItotal 7.95E − 04 2.08E − 04 2.72E − 04 1.25E − 04 8.64E − 03 6.43E − 04 1.23E − 03
Adult
CDIing 8.51E − 05 2.23E − 05 2.91E − 05 1.34E − 05 9.25E − 04 6.88E − 05 1.31E − 04
CDIinh 1.25E − 08 3.27E − 09 4.28E − 09 1.97E − 09 1.36E − 07 1.01E − 08 1.93E − 08
CDIderm 9.12E − 08 2.38E − 08 3.12E − 08 1.43E − 08 9.9E − 07 7.37E − 08 1.40E − 07
CDItotal 8.52E − 05 2.23E − 05 2.92E − 05 1.34E − 05 9.26E − 04 6.89E − 05 1.31E − 04
Children
HQing 2.65E − 01 1.04E − 02 6.79E − 03 4.16E − 01 6.16E − 02 1.85E − 01 4.08E − 03
HQinh 7.81E − 04 2.84E − 07 1.91E − 07 1.17E − 08 4.85E − 06 5.13E − 06 1.15E − 07
HQderm 2.28E − 05 3.31E − 05 1.95E − 05 8.72E − 04 9.28E − 06 1.05E − 03 1.75E − 05
HQ 2.66E − 01 1.04E − 02 6.81 − 03 4.7E − 01 6.17E − 02 1.85E − 01 4.10E − 03
HI 0.95
Adult
HQing 2.83E − 02 1.11E − 03 7.28E − 04 4.46E − 02 6.60E − 03 1.96E − 02 4.37E − 04
HQinh 4.38E − 04 1.59E − 07 1.07E − 07 6.55E − 09 2.72E − 06 2.87E − 06 6.43E − 08
HQderm 3.04E − 05 4.42E − 06 2.6E − 06 1.16E − 04 1.24E − 06 1.40E − 04 2.34E − 06
HQ 2.88E − 02 1.12E − 03 7.31E − 04 4.47E − 02 6.61E − 03 1.98E − 02 4.39E − 04
HI 0.10
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limit is not limited to the agro-related source. However, 
higher Cr level is due to collaboration with other tenants 
such as the geogenic source. This assertion (that geogenic 
source) was confirmed by Manta et al. (2002) and Mamat 
et al. (2014) in their studies. Beyond that, other studies by 
Li et al. (2009) and Liu et al. (2015) mentioned that Cr con-
centration in agricultural soil increases by the application 
of sewage irrigation to farmlands. Industrial activities such 
as steel industries and smelting ores are also contributing 
to Cr and Ni enrichments in soil. Several studies in China, 
for instance, Gansu province, discovered that non-ferrous 
metal and steel production pollutes the soil with Cr and Ni 
coming from industrial activities (steel industries, smelting 
ore) (Chen et al. 2016; Qu et al. 2013).

Copper accumulation in factor 2 primarily may be related 
to livestock manure (Nicholson et al. 2003) because combin-
ing Zn to Cu serves as an additive that improves microbial 
activities (anti-bacterial agent to the gut) (Rosen and Roberts 
1996) as well as control, scours after weaning (Holm 1990). 
According to Cheng et al. (2014) and Xiong et al. (2010), 

livestock manure (particularly from pigs) and phosphate fer-
tilizers are rich in Cu which may eventually contribute to its 
enrichment in agricultural soil. Manganese enrichment is of 
geogenic source, and according to International Manganese 
Institute, it is the 4th most used element in tonnage after Fe, 
Al, and Cu (Das et al. 2011). According to Goncalves et al. 
(2014), Mn is ubiquitous and the 2nd and the 12th most 
abundant element in the Earth’s crust.

The source of Pb and Zn from factor 3 largely might have 
originated from agriculture, vehicular traffic, fuel knocking, 
and abrasion from car tires. Previous studies from Li et al. 
(2001) and Tepanosyan et al. (2016) share similar assertion 
that Pb and Zn enrichment may be attributed to road traffic, 
tire abrasion, and fuel knocking as well as the minimal geo-
genic source. Most pesticides and herbicides such as calcium 
arsenate, lead arsenate, and sodium arsenate are rich in As 
and are used in diverse ways for agricultural production. 
Research conducted by Bhattacharya et al. (2007) attests 
to the fact that agrochemicals of such nature are highly rich 
in inorganic As. Similar studies accentuate that livestock 

Fig. 5   The spatial distribution of PTEs in the soil
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manure is also a potential source for As enrichment in the 
soil (Micó et al. 2006; Fang et al. 2011). Factor 4 is a blend 
of anthropogenic and geogenic sources.

4.5 � Comparison of CF‑PMF receptor model 
to EPA‑PMF receptor model

One of the most used pollution assessment indices in assess-
ing the soil quality and extent of contamination with specific 
PTEs in an urban area is the contamination factor. Accord-
ing to Kowalska et al. (2018), in assessing the contamina-
tion level of a specific PTE, CF is one of the most analytical 
techniques in assessing the soil quality of an urban area. The 
positive matrix factorization receptor model is a robust recep-
tor model, but the hybridization of PMF and CF increases 
the source apportionment efficiency and minimizes the error. 
Comparative assessment the hybrid model and PMF exhib-
ited that consistently, the hybrid model performed better than 
the parent model. The estimated coefficient of determination 
(R2), root mean square error (RMSE), and mean absolute 
error (MAE) suggested that out of the seven PTEs evaluated, 
CF-PMF showed superior performance in all the seven PTEs 
(Table 4). All the PTEs analyzed in CF-PMF have lower error 
level as compared to PMF. According to Li et al. (2016), for 

a model to deemed as a good model, the prediction value R2 
value should be 0.75 or greater. However, RMSE and MAE 
values on the other hand should be close to 0 or infinitesimally 
small. Evaluating the models, it was evident that CF-PMF 
receptor model performed better than PMF receptor model. 
The CF-PMF receptor model is an improvement of the PMF 
receptor model thereby amplifying the efficiency of source 
apportionment estimation as well as decreasing marginal error 
significantly. The errors with regard to RMSE for the CF-PMF 
receptor model for all the PTEs such as As, Cr, Cu, Mn, Ni, 
Pb, and Zn are 11.56, 97.85, 17.30, 527.26, 37.16, 32.12, and 
68.02 lesser than the EPA.PMF receptor model respectively. 
Similarly, the MAE error with the CF-PMF receptor model 
for all PTEs such as As, Cr, Cu, Mn, Ni, Pb, and Zn is 11.58, 
95.00, 17.26, 520.85, 37.04, 32.13, and 68.03 less than the 
EPA.PMF receptor correspondingly.

4.6 � Potential health risk

The non-carcinogenic intake (CDItotal) of adult and children 
is presented in Table 5, and the CDItotal values of the PTEs 
of children compared to that of the adults indicates that that 
of the children is a bit higher to that of the adults, since chil-
dren are more exposed than the adults and are more prone 

Fig. 6   The use of principal 
component analysis in the pro-
jection of PTE components
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to possible hurt than the adults. Children and adult CDI oral 
ingestion was the highest among the other CDIs computed. 
Earlier reports by Fang et al. (2011) and Karim and Qureshi 
(2014) and a more recent report by Bhuiyan et al. (2021) 
confirm the same results and proceed to report that oral or 
ingestion remains the utmost exposure pathway of PTEs into 
the human body. In this present study, the total HI value esti-
mated for children is 9.5 times higher than that of the adults 
(see Table 5). It presupposes that children are more suscepti-
ble and more sensitive to the health effects of PTEs because 
their mouth and finger practices tend to increase their rate of 
exposure to PTEs. Numerous studies regarding health risk 
have reported similar high HI results for children (Baltas 
et al. 2020; Rinklebe et al. 2019; Varol et al. 2020; Wu et al. 
2018). For instance, Varol et al. (2020) reported 8.44E − 01 
for children to 9.85E − 02 for adults, and Baltas et al. (2020) 
reported 1.21 for children to 0.131 for adults. The computed 
HI for children was 0.95, which is less than the threshold of 
1; therefore, it implies that it is unlikely for the PTEs to have a 
negative impact to an exposed individual (Kusin et al. 2018). 
Similarly, the calculated HI for an adult is not significant 
because it is equally less than the threshold 1, which points 
out that it is unlikely for non-carcinogenic negative impact 
to befall an individual if exposed. It is vital to note that the 
calculated HI results are from summing up all the elemental 
HQs assessed; therefore, if most HQs are high, this may result 
in a high HI and vice versa.

The CDI total for children (CR) is higher than that of the 
adults, irrespective of the estimated value of the PTEs. Chil-
dren are open to multiple exposure pathways than  adults, 
and children being exposed to PTEs leads to diverse health 
issues such as cardiovascular disease, poor respiratory func-
tion, neurodevelopmental deficits, and skeletal damage as 
well as reproductive toxicity (Madrigal et al. 2018). The CDI 
oral ingestion for adults and children were also found higher 
than the other computed CDIs. Moreover, the CDItotal for 
children was found higher than that for the adults (Table 6). 
The CDItotal and TCR for As of the adults were found lower 
than that of  the children. Computed TCR for children was 
found 2.33 times higher than that of the adults. The total 
carcinogenic risk for the adults and children was 6.9E − 06 
and 1.61E − 05, respectively. The computed TCR for both 
adults (6.9E − 06) and children (1.61E − 05) pointed out that 
carcinogenic health risk within the study area falls within 
the acceptable limits (TCR values should range between 
1 × 10−6 and 1 × 10−4). Therefore, the propensity for indi-
genes within the enclave of the urban soils to be exposed to 
carcinogenic related health risk is unlikely.

4.7 � Spatial prediction of PTEs

The concentration of Cu and Ni pointed out that its enrich-
ment primarily can be attributed to the steel industry and 

agro-related sources (livestock manure); this is coher-
ent with previous research conducted by Facchinelli et al. 
(2001). Moreover, Salonen and Korkka-Niemi (2007) out-
lined that some PTEs such Ni and Cu can be present in the 
parent materials of the soil with minute temporal and spatial 
distribution in worldwide soils. The enrichment of As in 
the soil is due to the potential application of lead arsenate 
and sodium arsenate to boost yield (i.e., increase yield in 
fruits and potatoes) which upsurges the levels of the PTEs 
(Frank et al. 1976). Manganese is of natural origin, but the 
continuous application of manganese sulfate in agricultural 
soil to increase yield in crops such as vegetables and beans 
elevate the concentration levels of PTEs (Frank et al. 1976). 
The enrichment of Cr is due to multiplicity of anthropogenic 
sources. The hotspot of Cr in the map is as a result of the 
steel industry usage of chromium in alloy formation as well 
as sewage discharge. Goovaerts (1997) hinted the source of 
PTEs such as Cr, Cu, and Ni; the geochemical background 
of these elements is normal in general, but sometimes, their 
elevation in soils may be influenced by agro-anthropogenic-
related sources. The spatial distribution of Zn and Pb primar-
ily is linked toward agricultural fertilizer, vehicular traffic, 
and fuel knocking. This is coherent with previous research 
by Kachenko and Singh (2006), Perez-de-Mora et al. (2006), 
and Rodríguez et al. (2008) reporting that Pb and Zn higher 
levels in urban agricultural soil are as a result of anthropo-
genic component constituted by human-related activities. 
Pb pollution is one of the critical concerns for almost half 

Table 6   The carcinogenic risk index of PTEs in soils in the study area

Elements

Adults Cr Ni As Pb

CDIing 2.92E − 05 7.63E − 06 4.58E − 06 2.36E − 05
CDIinh 4.29E − 09 1.12E − 09 6.74E − 10 3.47E − 09
CDIderm 3.13E − 08 8.18E − 09 4.91E − 09 2.53E − 08
CDItotal 2.92E − 05 7.64E − 06 4.59E − 06 2.36E − 05
Children
CDIing 6.81E − 05 1.78E − 05 1.07E − 05 5.5E − 05
CDIinh 1.92E − 09 5.01E − 10 3.01E − 10 1.55E − 09
CDIderm 5.86E − 08 1.53E − 08 9.20E − 09 4.73E − 08
CDItotal 6.82E − 05 1.78E − 05 1.07E − 05 5.51E − 05
Adult
CRing 6.87E − 06
CRinh 1.80E − 07 9.43E − 10 1.02E − 08
CRderm 1.80E − 08
TCR​ 6.9E − 06
Children
CRing 1.60E − 05
CRinh 8.04E − 08 4.21E − 10 4.54E − 09
CRderm 3.37E − 08
TCR​ 1.61E − 05
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of the sites of the US Superfund Environmental Protection 
Agency (EPA) according to Hettiarachchi and Pierzynski 
(2004), McBride et al. (2014), and Brown et al. (2016).

5 � Conclusion

This study showed that some PTE concentrations, such as 
Cr, As, Mn, Pb, and Zn, exceeded the WAV, whereas the 
mean concentrations of As, Pb and Zn were higher than the 
UCC. However, the concentration of Cu, Mn, Pb, and Zn also 
exceeded the tolerable EAV limit. The PCA established the 
prime source of pollution in the study area and clarified that 
with the significant statistics of 74.23%. It suggested that the 
source of pollution originated from a multiplicity of origin 
that is from anthropogenic (mostly agricultural practices and 
steel industry) and geogenic sources. The CF-PMF pollu-
tion assessment–based receptor model discharged four fac-
tors, and the source distribution revealed the dominance of Ni 
and Cr (factor 1); Cr, Mn, and Cu (factor 2); As, Zn, and Pb 
(factor 3); and Ni, Mn, and Cu (factor 4). The contamination 
factor exhibited low to medium level of contamination for all 
the PTEs except for Pb, Zn, and Cu that further displayed a 
considerable contamination level. The contamination degree 
also indicated that the PTEs for Ni were considerably con-
taminated and contamination degrees of the other PTEs such 
as Cr, Cu, As, Pb, Zn, and Mn were considerably high. How-
ever, the mCd also specified that Ni was rather moderately 
contaminated. In addition, it placed Cr and As in the same 
high contamination degree categories and Cu, Pb, Zn, and 
Mn were very highly contaminated in the urban soil.

Nevertheless, the Nemerow pollution displayed a low 
to moderate level of pollution pattern, but the northeastern 
(Trinec and Bystrice) and certain parts of the central regions 
(Bystrice and Jablunkov) indicated moderate to high spatial 
distribution pollution class. The risk assessment of both non-
carcinogenic and carcinogenic health for adults and children 
suggested that it is unlikely that the exposure to PTEs would 
have a negative effect, and there is no carcinogenic risk to 
the residents living within the enclave of the study area. Spa-
tial distribution of PTEs in the study area suggested a hotspot 
along Trinec, Bystrica, Jablunkov, and Hrcava. Continuous use 
of agro-related inputs and other anthropogenic tenants, such as 
the steel industry, is likely to raise the urban soil PTE levels.

The comparison assessment of the novel CF-PMF receptor 
model based on PMF showed that combining CF to PMF has 
improved the receptor model’s accuracy. Multiple linear regres-
sion analysis of both the EPA.PMF model and the CF.PMF 
model using cross validation evaluation such as coefficient of 
determination (R2), root mean square error (RMSE), and mean 
absolute error (MAE) has consistently shown that the error 
level has been reduced significantly across all the PTEs ana-
lyzed. The CF-PMF receptor model has shown to be effective 

and useful in the discovery and distribution of the percentage 
contribution of the PTEs under investigation.

In parallel with the health risk assessment, pollution 
assessment and the CF-PMF receptor model highlighted hot-
spot and risk-prone areas within the urban area, which are of 
great concern to the communities under investigation. How-
ever, it is important for the cities to take pragmatic measures 
to reduce and protect the soil from PTEs accumulation.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11368-​021-​02988-x.

Funding  This study was supported by an internal Ph.D. grant no. 
21130/1312/3150 of the Faculty of Agrobiology, Food and Natural 
Resources of the Czech University of Life Sciences Prague (CZU), the 
Ministry of Education, Youth and Sports of the Czech Republic (pro-
ject No. CZ.02.1.01/0.0/0.0/16_019/0000845), and the Centre of Excel-
lence (Centre of the investigation of synthesis and transformation of 
nutritional substances in the food chain in interaction with potentially 
risk substances of anthropogenic origin: comprehensive assessment 
of the soil contamination risks for the quality of agricultural products, 
NutRisk Centre).

Declarations 

Competing interests  The authors declare no competing interests.

References

Abrahim GMS, Parker RJ (2008) Assessment of heavy metal enrich-
ment factors and the degree of contamination in marine sedi-
ments from Tamaki Estuary, Auckland, New Zealand. Springer 
136:227–238. https://​doi.​org/​10.​1007/​s10661-​007-​9678-2

Agyeman PC, Ahado SK, Kingsley J et al (2020) Source apportionment, 
contamination levels, and spatial prediction of potentially toxic 
elements in selected soils of the Czech Republic. Environ Geo-
chem Health 1–20. https://​doi.​org/​10.​1007/​s10653-​020-​00743-8

Alloway B (2013) Heavy metals in soils: trace metals and metalloids 
in soils and their bioavailability

Alyazichi YM, Jones BG, McLean E et  al (2017) Geochemical 
assessment of trace element pollution in surface sediments 
from the Georges River, Southern Sydney, Australia. Arch 
Environ Contam Toxicol 72:247–259. https://​doi.​org/​10.​1007/​
s00244-​016-​0343-z

Ayantobo et al (2014) Non-cancer human health risk assessment from 
exposure - Google Scholar. In: Am J Environ Sci. https://​schol​ar.​
google.​com/​schol​ar?​hl=​en&​as_​sdt=0%​2C5&q=​Non-​cancer+​
human+​health+​risk+​asses​sment+​from+​expos​ure+​to+​heavy+​
metals+​in+​surfa​ce+​and+​groun​dwater+​in+​Igun+​Ijesha%​2C+​
South​west+​Niger​ia.%​22+​Ameri​can+​Journ​al+​of+​Envir​onmen​tal+​ 
Scien​ces+​10%​2C+​no.+​3+%​282014. Accessed 26 Nov 2020

Baltas H, Sirin M, Gökbayrak E, Ozcelik AE (2020) A case study on 
pollution and a human health risk assessment of heavy metals in 
agricultural soils around Sinop province, Turkey. Chemosphere 
241. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2019.​125015

Bempah CK, Ewusi A (2016) Heavy metals contamination and 
human health risk assessment around Obuasi gold mine in 
Ghana. Environ Monit Assess 188. https://​doi.​org/​10.​1007/​
s10661-​016-​5241-3

3132 Journal of Soils and Sediments (2021) 21:3117–3136

https://doi.org/10.1007/s11368-021-02988-x
https://doi.org/10.1007/s10661-007-9678-2
https://doi.org/10.1007/s10653-020-00743-8
https://doi.org/10.1007/s00244-016-0343-z
https://doi.org/10.1007/s00244-016-0343-z
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-cancer+human+health+risk+assessment+from+exposure+to+heavy+metals+in+surface+and+groundwater+in+Igun+Ijesha%2C+Southwest+Nigeria.%22+American+Journal+of+Environmental+Sciences+10%2C+no.+3+%282014
https://doi.org/10.1016/j.chemosphere.2019.125015
https://doi.org/10.1007/s10661-016-5241-3
https://doi.org/10.1007/s10661-016-5241-3


1 3

Bhattacharya P, Welch AH, Stollenwerk KG et al (2007) Arsenic 
in the environment: biology and chemistry. Sci Total Environ 
379:109–120. https://​doi.​org/​10.​1016/j.​scito​tenv.​2007.​02.​037

Bhuiyan MA, Karmaker SC, Bodrud-Doza M et al (2021) Enrich-
ment, sources and ecological risk mapping of heavy metals in 
agricultural soils of Dhaka district employing SOM. PMF and 
GIS Methods Chemosphere 263:128339. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2020.​12833​9AQ

Bhuiyan MAH, Bodrud-Doza M, Rakib MA et al (2021) Appraisal of 
pollution scenario, sources and public health risk of harmful met-
als in mine water of Barapukuria coal mine industry in Bang-
ladesh. Environ Sci Pollut Res 1–18. https://​doi.​org/​10.​1007/​
s11356-​020-​11999-z

Bhuiyan MAH, Suruvi NI, Dampare SB et al (2011) Investigation of 
the possible sources of heavy metal contamination in lagoon and 
canal water in the tannery industrial area in Dhaka, Bangladesh. 
Environ Monit Assess 175:633–649. https://​doi.​org/​10.​1007/​
s10661-​010-​1557-6

Bishop TFA, McBratney AB (2001) A comparison of prediction meth-
ods for the creation of field-extent soil property maps. Geoderma 
103:149–160. https://​doi.​org/​10.​1016/​S0016-​7061(01)​00074-X

Brown SL, Chaney RL, Hettiarachchi GM (2016) Lead in urban soils: 
a real or perceived concern for urban agriculture? J Environ Qual 
45(1):26–36

Buekers J (2007) Fixation of cadmium , copper , nickel and zinc in 
soil : kinetics , mechanisms and its effect on metal bioavailability

Burges A, Epelde L, Garbisu C (2015) Impact of repeated single-metal 
and multi-metal pollution events on soil quality. Chemosphere 
120:8–15. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2014.​05.​037

Chen H, Teng Y, Lu S et al (2015) Contamination features and health 
risk of soil heavy metals in China. Sci Total Environ 512–
513:143–153. https://​doi.​org/​10.​1016/j.​scito​tenv.​2015.​01.​025

Chen T, Chang Q, Liu J et al (2016) Identification of soil heavy metal 
sources and improvement in spatial mapping based on soil spec-
tral information: a case study in northwest China. Sci Total Envi-
ron 565:155–164. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​04.​163

Cheng Q, Guo Y, Wang W, Hao S (2014) Spatial variation of soil qual-
ity and pollution assessment of heavy metals in cultivated soils of 
Henan Province, China. Chem Speciat Bioavailab 26:184–190. 
https://​doi.​org/​10.​3184/​09542​2914X​14042​08187​4564

Das A, Sukla L, Pradhan N et al (2011) Manganese biomining: a 
review. Elsevier

Doabi SA, Karami M, Afyuni M, Yeganeh M (2018) Pollution and health 
risk assessment of heavy metals in agricultural soil, atmospheric dust 
and major food crops in Kermanshah province. Iran Ecotoxicol Envi-
ron Saf 163:153–164. https://​doi.​org/​10.​1016/j.​ecoenv.​2018.​07.​057

EPA U (2002) Zinc fertilizers made from recycled hazardous second-
ary materials

Eziz M, Mohammad A, Mamut A, Hini G (2018) A human health 
risk assessment of heavy metals in agricultural soils of Yanqi 
Basin, Silk Road Economic Belt, China. Hum Ecol Risk Assess 
24:1352–1366. https://​doi.​org/​10.​1080/​10807​039.​2017.​14128​18

Facchinelli A, Sacchi E, Mallen L (2001) Multivariate statistical and 
GIS-based approach to identify heavy metal sources in soils. 
Environ Pollut 114:313–324. https://​doi.​org/​10.​1016/​S0269-​
7491(00)​00243-8

Fang F, Wang H, Lin Y (2011) Spatial distribution, bioavailability, and 
health risk assessment of soil Hg in Wuhu urban area, China. 
Environ Monit Assess 179:255–265. https://​doi.​org/​10.​1007/​
s10661-​010-​1733-8

Fei X, Lou Z, Xiao R et al (2020) Contamination assessment and source 
apportionment of heavy metals in agricultural soil through the 
synthesis of PMF and GeogDetector models. Sci Total Environ 
747. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​141293

Ferri R, Donna F, R. Smith D et al (2012) Heavy metals in soil and salad 
in the proximity of historical ferroalloy emission. J Environ Prot 
(irvine, Calif) 03:374–385. https://​doi.​org/​10.​4236/​jep.​2012.​35047

Franco-Uría A, López-Mateo C, Roca E, Fernández-Marcos ML (2009) 
Source identification of heavy metals in pastureland by multi-
variate analysis in NW Spain. J Hazard Mater 165:1008–1015. 
https://​doi.​org/​10.​1016/j.​jhazm​at.​2008.​10.​118

Frank R, Ishida K, SUDA P (1976) Metals in agricultural soils of 
Ontario. Can J Soil Sci 56:181–196. https://​doi.​org/​10.​4141/​
cjss76-​027

Friedlova M (2010) The influence of heavy metals on soil biological and 
chemical properties

Giller KE, Witter E, Mcgrath SP (1998) Toxicity of heavy metals to 
microorganisms and microbial processes in agricultural soils: 
a review. Soil Biol Biochem 30:1389–1414. https://​doi.​org/​10.​
1016/​S0038-​0717(97)​00270-8

Goncalves AC, Nacke H, Schwantes D, Coelho GF (2014) Heavy metal 
contamination in Brazilian agricultural soils due to application 
of fertilizers. Environ Risk Assess Soil Contam. https://​doi.​org/​
10.​5772/​57268

Goovaerts P (1997) Geostatistics for natural resources and evaluation
Gržetić I, Ghariani RHA (2008) Potential health risk assessment for 

soil heavy metal contamination in the central zone of Belgrade 
(Serbia). J Serb Chem Soc 73:923–934. https://​doi.​org/​10.​2298/​
JSC08​09923G

Guagliardi et al (2013) A multivariate approach for anomaly separation 
of - Google Scholar. soil sediments

Gholizadeh MH, Melesse AM, Reddi L (2016) Water quality assess-
ment and apportionment of pollution sources using APCS-MLR 
and PMF receptor modeling techniques in three major rivers of 
South Florida. Sci Total Environ 566–567:1552–1567. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2016.​06.​046

Håkanson L (1980) An ecological risk index for aquatic pollution 
control-a sedimentological approach. Water Res 14:975–1001

Hettiarachchi GM, Pierzynski GM (2004) Soil lead bioavailability and 
in situ remediation of lead‐contaminated soils: A review. Environ 
Prog 23(1):78–93

Holm A (1990) E. coli associated diarrhoea in weaner pigs: zinc oxide 
added to the feed a preservative measure. cabdi​rect.​org

Hou D, He J, Lü C et al (2013) Distribution characteristics and potential 
ecological risk assessment of heavy metals (Cu, Pb, Zn, Cd) in 
water and sediments from Lake Dalinouer, China. Ecotoxicol Envi-
ron Saf 93:135–144. https://​doi.​org/​10.​1016/j.​ecoenv.​2013.​03.​012

Hu X, Zhang Y, Ding Z et al (2012) Bioaccessibility and health risk of 
arsenic and heavy metals (Cd Co, Cr, Cu, Ni, Pb, Zn and Mn) in TSP 
and PM2.5 in Nanjing. China Atmos Environ 57:146–152. https://​
doi.​org/​10.​1016/j.​atmos​env.​2012.​04.​056

Jia Z, Li S, Wang, L (2018) Assessment of soil heavy metals for eco-
environment and human health in a rapidly urbanization area 
of the upper Yangtze Basin. Sci Rep 8. https://​doi.​org/​10.​1038/​
s41598-​018-​21569-6

John K, Abraham II, Kebonye NM et al (2021) Soil organic carbon pre-
diction with terrain derivatives using geostatistics and sequential 
Gaussian simulation. J Saudi Soc Agric Sci. https://​doi.​org/​10.​
1016/j.​jssas.​2021.​04.​005

Jollife IT, Cadima J (2016) Principal component analysis: a review and 
recent developments. Philos Trans R Soc A Math Phys Eng Sci 
374. https://​doi.​org/​10.​1098/​rsta.​2015.​0202

Jones BG, Alyazichi YM, Low C et al (2019) Distribution and sources 
of trace element pollutants in the sediments of the industrial-
ised Port Kembla Harbour, New South Wales Australia. Environ 
Earth Sci 78. https://​doi.​org/​10.​1007/​s12665-​019-​8358-1

Kabata-Pendias A (2011) Trace Elements in Soils and Plants. 4th edn. 
CRC Press. Taylor and Francis Group. ISBN: 978-1-4200-9368-1

3133Journal of Soils and Sediments (2021) 21:3117–3136

https://doi.org/10.1016/j.scitotenv.2007.02.037
https://doi.org/10.1016/j.chemosphere.2020.128339AQ
https://doi.org/10.1016/j.chemosphere.2020.128339AQ
https://doi.org/10.1007/s11356-020-11999-z
https://doi.org/10.1007/s11356-020-11999-z
https://doi.org/10.1007/s10661-010-1557-6
https://doi.org/10.1007/s10661-010-1557-6
https://doi.org/10.1016/S0016-7061(01)00074-X
https://doi.org/10.1016/j.chemosphere.2014.05.037
https://doi.org/10.1016/j.scitotenv.2015.01.025
https://doi.org/10.1016/j.scitotenv.2016.04.163
https://doi.org/10.3184/095422914X14042081874564
https://doi.org/10.1016/j.ecoenv.2018.07.057
https://doi.org/10.1080/10807039.2017.1412818
https://doi.org/10.1016/S0269-7491(00)00243-8
https://doi.org/10.1016/S0269-7491(00)00243-8
https://doi.org/10.1007/s10661-010-1733-8
https://doi.org/10.1007/s10661-010-1733-8
https://doi.org/10.1016/j.scitotenv.2020.141293
https://doi.org/10.4236/jep.2012.35047
https://doi.org/10.1016/j.jhazmat.2008.10.118
https://doi.org/10.4141/cjss76-027
https://doi.org/10.4141/cjss76-027
https://doi.org/10.1016/S0038-0717(97)00270-8
https://doi.org/10.1016/S0038-0717(97)00270-8
https://doi.org/10.5772/57268
https://doi.org/10.5772/57268
https://doi.org/10.2298/JSC0809923G
https://doi.org/10.2298/JSC0809923G
https://doi.org/10.1016/j.scitotenv.2016.06.046
https://doi.org/10.1016/j.scitotenv.2016.06.046
https://cabdirect.org
https://doi.org/10.1016/j.ecoenv.2013.03.012
https://doi.org/10.1016/j.atmosenv.2012.04.056
https://doi.org/10.1016/j.atmosenv.2012.04.056
https://doi.org/10.1038/s41598-018-21569-6
https://doi.org/10.1038/s41598-018-21569-6
https://doi.org/10.1016/j.jssas.2021.04.005
https://doi.org/10.1016/j.jssas.2021.04.005
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1007/s12665-019-8358-1


1 3

Kachenko AG, Singh B (2006) Heavy metals contamination in vegetables 
grown in urban and metal smelter contaminated sites in Australia. 
Water Air Soil Pollut 169(1):101–123

Kampa M, Castanas E (2008) Human health effects of air pollution. 
Environ Pollut 151:362–367. https://​doi.​org/​10.​1016/j.​envpol.​
2007.​06.​012

Karim Z, Qureshi BA (2014) Health risk assessment of heavy met-
als in urban soil of Karachi, Pakistan. Hum Ecol Risk Assess 
20:658–667. https://​doi.​org/​10.​1080/​10807​039.​2013.​791535

Karimi Nezhad MT, Tabatabaii SM, Gholami A (2015) Geochemical 
assessment of steel smelter-impacted urban soils, Ahvaz. Iran 
J Geochemical Explor 152:91–109. https://​doi.​org/​10.​1016/j.​
gexplo.​2015.​02.​005

Kowalska JB, Mazurek R, Gąsiorek M, Zaleski T (2018) Pollution 
indices as useful tools for the comprehensive evaluation of the 
degree of soil contamination–a review. Environ Geochem Health 
40:2395–2420

Kozák J (2010) Soil Atlas of the Czech Republic. 150
Kusin FM, Azani NNM, Hasan SNMS, Sulong NA (2018) Distribution 

of heavy metals and metalloid in surface sediments of heavily-
mined area for bauxite ore in Pengerang, Malaysia and associ-
ated risk assessment. CATENA 165:454–464. https://​doi.​org/​10.​
1016/j.​catena.​2018.​02.​029

Lee DH, Kim JH, Mendoza JA et al (2016) Characterization and 
source identification of pollutants in runoff from a mixed land 
use watershed using ordination analyses. Environ Sci Pollut Res 
23:9774–9790. https://​doi.​org/​10.​1007/​s11356-​016-​6155-x

Levy DB, Barbarick KA, Siemer EG, Sommers LE (1992) Distribu-
tion and partitioning of trace metals in contaminated soils near 
Leadville, Colorado. J Environ Qual 21:185–195. https://​doi.​org/​
10.​2134/​jeq19​92.​00472​42500​21000​20006x

Li J, He M, Han W, Gu Y (2009) Analysis and assessment on heavy 
metal sources in the coastal soils developed from alluvial 
deposits using multivariate statistical methods. J Hazard Mater 
164:976–981. https://​doi.​org/​10.​1016/j.​jhazm​at.​2008.​08.​112

Li L, Lu J, Wang S et al (2016) Methods for estimating leaf nitrogen 
concentration of winter oilseed rape (Brassica napus L.) using 
in situ leaf spectroscopy. Ind Crops Prod 91:194–204. https://​doi.​
org/​10.​1016/j.​indcr​op.​2016.​07.​008

Li X, Poon CS, Liu PS (2001) Heavy metal contamination of urban 
soils and street dusts in Hong Kong. Appl Geochemistry 
16:1361–1368. https://​doi.​org/​10.​1016/​S0883-​2927(01)​00045-2

Lim HS, Lee JS, Chon HT, Sager M (2008) Heavy metal contamina-
tion and health risk assessment in the vicinity of the abandoned 
Songcheon Au-Ag mine in Korea. J Geochemical Explor 96:223–
230. https://​doi.​org/​10.​1016/j.​gexplo.​2007.​04.​008

Liu Y, Wang H, Li X, Li J (2015) Heavy metal contamination of agri-
cultural soils in Taiyuan, China. Pedosphere 25:901–909. https://​
doi.​org/​10.​1016/​S1002-​0160(15)​30070-9

Luo L, Ma Y, Zhang S et al (2009) An inventory of trace element inputs 
to agricultural soils in China. J Environ Manage 90:2524–2530. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2009.​01.​011

Luo XS, Ding J, Xu B et al (2012) Incorporating bioaccessibility into 
human health risk assessments of heavy metals in urban park 
soils. Sci Total Environ 424:88–96. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2012.​02.​053

Madrigal J, Persky V, Pappalardo A, Argos M (2018) Association of 
heavy metals with measures of pulmonary function in youth: 
findings from the 2011–2012 National Health and Nutrition 
Examination Survey (NHANES) ISEE Conf Abstr 2018. https://​
doi.​org/​10.​1289/​isesi​see.​2018.​o03.​03.​26

Mamat Z, Yimit H, Ji RZA, Eziz M (2014) Source identification and 
hazardous risk delineation of heavy metal contamination in 
Yanqi basin, northwest China. Sci Total Environ 493:1098–1111. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2014.​03.​087

Mamut A, Eziz M, Mohammad A, Anayit M (2017) Human and eco-
logical risk assessment: An International Journal The spatial 
distribution, contamination, and ecological risk assessment of 
heavy metals of farmland soils in Karashahar-Baghrash oasis, 
northwest China. Int J 23:1300–1314. https://​doi.​org/​10.​1080/​
10807​039.​2017.​13052​63

Manta DS, Angelone M, Bellanca A et al (2002) Heavy metals in 
urban soils: a case study from the city of Palermo (Sicily), Italy. 
Sci Total Environ 300:229–243. https://​doi.​org/​10.​1016/​S0048-​
9697(02)​00273-5

Mantovi P, Bonazzi G, Maestri E, Marmiroli N (2003) Accumulation 
of copper and zinc from liquid manure in agricultural soils and 
crop plants

Maria Figueiredo AG, Tocchini M, dos Santos S, TF (2011) Metals in 
playground soils of SÃ£o Paulo city, Brazil. Procedia Environ 
Sci 4:303–309. https://​doi.​org/​10.​1016/j.​proenv.​2011.​03.​035

McBride MB, Shayler HA, Spliethoff HM, Mitchell RG, Marquez-
Bravo LG, Ferenz GS, Bachman S (2014) Concentrations of 
lead, cadmium and barium in urban garden-grown vegetables: 
the impact of soil variables. Environ Pollut 194:254–261

Micó C, Recatalá L, Peris M, Sánchez J (2006) Assessing heavy metal 
sources in agricultural soils of an European Mediterranean area 
by multivariate analysis. Chemosphere 65:863–872. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2006.​03.​016

Nicholson FA, Smith SR, Alloway BJ et al (2003) An inventory of 
heavy metals inputs to agricultural soils in England and Wales. 
Sci Total Environ 311:205–219. https://​doi.​org/​10.​1016/​S0048-​
9697(03)​00139-6

Pérez-De-Mora A, Burgos P, Madejón E, Cabrera F, Jaeckel P, Schloter 
M (2006) Microbial community structure and function in a soil 
contaminated by heavy metals: Effects of plant growth and dif-
ferent amendments. Soil Biol Biochem 38:327–341. https://​doi.​
org/​10.​1016/j.​soilb​io.​2005.​05.​010

Qingjie G, Jun D, Yunchuan X et al (2008) Calculating pollution indi-
ces by heavy metals in ecological geochemistry assessment and a 
case study in parks of Beijing. J China Univ Geosci 19:230–241. 
https://​doi.​org/​10.​1016/​S1002-​0705(08)​60042-4

Qu MK, Li WD, Zhang CR, et al (2013) Source apportionment of heavy 
metals in soils using multivariate Statistics and Geostatistics

Rinklebe J, Antoniadis V, Shaheen SM et al (2019) Health risk assess-
ment of potentially toxic elements in soils along the Central 
Elbe River, Germany. Environ Int 126:76–88. https://​doi.​org/​
10.​1016/j.​envint.​2019.​02.​011

Rodríguez JA, Nanos N, Grau JM et al (2008) Multiscale analysis of 
heavy metal contents in Spanish agricultural topsoils. Chemosphere 
70:1085–1096. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2007.​07.​056

Rosen GD, Roberts PA (1996) Comprehensive survey of the response 
of growing pigs to supplementary copper in feed

Saha R, Nandi R, Saha B (2011) Sources and toxicity of hexavalent 
chromium. J Coord Chem 64:1782–1806

Salim I, Sajjad RU, Paule-Mercado MC et al (2019) Comparison of 
two receptor models PCA-MLR and PMF for source identifi-
cation and apportionment of pollution carried by runoff from 
catchment and sub-watershed areas with mixed land cover in 
South Korea. Sci Total Environ 663:764–775. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2019.​01.​377

Salonen VP, Korkka-Niemi K (2007) Influence of parent sediments on 
the concentration of heavy metals in urban and suburban soils in 
Turku, Finland. Appl Geochemistry 22:906–918. https://​doi.​org/​
10.​1016/j.​apgeo​chem.​2007.​02.​003

Shiowatana J, McLaren RG, Chanmekha N, Samphao A (2001) Frac-
tionation of arsenic in soil by a continuous-flow sequential 
extraction method. J Environ Qual 30:1940–1949. https://​doi.​
org/​10.​2134/​jeq20​01.​1940

Šmejkalová M, Mikanová O, Borůvka L (2003) Effects of heavy metal 
concentrations on biological activity of soil micro-organisms

3134 Journal of Soils and Sediments (2021) 21:3117–3136

https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1080/10807039.2013.791535
https://doi.org/10.1016/j.gexplo.2015.02.005
https://doi.org/10.1016/j.gexplo.2015.02.005
https://doi.org/10.1016/j.catena.2018.02.029
https://doi.org/10.1016/j.catena.2018.02.029
https://doi.org/10.1007/s11356-016-6155-x
https://doi.org/10.2134/jeq1992.00472425002100020006x
https://doi.org/10.2134/jeq1992.00472425002100020006x
https://doi.org/10.1016/j.jhazmat.2008.08.112
https://doi.org/10.1016/j.indcrop.2016.07.008
https://doi.org/10.1016/j.indcrop.2016.07.008
https://doi.org/10.1016/S0883-2927(01)00045-2
https://doi.org/10.1016/j.gexplo.2007.04.008
https://doi.org/10.1016/S1002-0160(15)30070-9
https://doi.org/10.1016/S1002-0160(15)30070-9
https://doi.org/10.1016/j.jenvman.2009.01.011
https://doi.org/10.1016/j.scitotenv.2012.02.053
https://doi.org/10.1016/j.scitotenv.2012.02.053
https://doi.org/10.1289/isesisee.2018.o03.03.26
https://doi.org/10.1289/isesisee.2018.o03.03.26
https://doi.org/10.1016/j.scitotenv.2014.03.087
https://doi.org/10.1080/10807039.2017.1305263
https://doi.org/10.1080/10807039.2017.1305263
https://doi.org/10.1016/S0048-9697(02)00273-5
https://doi.org/10.1016/S0048-9697(02)00273-5
https://doi.org/10.1016/j.proenv.2011.03.035
https://doi.org/10.1016/j.chemosphere.2006.03.016
https://doi.org/10.1016/j.chemosphere.2006.03.016
https://doi.org/10.1016/S0048-9697(03)00139-6
https://doi.org/10.1016/S0048-9697(03)00139-6
https://doi.org/10.1016/j.soilbio.2005.05.010
https://doi.org/10.1016/j.soilbio.2005.05.010
https://doi.org/10.1016/S1002-0705(08)60042-4
https://doi.org/10.1016/j.envint.2019.02.011
https://doi.org/10.1016/j.envint.2019.02.011
https://doi.org/10.1016/j.chemosphere.2007.07.056
https://doi.org/10.1016/j.scitotenv.2019.01.377
https://doi.org/10.1016/j.scitotenv.2019.01.377
https://doi.org/10.1016/j.apgeochem.2007.02.003
https://doi.org/10.1016/j.apgeochem.2007.02.003
https://doi.org/10.2134/jeq2001.1940
https://doi.org/10.2134/jeq2001.1940


1 3

Solgi E, Abbas ES, Alireza RB, Hadipour M (2012) Soil contamina-
tion of metals in the three industrial estates, Arak, Iran. Bull 
Environ Contam Toxicol 88:634–638. https://​doi.​org/​10.​1007/​
s00128-​012-​0553-7

Tepanosyan G, Sahakyan L, Belyaeva O, Saghatelyan A (2016) Origin 
identification and potential ecological risk assessment of poten-
tially toxic inorganic elements in the topsoil of the city of Yere-
van, Armenia. J Geochemical Explor 167:1–11. https://​doi.​org/​10.​
1016/j.​gexplo.​2016.​04.​006

U.S.Environmental Protection Agency (2014) Positive matrix factorization 
(PMF) 5.0-Fundamentals and User Guide

US EPA (1989) Risk assessment guidance for superfund. human health 
evaluation manual part A, Interim Final,. United States Environ 
Prot Agency 1 part A:300

USEPA (1996) USEPA, Report: recent Developments for In Situ Treat-
ment - Google Scholar. https://​schol​ar.​google.​co.​uk/​schol​ar?​ 
hl=​en&​as_​sdt=0%​2C5&q=​USEPA%​2C+​Report%​3A+​
recent+​Devel​opmen​ts+​for+​In+​Situ+​Treat​ment+​of+​Metals+​
conta​minat​ed+​Soils%​2C+U.​S.+​Envir​onmen​tal+​Prote​ction+​
Agency%​2C+​Office+​of+​Solid+​Waste+​and+​Emerg​ency+​
Respo​nse%​2C+​1996.​&​btnG=. Accessed 6 May 2021

USEPA (2002) Supplemental guidance for developing soil screening 
levels for superfund sites, appendix D-dispersion factors calcu-
lations. USA. United States Environ Prot Agency, Washington, 
DC pp. 4–24 

Vacek O, Vašát R, Borůvka L (2020) Quantifying the pedodiversity-
elevation relations. Geoderma 373:114441. https://​doi.​org/​10.​
1016/j.​geode​rma.​2020.​114441

Varol M, Sünbül MR, Aytop H, Yılmaz CH (2020) Environmental, 
ecological and health risks of trace elements, and their sources 
in soils of Harran Plain Turkey. Chemosphere 245. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2019.​125592

Veit MT, Da Silva EA, Fagundes-Klen MR et al (2009) Biosorption of 
nickel and chromium from a galvanization effluent using seaweed 
pre-treated on a fixed-bed column. Acta Sci - Technol 31:175–
183. https://​doi.​org/​10.​4025/​actas​citec​hnol.​v31i2.​864

Wang C, Yang Z, Zhong C, Ji J (2016) Temporal-spatial variation and 
source apportionment of soil heavy metals in the representative 
river-alluviation depositional system. Environ Pollut 216:18–26. 
https://​doi.​org/​10.​1016/j.​envpol.​2016.​05.​037

Wang G, Liu HQ, Gong Y et al (2017) Risk assessment of metals 
in urban soils from a typical Industrial city, Suzhou, Eastern 
China. Int J Environ Res Public Health 14. https://​doi.​org/​10.​
3390/​ijerp​h1409​1025

Wang Z, Chai L, Yang Z et al (2010) Identifying sources and assess-
ing potential risk of heavy metals in soils from direct exposure 
to children in a mine-impacted city, Changsha, China. Wiley 
Online Libr 39:1616–1623. https://​doi.​org/​10.​2134/​jeq20​10.​0007

Weather Spark (2016) Average Weather in Frýdek-Místek, Czechia, 
Year Round - Weather Spark. https://​weath​erspa​rk.​com/y/​
83671/​Avera​ge-​Weath​er-​in-​Frýdek-​Místek-​Czech​ia-​Year-​Round. 
Accessed 14 Sept 2020

Wei B, Yang L (2010) A review of heavy metal contaminations in 
urban soils, urban road dusts and agricultural soils from China. 
Microchem J 94:99–107. https://​doi.​org/​10.​1016/j.​microc.​2009.​
09.​014

Weindorf DC, Paulette L, Man T (2013) In-situ assessment of metal con-
tamination via portable X-ray fluorescence spectroscopy: Zlatna, 
Romania. Environ Pollut 182:92–100. https://​doi.​org/​10.​1016/j.​
envpol.​2013.​07.​008

Wu J, Lu J, Li L et al (2018) Pollution, ecological-health risks, and 
sources of heavy metals in soil of the northeastern Qinghai-Tibet 
Plateau. Chemosphere 201:234–242. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2018.​02.​122

Wu J, Margenot AJ, Wei X et al (2020) Source apportionment of 
soil heavy metals in fluvial islands, Anhui section of the 
lower Yangtze River: comparison of APCS–MLR and PMF. 
J Soils Sediments 20:3380–3393. https://​doi.​org/​10.​1007/​
s11368-​020-​02639-7

Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: 
a review of sources, chemistry, risks and best available strategies 
for remediation. ISRN Ecol 2011:1–20. https://​doi.​org/​10.​5402/​
2011/​402647

Xiong X, Yanxia L, Wei L et al (2010) Copper content in animal 
manures and potential risk of soil copper pollution with animal 
manure use in agriculture. Resour Conserv Recycl 54:985–990. 
https://​doi.​org/​10.​1016/j.​resco​nrec.​2010.​02.​005

Xu X, Zhao Y, Zhao X et al (2014) Sources of heavy metal pollution in 
agricultural soils of a rapidly industrializing area in the Yangtze 
Delta of China. Ecotoxicol Environ Saf 108:161–167. https://​doi.​
org/​10.​1016/j.​ecoenv.​2014.​07.​001

Yang Q, Li Z, Lu X et al (2018) A review of soil heavy metal pollution 
from industrial and agricultural regions in China: pollution and 
risk assessment. Sci Total Environ 642:690–700. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​06.​068

Zhang H, Li H, Yu H, Cheng S (2020) Water quality assessment and 
pollution source apportionment using multi-statistic and APCS-
MLR modeling techniques in Min River Basin, China. Envi-
ron Sci Pollut Res 27:41987–42000. https://​doi.​org/​10.​1007/​
s11356-​020-​10219-y

Zhang J, Li R, Zhang X et al (2019) Vehicular contribution of PAHs in 
size dependent road dust: a source apportionment by PCA-MLR, 
PMF, and Unmix receptor models. Sci Total Environ 649:1314–
1322. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​08.​410

Zhang X, Zhong T, Liu L et al (2016) Chromium occurrences in arable 
soil and its influence on food production in China. Environ Earth 
Sci 75:1–8. https://​doi.​org/​10.​1007/​s12665-​015-​5078-z

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

3135Journal of Soils and Sediments (2021) 21:3117–3136

https://doi.org/10.1007/s00128-012-0553-7
https://doi.org/10.1007/s00128-012-0553-7
https://doi.org/10.1016/j.gexplo.2016.04.006
https://doi.org/10.1016/j.gexplo.2016.04.006
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://scholar.google.co.uk/scholar?hl=en&as_sdt=0%2C5&q=USEPA%2C+Report%3A+recent+Developments+for+In+Situ+Treatment+of+Metals+contaminated+Soils%2C+U.S.+Environmental+Protection+Agency%2C+Office+of+Solid+Waste+and+Emergency+Response%2C+1996.&btnG=
https://doi.org/10.1016/j.geoderma.2020.114441
https://doi.org/10.1016/j.geoderma.2020.114441
https://doi.org/10.1016/j.chemosphere.2019.125592
https://doi.org/10.1016/j.chemosphere.2019.125592
https://doi.org/10.4025/actascitechnol.v31i2.864
https://doi.org/10.1016/j.envpol.2016.05.037
https://doi.org/10.3390/ijerph14091025
https://doi.org/10.3390/ijerph14091025
https://doi.org/10.2134/jeq2010.0007
https://weatherspark.com/y/83671/Average-Weather-in-Frýdek-Místek-Czechia-Year-Round
https://weatherspark.com/y/83671/Average-Weather-in-Frýdek-Místek-Czechia-Year-Round
https://doi.org/10.1016/j.microc.2009.09.014
https://doi.org/10.1016/j.microc.2009.09.014
https://doi.org/10.1016/j.envpol.2013.07.008
https://doi.org/10.1016/j.envpol.2013.07.008
https://doi.org/10.1016/j.chemosphere.2018.02.122
https://doi.org/10.1016/j.chemosphere.2018.02.122
https://doi.org/10.1007/s11368-020-02639-7
https://doi.org/10.1007/s11368-020-02639-7
https://doi.org/10.5402/2011/402647
https://doi.org/10.5402/2011/402647
https://doi.org/10.1016/j.resconrec.2010.02.005
https://doi.org/10.1016/j.ecoenv.2014.07.001
https://doi.org/10.1016/j.ecoenv.2014.07.001
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1007/s11356-020-10219-y
https://doi.org/10.1007/s11356-020-10219-y
https://doi.org/10.1016/j.scitotenv.2018.08.410
https://doi.org/10.1007/s12665-015-5078-z


1 3

Authors and Affiliations

Prince Chapman Agyeman1   · Samuel Kudjo Ahado1 · Kingsley John1 · Ndiye Michael Kebonye1 · Radim Vašát1 · 
Luboš Borůvka1 · Martin Kočárek1 · Karel Němeček1

1	 Department of Soil Science and Soil Protection, Faculty 
of Agrobiology, Food and Natural Resources, Czech 
University of Life Sciences Prague, 16500 Prague, 
Czech Republic

3136 Journal of Soils and Sediments (2021) 21:3117–3136

http://orcid.org/0000-0002-5197-5663

	Health risk assessment and the application of CF-PMF: a pollution assessment–based receptor model in an urban soil
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Soil sampling and analysis
	2.3 Quality assurance and quality control (QAQC)
	2.4 Contamination assessment indices
	2.4.1 Contamination degree (Cdeg)
	2.4.2 mCd
	2.4.3 Nemerow pollution index ( )
	2.4.4 PMF receptor model
	2.4.4.1 CF-PMF 


	2.5 Health risk assessment
	2.6 Non-carcinogenic risk assessment
	2.7 Carcinogenic risk assessment
	2.8 Data analysis

	3 Results
	3.1 PTE concentration in soil
	3.2 Chemometric approach
	3.2.1 PCA and Pearson’s correlation matrix
	3.2.2 CF-PMF pollution assessment-based receptor model

	3.3 Contamination assessment of PTEs
	3.3.1 Contamination and modified contamination degree
	3.3.2 Nemerow pollution index (PInemerow)

	3.4 Potential health risk
	3.4.1 Non-carcinogenic risk
	3.4.2 Carcinogenic risk

	3.5 Spatial prediction of PTEs

	4 Discussion
	4.1 PTE concentration in soil
	4.2 Pollution assessment
	4.3 PCA
	4.4 CF-PMF receptor model
	4.5 Comparison of CF-PMF receptor model to EPA-PMF receptor model
	4.6 Potential health risk
	4.7 Spatial prediction of PTEs

	5 Conclusion
	References


