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Introduction

Research should deliver a realistic impact assessment of 
individual anthropogenic activities on the environment 
as a prerequisite for qualified societal decisions on future 
industrial strategies and landscape management. Exaggera-
tion of human impacts on the environment could favour 
tendency to suppress any mining and industrial activities, 
that can endanger sustainable economic development. This 
concern also extends to energy production from coal and its 
possible consequences on soil contamination. Conventional 
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Abstract
This work promotes an empirical holistic approach to the reliable identification of anthropogenic contributions to elevated 
concentrations of risk elements in soils. It is demonstrated through the evaluation of the impact of coal-fired power plants 
on soils in the Most Basin in the Czech Republic, Central Europe. The origin of the coal seam in the Most Basin is inher-
ently associated with the presence of geochemically anomalous rocks, including those with ore veins at the basin edges, 
which complicates the identification of human impacts. This study is based on analyses of risk elements (As, Be, Cd, Cu, 
Pb, Sb, Zn) and lithogenic elements (Al, Ca, Fe, K, Mn, Rb, Si, Sr, Ti, Zr) in approximately 1 m thick soil profiles, Bayes 
space methodology for analysis of their granulometric curves, analyses of polycyclic aromatic hydrocarbons (PAH) in 
topsoils, and empirical (verifiable and explainable) data mining. Risk element concentrations were subjected to principal 
component analysis (PCA) and multilinear regression with Al, Fe, Mn, K, Rb, Si, Ti, and/or Zr in aim to correct the results 
for natural variability of soils. The results demonstrated that basin floor is covered by a mosaic of sediments with varying 
lithogenic origin that are not specified (or are incorrectly specified) in geological maps. The nonlinearity of interelement 
relationship and considerable site-specificity of soil composition precluded quantification of risk element concentrations, 
but empirical data mining made it possible to evaluate a power plant impact on soils. Geogenic anomalies were found 
to be a dominant factor in the elevated concentrations of As and Pb (from felsic effusive rocks and mineralization), Cu 
(from mafic rocks), Sb (from mineralization), and Be (from felsic effusive rocks) in the basin soils, which have incorrectly 
been attributed to coal combustion in the recent past. PAH concentrations are the most straightforward indicators of the 
impact of coal combustion, along with soil contamination from Cd and Zn. The contamination related to coal combustion 
does not represent real toxicological risks in agricultural soils. The methodology employed in this work could be used to 
revisit previous studies that underestimated the natural complexity of soil chemistry in coal basins and paradigmatically 
exaggerated the impacts of coal combustion on soil risk elements.
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geochemical soil mapping is not sufficient for distinguish-
ing industrial impacts from geogenic anomalies (Adamec 
et al. 2024) for reasons specified in the subsequent para-
graph. Cicchella et al. (2015), Ballabio et al. (2018, 2021), 
and Reimann et al. (2018) evaluated extensive European 
soil mapping datasets and found that geogenic anomalies 
and other natural factors (such as soil properties and vegeta-
tion) are responsible for a major part of the variability of soil 
risk elements, which hinders the identification of industrial 
impacts. Past anthropogenic activities, which can be sus-
pected to have caused soil contamination, have frequently 
occurred in geogenically anomalous areas. For example, ore 
regions (mineralized areas) attracted metal smelting, and 
coal seams in sedimentary basins attracted energy produc-
tion; both activities stimulated the development of further 
industries, increased population density, and thus enhanced 
human pressure on the environment. Historical mining and 
metallurgic activities have been dispersed over landscape 
in un-documented patterns (Hošek et al. 2024). The coinci-
dence of human activities and natural anomalies, commonly 
stemming from local geology, makes distinguishing natural 
and anthropogenic contributions a challenging task (Ander 
et al. 2013; Armiento et al. 2022; Hošek et al. 2024), which 
requires a holistic approach (Baize and Sterckeman 2001; 
Sterckeman et al. 2006; Ballabio et al. 2018, 2021; Pam-
pura et al. 2019; Adamec et al. 2024). However, a consider-
able portion of soil contamination studies still suffers from 
oversimplifications. A common paradigmatic association 
exists between coal mining and combustion and elevated 
contents of soil risk elements without explicit proof of a 
causal chain (Bhuiyan et al. 2010; George et al. 2015; Pan-
dey et al. 2016; Hanousková et al. 2021; Skála et al. 2022; 
Rouhani et al. 2023; Jia et al. 2023; Feng et al. 2024). The 
demands of a holistic approach to soil geochemistry data are 
now bypassed by formal statistical analyses of geochemical 
datasets (Jia et al. 2023; Feng et al. 2024), neglecting the 
real factors controlling risk element concentrations in soils.

The prerequisites for unbiased soil contamination studies 
are known. Geological maps must be employed during the 
planning of fieldwork to reveal and address all geochemi-
cal specificities of the study area, such as the presence of 
certain volcanic rocks, bio- or chemogenic sediments, and 
local mineralization (Amorosi et al. 2014; Vilà and Mar-
tínez-Lladó 2015; Stafilov et al. 2018; Armiento et al. 2022; 
Adamec et al. 2024; García et al. 2024). Examination of 
relationships between soil risk and lithogenic elements is 
considerably helpful if the target area has varying bedrock 
geology (Cicchella et al. 2015; Matys Grygar et al. 2016), 
the soil lithogenic origin is spatially or vertically variable 
(Baize and Sterckeman 2001; Sterckeman et al. 2006; Waro-
szewski et al. 2017; Pampura et al. 2019; Aytop et al. 2023; 
Adamec et al. 2024; García et al. 2024; Hošek et al. 2024; 

Sun et al. 2024a, b), and soils contain variable percentages 
of sand and organic matter (McKinley et al. 2016; Ballabio 
et al. 2018). Soil depth profiles (Baize and Sterckeman 2001; 
Aytop et al. 2023; Adamec et al. 2024) or at least topsoil/
subsoil pairs (Amorosi et al. 2014; Stafilov et al. 2018; Gar-
cía et al. 2024; Hošek et al. 2024) are indispensable because 
the local background concentrations of risk elements from 
deeper soil horizons can differ considerably from regional 
or global background and legislative limits (Amorosi et al. 
2014; Aytop et al. 2023; García et al. 2024; Hošek et al. 
2024). However, the majority of the preceding works on the 
impacts of coal combustion on soils have overlooked these 
principles.

Conventional geochemical topsoil mapping in the major-
ity of national or continental soil monitoring surveys has 
been tailored to assess food production safety; thus, they 
have not been designed to distinguish between anthro-
pogenic contamination and geogenic anomalies (Matys 
Grygar et al. 2023). This is evidenced by the equivocality 
in discussions of large soil monitoring datasets (Vácha et al. 
2015; Ballabio et al. 2018; Reimann et al. 2018; Zhang et al. 
2020a, b), which typically conclude that elevated concentra-
tions of risk elements result from an unspecified combina-
tion of geogenic and anthropogenic causes. Neither the most 
sophisticated mathematical models, which use all available 
information sources, can avoid this equivocality (Zhang et 
al. 2020a, b; Skála et al. 2024). We assert that only targeted 
sampling and an understanding of local specificities can 
address this issue (Adamec et al. 2024).

The aim of this work is to separate the impact of coal 
combustion on soil risk elements in the Most Basin, Czech 
Republic, from natural soil compositional variability, serv-
ing as a real case that exemplifies the complexity of this 
task. The methodology used in this research can be recom-
mended for any case studies of human impacts in geologi-
cally complicated areas that have recently been the focus of 
research (Tapia et al. 2012; Cicchella et al. 2015; Pandey 
et al. 2016; Murray et al. 2023; García et al. 2024; Sun et 
al. 2024a, b). The content of polycyclic aromatic hydro-
carbons (PAH) was included as an independent measure of 
coal combustion’s impact on the environment (Okedeyi et 
al. 2013; Li et al. 2020; Zhang J et al. 2020; Armiento et al. 
2022; Kravchenko et al. 2024). The anthropogenic portion 
of the soil risk elements above their natural levels was cal-
culated from lithogenic element concentrations, similarly to 
preceding studies (Sterckeman et al. 2006; Tapia et al. 2012; 
García et al. 2024). This work is distinguished by its exclu-
sive use of white box (explainable, process-based, empiri-
cal) models derived from known geochemical principles, 
which are thus applicable to understanding the observed 
features in real-world terms rather than formal statistical 
measures. We prefer white box models to the increasingly 
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popular black box models, which are suitable for mimick-
ing datasets through algorithmic models with high math-
ematical precision but lack empirically verifiable physical 
or chemical bases, hypotheses, and conclusions. Our goal 
was to produce results that could meet forensic standards, as 
required by Miller (2013) for fluvial contamination studies.

This work corroborates previous study by Adamec et 
al. (2024) focused mostly on soils on sedimentary rocks in 
the coal basin floor. That preceding study has shown need 
to characterise in more details also soils on geogenically 
anomalous rocks from which a part of the basin floor sedi-
ments (and soils on them) have been formed. One of original 
aims of Adamec et al. (2024) was to quantify anthropogenic 
contamination by using some geochemical indices, but the 
conclusion was it is not successful. Novel reference area 
and extra sites were thus sampled for this work to make one 
more attempt to achieve this goal. This novel work addi-
tionally tests the preceding somehow surprising evaluation 
(Adamec et al. 2024) of rather weak impact of the coal com-
bustion on soils in the basin floor. Newly added with respect 
to Adamec et al. (2024) were PAH concentrations as a proxy 
for the impacts of combustion of carbonaceous materials on 
soils.

Study area

Study area is the north-eastern part of the 80 km long Most 
Basin ended by city of Ústí nad Labem. Soft coal depos-
its were formed in the middle Miocene during early stages 
of basin floor deposition after the Oligocene volcanism in 
the Bohemian Massif triggered basin floor subsidence on 
response to the Alpine orogeny (Rajchl et al. 2009). Coal 
seam, typically 30  m thick, was formed from peat accu-
mulated in a waste swamp on the basin floor (Rajchl et al. 
2009). The earliest preserved note of coal mining dates back 
to 1403 in the town register of Duchcov (Otčenášek et al. 
2019). Later the mining stepwise grew in particular during 
the Industrial Revolution; the largest expansion was after 
1945, when surface mining of brown coal began to increase 
dramatically. Coal mining peaked in by the mid-1980s, the 
annual volume of coal extracted reached nearly one hundred 
million tons (Otčenášek et al. 2019).

The Most Basin is home to the major Czech power 
plants. Several coal-fired power plants and an energy com-
plex are present in the part of the basin addressed in this 
work (Fig.  1). The primary focus here is on the potential 
impact of the Ledvice Power Plant, built in the 1960s, cur-
rently with an installed power of 770 MW. The reference 
area for this study is situated in the agricultural region 
southeast of the Most Basin (these results were taken from 
Adamec et al. 2024) and is separated from all basin power 

plants by the elevations of the České Středohoří Mountains 
(Fig.  1, the position of the reference area is indicated by 
green triangles).

The bedrock geology of the basin floor is spatially variable 
(Fig. S1 in the Supplementary Information). It includes Cre-
taceous marine sediments (marls), Miocene fluvial-lacus-
trine sediments, effusive felsic volcanic rocks (rhyolites, 
ignimbrites, and their tuffs), and Pleistocene unconsoli-
dated sediments (loess, alluvial, and deluvial deposits). 
Major geogenic anomalies border the basin floor (Fig. 1). 
Paleozoic felsic intrusive (granite) and effusive (rhyolite, 
ignimbrite) and metamorphic rocks (mainly orthogneiss 
and paragneiss) outcrop mainly in the Ore Mountains along 
the northwest edge of the basin. Cenozoic mafic effusive 
volcanic rocks (basalt and basaltic tuffs) are found along 
the southeast edge of the basin and at occasional elevations 
within the basin floor. The risk element content in rocks is 
site specific (Matys Grygar et al. 2023) and thus “local geo-
logically specific background values” cannot be defined for 
the study area (Adamec et al. 2024).

Metal ores were historically mined in the Ore Mountains; 
four ore regions occur not far from the basin floor in the 
study area (Fig.  1). The Czech Geological Survey (www.
geology.cz) records abandoned mines and spoil heaps fol-
lowing the extraction of tin-tungsten ore, fluorite-barite 
veins, polymetallic ores, radioactive raw materials, pyrite, 
and other iron ores. The position of metallurgy centres and 
their particular emission impact has not been documented 
(Hošek et al. 2024). The soils in the Ore Mountains con-
tain anomalously high concentrations of arsenic and lead, 
frequently exceeding legislative limits for agricultural soils 
(Vácha et al. 2015; Matys Grygar et al. 2023; Hošek et al. 
2024). Those elevated concentrations result from geogenic 
and anthropogenic causes that can be distinguished at best 
as averages for larger areas (Hošek et al. 2024). The Ore 
Mountain soils are imported to the north-western part of the 
Most Basin floor also by local streams, as it is shown in the 
river network of the study area (Fig. S2). The downslope 
movement of these anomalous soils has also impacted the 
soils on the Most Basin floor and must be considered when 
evaluating the impact of coal combustion in the study area 
(Adamec et al. 2024).

Sampling and analyses

Soil sampling was conducted between 2021 and 2024 across 
ten campaigns. Each campaign was planned after evaluating 
previous results to adequately address local geogenic and 
anthropogenic complexities. A geological map at a scale of 
1:50,000 (GeoČR50) and a map of mining sites, both pro-
vided by the Czech Geological Survey (www.geology.cz), 
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The soils were sieved with a 2 mm mesh and dried under 
laboratory conditions. In focused dataset, the pseudo-total 
content analysis was performed to determine As, Be, Cd, 
Pb, and Sb. For this, soil samples (< 2  mm, 0.5  g) were 
extracted using 6 ml HCl and 2 ml HNO3 in a Multiwave 
5000 microwave (Anton Paar) following the European stan-
dard “EN ISO 54321:2021: Soil, treated biowaste, sludge 
and waste—Digestion of aqua regia soluble fractions of 
elements.” After centrifugation, the supernatant was diluted 
and analysed using an Agilent 7900 ICP-MS (Adamec et 
al. 2024).

A portion of all samples (expanded dataset) was pulver-
ized in a planetary micromill and analysed by X-ray fluo-
rescence spectrometry (XRF) to obtain total concentrations 
of As, Cu, Pb, and Zn as risk elements, as well as Al, Si, K, 
Ca, Ti, Mn, Fe, Rb, Sr, and Zr as lithogenic elements. Pul-
verized samples were poured into conventional nylon XRF 
cells with Mylar foil bottoms. Analyses were performed 
using an Epsilon 3X spectrometer (PANalytical, the Neth-
erlands) equipped with an X-ray tube (Ag cathode, up to 
50 kV) and a Peltier-cooled large-area silicon-drift detector. 

were used in planning the sampling sites and interpreting 
the data. Two sets of samples and data are distinguished: all 
samples, of which position is shown in Fig. 1, are denoted 
expanded dataset, while samples located in the southwest 
part of the study area, where most coal-related contamina-
tion sources have been situated, are denoted focused dataset.

Expanded dataset contained 175 samples from 34 soil 
profiles along and outside the extent of the Most Basin floor. 
They covered all bedrock geologies met in the focused data-
set. The dataset was obtained newly for this work. Focused 
dataset included 152 samples from 29 soil profiles, of which 
45 samples from 10 profiles were sampled newly and geo-
genic anomalies, while the rest of samples were taken from 
preceding work (Adamec et al. 2024). Sampling targeted 
agricultural and forest soils (25 samples), positioned at least 
20  m from roads and 100  m from buildings to minimize 
the impact of non-coal contamination. Soil profiles were 
obtained using a soil auger corer (Eijkelkamp, the Nether-
lands), preferably to a depth of approximately 1 m, if the 
soil profiles allowed, with sampling steps of 10–20 cm.

Fig. 1  Study area showing the distribution of major classes of anoma-
lous rocks, ore regions, the location of major coal combustion plants, 
and the positions of sites, where soil depth profiles were sampled. The 

composition of soils in the reference area (green triangles) was taken 
from Adamec et al. (2024)
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robust version of principal component analysis (RPCA) was 
employed. The core of RPCA is the minimum covariance 
determinant (MCD) method, an extremely robust estimator 
of multivariate location and scatter. Details of this method 
can be found in Hubert and Engelen (2004) and Hubert et al. 
(2018). Element concentrations were logarithmically trans-
formed prior to PCA.

Statistical analyses were performed using the R statistical 
platform (R Core Team 2023). The original granulometric 
curves were smoothed and transformed using the centred 
logratio (clr) transformation, a common preprocessing step 
in Bayes space methodology (van den Boogaart et al. 2014). 
This enabled the statistical analysis of the contained relative 
information via standard functional data analysis (Ramsay 
and Silverman 2005). The individual clr-transformed granu-
lometric curves were plotted as a heatmap complemented by 
a clustering dendrogram. The dendrogram utilized the com-
plete linkage method (e.g., Filzmoser and Varmuza 2009), 
where hierarchical clustering was performed based on the 
smallest Euclidean distance between pairs of observations.

Statistical analyses were performed using the R statistical 
platform (R Core Team 2023).

Results

Identification of Geogenic anomalies

Local geogenic anomalies have been identified through soil 
depth profiles, where risk elements achieved high concen-
trations relative to common standards throughout the entire 
soil profiles (Sect. “Study area” in Supplementary Informa-
tion, Fig. S3 to S7). The overview of anomalous rocks is 
presented in Table 1, along with bedrock information from 
GeoČR50, references to studies supporting the anomaly 
assignment, and typical characteristics of the soils, which 
are described in more detail below in the text. Soil anoma-
lies are not limited to the mapped extent of these anomalous 
rocks, as erosion has spread their weathering products to 
surrounding soils through aeolian or slope transport in the 
Pleistocene, and possibly also through anthropogenic activi-
ties in the late Holocene. On the basin floor, the relevant 
areas include (i) sites downslope of the mineralized regions 
in the Ore Mountains (e.g., Jeníkov and Lom) and (ii) sites 
around flat elevations formed by effusive volcanic rocks in 
the basin floor (e.g., Hudcov).

Table 2 shows that topsoils have higher concentrations 
than subsoils for several risk elements. Notably, the largest 
median concentrations for Cd, Pb, Sb, and Zn, along with 
elevated As levels, were found in the soils of the Ore Moun-
tains and those overlying felsic igneous rocks, regardless of 
sampling depth (Table 2). The highest median concentration 

The quantification of element concentrations was performed 
with single-element calibration using a set of certified ref-
erence materials, as described previously (Adamec et al. 
2024; Hošek et al. 2024).

Subsamples for polycyclic aromatic hydrocarbons 
(PAHs) were sieved (< 2 mm) in the field, packed in alu-
minium foil, and freeze-dried in the laboratory. PAHs were 
determined after ethyl acetate extraction following the 
QuEChERS procedure. Analysis was performed using a 
7890B gas chromatograph with a 7000D GC/MS detector 
(Agilent Technologies, USA).

Granulometric curves were obtained using a Bettersizer 
S3 Plus with the Bettersize Laser Particle Size Analysis Sys-
tem V8.10 (Bettersize, China).

Data processing

The major rock types on the geological map were selected 
from geological maps at a scale of 1:50,000 (GEOČR50). 
Ore regions were manually delineated according to the map 
of mine workings provided by the Czech Geological Sur-
vey, which was accessed as a map service in ArcGIS (​h​t​t​p​​s​
:​/​​/​m​a​p​​y​.​​g​e​o​​l​o​g​y​​.​c​z​​/​a​r​​c​g​i​​s​/​r​​e​s​t​/​​s​e​​r​v​i​​c​e​s​/​​D​u​l​​n​i​_​​D​i​l​​a​/​d​​u​l​n​i​​_​d​​i​
l​a​/​M​a​p​S​e​r​v​e​r). The fifth-generation digital elevation model 
of the Czech Republic (DMR 5G) from the Czech Office 
for Surveying, Mapping, and Cadastre (ČÚZK) was created 
in 2011 and 2018 and was used in Fig. 1. This model was 
included in the project as a raster from Image Service. The 
data were processed using ArcGIS Pro 3.2.0 software (Esri, 
USA).

Robust algorithms were favoured for data mining due 
to their lesser sensitivity to outliers compared to ordinary 
least squares methods (Bábek et al. 2015; Matys Grygar 
and Popelka 2016). Multivariate linear robust regression 
(MLRR) with the MM-estimator was employed to simulta-
neously predict the relationship between a single dependent 
variable (risk element) and multiple independent variables 
(lithogenic elements) in soils (Filzmoser and Nordhausen 
2020). MLRR was performed stepwise, beginning with all 
lithogenic elements as explanatory variables and systemati-
cally removing those that did not pass the t-test of statistical 
significance at P = 99%.

Principal component analysis (PCA) was conducted to 
investigate the geochemical characteristics of the soils and 
the relationships between the studied elements. PCA is a 
widely used dimensionality reduction technique that con-
structs a new set of uncorrelated and orthogonal variables, 
often serving as a preliminary step in analysis of high-dimen-
sional data (Jolliffe, 1986). However, PCA is very sensitive 
to outliers, which are common in geochemical data and can 
lead to misleading conclusions. To address this issue, the 
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documents non-linear interelement relationships and local 
variability of soils. This prevents reliable use of geochemi-
cal indices in the study area, but still PCA as exploratory 
tool makes it possible to decipher major geogenic controls 
of risk element concentrations.

The bedrock end members identified include felsic effu-
sive rocks and rocks from the Ore Mountains, which show 
high concentrations of K, Rb, and Si, as well as As, Pb, and 
Sb. Cretaceous sediments, particularly in deeper horizons, 
exhibit high Ca and low concentrations of risk elements, 
while mafic volcanic rocks are characterized by high levels 
of Cu, Fe, Mn, and Ti.

In Fig.  2, PC1 illustrates the proportions of mafic and 
felsic end members, while PC2 reflects the contribution 
of the Cretaceous end member with low Zn and other risk 
elements relative to the other end members. Conversely, in 
Fig. 3, PC2 represents the mafic and felsic end members, 

of Be and elevated As were found in soils overlying felsic 
effusive volcanics. Soils on these rocks exhibit considerably 
higher concentrations of the risk elements than the medians 
in soils from the reference locality southeast of the Most 
Basin (green arrows in Fig. 1; more details in Adamec et al. 
2024) and elsewhere in Europe.

The major features of bedrock-related element variability 
in the studied soils are visualized in the PCA plots (Figs. 2 
and 3). The local geogenic anomalies (Table 1) represent the 
end members of the basin floor soils. PCA was performed 
on the total element content in the expanded dataset (Fig. 2) 
as well as on a combination of total and pseudototal concen-
trations in the focused dataset (Fig. 3). While the results are 
principally similar, the element loading vectors have differ-
ent orientations in both versions, indicating that the principal 
components have exchanged meanings. Low percentages of 
explained element concentration variability in both PCAs 

Table 1  Soil profiles displaying concentrations of risk elements that are naturally elevated throughout the entire depths and attributed to bedrock 
geology, including mineralization near ore regions
Sites Elements Interpretation Typical signs
Hudcov, Hrob
(Fig. S5, S6)

As, Be Geogenic anomaly related to felsic effusive rocks (Cicchella et al. 
2015; Armiento et al. 2022; Murray et al. 2023)

Geological map, elevated 
K/Al; sandy-silty soils

Jeníkov As, Pb Downslope from ore region 2 and/or felsic effusive rocks, shown 
in Fig. 1

Elevated Rb/K, sandy-
silty soils

Sites near ore regions 1 and 4
(Fig. S3, S4)

As, Pb, Sb, 
Zn

Local mineralization (Ore Mountains) (Matys Grygar et al. 2016; 
Hošek et al. 2024)

Geological map; As ~ Pb; 
elevated Rb/K, elevated 
K/Al; sandy-silty soils

Soils on mafic effusive rocks
(Fig. S7)

Cu Geogenic anomaly related to basalt bedrock (Ballabio et al. 2018; 
Matys Grygar et al. 2023; Zhang et al. 2020a, b; Adamec et al. 
2024)

Geological map; elevated 
Fe and Ti; clayey-silty 
soils

Table 2  Medians of pseudototal (subscript AR) and total (subscript TOT) concentrations of the risk elements in the focused dataset, depending 
on bedrock geology and sampled soil depths. Bold fonts highlight extreme element concentrations in the locally anomalous bedrock. Reference 
concentrations are also listed
Soil parent rock
(number of samples

Depth AsTOT AsAR BeAR CdAR PbTOT PbAR SbAR ZnTOT ZnAR
(cm) (mg kg− 1)

Cretaceous
(26)

0–30 21 37 1.94 0.39 52 30 0.74 90 81
> 30 16 12 1.30 0.18 33 15 0.30 53 44

Felsic effusive
(20)

0–30 53 43 1.85 0.33 53 47 1.55 90 94
> 30 32 145 1.77 0.12 47 26 1.83 105 65

Mafic effusive
(18)

0–30 18 21 2.02 0.48 52 28 0.90 108 111
> 30 13 11 0.96 0.18 43 9 0.36 89 86

Miocene sediments (20) 0–30 27 17 1.67 0.30 56 31 0.77 114 64
> 30 32 12 0.90 0.06 55 18 0.71 112 50

Sediments Pleistocene (47) 0–30 22 19 1.77 0.18 51 30 0.84 110 86
> 30 20 11 1.43 0.21 29 19 0.53 75 49

Ore Mts. (21) All 42 91 1.01 0.42 64 58 1.79 127 121
Reference area outside the basin1 0–30 32 10 1.34 0.24 32 24 0.54 88 74

> 30 15 6 1.13 0.12 15 15 0.30 45 47
Czech Republic2 0–40 9 0.94 0.20 22 66
EU topsoils3 8 0.68 0.22 21 0.35 53
1 Adamec et al. (2024) dataset, agricultural area southeast of the Most Basin (its position is indicated by green arrows in Fig. 1)
2 State database of the risk element concentrations in agricultural soils determined by AR (Matys Grygar et al. 2023)
3 European topsoils from ploughed horizons Ap in the south Europe subset from Reimann et al. (2018)
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polymetallic sulphide ores (Zhang et al. 2020a, b) and may 
reflect the local geogenic anomalies (Table  1). Elements 
such as Be, Cd, and Zn generally exhibit weak lithogenic 
associations and behave independently of each other, indi-
cating that their concentrations are not mainly controlled by 
a common source.

and PC1 indicates the contribution of the Cretaceous end 
member.

PC3 in both figures may represent contamination sig-
nals; however, this contamination likely originates from 
both ore veins in the geogenic anomalies and anthropogenic 
activities. Notably, there is a close association of As, Pb, Sb, 
and commonly nearby vectors of Zn, which is typical for 

Fig. 3  Principal Component Analysis (PCA) of pseudototal concen-
trations (As, Be, Cd, Cu, Pb, Sb, Zn) and total concentrations (other 
elements) in soils from the focused dataset. Ellipses indicate lithogenic 

end members (PC2 vs. PC1 plot), ore-vein associations (PC2 vs. PC1 
plot), and Cd-dominated contamination (PC3 vs. PC1 plot)

 

Fig. 2  Principal Component Analysis (PCA) of total concentrations in soils from the expanded dataset. The ellipses indicate lithogenic end mem-
bers on the PC2 vs. PC1 plot, while the PC3 vs. PC1 plot illustrates ore-vein associations
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for this purpose to identify a background function for the 
natural concentrations of risk elements.

Use of interelement relationships in soils

Multivariate Linear Robust Regression (MLRR) was 
applied to both datasets, excluding samples from the top 
30  cm, where significant anthropogenic contamination is 
expected. The resulting parameters of the local background 
curves are presented in Tables 3 and 4. These regressions 
yielded good results (R² >0.7) for predicting the natural con-
centrations of Cu, total Pb, and Sb. Modest but still plau-
sible results (R² approximately 0.5) were obtained for Zn 
and pseudototal Pb.

In all cases, the results of MLRR (Tables 3 and 4) can help 
elucidate the basic factors controlling the distribution of risk 
elements in the Most Basin floor by comparing the regres-
sion slopes with upper continental crust (UCC) element 
ratios. The regression slopes for Cu, Pb, and Zn are usually 
similar as the global reference, represented by the UCC ele-
ment ratios. Cu and Zn exhibit significant positive slopes in 
relation to Al, Fe, and/or Ti, which are typically associated 

Figures  2 and 3 illustrate that basin floor cover classi-
fied as Pleistocene sediments in the GeoČR50 exhibits geo-
chemical variability comparable to that of their parent rock 
end members. The points labelled as sediments in both fig-
ures occupy the entire area between the mafic, felsic, and 
Cretaceous end members, suggesting that the influence of 
the geogenic anomalies related to felsic rocks and ore veins 
can also be expected in these sediments. The Pleistocene 
deposits on the Most Basin floor are categorized as collu-
vial, alluvial, or aeolian sediments in the GeoČR50, without 
any indication of their lithogenic origin.

This mixing of depositional mechanisms implies that 
variable percentages of the major end members can be 
expected, but such distinctions cannot be extracted from the 
geological map. This limitation can potentially be addressed 
using geochemical tools: the signatures of lithogenic ele-
ments can help decipher the soil lithogenic origin (as shown 
in Table 1; Figs. 2 and 3). The lithogenic element(s) could 
theoretically be tested as predictors for natural (local back-
ground) concentrations of the risk elements in soils; Multi-
variate Linear Robust Regression (MLRR) was employed 

Table 3  MLRR coefficients (intercepts and slopes) for total risk element concentrations in the expanded dataset (175 samples from 34 soil pro-
files), along with UCC contents of the risk elements (in square brackets) and UCC element ratios. Bold font indicates MLRR slopes that exceed 
the UCC ratios
Variable As (mg kg− 1) Cu (mg kg− 1) Pb (mg kg− 1) Zn (mg kg− 1)

Intercept UCC1 Intercept UCC Intercept UCC Intercept UCC
-0.9 [4.8] 4 [28] 12 [17] -19 [67]
Slopes Ratios Slopes Ratios Slopes Ratios Slopes Ratios

Al (%) -1.7 2.1 7 8.2
Si (%) 0.58 0.15 0.4 0.55
K (%) 11 7.3 18 29
Ti (%) -8.8 13 5.1 73 -10 44
Fe (%) 1.5 1.2 4.0 7.1 8 4.4 6 17
Zr (mg kg− 1) 0.012 0.025
Adj. R2 0.26 0.78 0.73 0.53

Table 4  MLRR coefficients for pseudototal concentrations of risk elements in the focused dataset (152 samples from 29 profiles), alongside the 
median European pseudototal soil concentrations of these risk elements (in square brackets) and the ratios of European pseudototal risk element 
concentrations to total lithogenic element concentrations. Note that cd did not yield relevant fits
Variable As (mg kg− 1) Be (mg kg− 1) Pb (mg kg− 1) Sb (mg kg− 1) Zn (mg kg− 1)

Int. EU1 Int. EU Int. EU Int. EU Int. EU
-8 [8] 0.5 [0.68] 11 [21] -0.2 [0.35] -26 [53]
Slopes Ratios Slopes Ratios Slopes Ratios Slopes Ratios Slopes Ratios

Si (%) 0.014 0.011
K (%) 18 5.4 0.6 0.46 61 35
Ti (%) 62 133
Mn (mg kg− 1) 0.005 0.001
Fe (%) 2.1 2.9
As (mg kg− 1) 0.18 2.1 0.005 0.035 -0.10 5.3
Rb (mg kg− 1) -0.06 0.1 -0.003 0.0085 0.04 0.26 0.002 0.004 -0.20 0.66
Zr (mg kg− 1) -0.03 0.032 -0.09 0.21
Adj. R2 0.36 0.21 0.50 0.91 0.53
1 Reimann et al. (2018) for pseudototal concentrations and Reimann et al. (2012) for total concentrations in south European soils
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felsic effusive rocks and geogenic anomalies from the Ore 
Mountains are characterized by elevated K concentrations, 
to which elevated Pb is also associated (Fig. 2). Elevated K 
or Rb/K can serve as diagnostic indicators of the geogenic 
control of risk elements in basin floor soils (Table  1, last 
column).

The red rectangle in Figs. 4A and B illustrates that the 
majority of soil samples with anomalously high Pb also 
exhibit anomalously high K/g(Al, Si), where g(Al, Si) rep-
resents the geometric mean of Al and Si concentrations. 
However, the MLRR-corrected Pb concentration, denoted 
as Pb* in Fig. 4, is not simply proportional to the lithogenic 
anomaly of K/g(Al, Si), indicating that MLRR cannot pro-
vide a quantitative correction for the anomalies related to 
the Ore Mountains and felsic rocks.

The behaviour of As (Fig. 4C and D) and Zn, which is 
also elevated in some Ore Mountains soils, was similar to 

with finer size fractions (Matys Grygar and Popelka 2016) 
and mafic lithogenic origin. In contrast, elements with posi-
tive slopes related to Si as an explanatory variable, com-
parable to or exceeding the UCC element ratios (such as 
total As and Pb, as shown in Table 3, and pseudototal Sb, as 
shown in Table 4), are typically more abundant in coarser 
(silicic) soil fractions or soils with a greater felsic contri-
bution. This suggests they are more likely to be present in 
primary coarse-grained ore minerals or influenced by geo-
logical origin.

The prevailing lithogenic control of As and Pb in the Most 
Basin soils is evidenced by their bedrock-driven association 
with K and Rb, as identified by PCA (Fig. 2) and by correla-
tion with K and Si, as identified by MLRR (Tables 3 and 4). 
However, the MLRR background functions did not quanti-
tatively remove the effects of anomalous soils impacted by 
ore veins in the Ore Mountains. PCA demonstrated that the 

Fig. 4  Concentrations of total Pb (A), total Pb corrected using the 
Multivariate Linear Robust Regression (MLRR) equation (B), total 
As (C), and total As corrected using the MLRR equation (D) plotted 
against normalized K (A, B) and the rubidium/potassium (Rb/K) ratio 

(C, D) for the expanded dataset. The black rectangle marks the 2nd to 
5th deciles of results, while the red rectangles highlight contamination 
associated with anomalous K/g(Al, Si) or Rb/K relative to the upper 
continental crust (UCC) composition
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amount of carbonates), is also useful for distinguishing soil 
lithogenic origin. True loess consists mostly of sorted silt 
with possible coarse clay particles formed by later pedogen-
esis (cluster D in Fig. 5, high densities in grain sizes between 
ca. 1 and 60 μm). However, the considerable sand admixture 
to silt in samples classified as loess in GeoČR50 (cluster A 
in Fig. 5) suggests that these soils have received significant 
alluvial components from the slopes of the Ore Mountains. 
This comprehensive examination of the soils indicates that 
the lithogenic origin of some soil samples is not always 
accurately classified based on GeoČR50 (Table 5).

Table 5 indicates that approximately one-third of the top-
soil samples assigned as the Cretaceous sediments accord-
ing to GeoČR50, are actually Pleistocene sediments with 
sand component > 100  μm, primarily located in cluster C 
of Fig. 5, which have very similar grain/size distribution as 
the Ore Mountains soils in cluster B. The most challeng-
ing scenario for studies on anthropogenic contamination 
arises from changes in soil lithogenic origin within single 
soil depth profiles, in which soils developed from the under-
lying Cretaceous sediments are overlain by topsoil derived 
from Pleistocene sediments with a considerable sand frac-
tion. This sand could only originate from the Ore Moun-
tains or felsic effusive rocks, because neither mafic effusive 
rocks nor local Cretacous sediments do neither contain 
quartz sand nor cannot produce sand by their weathering. 
The change of lithogenic origin must inevitably be associ-
ated with geogenically elevated concentrations of several 
risk elements, which could possibly be misinterpreted as 

Pb. The relatively small regression coefficients for As, Be, 
and Pb does not imply that the MLRR approach failed com-
pletely; the lithogenic element concentrations successfully 
corrected the soil risk element contents for the lithological 
variability of soils, as evidenced by the narrowing of the 
risk element concentration distribution in non-contaminated 
samples. This narrowing is highlighted by the black rectan-
gles in Figs. 4A and B, which depict the width of the 2nd to 
5th deciles of Pb or Pb* concentrations in deeper soil hori-
zons with autochthonous uncontaminated soils. The width 
of these intervals is much smaller for Pb* (9 mg kg-1) than 
for raw Pb (19 mg kg-1).

Granulometric curves and soil lithogenic origin

Certain origin of soils in the Most Basin can be distinguished 
based on granulometry, as indicated in the last column of 
Table  1. The granulometric curves of the focused dataset 
have been processed using Bayes space methodology and 
subsequently clustered (Fig. 5), as described in the method-
ological section. A substantial sand component > 100 μm is 
always present, while the finest clay < 1 μm is absent in soils 
derived from the felsic rocks of the Ore Mountains (cluster 
B in Fig. 5). In contrast, sand > 100 μm is absent, and the 
clay component is significant in soils derived from Creta-
ceous marls (with the finest clay, cluster F in Fig.  5) and 
basalts (mainly clay and silt, clusters D and F in Fig. 5).

Concentration of Ca, which is elevated in soils derived 
from Cretaceous sediments (mostly marls with considerable 

Fig. 5  Clustering of soil samples from the focused dataset according to 
the probability densities calculated from granulometric curves. Warm 
(reddish) hues indicate a dominance of the corresponding grain sizes, 

while blue hues signify their absence. Clusters of similar grain-size 
distributions (A to F) are discussed in the text
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This uncertainty prompts for using median statistics for the 
data mining rather than evaluation of individual soil sam-
ples with locally maximal contamination.

The median soil concentration was calculated for sam-
ples within a 10  km radius of the Ledvice Power Plant 
(excluding sites located directly on the recognised geogenic 
anomalies), as indicated by the red line in Fig. 6. The con-
tribution of the power plant can be assessed by comparing 
this median to the median concentration from the reference 
area outside the Most Basin behind the České Středohoří 
Mountains (green arrows in Fig.  1). The results of those 
comparisons are in Table 6.

Discussion

Use of lithogenic elements to decipher the origin of 
elevated risk element concentrations

Data treatment in elemental contamination studies should 
effectively distinguish anthropogenic contributions to risk 
elements in environmental samples. This task could be 
considerably facilitated by correcting for natural composi-
tional variability using lithogenic element concentrations, 
which enhances the sensitivity of detecting contaminated 
samples as outliers, as it was successfully performed with 
sediments or soils derived from sediments (Sterckeman et 
al. 2006; Bábek et al. 2015; Lučić et al. 2023). Adamec et 
al. (2024) did try this approach for the Most Basin soils, 
but the attempt was not successful. In this paper, novel 
sampling and MLRR were employed once more, utilizing 
various lithogenic element concentrations as predictors for 
risk element concentrations (Tables  3 and 4). This novel 
attempt respected all rational recommendations to separate 
geogenic and anthropogenic contributions to soil risk ele-
ment concentrations. The regression analysis only included 
statistically significant explanatory variables to prevent 
data overfitting, thereby keeping the regression coefficients 
interpretable. Overfitting, or the use of overly complex sta-
tistical methods, poses a significant challenge to interpreta-
tion (Greenacre 2019).

surface contamination from emissions if soil origin was not 
considered. This pattern of soils derived from Cretaceous 
sediments and covered by allochthonous sandy deposits was 
observed in a total of four soil profiles.

In half of the soil samples classified as residing on loess 
sediments according to GeoČR50, the sand content proved 
to have an alluvial origin (Table 5). These poorly classified 
soils are located downslope from the Ore Mountains and 
exhibit very similar grain-size features (clusters A and C) 
to the soils from the Ore Mountains (cluster B). In these 
misclassified soils, geogenic enrichment of As, Be, Pb, and 
Sb can be expected (Tables 1 and 2), which could be mistak-
enly interpreted as anthropogenic contamination.

Topsoil enrichment of risk elements and PAHs in the 
ledvice power plant area

The impact of coal combustion can be assessed through PAH 
contamination in topsoils, independent of soil lithogenic 
origin and geochemical features. In Fig. 6, topsoil PAH and 
some risk element concentrations are plotted against the dis-
tance from the Ledvice Power Plant, which is situated in the 
centre of the study area (Fig. 1) in the Most Basin. Notably, 
topsoil concentrations of Cd, Zn, and PAHs are particularly 
high at a site Ledvice, only 1  km from the power plant. 
Maximal PAH concentrations were found in Lom, a forested 
site; tree crowns are known to scavenge atmospheric (dust) 
contamination more efficiently than agricultural soils.

Topsoil concentrations of As, Sb, and Pb are highest near 
the geogenic anomalies (Tables 1 and 2) in the Ore Moun-
tains, around ore regions, and in the basin floor close to 
these areas (Fig. 6; the position of individual sites is shown 
in Fig. 1). There is no simple decline of the soil risk ele-
ment concentrations with growing distance from the Led-
vice power plant, documenting major impact of site-specific 
soil chemistry in the target area. Unfortunately, the impact 
of geogenic anomalies and ore regions cannot be quantified 
or subtracted from the actual concentrations of lithogenic 
elements using MLRR, that result in uncertainty in unequiv-
ocal contamination assignment around the Ledvice Power 
Plant to the anthropogenic impact of the coal combustion. 

Table 5  Misfits between soil lithogenic origin classification and information provided by GeoČR50. The cluster labels refer to Fig. 5
Assignment according 
to GeoČR50

Decisive features: grain size [cluster 
label]; geochemistry

GeoČR50 assign-
ment confirmed

GeoČR50 assign-
ment not confirmed

Characteristics of the poorly 
assigned (allochthonous) soil 
samples [cluster label]

Loess Sorted silt dominant (> 50%), sand 
absent [D]; elevated Zr content1 
(> 300 mg kg− 1)

21 samples 21 samples Sorted silt < 40%, medium and 
coarse sand (> 0.2 mm) > 20% [A 
or C]

Cretaceous Dominant clay size fraction [F or E]; 
elevated Ca content > 10%

9 samples 20 samples Negligible clay content, prevailing 
sand and silt [B or C]; Ca <1%; in 
some samples Zr >300 mg kg− 1

1 criterion used by Waroszewski et al. (2017)
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Fig. 6  Contaminant concentrations plotted against the distance to the Ledvice Power Plant. Also shown for comparison are results from the refer-
ence area (Adamec et al. 2024) and EU soils (Reimann et al. 2018)
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risk elements with felsic effusive rocks and the bedrock of 
the Ore Mountains, that is also composed of felsic rocks 
(Table 1; Figs. 2 and 3). MLRR successfully decreased vari-
ability in uncontaminated soil samples, as demonstrated by 
the narrowing of the 2nd to 5th deciles of results in Fig. 4. 
However, MLRR did not completely eliminate anomalies 
related to the Ore Mountains and felsic volcanic rocks, 
revealed in this study (Table 1). The relationship between 
extremely high concentrations of As, Pb, Sb, and Zn, and 
anomalously high K or Rb/K is probabilistic, indicating 
a higher likelihood of association rather than being deter-
ministic, meaning it is not strictly controlled arithmetically; 
thus, such elements can also be absent (Fig. 4).

The association of the risk elements As, Pb, and Sb with 
K and Rb, including their extreme concentrations, supports 
the prevailing geogenic control of these risk elements in the 
soils of the Most Basin. Mineralization in the Ore Moun-
tains has been linked to intrusions of felsic volcanic rocks, 
particularly granites, which are generally rich in K and Rb 
(a common characteristic of such rocks, Zhang et al. 2020a, 
b). Elevated Rb/K ratios have been observed in the granitic 
and mineralized sub-catchment of the Ohře River in the Ore 
Mountains (Matys Grygar et al. 2016). An increased Rb/K 
ratio is often used as a measure of the degree of magma 
differentiation during granite formation and metamorpho-
sis, which includes the formation of Sn ore veins in the 
Ore Mountains and elsewhere (Breiter et al. 2017; Sun et 
al. 2024a, b). However, it is not possible to simply predict 
As and Pb concentrations in geogenically anomalous soils 
using Rb, K, or Rb/K ratios using some geochemical index 
such as enrichment factor or establishing some geochemical 
background value for soils on specific rocks.

In the dataset examined in this study, the majority of soils 
with extremely high levels of As also exhibited elevated 
Rb/K ratios, although this relationship is not deterministic 
(Fig. 4C and D). Both lithogenic proxies have also further 
limitations: Stafilov et al. (2018) noted that K concentra-
tions in topsoils can be increased by fertilizers. Additionally, 
Rb/K ratios can be elevated due to intensive pedogenesis, as 
Rb is less geochemically soluble in exogenic environments 
than K (Rudnick and Gao 2003). Consequently, elevated 
Rb/K ratios can also be observed in Cretaceous and Mio-
cene sediments (Fig. 4C and D), where neither As nor Pb 
levels are elevated. Therefore, the analysis of lithogenic ele-
ment concentrations in soils should also be employed for 
the unbiased identification of anthropogenic contamination 
within environmental geochemistry, but it cannot provide 
automated (mathematical) deciphering of the risk element 
origin.

For instance, Sun et al. (2024a, b) employed partial least 
squares regression (PLSR) and included up to ten explana-
tory variables for each risk element in their study, although 
meaningful regression coefficient increases were primarily 
observed with approximately five variables. Notably, a con-
siderable proportion of their regression coefficients were 
negative, making them difficult to interpret in physical or 
chemical terms. Negative slopes may compensate for the 
non-linearity of interelement relationships (Matys Grygar 
and Popelka 2016; Jung et al. 2016). Sun et al. (2024a, b) 
did not address these slopes from a geochemical perspec-
tive, a focus of our investigation.

The association of risk elements with certain lithogenic 
elements can arise from shared influences such as grain size 
control (Matys Grygar and Popelka 2016; Ballabio et al. 
2018), dilution by organic matter, quartz, or calcium car-
bonates (McKinley et al. 2016; Lučić et al. 2023), common 
geological origins involving primary minerals, or shared 
fates during pedogenesis (involving secondary minerals 
formed by bedrock weathering or sorption of risk elements 
onto lithogenic minerals like Fe or Mn oxides, as noted by 
Matys Grygar and Popelka 2016). This multitude of poten-
tial controlling mechanisms explains why the set of litho-
genic element predictors cannot be predetermined and must 
be tested and tailored for each specific element and study 
area, as done in this work.

The MLRR and PCA were partly successful and showed 
several important geochemical factors controlling risk ele-
ment concentrations, in particular related to lithogenic ori-
gin of soils. Potassium concentration is less commonly used 
as a lithogenic element predictor (Tables 3 and 4); however, 
in the Most Basin it clearly reflects the association of several 

Table 6  Medians of the basin floor topsoil concentrations of risk ele-
ments and PAH sums, along with differences between these values and 
the median in the reference dataset. Also listed are median contents 
in EU soils (Reimann et al. 2018) and the preventive limit for Czech 
agricultural soils
Contaminant Basin floor 

near Ledvice
Difference1 EU 

soils
Pre-
ventive 
limit2

(mg kg− 1) (mg kg− 1) (mg 
kg− 1)

(mg 
kg− 1)

As 22 11 8 20
Be 1.9 0.7 0.7 2
Cd 0.48 0.30 0.22 0.5
Cu 30 5 19 60
Pb 52 12 21 60
Sb 0.87 0.21 0.35 -
Zn 104 28 53 120
ΣPAH 0.29 0.26 - 1
1Difference of medians for the basin floor around Ledvice and 
median in the reference area separated from the basin floor by the 
České Středohoří Mountains (Adamec et al. 2024)
2 Czech legislative for agricultural soils, 153/2016
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areas that contain numerous coal-unrelated contamination 
sources (Hanousková et al. 2021; Rouhani et al. 2023; Feng 
et al. 2024); and (3) overinterpreting the natural variability 
of local soils where overall concentrations of risk elements 
remain below or equal to common background values (Jia 
et al. 2023; Feng et al. 2024). Moreover, modern technolo-
gies such as fly ash capture and desulfurization should help 
prevent soil contamination by the majority of risk elements.

Contamination from power plants: distance and 
severity

The majority of risk element emissions from coal combus-
tion occur in fly ash. Coarser particles settle close to their 
source and can be identified in soil maps. Adamec et al. 
(2024) found elevated topsoil concentrations of mercury 
(Hg) and Zn at a distance less than approximately 10 km 
from the Ledvice Power Plant. Similar ranges (10 to 15 km) 
have been observed in previous studies, such as in the Hg 
contamination study by Rodríguez Martín et al. (2016) and 
analyses of PAHs (Li et al. 2020; Kravchenko et al. 2024). 
Elevated levels of Cd and Ni within 4 km of a coal-fired 
power plant were reported in soils in the work of Han et al. 
(2025). Around the largest Serbian coal-fired power plant 
“Nikola Tesla A”, the highest concentrations of Cd, Co, Fe, 
Mn, Pb and Zn were at a distance of 1 km, and the concen-
trations of Ni and Cu gradually increased up to a distance of 
4 km (Tanić et al. 2018), however, there were no significant 
upward increases of risk element contents in soil horizons. 
For elevated concentrations to serve as evidence of point-
source contamination, the contaminated soils should exhibit 
a spatial distribution around the point source. However, in 
the Most Basin, spatial analyses have demonstrated this pat-
tern for Cd, Hg, and Zn but not for As and Sb (Adamec et 
al. 2024).

In majority of documented cases, such expected spatial 
autocorrelation (contamination in a circle or ellipse around 
a power plant position) is absent. Instead, contamination 
was found scattered across the landscape around the power 
plants (Stafilov et al. 2018; Nanos et al. 2015; Jia et al. 
2023; Feng et al. 2024), as if local soil variability was more 
important than the emission control. In this work, the spatial 
association of contamination was examined visually in scat-
terplots in Fig. 6.

The results of this work confirm that elevated concen-
trations of Cd, PAHs, and Zn within a 10 km radius of the 
Ledvice Power Plant (indicated by the red line of medians in 
Fig. 6) can be related to coal combustion. This results for Cd 
and Zn confirm conclusions by Adamec et al. (2024), who 
also examined spatial distribution of the risk elements in 
the Most Basin soils from the official Czech monitoring of 
the agricultural topsoil contamination. Newly in this work 

Distinguishing anthropogenic contamination from 
coal combustion

Reliable evidence is crucial for differentiating anthropo-
genic contamination resulting from the coal combustion in 
the coal basins, as it is demonstrated in this work for the 
Most Basin. Coal itself can contain higher concentrations of 
risk elements than local soils; in the Most Basin, this is par-
ticularly true for As, Cu, and Pb (Vöröš et al. 2019), but the 
coal dust impact of soils in the Most Basin has never been 
described. The majority of risk elements, including all those 
addressed in this paper, resulting from coal combustion can 
escape from chimneys in the form of fly ash (Ratafia-Brown 
1994), unless optimized electrostatic precipitators are used. 
Lanzerstorfer (2018) and Czech et al. (2020) demonstrated 
that the finest fly ash particles may contain several hundred 
mg kg⁻¹ of Pb and Zn, as well as tens of mg kg⁻¹ of As and 
Sb, which is approximately an order of magnitude higher 
than global soil or crustal averages. Stafilov et al. (2018) 
found in their case study in Macedonia that coal fly ash 
contains about ten times more Cd, Pb, and Zn than local 
soils. Analyses of fly ash samples from the Ledvice Power 
Plants are similar (Supplementary Information, Fig. S8 in 
Sect. “Sampling and analyses”). Conversely, George et al. 
(2015) reported that fly ash from a local power plant con-
tained only slightly higher levels of risk elements than local 
soils.

While dust from coal combustion can indisputably pose 
risks to living organisms, particularly through inhalation, 
ingestion, or dermal contact (Zhang et al. 2020a, b; Skála et 
al. 2022), its contribution to soil composition is limited due 
to the substantial natural pool of risk elements in soils and 
the relatively small total mass contribution of fly ash in soils. 
In other words, emissions in the ploughed soils horizons are 
substantially “diluted” by natural soil components. Con-
sequently, coal combustion-related contamination is often 
not evident in risk element soil maps, particularly when the 
natural variability of soils is adequately considered (Stafilov 
et al. 2018; da Silva Júnior et al. 2019; Adamec et al. 2024). 
Estimates of how small can be the fly ash contribution to 
soil risk elements around the Ledvice Power Plant are pre-
sented in Sect. “Sampling and analyses” in Supplementary 
Information.

The number of studies reporting the harmful impact of 
coal combustion on soil risk elements continues to grow. 
However, many of these studies do not take the true com-
plexity of soil chemistry into account. Common shortcom-
ings include: (1) associating coal combustion with soil 
enrichment by non-volatile elements, whose concentrations 
in coal are mostly below soil averages (e.g., Cu, Mn, or Ti) 
(Bhuiyan et al. 2010; Pandey et al. 2016; Feng et al. 2024); 
(2) utilizing soil data from cities and highly industrialized 
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Conclusion

The contribution of coal combustion to soil contamination by 
risk elements in the Most Basin, Czech Republic, is smaller 
than it has been believed as still repeated in some current 
publications. The measurable impacts of coal combustion 
on soil risk elements from the 770 MW power plant studied 
here are limited and not toxicologically relevant. This paper 
highlights critical aspects, particularly the lithogenic origin 
of soils, which must be considered to understand local nat-
ural soil variability—an aspect often overlooked in many 
previous studies on the impacts of coal combustion on soils. 
In the Most Basin, the relevant geochemically anomalous 
rocks have a limited spatial extent; however, their weath-
ering products have spread to surrounding areas during 
the Pleistocene and Holocene, complicating their accurate 
interpretation using conventional soil contamination maps. 
Geogenic anomalies require particular attention—anoma-
lous risk element concentrations cannot be inferred solely 
from geological maps or calculated from lithogenic element 
concentrations, which are currently common approaches in 
soil contamination studies. The unbiased identification of 
the coal combustion impacts needs careful holistic work 
respecting natural complexity of the soil chemical variabil-
ity. The authors express concern that the impacts of coal 
combustion may have been exaggerated in many previously 
studied coal basins due to the neglect of the natural factors 
behind soil composition.
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the impact of the coal combustion on the soils was quanti-
fied. Table 6 summarizes the estimated impact of the power 
plant, represented as the difference between the median con-
taminant concentrations within 10 km from the major power 
plant in the target area (red line in Fig. 6) and the median in 
the reference area with similar bedrock but shaded from the 
powerplant by the mountain ridge (the green line in Fig. 6). 
The estimated impact is rather modest relative to the local 
background (Table  6). What is even more important, the 
current emissions of fly ash from the Ledvice Power Plants, 
estimated in the Supplementary Information, would not pro-
duce the increase in topsoil concentrations of risk elements 
estimated as the maximal estimate of the coal combustion 
impact in Table  6, unless the fly as contributed consider-
able fraction of the topsoils, that is surely not the case in 
the Most Basin floor. Locally high concentrations of As and 
Pb in some sites around the Ledvice Power Plant are obvi-
ously associated with geogenic anomalies, which also show 
elevated Sb levels (Fig. 6).

Among the most frequently mentioned contaminants in 
the Most Basin floor (Vácha et al. 2015), only As exceeds 
the preventive limit for Czech agricultural soils (Table 6). 
However, these preventive limits do not represent real risks 
for biota as some researchers incorrectly supposed (Rouhani 
et al. 2023); the preventive limits merely prevent farmers 
from further increasing contaminant concentrations through 
practices like applying sewage sludge to the soil. Addition-
ally, the highest soil As on the Most Basin floor is of the 
geogenic origin, as shown above. In the Most Basin, the 
elevated soil concentrations of As and Pb thus correspond 
more to the slopes of the Ore Mountains rather than prox-
imity to coal combustion centres (Adamec et al. 2024) and 
does not represent real risk. This paper also highlights the 
overlooked impact of local felsic effusive rocks around the 
Ledvice Power Plant, on which the soils contain high levels 
of As, Be, and Pb (Tables 1 and 2). Several preceding stud-
ies attributed elevated risk element concentrations in the 
soils of the Most Basin to coal combustion without direct 
proofs, while some samples were taken from the slopes of 
the Ore Mountains (Skála et al. 2022) or from cities located 
just below those slopes (Hanousková et al. 2021). Addition-
ally, this paper points out the possible influence of other his-
torical contamination sources, such as the fuel complex in 
Litvínov (Fig. 1), where petrol was synthesized from coal 
during World War II. The synthetic fuel production was tar-
geted during bombardments in that war (Dolejš et al. 2020). 
The fires of industrial enterprises could contribute signifi-
cantly to surrounding soil contamination as it is known from 
the study by Appleton and Cave (2018).
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