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Abstract: The spatial distribution of risk elements and the impacts of acidification on mountain soils 
affected by anthropogenic emissions are poorly understood due to the limited number of corresponding 
case studies. This work examines the distribution of Ca, Mn, and Zn in topsoils of the mountain terrains of 
the Beskids along the eastern part of the Czech-Polish state border, which have been locally impacted by 
emissions of acid gases and dust from metallurgy in the 20th century. Samples of the top stratum of mineral 
soil horizons, rock fragments, and birch leaves were collected from 140 sites within an approximately 12 x 
12 km area in mountain ridges and slopes, primarily covered by forests. Concentrations of Mn and Zn in 
soils and leaves were subjected to interelement correlations and spatial distribution analyses. Soil Mn and 
Zn concentrations were corrected using Fe as a lithogenic reference element to correct a part of natural 
geochemical variability of the bedrock. While topsoil Mn and Zn concentrations directly reflect 
contamination, the uptake of Mn and Zn by birch was also enhanced by low soil Ca levels. The probabilistic 
nature of the factors controlling soil contamination and the topographically-driven distribution of emission 
loads necessitate the use of less conventional data-mining tools. The variable probability that emission 
contamination has been really recorded in individual environmental samples requires the application of 
robust regression, quantile statistics, and/or rational data post-stratification. Visual examination of 
geochemical maps with quantile-classified layers and geographically weighted regression (GWR) proves 
advantageous in data mining, because conventional hotspot analysis using geostatistics is weakened by 
considerable spatial noise. Point contamination of the Beskid soils is maximal on slopes exposed to Třinec 
at a distance of approximately 15 km and at elevations between 600 and 700 m a.s.l. The spatial 
heterogeneity of soil Mn and Zn concentrations arises from uneven emission scavenging depending on 
landscape topography, horizontal emission deposition, and the translocation of Ca and Mn ions downslopes. 
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1. INTRODUCTION 
 

Concentrations of risk elements, particularly Pb, 
in the soils of central European mountain areas are 
frequently elevated, which is usually attributed to the 
long-range transport of contaminants (LRTC) from 
metallurgy and coal combustion (Steinnes, 2009; 

Bińczycki et al., 2020; Ciarkowska & Miechówka, 
2022). However, the spatial distribution of risk element 
concentrations in mountain soils is surprisingly variable 
even over relatively short spatial scales (Szopka et al., 
2013; Ciarkowska & Miechówka, 2022), depending on 
the position on slopes (Jaguś & Skrzypiec, 2019; 
Ciarkowska & Miechówka, 2022; Demková et al., 
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2023; Rahmonov et al., 2024) and slope orientation 
(Ciarkowska & Miechówka, 2022; Miśkowiec, 2022). 
This spatial variability seems to contrast with the 
expectation of evenly distributed diffuse contamination 
attributed to LRTC (Reimann et al., 2008, 2019; 
Ciarkowska & Miechówka, 2022) and makes attributing 
the observations exclusively to LRTC questionable. 
Distinguishing between natural and anthropogenic 
causes of soil chemistry variability is, however, a 
challenging task (Reimann et al., 2008, 2018, 2019; 
Steinnes & Lierhagen, 2018; Bourgault et al., 2022; 
Ciarkowska & Miechówka, 2022; Adamec et al., 2024), 
which has not always been reliably performed in 
previous studies. 

The variability of soil risk element 
concentrations can result from the complex bedrock 
geology typical for mountain ranges (Ciarkowska & 
Miechówka, 2022; Hošek et al., 2024), the 
translocation of elements in soil profiles by pedogenic 
processes (Waroszewski et al., 2016; Reimann et al., 
2019; Bińczycki et al., 2020), and the lateral 
movement of soil elements/components by gravity or 
wind (Bourgault et al., 2022; Kellaway et al., 2022; 
Adamec et al., 2024). Disentangling these processes 
is complicated by the interrelation between bedrock 
properties, altitude, slope steepness, wind speed, and 
vegetation in mountain areas (Korzeniowska & Krąż, 
2020; Ciarkowska & Miechówka, 2022); it is not 
always clear which variables are truly independent 
and can be considered primary reasons for the risk 
element distribution. Therefore, the topographic 
control of emissions' impacts on mountain soils 
deserves further study. While most preceding papers 
have focused on the impacts of LRTC, far fewer 
studies have addressed local contamination from point 
sources, even though their impact might be easier to 
understand. Our work specifically targets this gap.  

Many preceding studies of emission impacts on 
soils and biota have suffered from improper data 
mining. Particularly incorrect is the evaluation of “raw” 
concentrations of target elements – results of analyses 
not corrected for their natural variability. This approach 
is especially risky in areas with geochemically 
anomalous bedrock (Hošek et al., 2024), which is 
typical for many central European mountain ranges. 
Mathematicians working in geosciences have 
summarized sufficient arguments for using element 
ratios instead of “raw” concentrations of risk elements 
to avoid fundamental statistical errors (McKinley et al., 
2016; Greenacre, 2019; Hron et al., 2021). Previous 
studies (Matys Grygar & Popelka, 2016; Greenacre, 
2019; Hron et al., 2021) have shown that only 
empirically verified and interpretable element ratios 
should be adopted for reliable data interpretation. In 
sediments and soils derived from sedimentary rocks 

with variable quartz and/or calcium carbonate contents, 
risk element concentrations typically depend on the 
concentrations of certain lithogenic elements, such as Fe 
(Hernandez et al., 2003; Sterckeman et al., 2006; Matys 
Grygar & Popelka, 2016; Aytop et al., 2023; Lučić et al., 
2023). The methodology for data mining based on 
interelement relationships, although still rarely 
employed in soils, clearly needs further development to 
combine mathematical rigor with geochemical 
interpretability, as justified by Greenacre (2019) and 
Hron et al. (2021). Thus, correct data processing is 
among the strategic aims of this work. 

The target area of this study, the Beskid 
Mountains at the easternmost part of the Czech-Polish 
state border (Figure 1), has been impacted by local 
emissions of acid gases and risk elements from iron and 
steelmaking in Třinec, the most proximal source (Pavlů 
et al., 2015), and possibly also from Ostrava as a more 
distant point source (Matysek et al., 2008). For 
contamination mapping, the foliage of silver birch, 
Betula pendula (Roth.), which is suitable for monitoring 
soil damage caused by Zn emissions and acidification 
(Bílková et al., 2024). Actually, Zn concentration in soils 
is worth monitoring, because its content relative to Fe is 
very high in dust from iron- and steel making (Tsai et 
al., 2007). Birch can additionally accumulate Mn 
(Bílková et al., 2024), which is mobilized for plant 
uptake in acidified soils; iron- and steelmaking produces 
also considerable amount of acid gas emissions (Tsai et 
al., 2007). One of the strategic goals of this study is to 
reveal possible slope transfers of contaminants or other 
ions mobilized by soil acidification, hypothesized for 
manganese by Bílková et al. (2024). These slope 
transfers of ions, while not yet sufficiently understood, 
could partly explain the yet poorly understood spatial 
variability in risk element concentrations in mountain 
soils (Ciarkowska & Miechówka, 2022; Demková et al., 
2023). The aims of this work were to map the impact of 
the Třinec point source on the mountain areas adjacent 
to the emission center, extending approximately 30 km 
in the local wind directions, to visualize emission 
distribution in geochemical maps, and to understand 
some of the unknown mechanism behind the spatial 
variability of emission contamination in mountain 
terrains.  

 
2. STUDY AREA 
 
2.1. Local geology and topography 

 
The flat lowland around Třinec is covered by 

the Quaternary sedimentary rocks. The mountainous 
part of the study area features Carpathian flysch 
bedrock, i.e. sediments deposited in shallow marine 
environments during the late Mesozoic to early 
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Figure 1. Study area in the Beskids. 

 
Cenozoic (Samec et al., 2010). Flysch rocks are 
characterized by alternating finer and coarser silicic 
strata, with lithologies ranging from mudstones to 
silty sandstones and conglomerates containing 
granules or pebbles, primarily composed of quartz. In 
the target area of this study, claystones are more 
abundant to the east of Třinec; here, limestones with 
occasional siderite lenses also occur. During the 18th 
and 19th centuries, these siderite-rich lenses were 
locally mined for iron production. Claystones and 
mudstones, which are finer strata in the flysch 
sequences, have weathered more easily, while the 
quartz-richer and coarser flysch strata have remained 
as residual rock fragments in the soils. In the 19th 
century, local iron ores and charcoal from the Beskids 
were replaced by hard coal from the Ostrava area and 
iron ore imported from abroad, which allowed for a 
substantial increase in iron and steel production in the 
20th century and considerable contamination of that 
area (Vácha et al., 2015; Matys Grygar et al., 2023; 
Pavlů et al., 2015). 

The characteristics of the flysch dictate the 
topography of the study area. Hills with mudstone 
outcrops are lower and have gentler slopes, while 
higher local peaks typically feature quartzite or 
sandstone outcrops, with conglomerates found on the 
steepest peaks. The bedrock thus contains variable 
proportions of quartz and occasionally carbonates, 

which primarily control its chemical composition, 
resulting in stratigraphic and spatial variability 
(Samec et al., 2010). 

The lowland around Třinec is north-west of the 
Jablunkov Pass (Figure 1). Sampling was conducted 
along the north-eastern boundary of the Pass on 
slopes oriented toward the Třinec emission centre as 
well as in the mountain sites separated from Třinec by 
local peaks and ridges (Figure 1, Table 1). The 
subareas of sampling listed in Table 1 have variable 
distances from and orientations relative to the Třinec 
contamination source. 

 
2.2. Local contamination of soil environment 
 
The study is focused on an area east and 

southeast of the iron- and steelworks in Třinec (Figure 
1). The entire northeastern part of the Czech Republic 
has been contaminated by heavy industry, particularly 
by iron and steel production (Matysek et al., 2008; 
Pavlů et al., 2015; Bílková et al., 2024) and coal 
combustion (Vácha et al., 2015). These local 
emissions peaked in the 1980s when more 
environmentally friendly technologies were 
introduced. Agricultural (Vácha et al., 2015; Matys 
Grygar et al., 2023) and forest soils (Pavlů et al., 2015) 
in that area have been contaminated by moderately 
volatile risk elements such as Cd, Pb, and Zn known to 
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Table 1. Characteristics of the subareas, N is number of sampling points in each subarea. 

 Subarea 
Median 
altitude 

(m a.s.l.) 

Median 
distance 

from 
Třinec (m) 

N Description of site 

1 Surrounding of Třinec 395 5413 5 Near Třinec, lowland sites 
2 Ostrý Mt., peak 627 11044 8 Exposed to Třinec 
3 Prašivá Mt., peak 512 11162 4 Exposed to Třinec 

4 Hora (Góra), Nýdek, south east slope 
of Czantoria Mała 606 13584  Separated from Třinec by Ostrý 

Mountain 

5 Czantoria Mała Mt., slope 770 14979 5 Poland, oriented towards Třinec but not 
directly exposed to Třinec 

6 Velká Čantoryje Mt., peak 865 16075 5 Exposed to Třinec 

7 Velká Čantoryje, SW slope to Czech 
Republic 681 15743 8 Shaded from Třinec by Ostrý Mountain 

8 Velká Čantoryje, NE slope to Poland 815 18940 9 Slope facing away from Třinec 

9 Sošov Mt., peak and W slope in 
Czech Republic 745 18333 7 Slope shaded from Třinec by hills 

10 Sošov Mt., E oriented ridge to 
Skalnite 784 21468 6 Slope facing away from Třinec, shaded 

from Třinec by major ridge 
11 Loučka Mt., peak 827 18348 6 Exposed to Třinec 
12 Polední, ridge NW of Loučka Mt. 687 15913 8 Mostly exposed to Třinec 
13 Paseky, W slope of Loučka Mt. 577 16390 6 Exposed to Třinec 

14 Hrádek, ridge/slope SW of Loučka 
Mt. 642 18253 12 Exposed to Třinec 

15 Filipka 715 20383 12 Shaded from Třinec by Loučka 
Mountain 

16 Hluchová, slopes <800 m a.s.l. 716 21924 13 Sides of valley shaded from Třinec by 
hills 

Hluchová, >800 m a.s.l. 816 23083 7  

17 Kobyla Mt. 743 25052 10 Poland, shaded from Třinec by major 
ridge 

18 Velký Stožek-Plenisko, peaks 963 26015 5 Exposed to Třinec 

19 Kubalonka, ridge E of Plenisko Mt. 789 28421 7 Poland, shaded from Třinec by major 
ridge 

be associated with dust of iron and steelmaking (Tsai 
et al., 2007). Up to now, contamination has mostly 
been studied in organic horizons of forest soils, while 
mineral horizons in the Beskids has not yet been 
mapped, although actually deeper soil horizons are 
crucial for plants and environment in general. 

Prevailing winds in the lowland around Třinec 
(Figure 1) have transported emissions toward the 
slopes of the Beskid Mountains in the Czech portion of 
the study area. Inverse meteorological situations are 
common in the lowland around Třinec, which 
contributed to forest dieback on the Beskid slopes in the 
1980s, when industrial emissions from Třinec peaked. 
 

3. METHODS 
 

3.1. Sampling and analyses 
 

Soil samples were collected from the top 10 cm 
of the A horizon after the removal of organic layers 
(O horizons). The O horizon was not sampled because 
Mn and Zn ions are mobile in organic matter, and 
historical loads of those elements has been transferred 
to the surface of the mineral horizons (Hernandez et 
al., 2003; Pavlů et al., 2015). Soil samples were 

sieved through a 2 mm mesh in the field. Residual 
rock fragments were collected near the soil pits, either 
from stones scattered on the local surface or directly 
from the soil pits, similar to the method used by 
Rambeau et al. (2010). The fragments were crushed 
in the field to avoid sampling surficial strata of the 
stones (at least 1 cm of the surface was omitted) that 
have been exposed to weathering. 

Soil and rock fragments were dried, pulverized 
in a micromill, and analyzed using X-ray 
fluorescence (XRF) spectroscopy, as described 
elsewhere (Adamec et al., 2024; Hošek et al., 2024). 
An Epsilon 3 XRF spectrometer with an energy-
dispersive detector (PANalytical, the Netherlands) 
was used, and single-element calibrations of the XRF 
analytical signal were performed with a series of 
certified reference materials, as detailed in previous 
papers (Adamec et al., 2024; Hošek et al., 2024). 

Birch leaves were sampled from heights of 2 to 
4 m using telescopic tree pruners (Fiskars, Finland), 
preferentially from the side of the tree crown exposed 
to light. The leaves were collected without petioles. 
Element analyses were performed after drying and 
pulverizing the samples using a micromill, with the 
same spectrometer utilized for the analysis of soils 
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and rock fragments. Single-element calibration 
curves were obtained with certified reference 
materials and in-house standards, as described in a 
previous paper (Bílková et al., 2024). 

Total number of samples included in statistical 
analyses (rock fragments, soils, and leaves) was 150.  
 

3.2. Data processing 
 

Variability in the data series was characterized 
using quantile-based tools, specifically the median 
(instead of the mean) and the median of absolute 
deviations from the median (MAD) instead of the 
standard deviation. This approach has been 
recommended for geochemical data due to their non-
Gaussian distribution (Reimann et al., 2005). 

Interelement relationships were examined as a 
tool for correcting risk element concentrations for 
natural variability (Hernandez et al., 2003; 
Sterckeman et al., 2006). 

Spearman rank correlation analysis was used, 
because it is more robust to outliers and it is not 
limited to linearity in interelement relationships. The 
results were presented as the Spearman rank 
correlation coefficient (ρ) and p-values for the null 
hypothesis. For predictions, robust regression 
analysis (RR) was employed, with the median 
absolute deviation (MAD) used as a relative measure 
of fit quality. RR was chosen because it is resistant to 
a certain percentage of outliers, which is a common 
feature of geochemical datasets (Reimann et al., 
2005). RR was effective in finding relationships 
between target elements (Mn and Zn) and Fe as a 
reference element. The performance of Fe as a 
reference element for correcting element contents in 
rocks and soils for “quartz dilution effect” has already 
been demonstrated (Sterckeman et al., 2006; Matys 
Grygar & Popelka, 2016; Lučić et al., 2023). 

Visual exploration of the spatial distribution of 
the geochemical data was conducted using 
geochemical maps with quartile-classified layers. 
This functionality is available in ArcGIS Online (Esri, 
USA). The classified layer is useful for expert-based 
visual evaluation of spatial patterns, which is 
advantageous for data with spatial noise, meaning a 
large fraction of outliers (Matys Grygar et al., 2023; 
Hošek et al., 2024; Adamec et al., 2024). A general 
problem with soil geochemical maps is that even in 
human-impacted areas, the natural variability of 
bedrocks must be taken into account (Hošek et al., 
2024; Adamec et al., 2024). While emission 
contamination is most probable in topsoils, 
bioturbation or other disturbances to the soil profile 
can weaken or erase the contamination signal in the 
topsoil. The spatial noise can limit the identification 

of spatial patterns when using conventional 
geostatistical tools. 

The geospatial analyses were performed using 
the Global Moran’s Index (Global Moran’s I) and the 
Getis-Ord hotspot/coldspot analysis (Gi*). Both 
functions are available in ArcGIS Pro (Esri, USA). 
Global Moran’s I ranges from -1 (indicating a 
spatially dispersed "chessboard-like" pattern) to +1 
(indicating spatially associated values of the 
examined variable), while a value of 0 indicates no 
autocorrelation (random pattern). The strength of the 
autocorrelation in the Global Moran analysis is 
assessed using the Z-score (higher values indicate 
stronger spatial patterns) and the P-value, which 
assesses the probability of the null hypothesis of no 
spatial pattern. Gi* can be applied to datasets with 
high spatial autocorrelation to visualize where high 
and low values of the examined variable are 
associated to hotspots or coldspots, respectively. 
Another tool in ArcGIS Pro, geographically weighted 
regression (GWR), was used to examine spatial 
patterns in interelement relationships. This method 
shows the linear regression fit of two variables within 
a sliding window of local neighborhoods. It is suitable 
for determining whether relationships with weak 
correlation coefficients in the entire dataset are 
stronger in certain parts of the study area, or 
conversely, whether deviations from these 
correlations are more frequent in other areas. 

 
4. RESULTS AND DISCUSSION 
 
4.1. Element concentrations in rock 

fragments and soils 
 

Soils in the target area are depleted in Si 
relative to the remaining rock fragments, while the 
concentrations of most other elements, such as Ca, Fe, 
Mn, and Zn, are comparable to or higher in soils than 
in the rocks. This observation indicates element-
specific selective rock weathering during early 
pedogenesis. The major elements other than Si 
exhibit high Spearman rank correlations in both rock 
fragments and soils (Table 2), which document quartz 
dilution of all elements except Si as the primary 
driving force behind that locally fundamental source 
soil chemical variability.  

The soil concentrations of Ca, Fe, Mn, and Zn 
are correlated with those in the rock fragments (Table 
2) – all correlations listed in that table have 
probabilities higher than 99 %. The relationships 
between concentrations in soils and rock fragments 
are graphically represented as histograms of their 
differences in Figure 2; their shape is clearly non-
Gaussian. The histograms reveal that the majority of 



176 

soil samples are weakly but consistently enriched in 
Ca, Fe, Mn, and Zn relative to rock fragments, that is 
consistent with selective rock weathering. Selective 
weathering is also documented in histograms (Figure 
2). The pairs of Ca and Fe concentrations (soil minus 
rock fragments) show an almost symmetrical 
distribution, indicating a more or less uniform soil 
enrichment relative to rock fragments. In contrast, the 
main populations in the Mn and Zn histograms are 
more skewed, with elevated heavy tails, indicating 
that certain portions of the soils are significantly 
enriched in Mn and Zn compared to the major 
population (Figure 2). In the histograms for Ca, Mn, 
and Zn, some minor populations of even more 
enriched soils are visible in the heavy tails of their 
distributions, indicating the presence of high outliers 
in the datasets (Figure 2). Part of the observed soil 
enrichment, particularly the skewed distributions of 
the Mn and Zn concentration pairs, can be attributed 
to emission-related enrichment in some soils. 
 

4.2. Geochemical correction of Mn and Zn 
soil concentrations 
 

Spearman correlations of element 
concentrations in soils and rock fragments (Table 2) 
and the shapes of the histograms (Figure 2) indicate 
that a substantial portion of Mn and Zn in soils is 
inherited from the bedrock. To correct soil 
concentrations of Mn and Zn for the bedrock 
variability, correlations of Mn and Zn concentrations 
with Fe concentrations were utilized (Tables 2-3). 
This correction cannot cover the flysch rock 
variability, but it is effective to capture geochemical 
associations relevant for the three major target 
elements in this study. There are two primary reasons 
for these correlations: (i) all three mentioned elements 
(Fe, Mn, and Zn) can occur in the crystal structures of 
the same bedrock minerals (carbonates, Fe oxides, 
clay minerals like biotite, or other possible dark 
minerals), and (ii) in soils, Mn and Zn ions are 
commonly sorbed on pedogenic Fe oxides and 

 
Figure 2. Histograms of concentration differences 

of Ca, Fe, Mn, and Zn in soils (S) and rock fragments 
(RF). Individual outliers are not shown to better visualize 

distribution of the main concentration modes. 
 

generally all those elements are most abundant in the 
fine size fractions of soils. Linear correlations were 
indeed found for both Mn and Zn with Fe in rock 
fragments and soils using robust regression (Table 3), 
which documents their inherent geochemical 
associations of those elements. Soil Fe concentrations 
could thus be used to predict soil Mn and Zn 
concentrations, provided that neither emission 
enrichment nor slope translocation of Mn and Zn had 
occurred, in a manner similar to what was done by 
Hernandez et al. (2003) and Sterckeman et al. (2006). 
Emissions and slope translocations would increase Zn 
and Mn relative to Fe for several reasons: 1) Zn is 
more volatile than Fe and Mn in high-temperature 
processes, leading to its enrichment in emissions 
relative to Fe (Hernandez et al., 2003; Tsai et al., 
2007; Steinnes, 2009); 2) Fe and Mn emissions can 
often be neglected in the presence of a considerable 
pool of natural Fe and Mn in soils; 3) Mn is more 
mobile than Fe in acid soils within catenas 
(Watmough et al., 2007; Bourgault et al., 2022);  
 

Table 2. Interelement relationships in soils and rock fragments characterized by the Spearman rank correlations 
coefficients ρ (and P values of zero hypothesis in parentheses). P level “0” stands for values <1·10-5. 

 Zn rock Ca rock Fe rock Mn rock Ca soil Fe soil Mn soil 

Zn rock  0.69 (0) 0.89 (0) 0.48 (0) 0.35 (1·10-5) 0.55 (0) 0.32 
(1·10-4) 

Zn soil 0.59 (0) 0.55 (0) 0.49 (0) 0.36 (1·10-5) 0.67 (0) 0.72 (0) 0.62 (0) 

Mn rock  0.34 (3·10-5) 0.47 (0)  0.21 (0.013) 0.34 (4·10-5) 0.33 
(4·10-5) 

Mn soil  0.27 (0.0012) 0.22 
(0.008)  0.48 (0) 0.34 (2·10-5)  

Ca rock   0.59 (0)  0.47 (0) 0.57 (0)  

Ca soil   0.27 
(0.0012)   0.42 (0)  
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Table 3. Slopes of robust linear regression of Mn or Zn vs. Fe in rock fragments and soils (errors are in 
parentheses). The intercepts were fixed to 0 as they were not statistically significant. 

Variables Mn rock fragments Mn soils Zn rock fragments Zn soils 
Fe rocks 103(4)·10-4  27.5(0.3)·10-4  
Fe soils  158(8)·10-4  46.1(1.3)·10-4 
 

4) Mn is enriched in topsoils relative to Fe due to the 
accumulation of mobile Mn in tree leaves (Herndon 
et al., 2015); and 5) Fe(III) ions generally exhibit 
lower mobility in soils at pH > 3 compared to Mn and 
Zn (McDaniel et al., 1992; Pavlů et al., 2015). 

One advantage of working with element ratios 
is the possibility to compare local rocks and soils 
with global backgrounds, regardless of variations in 
content of organic matter (McKinley et al., 2016), 
quartz (Matys Grygar & Popelka, 2016), or 
carbonates (Lučić et al., 2023). In the study area, Zn 
is correlated with Fe in rock fragments, with a 
proportionality constant of 28·10-4 in robust 
regression (Table 3), 31·10-4 in ordinary linear 
regression, and 28·10-4 for the median Zn/Fe ratio in 
the dataset. These values are close to the median 
Zn/Fe ratio of 31·10-4 calculated from analyses of 
local rocks published by Samec et al. (2010). These 
ratios are nearly twice the ratio of these elements in 
global continental rocks (17·10-4, Rudnick & Gao, 
2003) and in French forest soils (Hernandez et al., 
2003), indicating a certain enrichment of Zn in the 
local Beskid bedrock relative to offsite references. 
In soils, robust regression produced a slope for Zn 
vs. Fe equal to 46·10-4 (Table 3), indicating that local 
analyzed soils are further enriched in Zn relative to 
the local rocks, as it is also shown above (Figure 2). 
This overall enrichment of Zn in soils relative to 
local rocks can result from emissions; however, a 
certain contribution from natural processes could 
also be expected, as Zn is a biogenic element 
(Reimann et al., 2019) and is weakly accumulated in 
birch laves (Bílková et al., 2024). Spatial analysis is 
therefore needed to identify possible anthropogenic 
influences without interference from natural 
processes: while emissions should correlate with 

distance from the Třinec emission center, other 
processes could affect the entire study area equally. 
The spatial analysis is presented in the subsequent 
section. 

Weaker correlations were observed for Mn and 
Fe concentrations in rock fragments and soils (Tables 
2-3). Mn/Fe slopes of 103·10-4 and 158·10-4 were 
found in rock fragments and soils, respectively. These 
slopes are lower than the Mn/Fe ratio in the Upper 
Continental Crust (UCC), which is 195·10-4 (Rudnick 
& Gao, 2003). As with Zn, spatial analysis is crucial 
for evaluating the potential anthropogenic impacts on 
Mn/Fe soil enrichment. 

 
4.3. Geochemical maps – spatial patterns of 

elevated Mn and Zn in soils 
 
The results of the geostatistical analysis of Zn 

and Mn concentrations in rock fragments and soils are 
summarized in Table 4. The raw concentrations of Mn 
and Zn in rock fragments exhibit strong spatial 
autocorrelation (Table 4), meaning neighboring 
samples tend to have similar concentrations. 
Concentrations of Mn and Zn in rock fragments are 
elevated in a significant portion of the Czech side 
compared to the Polish sites that are farthest from 
Třinec (subareas 17 to 19 in Table 1), which could 
lead to biased evaluations of anthropogenic impacts 
on soils based solely on raw soil concentrations. 
These spatial autocorrelations of Mn and Zn in rock 
fragments are mitigated by normalization with Fe, 
based on linear regression between Mn (or Zn) and Fe 
(Table 3). For example, the Zn/Fe concentration ratio 
in rock fragments shows a weakly disordered spatial 
arrangement (Table 4, negative Global Moran’s I). 
The Zn-xFe, Mn/Fe, and Mn-xFe ratios in rock 

Table 4. Spatial autocorrelation of Zn or its functions characterized by Global Moran’s I, given as Moran I (P value in 
parentheses), P=0 stands for values <1·10-5. Positive GMI is spatial autocorrelation, negative GMI is spatial dispersal 
(disordered pattern); M is a target element (Mn or Zn), x is the slope of corresponding regression equations in Table 3. 

M Zn Mn 
Rock fragments, M 0.27 (0) 0.20 (5·10-5) 

Rock fragments, M/Fe 0.05 (0.26) 0.02 (0.58) 
Rock fragments, M-xFe -0.12 (0.014) 0.07 (0.13) 

Soils, M 0.30 (0) 0.29 (0) 
Soils, M/Fe ratio 0.14 (0.003) 0.27 (0) 

Soils, M-xFe 0.18 (1·10-4) 0.26 (0) 
Leaves, M 0.13 (0.005) 0.27 (0) 
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Figure 3.  Fe-corrected Zn (A, B) and Mn in soils (C, D), quartile-classified layer (A, C) and Gi* identification 
of hotspots and coldspots (B, D). Red arrows in panel C indicate downslope topsoil enrichment in Mn. 

 
fragments, where x represents the slopes of the linear 
regressions (Table 3), exhibit a spatially random 
pattern (Table 4), indicating that the Fe correction 
effectively eliminated the spatial bias of bedrock Mn 
and Zn concentrations. A similar Fe correction should 
thus be applicable also in soils. 

Lithologically corrected soil Zn demonstrates 
high spatial autocorrelation (Table 4). The Gi* 
analysis (Figure 3B) identified a prominent hotspot in 
the Ostrý Mountain (subarea 2), along with weaker 
associations of higher values in subareas 12 to 14 
(Figure 3A) and a coldspot in subarea 17 (Figure 3B). 
However, elevated values of corrected soil Zn are not 
always identified as hotspots by the Gi* analysis, 
despite their clear association in the maps with 
classified layers (Figure 3A). This discrepancy is 
attributed to significant spatial noise in the 
geochemical maps, which can arise from the uneven 
distribution of element concentrations in soils and 
possibly also in parent rocks. To visualize the excess 
Zn in soils relative to rock fragments in a spatial 
context, geographically weighted regression (GWR) 
was employed. 

The GWR in Figure 4 illustrates the 
relationships between Zn in soils and Zn in rocks in 
the neighborhood of each point. Green circles in 
Figure 4 indicate points where soil Zn is proportional 
to Zn in rock fragments, while purple shades highlight 

excess Zn in soils compared to rock fragments and 
blue shades indicate Zn depletion, all relative to 
neighboring sites. Clustering of purple shades in the 
GWR (Figure 4) points to Zn contamination based on 
a different principle than the preceding maps (Figure 
3). The high color variability in the GWR map among 
neighboring sites reflects spatial noise, such as the 
impact of local translocation of ions or 
microtopographic variability. The GWR of soil Zn 
versus Zn in rock fragments (Figure 4), along with the 
map of classified Zn-xFe ratios (Figure 3A), 
confirmed a continuous occurrence of soil Zn 
 

 
Figure 4. GWR of Zn in soils and Zn in rocks in 

the study area. Magenta/purple shades indicate soil Zn 
enrichment relative to rocks that can be associated with 

emission contamination. 
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contamination, particularly prevalent on the Czech 
side of the study area, specifically in subareas 2, 4, 5, 
and 12 to 14, all situated on slopes oriented toward 
Třinec (Table 1). In contrast, relatively low soil Zn 
concentrations were found in subareas 3 and 6, 
despite their proximity to the Třinec emission center. 
Here topography plays role: those sites are at lower 
altitudes. Visual inspection of the geochemical maps 
(Figure 3A), Gi* hotspots (Figure 3B), and the 
associations of magenta shades in the GWR maps 
(Figure 4) all reveal a similar pattern of soil 
contamination by Zn. 

Lithologically corrected Mn concentrations in 
soils also show significant spatial autocorrelation 
(Table 4). Gi* hotspots of corrected soil Mn (Figure 
3D) were found in subarea 2, that is the steepest area 
close to Třinec, and subareas 4, 5, and 7 in slopes of 
the highest peak in the study area. Elevated soil Mn is 
found in lower altitudes of ridges or slopes exposed 
to Třinec, that is indicated by arrows in Figure 3C. All 
those observations underline topographic control of 
the Mn distribution in the study area. 

 
4.4. Factors controlling element 

concentrations in foliage 
 
Macronutrient contents in leaves are regulated 

by homeostasis; thus, P, K, Ca, and Mg exhibit less 
variability than Mn and Zn (Table 5). The birch trees 
in the study area are deficient in K and Mg (Table 5), 
while the other nutrients are close to the plants' 
physiological needs. Foliar Mn and Zn concentrations 
in birch leaves from the study area are an order of 
magnitude higher than the physiological 
requirements of birch (Table 5) and, in most subareas, 
exceed concentrations found in reference areas 
elsewhere in the Czech Republic and Finland (Figures 
 

 5-6). Finland has actually soil nutrition and climatic 
factors similar to those of the Beskids and thus the 
data by Hytönen et al. (2014) are suitable as reference 
for this Beskid study. 

Foliar Mn and Zn concentrations in the study 
area exhibit spatial autocorrelation with probability 
higher than 99 % (Table 4). Before evaluating the 
foliar concentrations of Mn and Zn and their spatial 
ordering, two features were examined: i) the 
relationships between their concentrations in foliage, 
rock fragments, and soils, and ii) the interrelations 
between the difference between foliar and soil 
element concentrations and soil concentration of Ca 
(Table 6). The purpose of that evaluation was to 
assess whether foliar concentrations of elements are 
simply and directly inherited from soils, or if other 
factors should also be considered. In our study area, 
foliar Zn in birch is correlated with soil Zn but is also 
negatively correlated with soil Ca (Table 6). The 
impact of Ca deficiency in soils on Zn uptake is 
demonstrated by the correlations of bioaccumulation 
factors (BAF, the ratios of foliar to topsoil 
concentrations) for these elements (Table 7). 
Therefore, Zn bioaccumulation (the content in leaves 
relative to that in soils) is amplified by low soil Ca 
concentrations. This situation is favorable for 
emission mapping in the surroundings of iron- and 
steelmaking in Třinec using birch leaves, as both soil 
Ca deficiency and excess Zn in soils result from the 
emissions: excess Zn from dust (Tsai et al., 2007) and 
Ca deficiency in soils caused by nutrient leaching 
from acidified mountain slopes. 

Foliar Mn rarely correlates with total soil Mn 
concentration (Bílková et al., 2024); instead, it 
responds more to soil chemistry, including nutrient 
insufficiency and high soil acidity (Kogelman & 
Sharpe, 2006; Watmough et al., 2007; Jordan et al., 
 

Table 5. Medians (and MAD/med in parentheses) of studied elements in birch leaves, physiological optima of 
element concentrations for birch in Germany (Bergmann, 1988), and Spearman rank correlations (with P values 
in parentheses) between foliar element concentrations. 

 
Median 

conc. (%) 
in soils 

Median 
conc. in 

leaves (%) 

Optimum  
in leaves (%) 

Spearman rank correlation 

Mn Zn Mg Ca K 

P n.d. 0.22 (0.14) 0.15-0.30 0.24 
(0.0029) 

0.11 
(0.20) 

0.17 
(0.036) 

-0.20 
(0.011) 

0.21 
(0.010) 

K 1.8 (0.15) 0.83 (0.18) 1.0-1.5 -0.11 (0.13) -0.06 
(0.39) 

-0.07 
(0.32) 

0.03 
(0.68)  

Ca 0.17 (0.23) 0.65 (0.22) 0.3-1.5 0.097 (0.24) 0.44 (0) 0.43 
(0)   

Mg 0.21 (0.58) 0.14 (0.20) 0.15-0.30 0.0038 
(0.96) 0.40 (0)    

Zn 0.013 
(0.35) 

0.028 
(0.27) 0.0015-0.005 0.27 (2·10-4)     

Mn 0.044 
(0.48) 0.15 (0.34) 0.003-0.01      
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Figure 5. The dependence of corrected Zn in soils (A, B) and birch leaves (C, D) on the distance from the Třinec 

emission center (A, C) and altitude (B, D). Results were aggregated to subareas listed in Table 1. Green horizontal line 
is median value for the Beskids farther from Třinec from Bílková et al. (2024). 

 
Table 6. Spearman rank correlation for concentrations of foliar Mn and Zn with soils and rock fragments. 
Spearman rank correlation coefficient (P in parentheses). 

 Mn in leaves Mn leaves 
minus Mn soil  Zn in leaves Zn leaves minus 

Zn soil 
Mn in rock 
fragments -0.009 (0.92)  Zn in rock 

fragments 0.17 (0.036)  

Mn in soils 0.17 (0.045)  Zn in soils 0.24 (0.0037)  
Mn-xFe in soils 0.17 (0.045)  Zn-xFe in soils 0.20 (0.013)  

Ca in soils -0.18 (0.027) -0.39 (0) Ca in soils 0.13 (0.11) -0.25 (0.0020) 
 

Table 7. Spearman rank correlations and coefficients of ordinary linear regression between BAFs of Mn or Zn 
and Ca showing elevated Mn and Zn uptake at low soil Ca. 

 BAF Mn BAF Zn 
BAF Ca, all data, ρ (P) 0.34 (5·10-5) 0.53 (0) 

BAF Ca, ordinary regression, all data, R2 0.0983 0.2714 
BAF Ca, ordinary regression, near Třinec subarea (i), R2 0.2246 0.4567 

 
2019; Turpault et al., 2021; Wills et al., 2023; Bílková 
et al., 2024). Indeed, foliar Mn in the entire Beskid 
dataset does not correlate with rock or soil Mn 
concentrations (Table 6), documenting foliar Mn is 
not simply inherited from soil Mn. Nevertheless, 
notably concentrations (Table 6), documenting foliar 
Mn is not simply inherited from soil Mn. 
Nevertheless, notably high foliar and soil Mn 
concentrations are observed in subareas 2, 4, 7, and 

12, i.e.in slopes exposed to Třinec emission centers. 
Nutrient insufficiency plays a certain role in Mn 
uptake by leaves, as evidenced by the weak negative 
rank correlation of foliar Mn with soil Ca (Table 6) 
and foliar K (Table 5), as well as the Spearman 
correlation of bioaccumulation factors (BAF) for Mn 
and Ca (Table 7). The elevated uptake of Mn and Zn 
by birch in the context of insufficient soil Ca could 
amplify the impacts of soil damage caused by 



181 

 
Figure 6. The dependence of corrected Mn in soils (A, B) and birch leaves (C, D) on the distance from the Třinec 

emission center (A, C) and altitude (B, D). Results were aggregated to subareas listed in Table 1. Green solid horizontal 
line is median value for silver birch in the Ore Mountains from Bílková et al. (2024), green dashed line is typical value 

of silver birch in Finnish plantations on mineral upland soils (Hytönen et al., 2014). 
 
emissions (Ca deficiency due to nutrient leaching). 
This pattern has also been observed in other tree 
species elsewhere in world (Kogelmann & Sharpe, 
2006; Herndon et al., 2015; Richardson, 2017; Santos 
& Herndon, 2023). These findings and citations 
support the proposal of mapping soil acidification 
damage by foliar birch analyses (Bílková et al., 2024). 

 
4.5. Topographic control of Mn and Zn in 

soils and leaves and problems of spatial noise in 
geochemical mapping 

 
Figure 3 shows that the corrected Zn and Mn 

contents in soils are not homogeneously elevated near 
the local contamination source. In some sites close to 
Třinec, the soil enrichment by Mn and Zn is not as 
significant as might be expected from the spatial 
proximity, particularly in subareas 1, 3, and 6 (Figures 
3A and C). Due to the uneven distribution of 
contaminants, the plots of soil Mn or Zn versus 
distance from the source exhibit a “triangular” pattern 
for all points (Figures 7-8). This probabilistic pattern 
occurs when the contamination signal is more likely 
closer to the contamination source, but some sites have 

not recorded it at all, while most sites have been 
impacted to varying degrees. Such a pattern cannot be 
treated by common tools of geochemical data 
exploration, because the correlation between explained 
and explanatory variables is not deterministic but 
rather probabilistic. There are no conventional 
methods for processing such patterns; specifically, 
ordinary (least squares) regression is inadequate, as it 
is suited for unequivocal deterministic patterns. 
Quantile regression has been tested, because it is based 
on quantile processing suitable for non-Gaussian data 
distributions and data with outliers, common for 
geochemistry data, Quantile regression demonstrated 
that the triangular pattern exhibits definitive regularity 
(Tables 8-9, statistical significance of regression is 
evaluated in Tables 10-11). In particular, quantile 
regression of non-corrected soil Zn and distance to 
Třinec showed probability well above 99 % (Table 10). 
Still the spatial noise makes identification of the 
distance control of emission load for individual 
samples not really persuading.  

To reduce the impact of spatial noise and 
account for the probabilistic nature of the 
contamination record, the dataset was post-stratified to 
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19 geographic subareas (Table 1), and only the 
medians for these subareas were plotted as variables 
(Figures 5-6). There are generally two groups of 
subareas in Figures 5A-B: the group highlighted by the 
ellipses in Figures 5A-B shows that soil Zn increases 
toward the Třinec emission centre for majority of 
subareas; the subareas in ellipse are primarily located 
at altitudes close to 600 m a.s.l. Outside the ellipse, 
there are weakly impacted subareas near Třinec 
(subareas 1 and 3) and in the Velká Čantoryje 
Mountain (subareas 7 and 8), consistently with the lack 
of contamination hotspots in those locations (no Gi* 
hotspots were identified there, Figure 3C). Similar 
subarea-specific results were obtained for the 
geographic controls of foliar Zn concentrations 
(Figures 5C-D). Foliar Zn maxima were found at 
distances of 10 to 15 km from Třinec (consistently with 
findings by Matysek et al., 2008) and altitudes of 600-
700 m a.s.l. Conversely, foliar Zn was not elevated in 
lower altitude sites closer to Třinec (subareas 1, 2, and 
13), where high soil Ca concentrations suppress Zn 
uptake by birch (Tables 6-7, Figure 4).  

The dependence of soil and foliar Mn on 
distance and altitude was similar to that of Zn. The 
highest corrected Mn concentrations in soils (Figure 
6) were found at altitudes of 600 to 700 m a.s.l., both 
at distance of 10 to 20 km from Třinec and in the 
immediate vicinity of Třinec. The relationship 
between soil Mn concentrations and the distance to 
Třinec is evident for subareas at these medium 
altitudes that are appropriately oriented relative to 
Třinec (all subareas in ellipses in Figures 6A-B). 
Maximum foliar Mn concentrations were found at 
similar distances from Třinec and at similar altitudes 
as the maxima for soil Mn (Figures 6C-D).  

The maximum concentrations of birch foliar Mn 
at an altitude of approximately 800 m a.s.l. on the 
Beskid slopes south and southeast of Třinec were 
reported by Bílková et al. (2024). The novel dataset 
presented in this work is more representative because 
of considerably denser sampling than that in Bílková 
et al. (2024). The novel results in this work thus refined 
the altitudinal emission load maximum to somewhat 
lower altitudes of 600 to 700 m a.s.l. Additionally, low 
soil Mn concentrations were identified in peaks at 
altitudes between 900 and 1000 m a.s.l. 

Emission load maximum at certain altitudes 
(Figures 6B and D) can be attributed to horizontal 
(occult) deposition (also called to the “seeder-feeder” 
effect). Enhanced horizontal emission deposition, e.g. 
by locally freezing fog or ice accretion have been 
studied by Doušová et al. (2007) and Voldrichova et 
al. (2014). Szopka et al. (2013) and Ancora et al. 
(2021) attributed altitudinal maxima of emission load 
to direct scavenging (interception) of droplets from 

fog or the lower parts of clouds. Horizontal and 
vertical deposition are expected to differ in the 
distribution of contaminants across the landscape. 
The vertical deposition (through rain and snow, which 
are less contaminated) should be spatially more 
uniform and primarily dependent on total 
precipitation, but horizontal deposition (such as 
through ice accretion or smog, which tends to be more 
concentrated) can be significantly influenced by terrain 
shape, vegetation, and other factors important for dust 
or fog retention (Szopka et al., 2013). Understanding 
to emission load heterogeneity in mountain terrains is 
poor – and improvement of this state needs more case 
studies considering local topography. 

In the study area in the Beskids, the altitudinal 
maximum of soil and foliar Mn and Zn, found between 
600 and 700 m a.s.l., can result from thermal inversions 
typical for the valley southeast of Třinec, that is the 
entry to the Jablunkov Pass (Figure 1). The local 
inversions would lead to horizontal deposition of the 
most concentrated contaminants under conditions of 
poor vertical atmospheric mixing, with weak north-
westerly winds transporting emissions from Třinec 
toward the north-eastern edges of the Jablunkov Pass 
(wind rose in Figure 1). The digital terrain model 
(DTM) of the study area southeast of Třinec (Figure 1) 
shows a major ridge along the Czech-Polish state 
border, which is important geomorphic boundary in 
this study. This ridge has a lowest point at 680 m a.s.l., 
a typical altitude of approximately 800 m a.s.l., and 
peaks ranging from 900 to 1000 m a.s.l. The ridge 
would prevent the dilution of Třinec emissions by 
surrounding air masses during thermal inversions, 
effectively “focusing” emissions at the altitudinal 
maximum between 600 and 700 m a.s.l. It is consistent 
with the altitudinal maxima found in this study 
(ellipses in Figures 5B and 6B). 

 
4.6. Processing probabilistic impact of 

emissions on environmental samples by quantile 
regression 
 

Quantile regression is a robust statistical method 
first introduced by Koenker & Bassett (1978). It allows 
for the modelling of the relationship between a 
response variable and one or more predictor variables 
at different quantiles of the response variable's 
distribution. Unlike the standard regression modelling, 
which focuses on the mean response, quantile 
regression provides a more comprehensive picture of 
the relationship between variables by estimating the 
conditional quantiles of the response variable. In the 
context of soil geochemistry, quantile regression can 
be particularly useful. Quantile regression is less 
sensitive to outliers and can handle heteroscedastic 
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data, and actually presence of outliers and non-
normality are encountered in environmental datasets as 
a rule rather than exception. The application of quantile 
regression to complex environmental conditions such 
as site-specific characteristics of soil chemistry or 
uneven distribution of emissions thus has the potential 
to improve our understanding of these complex 
interactions. The subsequent statistical analyses using 
quantile regression were made using ‘robustbase’ and 
‘quantreg’ packages in the R statistical software (R 
Core Team, 2023).  

Figure 7 shows raw data on soil Zn 
concentration versus distance to Třinec emission 
center for the entire dataset. The points are arranged 
roughly to a triangle, with the most remote samples 
showing low Zn concentration and growing 
probability the Zn concentration is increased close to 
Třinec but still with uncontaminated soils even in 
sites very close to Třinec. Processing the data by 
regression does not make sense. 

Quantile regression (Table 8) catches this 
triangular-like data pattern. In Figure 7, the median 
(red line) shows the central tendency of the dataset, 
decreasing steadily with growing distance. The 10th 
and 90th percentiles (blue dashed lines) encompass 
approximately 80% of the data points, the 25th and 75th 
percentiles (green dotted lines) show the interquartile 
range. The lines for different quantiles are not parallel, 
which suggests that the relationship between Zn and 
distance varies across the distribution of Zn. The slopes 
appear steeper for higher quantiles (90th, 75th) 
compared to lower quantiles (10th, 25th). For lower 
quantiles (10th), this may indicate negligible or no 
contamination record and thus mainly natural control 
of the actual soil Zn concentrations. This natural 
control is even more obvious in the plot in Figure 8 
with Fe corrected Zn concentration as the independent 
variable and results of its quantile regression (Table 
11): here the lines for the lower quantiles have 
insignificant slopes with small absolute values and 
intercepts low or even negative and thus showing no 
control by the distance to Třinec. 

It would be possible to examine significance of 
the quantile regression coefficients using rigorous 
statistical tests run separately for each quantile. 
Particularly suitable could be the non-iterative 
diagonal estimator (NID), the use of which is shown 
in Tables 10-11. The test using NID show the raw 
concentration data are dependent on the distance to 
Třinec, however, the significance of that dependence is 
weaker in the Fe corrected data. However, still the 
quantile regression and NID provides proof the distance 
to Třinec show certain control on soil Zn concentrations.  

The use of quantile regression in this work is to 
demonstrate there are objective statistical test to confirm 

Figure 7. Example of “triangular” pattern of raw soil Zn 
concentration versus distance to Třinec and its quantile 

regression. 
 

Table 8. Quantile regression parameters of the fit shown 
in Figure 7. S.E. stands for standard error. 

Quantile Intercept Slope Intercept 
S.E. 

Slope 
S.E. 

0.1 123 -0.0033 27 0.0013 
0.25 154 -0.0037 32 0.0013 
0.5 275 -0.0069 30 0.0015 

0.75 295 -0.0063 37 0.0019 
0.9 376 -0.0075 48 0.0027 

 

 
Figure 8. Fe-corrected soil Zn concentration plot versus 

distance to Třinec and its quantile regression. 
 
Table 9. Quantile regression parameters of the fit shown 
in Figure 8. S.E. stands for standard error. 

Quantile Intercept Slope Intercept 
S.E. 

Slope 
S.E. 

0.05 -46 0.00045 7 0.00081 
0.1 -51 0.0015 18 0.00099 

0.25 -8 0.00026 16 0.00067 
0.5 81 -0.0024 22 0.00096 

0.75 130 -0.0036 33 0.0018 
0.9 167 -0.0023 53 0.0029 

0.95 243 -0.0048 77 0.004 
 

probabilistic control of the emission centre in the actual 
dataset, but perhaps it is not always needed to use 
rigorous statistical methods, as researchers can also rely 
more on the sense of the results. In the work in the main 
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Table 10. Standard error estimation for quantile regression of uncorrected soil Zn and distance from Třinec 
emission centre. 
Quantile Intercept t value Pr(>|t|) (P-value) Slope t value Pr(>|t|) (P-value) 

0.10 123 4.6 1.11E-05 *** -0.0033 -2.5 1.28E-02 * 
0.25 154 4.8 4.82E-06 *** -0.0037 -2.8 5.20E-03 ** 
0.50 275 9 1.33E-15 *** -0.0069 -4.7 5.49E-06 *** 
0.75 295 8 5.84E-13 *** -0.0063 -3.4 1.05E-03 ** 
0.90 376 7.8 1.24E-12 *** -0.0075 -2.7 7.35E-03 ** 

 
Table 11. Standard error estimation for quantile regression of corrected soil Zn and distance from Třinec 
emission centre (Figure 8). 
Quantile Intercept t value Pr(>|t|) (P-value) Slope t value Pr(>|t|) (P-value) 

0.10 -51 -2.7 0.006948 ** 0.0015 1.5 0.137555  
0.25 -8 -0.5 0.6291  0.00026 0.4 0.701447  
0.50 83 3.7 0.000292 *** -0.0024 -2.5 0.012719 * 
0.75 130 4 0.000101 *** -0.0036 -2 0.045177 * 
0.90 170 3.2 0.001796 ** -0.0023 -0.8 0.425817  

 
body of the article we thus used data post-stratification 
approach, that is more suitable for visual data evaluation. 
 

4.7. Downslope transport of contaminants in 
mountain soils and advantage of foliar mapping 

 
Topsoil erosion, inevitable on steep slopes, can 

also introduce spatial noise into the mapping datasets. 
This occurs due to the loss of contaminants from 
erosion-exposed areas of the slopes, often manifested by 
a thin or missing O horizon that can be apparent even in 
the field. Consequently, accumulation of airborne and 
soluble contaminants in footslopes should be expected. 
Our results indeed demonstrate the downslope transport 
of Mn across catenas, similar to observations made by 
others (Bourgault et al., 2022; Bílková et al., 2024): soil 
Mn concentrations tend to increase toward lower 
altitudes (red arrows in Figures 3C and 6A-B). In the 
Velká Čantoryje Mountain peak (subarea 6) and its 
slopes (subareas 7 and 8), this pattern is also evident for 
Ca and Mn-xFe in soils (Figure 9). This trend is also 
noticeable for Zn on the Ostrý and Čantoryje slopes 
(subareas 2 and 7), where soil and foliar Zn and Mn 
concentrations are highly variable at short scales, with 
elevated values being more frequent in footslopes 
(Figures 3A, 3C, and 4). The resulting spatial noise 
complicates the use of conventional statistical tools, 
including spatial autocorrelation analyses by Gi* or 
Moran’s I. Downslope transport of metal ions has not 
been considered in most preceding studies, although 
some have been conducted in very steep terrains 
(Ciarkowska & Miechówka, 2022; Miśkowiec, 2022; 
Rahmonov et al., 2024). 

Many previous studies on mountain soil 
contamination have focused on organic soil horizons 

(Matysek et al., 2008; Steinnes & Lierhagen, 2018) or 
unspecified topmost soil horizons (Ciawkowska & 
Miechówka, 2022), where anthropogenic impacts are 
more pronounced than in mineral soil horizons, 
making them apparently easier to identify. However, 
downslope transfer of the litter with contamination, 
topsoil strata, and mobility of some contaminants 
complicates already the decision on what soil depth 
should be sampled to obtain a representative picture of 
historical contamination. Sampling typical local plants 
that actively uptake the target risk elements from 
emissions or have been impacted by acid rains could 
help: plants can effectively "average" the soil profile 
through plant roots. The plant uptake is easily 
characterized by foliar element analyses, as it is 
demonstrated for Mn and Zn in birch leaves in this work. 
 

 
Figure. 9 Altitudinal transect through the Velká Čantoryje 

Mountain (A), soil Ca concentration (B) and corrected 
soil Mn concentrations (C). Red arrows in panels B and C 

indicate downslope wash of Ca and Mn ions. 
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Such biomonitoring, which is also employed in this 
paper, should be used more frequently in studies of real 
environmental impacts of mountain contamination. 

 
5. CONCLUSIONS 

 
Soil contamination studies in mountain areas 

require the geochemical correction of element 
concentrations for their natural variability, which results 
partly from variations in bedrock composition, 
differential weathering, natural changes in soil-to-
bedrock element ratios due to pedogenesis, and the 
translocation of element ions within soil profiles and 
across catenas. Our work confirmed the spread of Zn 
emissions from ferrous metallurgy in Třinec to the forest 
soils of the Beskids, with maximum contamination 
observed at approximately 15 km from the source and 
at altitudes 600 to 700 m a.s.l. Parallel sampling of 
topsoils and birch leaves proved effective in mapping 
Zn contamination. The Třinec emissions also increased 
the concentrations and bioavailability of Mn in topsoils. 
Birch leaves are suitable for monitoring elevated levels 
of soil Mn and Zn; their uptake by birch is enhanced by 
Ca deficiency in soils, which is exacerbated by acid 
emissions and slope terrains. The probabilistic nature of 
contamination records and the spatial noise on catenas 
must be taken into account when mapping the historical 
impacts of contamination on soils, necessitating further 
improvements in data processing. Maximum local 
contamination around the studied point source in Třinec 
shows an altitudinal peak close to the altitude of the 
prominent local mountain ridge, attributed to dust 
scavenging during meteorological conditions of poor 
pollutant dispersion in the atmosphere (thermal 
inversions under weak winds). Therefore, the shape of the 
terrain is an important factor influencing contamination 
loads in the mountain soils. This work contributes to a 
better understanding of the uneven distribution of 
element contaminations in mountain terrains. 
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