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Article 
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Abstract: In ore regions impacted by mining and metal smelting emissions, distinguishing between geogenic 

anomalies and anthropogenic contamination poses a significant challenge. In a study from two areas with 

different mining histories in the Ore Mountains, Czech Republic, we demonstrate that targeted sampling of 

topsoils and subsoils respecting local geology and correct soil data treatment respecting soil textural variability 

effects are indispensable to correctly construct and interpret geochemical maps and identify anthropogenic 

contamination by As, Cu, Pb, and Zn. The list of analysed elements must include both potentially toxic and 

lithogenic elements, otherwise natural controls of soil composition cannot be deciphered. By using empirical 

cumulative distribution functions, we found that local backgrounds for As/Fe and Pb/Ti are significantly 

naturally elevated (5.7 to 9.8 times and 2.1 to 2.7 times higher, respectively) compared to the global averages. 

We constructed geochemical maps with topsoil minus subsoil concentrations to show the main directions of 

spreading anthropogenic contamination. The anthropogenic diffuse contamination contribution was 

calculated (1.12·10-4 and 1.42·10-4 for As/Fe and 16.5·10-4 and 16.2·10-4 for Pb/Ti, respectively), which corresponds 

to topsoil enrichment by ca. 15 and 14 mg kg-1 for As and ca. 35 and 42 mg kg-1 for Pb in the two study areas. 

Our study thus provided the first published quantitative estimates of geogenic and anthropogenic contribution 

to this well-known montane area. The obtained estimates were comparable to the results obtained previously 

from the local peat archives. The approach we used is efficient in deciphering natural and anthropogenic 

controls of PTEs in geochemically complicated areas. 

Keywords: 1; Geochemical mapping 2; topsoils 3; geogenic anomalies 4; ore region 5; diffuse contamination 6; 

empirical cumulative distribution function 

 

1. Introduction 

  Soil and water contamination is of a global concern for its far-reaching consequences for 

human health. Concentrations of potentially toxic elements (PTE) in soils are mainly analysed to 

judge food production safety and identify possible anthropogenic contamination [1–5]. Agricultural 

land is the basis of food production and plays a crucial role everywhere in the world. Increasing 

industrial and communal soil contamination deteriorates soil quality and has become a major global 

problem [6,7]. Soil contamination, i.e. PTEs exceeding common background and potentially 

endangering food production safety, most commonly caused by industrial activities, can also occur 

naturally in areas with anomalous soil-forming bedrock [8–11]. In geochemically anomalous areas, 

in particular in ore regions with historical mining and smelting [1,2], distinguishing between 

geogenic anomalies and anthropogenic contamination needs substantial methodologic 

improvements of current approaches. Study area of this paper, the Ore Mountains, the Czech 

Republic and Germany, is appropriate for proposing such methodological improvements. History of 

mining and smelting in the Ore Mountains started more than 1500 years ago and contributed to 

naturally elevated concentrations of hazardous elements such as As, Pb, and Zn in the environment 

[12,13]; their consequences are a pertinent problem for local soils and water also in the present time 

[14,15]. Simultaneously, local rocks here are anomalous due to geochemical hallos around abundant 
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rock veins, which causes highly elevated PTE contents also in deep soil strata not affected by 

anthropogenic activities. In spite of preceding extensive research, geogenic and anthropogenic 

contribution to local soils in the Ore Mountains has not been distinguished [2,14]. 

  Interpreting high soil PTE concentrations always requires corrections for variability of 

real controlling factors (RCFs) behind soil composition, i.e. a suite of geological, geographic, 

pedogenic, climatic, and anthropogenic factors affecting soil depth profiles of PTEs [16–19]. All RCFs 

(Figure 1) cannot be deciphered completely for each soil profile in any study area in the frame of 

common geochemical mapping projects; there are only individual exceptions of including their 

substantial portion in specific case studies [1,8]. It is thus essential to interpret the soil geochemical 

datasets in smaller areas, assuming local RCFs are homogeneous in the entire area [19–21], and each 

case study must be conducted using more detailed approaches than common soil monitoring [20]. 

Holistic approach and geochemical expertise are needed in data interpretation, whenever unbiased 

and empirically verifiable results are desired [8,9,19,22]. This is certainly a more appropriate 

approach than the black box data analysis, so often seen (and growingly popular) today [23], with 

geochemical soil data mimicking [11,24] instead of understanding and explaining. 

 

Figure 1. Scheme of real control factors of PTEs concentration. 1) bedrock geology, 2) soil processes 

including soil transport (erosion/accumulation), particle translocations, organic matter enrichment in 

topsoils, and plant pump [16], 3) local geogenic anomalies, such as ore veins, 4) localised emissions 

impacting minor part of soil samples in the target area, and 5) diffuse emissions, impacting majority 

or all soil samples in the target area. 

In soil studies, geogenic and anthropogenic anomalies, including point and diffuse 

contamination, can be distinguished using sedimentological tools [25], examination of the entire soil 

profiles [20,26], or at least a comparison of topsoils (typically 0-20 cm) and subsoils (typically 40-80 

cm) [5,11,17,27,28], as a surrogate for complete depth profile analyses. The comparison of topsoils 

and subsoils can produce hints to decipher the manifestation of some RCFs, in particular geogenic 

and emission contamination of soils. The best-performing tools for RCFs deciphering from 

geochemical datasets are exploratory data analysis (EDA), such as data post-stratification and 

examination of data series distribution [19]. Empirical cumulative distribution function (ECDF) 

belongs to the most efficient ways of the visualisation and interpretation of geochemical data series 

[17,19,27]. Recently, ECDFs have been proposed for the identification of diffuse contamination, 

deciphering of which is a pertinent challenge in environmental geochemistry due to inevitable lack 

of clear definition of outliers in large soil datasets with weak contamination [17,27,30–32]. The diffuse 

contamination is, however, dangerous by chronic effects of relatively small doses of a contaminant 

on more components of the soil environment, hence on the whole ecosystem [33]. Comparison of 

ECDFs of PTEs and lithogenic element concentrations in topsoils and subsoils was employed for 

distinguishing natural topsoil enrichment, point (or small-scale) contamination, and diffuse 

contamination [17,27]; this approach deserves further development and broader use in 

environmental geochemistry. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0423.v1

https://doi.org/10.20944/preprints202401.0423.v1


 3 

 

This work aims to finally decipher the geogenic and anthropogenic contribution to the soil 

contamination in the Ore Mountains. It is a typical representative of geochemically complex areas 

with unknown anthropogenic contribution to severely elevated soil PTEs [2,14,15,19]. Although 

detailed geochemical soil mapping has been performed in the German part of the Ore Mountains by 

Saxon state authority LfULG [14], there is no overview of historical emission sources and their 

impacts in that area. This paper is focused on two particular areas in the Ore Mountains, Fláje and 

Kovářská, and demonstrates that dense sampling and EDA are indispensable to handle local soil 

complexity. The use of ECDFs for distinguishing diffuse contamination is a particular focus of this 

work, as some theoretical prerequisites used by Fabian et al. [17] need more attention in our study 

area, in particular, the diffuse contamination cannot be approximated by a perfectly homogeneous 

blanket over the entire impacted area due to local topographic and land cover variability (Figure 1). 

The strategic aim of this work is to test procedures of separation of anthropogenic impact on soil 

PTEs applicable in whatever geogenically anomalous areas with long-term human impact on the 

entire environmental compartments, but fully respecting real complexity of geochemical data 

mining. These tools could finally fill the gap of missing quantification of historical emissions in the 

Ore Mountains. 

2. Materials and Methods 

2.1. Geography and mining and smelting history of the study area  

  The Ore Mountains (Erzgebirge in German and Krušné Hory in Czech) represents a 

mountain range stretching from SW to NE along the Czech-German state border (Figure 2). The 

altitude is between 338 and 1244 m a.s.l., and annual precipitation is about 900-1200 mm. Study areas 

are in the mountain ridge, from which the landscape gently slopes to the north-west. Although the 

Ore Mountains represented a natural barrier of landscape settlement in prehistoric times, its mineral 

resources made this area the most densely populated mountain range in mediaeval Europe [34–36]. 

The reason of colonisation the Ore Mountains were glass and charcoal production and mining [37]. 

The mining activity, dating back to the Middle Ages, was primarily focused on Ag and Sn at the 

beginning, later Pb, Fe, Cu, Co, W, and U were also exploited [38]. Mining and metal smelting became 

dominant here in the 12th century and continued until the 20th century [12,38]. Mining significantly 

transformed the local landscape through its deforestation and the establishment of settlements. Now 

the Ore Mountains are characterised by the abundance of old mining pits and spoil heaps, often close 

to the pastures and meadows. 

  The oldest rocks in the Ore Mountains were of Proterozoic and Cambrian-Ordovician age, 

exposed and transformed by regional metamorphosis, forming hard rocks similar to the younger 

granite massifs. The main rocks in the Ore Mountains are metamorphic rocks with predominant 

gneisses, quartzites, and amphibolites, as well as bodies of igneous rocks.  

  The Fláje Area (Figure 2) covers ca. 80 km2. It is located around former Fleyh village, now 

the Fláje Reservoir (1951-1964). The main rocks here are mainly granites and gneisses, formed from 

pelitic and granitic rocks, less abundant are amphibolites, basaltoids and volcanic rocks. The area is 

rather exceptional for the Ore Mountains by absence of the past local mining and smelting. In the 

village of Moldava (Moldau) and its surroundings, glass was made in 14th = 17th centuries [39,40]. In 

Grünthal, ca. 15 km west of the Fláje Area (Figure 2), there was silver-copper liquation works for 

separation of Ag from “black copper” or “black lead” since the 16th century [36]. Another possible 

sources of emissions were in Mikulov and Hrob, ca. 5 km south-east of the Fláje Area, with historical 

extraction of Ag-bearing polymetallic ores that peaked around the 16th century. More than 70 ore-

bearing polymetallic veins of the As – Ag – Pb type have been documented in the zone between Hrob 

and Moldava. The mining complex included also a smelting furnace with amalgamation [41]. 
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Figure 2. Overview map with marked study areas and with local evidence of mining, metallurgy and 

glassworks. 

  The Kovářská Area has ca. 70 km2 (Figure 2). Pelitic rocks to paragneiss are prevailing, 

with occasional surficial occurrences of basalts, metagranites, and peat. The whole area has mainly 

been affected by Fe mining and metallurgy since the 13th century. Polymetallic ores were mined and 

processed in Vejprty (Weipert), Měděnec (Kupferberg), and Přísečnice (Pressnitz), the latest being the 

second most important Fe mining area in the Czech Lands until the end of the 19th century. The first 

blast furnace in the Czechia was built in the Kovářská (Schmiedeberg). Magnetite was the latest 

exploited ore, discovered at Měděnec in 1955 and mined from 1968 to 1992. Ironworks were also 

established in Schmalzgrube in Germany (Figure 2) in 1659; they were located ca. 6 km to the north 

of the Kovářská Area and produced pig iron [35]. 

2.2. Soil sampling and element analysis 

  Soils were sampled after removing the humus layer using a shovel or soil auger. The first 

sample (topsoil, TOP) was taken from a depth of 10 cm, which encompasses the A horizons. The 

second sample (deeper horizon, BOT) was from a depth of 40 cm, in shallow soils, the sampling depth 

for BOT was reduced to 30 cm. A total of 72 TOP and BOT pairs of soils were taken in the Kovářská 

Area and 101 pairs in the Fláje Area. Sampling was carried out at least 50 m away from main roads. 

To post-stratify the samples into groups according to geology, we used the GeoCR online 

geological map with a resolution of 1:50 000 [42]. 

2.3. Element analysis 

  The collected soils were air-dried at room temperature and sieved to a fraction  

≤ 2 mm, pulverised in a planetary mill with zirconia vessel and balls (Pulverisette 6, Fritsch, 

Germany) and analysed for contents of PTEs (Cu, Pb, Zn) and lithogenic elements (Fe, Rb, Ti, Al) by 

table XRF spectrometer Epsilon 3X spectrometer (PANalytical, the Netherlands) equipped with an 

X-ray tube (Ag cathode, up to 50 kV). Powdered samples were poured in conventional polyamide 

measuring cells with Mylar foil bottoms. The analytical signal was calibrated using certified reference 

materials as described elsewhere [44]. Arsenic was determined using a handheld XRF spectrometer 
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Niton XL3t 950 GOLDD + (Thermo Scientific) with a 50 kV X-ray tube with an Ag cathode. The 

median, minimum, and maximum concentrations of PTEs in soils from each type of bedrock are listed 

in Table 1. 

2.4. Geochemical normalization 

  Mathematical properties of compositional data substantiate use of element ratios rather 

than raw element concentrations in data processing [19,43,44]. The simplest and empirically justified 

way is to divide concentrations of a PTE (M) by concentration of a suitable lithogenic element (MREF), 

such as Al, Ti, Rb, Fe, Zr, Y and thus use element ratios M/MREF instead of M [44–48]. Geochemical 

normalisation corrects for the influence of the soil matrix [45], in particular a variable percentage of 

soil organic matter (it is vital for comparison of TOP and BOT, with more organic matter present in 

TOP) and quartz content (it is mostly controlled by the soil coarseness and this in turn by preceding 

particle segregation by slope processes and pedogenesis). Normalisation can transform geochemical 

datasets to be closer to normal (Gaussian) distribution [48] or at least to have a “sharper” main 

population of datasets, that considerably improves the identification of anomalous values [19,43]. 

Figure 4 (TOP) and Figure 5 (BOT) show, how Fe normalisation helps to mitigate the effect of soil 

textural variability on As concentrations, allowing all rock groups to be worked with in a single plot, 

or to approximate the medians of each group to each other, including peat. We followed a similar 

approach for all the PTEs examined, also choosing Fe as a normaliser for Cu and Zn, as justified by 

Matys Grygar and Popelka [48]. In the Ore Mountain bedrock, As, Cu, Fe, and Zn usually occur 

jointly in sulphides (arsenopyrite, chalcopyrite) and dark minerals rich in Fe, such as biotites; all those 

listed elements also share the same pathways in weathering, pedogenesis, and possible soil transport 

by joint bonding to pedogenic iron oxides and other soil microparticles. Conversely, for Pb, Ti, a 

conservative element moderately abundant in several resistant volcanic mineral phases, has been 

empirically most useful as a normalising element, because those two elements have similar 

geochemical behaviour [49].  

2.5. Empirical cumulative distribution function 

  ECDF have traditionally been used to evaluate mono- or polymodality in data series and 

define outliers, in particular in the ore prospection [29]. For similar purposes, ECDFs have later been 

used in environmental geochemistry studies [17,19,50]. In addition, ECDFs are useful in data 

classification for the geochemical maps (see Figure 6C) in a similar way to that used by Matys Grygar 

et al. [19].  

  Fabian et al. [17] proposed to utilise ECDF for the comparison of TOP and BOT 

concentrations and thus distinguish geogenic anomalies, diffuse and point source pollution, and 

surface enrichment by plan-soil interactions (Figure 1). The method by Fabian et al. [17] has further 

been employed by Reimann and Fabian [51] and Flem et al. [52] and is also used in this paper. To 

estimate diffuse contamination after Fabian et al. [17], we searched for an optimal horizontal shift of 

the BOT ECDF to get the best visually evaluated overlap with the TOP ECDF by choosing a suitable 

a in equation  

MTOP = a·MBOT + b (1) 

where a is called linear shift constant (LCS) and b corresponds to the diffuse contamination [17]. 

The parameters a and b were estimated graphically by horizontally shifting BOT in the diagram to 

visually optimally overlay TOP, this shift corresponds to the visually optimal LCS parameter a. 

Contrarily to Fabian et al. [17], who optimised b to get best match in the lower percentiles, we 

optimised it by matching the medians and values in the 2nd and 3rd quartiles (Q2 and Q3), as we did 

not prefer to rely on low outliers in the data series.  

  The part of the TOP curve with a steeper gradient compared to the BOT curve was 

evaluated as a contribution to diffuse contamination (marked in Figures 6 and 7 by arrows). The 

median for each PTE was calculated from the difference of the TOP and BOT diagrams using equation 

1. 
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2.6. Software for data processing 

  The data series were analysed using Origin 2018 software (OriginLab, Northhampton, 

MA). Boxplots and ECDFs were created using the same software. The concentrations of PTEs and 

their local emissions were graphically represented using maps with classified layers, created in 

ArcGIS 10.7.1 Desktop software (ESRI, Redlands, CA). 

3. Results 

3.1. PTEs concentration in soils 

The concentrations of the selected elements in the studied soils (Table 1) varied significantly. 

Several criteria were used to understand the PTEs variability in soils. Firstly, we compared the total 

element concentrations in all 270 samples with the global (composition of the upper continental crust, 

UCC, [53]) and European background (FOREGS database, > 1500 randomly selected mineral soil 

samples from 26 European countries, [54]) and the national averages (Figure 3 and Table 1). Arsenic 

and Pb exceed these backgrounds and national averages considerably, Cu is close to UCC and 

FOREGS at both sites, and Zn is elevated at Kovářská Area (Figure 3). 

 

Figure 3. Summary of raw concentrations of PTEs for the two study areas with highlighted selected 

reference values. 

In addition, As and Pb concentrations in both areas exceeds Czech legislative limits for 

agricultural soils according to Decree No. 153/2016 Coll. [55]. Soils from the Fláje Area have similar 

median As concentrations in TOP and BOT as the Kovářská Area (see Figure 3). The situation is 

similar for Cu, and the median values are also similar in the areas, although the highest values are 

considerably higher at Kovářská Area. Lead concentrations are then clearly higher in the Fláje Area, 

including the extremely high values in TOP and BOT. In contrast, Zn concentrations are higher in the 

Kovářská Area (see Table 1). Separation of samples into groups according to bedrock geology 

(Figures 4 and 5) showed that the geogenic influence on soil PTEs is not equal at both study sites. A 

more pronounced impact of geology was found at the Fláje Area, where the concentrations of PTEs 

expressed as Cu/Fe, Pb/Ti and Zn/Fe in the TOP and BOT samples are lower in soils form from basalts 

and amphibolites and, on the contrary, higher in the peat (Figures 4 and 5). High values are observed 

for As/Fe in the soils on amphibolites, and highly variable topsoil As/Fe and Cu/Fe were found on 

granitoids. 
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Table 1. Summary of medians for individual PTEs and rock groups in mg kg-1. At the bottom of the 

table, UCC and FOREGS values in mg kg-1 are shown for comparison. 

   amphibolites basaltoids metagranitoids metapelites  peat 
fluvial  

sediments 
granitoids volcanic 

all 

rocks 
FOREGS 

F
lá

je
 A

re
a 

As 

TOP 
418 63 104 72 46 x 34 54 62 7 

As 

BOT 
134 62 92 54 16 x 27 47 52 6 

Cu 

TOP 
27 19 20 23 36 x 17 13 20 13 

Cu 

BOT 
25 19 16 23 24 x 16 10 19 14 

Pb 

TOP 
157 168 173 165 218 x 110 155 141 23 

PB 

BOT 
113 126 117 112 109 x 84 119 109 17 

Zn 

TOP 
84 98 72 98 81 x 61 53 72 52 

Zn 

BOT 
83 97 65 90 83 x 66 47 77 47 

  UCC 

K
o

v
ář

sk
á 

A
re

a 

As 

TOP 
74 101 43 59 58 57 x x 58 

4.8 
As 

BOT 
47 89 19 40 36 28 x x 36 

Cu 

TOP 
28 28 12 26 29 25 x x 25 

28 
Cu 

BOT 
30 23 11 23 25 16 x x 22 

Pb 

TOP 
114 205 94 94 135 100 x x 96 

17 
Pb 

BOT 
64 155 51 52 47 47 x x 52 

Zn 

TOP 
174 170 43 130 73 137 x x 116 

67 
Zn 

BOT 
207 152 49 105 67 93 x x 98 
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Figure 4. Concentrations of PTEs in TOP (10 cm) divided by bedrock and areas with medians and 

UCCs indicated. Example of raw data vs normalisation (A) and normalised PTEs of the Kovářská 

Area (B). C: Normalised PTEs of the Fláje Area. 
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Figure 5. Concentrations of PTEs in BOT (40 cm) divided by bedrock and sites with medians and 

UCCs indicated. Example of raw data vs normalisation (A) and normalised PTEs of the Kovářská 

Area (B). C: Normalised PTEs of the Fláje Area. 

At the Kovářská Area, there is no significant group of rocks with exceptionally high 

concentrations of normalised PTEs compared to other groups, except for peat. Overall, TOP is 

enriched compared to BOT for As/Fe and Pb/Ti in both study areas. Contrarily, the median Cu/Fe 

and Zn/Fe concentrations in TOP and BOT are quite similar and close to the UCC at both sites. Figures 

4 and 5 show, how Fe normalisation of As concentrations helped to mitigate the effect of the bedrock 

variability on soil composition, allowing all rock groups to be worked with in a single plot, or to 

approximate the medians of each group to each other, including peat. This data treatment was 

effective and was thus used for all studied elements. 

3.2. Geochemical maps 

  To examine the spatial distribution of PTEs, we constructed geochemical map with TOP 

and BOT composition using classified layer. Four individual concentration classes were defined by 

ECDF (Figure 6C) for the geochemical maps (Figures 8 and 9), where green and yellow colours 

indicate background or moderate contamination, orange is defined as moderate contamination, and 

red indicates anomalous values and severe contamination.  

  On the Kovářská Area, the high values of PTE are most abundant near the Mědník Hill 

(Figure 8). This is particularly evident for Cu/Fe and Zn/Fe, their concentration ratios decreasing with 

distance from this mining site. However, another mechanism controlled As/Fe and Pb/Ti, as their 

high TOP values are scattered over the entire area, with no apparent decrease with distance from the 

mining site, but rather forming a belt to the north of the Mědník Hill. 
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Figure 6. Comparison of raw (A and B) and Fe-normalised As concentrations (C and D) in soils using 

ECDF plots, divided into TOP and BOT. Part 6C shows the classification of data by natural breaks to 

data populations. Parts of probable diffuse and severe point contamination are marked by arrows. 
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Figure 7. Fe-normalised concentrations of PTEs in soils using ECDF plots, divided into TOP and BOT. 

Probable diffuse and severe point contamination are marked by arrows. 

  At the Fláje Area (Figure 9), several sites were found to be distinctive – the first (arrow 1 

in Figure 9) is around the locally prominent granitic porphyry outcrop at the Fláje Reservoir where 

several points with elevated Pb/Ti, Cu/Fe and Zn/Fe in the TOP and BOT, indicating indeed the 

influence of the underlying rocks, possibly with local ore veins. The second area (arrow 2 in Figure 

9) is primarily significant for As/Fe and is close to local historic glassworks in Moldava. Several other 

soils classified as severely contaminated (high As/Fe, Cu/Fe, and in particular Pb/Ti) are found on the 

eastern side of the area (arrows 3 and 4 in Figure 9). These points cannot be attributed to bedrock 
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geology alone, as only topsoils are contaminated. However, these soils are close to local mining sites 

and a smelting furnace near Hrob mining and smelting site (see Figure 2). 

 

Figure 8. Geochemical map with TOP and BOT distribution in concentration ratio – the Kovářská 

Area. 

 

Figure 9. Geochemical map with TOP and BOT distribution in concentration ratios – the Fláje Area. 
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3.3. Comparison of PTE concentrations in TOP and BOT using ECDF 

  ECDFs of TOP and BOT (Figures 6 and 7) show the TOP enrichment for As/Fe and 

especially Pb/Ti at both sites, and in contrast, none or weak TOP enrichment for Cu/Fe and Zn/Fe, 

except for individual point-contaminated samples near spoil heaps (Figure 8, points near the Mědník 

Hill). ECDFs make it possible to examine the effect of geochemical normalisation of PTEs 

concentrations, as it is demonstrated in the example of raw As (Figure 6A, 6B) and As/Fe (Figure 6C, 

6D). Geochemical normalisation turns more heterogeneous/polymodal ECDF of the raw As data 

series to clearer and smoother ECDF of the As/Fe element ratio. This is more evident in the 

geologically more complex Fláje Area (Figure 6B – before normalisation) than in the Kovářská Area 

(Figure 6A), and the effect of normalisation is clearer in Figure 6D. ECDFs show, how the influence 

of the soil matrix and bedrock impact are corrected and the dataset are made more readable by 

geochemical normalisation, which is supported in Figure 4A and 4B, where this effect is also visible.  

  ECDF offers an alternative to examine the interrelation between TOP and BOT in maps 

with classified layer focused on their spatial distribution (Figures 8 and 9) and boxplots producing 

net overall TOP contamination (Figure 2). The ECDF alternative proposed by Fabian et al. [17] is 

specified in Section 2.5. When evaluating the total As/Fe concentration ratio it is evident that the 

linear shift of TOP by choice of a (eq. 1) is slightly larger at the Kovářská Area (Figure 6C), so there 

are probably more controlling factors in the area. The As/Fe concentration ratios in Q2 and Q3 at the 

Kovářská Area range from 6.5·10-4 to  

17·10-4 for BOT and from 13·10-4 to 28·10-4 for TOP. There are also several high outliers in the 

As/Fe data series (roughly above the 75th percentile), probably because of severe local contamination 

from mining in Měděnec. Those high outliers form a bulge at high values separated from Q3 by a 

break in the ECDF curve (Figure 6C). Thus, about 25% of the samples (entire Q4) in the area have 

been locally anthropogenically contaminated. At the Fláje Area, the values for As/Fe are 10·10-4 to 

31·10-4 concentration ratios for BOT and 16·10-4 to 39·10-4 concentration ratios for TOP. There are only 

a few high anomalies at Fláje Area, i.e. here the overall elevated soil PTE concentrations result mainly 

from the combination of geogenic causes and diffuse contamination. 

  TOPs are little enriched relative to BOT for Cu/Fe and Zn/Fe (Figure 7A and 7B), in the 

case of Zn TOP and BOT the ECDFs almost overlap even without adjustments according to eq. (1). 

However, there are a few outliers at both sites. At the Kovářská Area, this is evident for both Cu/Fe 

and Zn/Fe at about the 80th percentile, where is the bulge and this can correspond to the mining sites 

around the top of Mědník Hill, as shown in Figure 8. At the Fláje Area the high Zn/Fe ratio around 

the 95th percentile is probably related to the geogenic source, granitic porphyry, as it is obvious from 

spatial association of the high TOP and BOT values (Figure 9, arrow 1). Overall, there is no significant 

Cu/Fe and Zn/Fe emission enrichment in TOP. 

  In contrast, Pb appears to be the main emission (surficial) soil contaminant in both areas 

(Figure 8). The median Pb/Ti concentration ratios in the BOT layer are significantly higher at the Fláje 

Area (224·10-4) than at the Kovářská Area (130·10-4), which indicates naturally higher Pb 

concentrations already in the soil parent rocks. From about the 75th percentile onwards, a significant 

bulge deviates from the subsoil curve. This is characteristic of a severe local contamination source or 

the combined influence of mineralisation and local anthropogenic contamination. 

  The Kovářská area shows higher Pb/Ti TOP enrichment and a more significant linear shift 

(Figure 7C). However, the concentration ratios in the preferentially studied Q2 and Q3 are lower here: 

TOP (170-300)·10-4; BOT (90-170)·10-4 compared to the TOP (230-500)·10-4; BOT (160-320)·10-4 at the 

Fláje Area (Figure 7D).  The TOP curve again shows a bulge of high outliers starting at 

approximately the 75th percentile. The enrichment of topsoil in As/Fe and Pb/Ti and the steeper 

gradient between the TOP and BOT diagrams further suggest that both areas were affected to some 

extent by diffuse contamination (marked in Figures 6 and 7). 

3.4. Quantification of diffuse contamination by ECDF of entire data series 

  For application of eq. (1), we focused mainly on Q2 and Q3, in which we looked for signs 

of diffuse contamination and then calculated its contribution to the total contamination for As/Fe at 
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the Kovářská Area and Pb/Ti in both areas. The results are presented in Table 2. Because the LCS is a 

statistical average for the entire BOT and TOP data series, it does reflect neither every single point, 

nor even represent true pairs of TOP and BOT for each sampling site. LCS thus only provide bulk 

and coarse estimates assuming perfectly homogeneous blanket of diffuse contamination. 

Table 2. Summary of LCS (a in equation 1) and predicted diffuse contamination concentration ratios 

for each element and area. 

Kovářská Fláje 

  LCS Estimated diffuse contamination   LCS Estimated diffuse contamination 

As/Fe   1.52   1.12 As/Fe   1.48   1.42 

Pb/Ti   1.64   16.5 Pb/Ti   1.34   16.2 

For the Kovářská Area, diffuse contamination is not surprising with respect to abundance of 

local contamination sources (Figure 2) and it reaches 16.5·10-4 for Pb/Ti and 1.1·10-4 As/Fe 

(concentration ratios) for Q2 and Q3. However, for the Fláje Area, where we did not expect 

contamination because of no local mines nor furnaces, the calculations produced results very similar 

to those in the Kovářská Area (see Table 2). We estimate the linear concentration shift as 1.48 for 

As/Fe and the diffuse contamination contribution as 1.42 concentration ratio for Q2 and Q3. For Pb/Ti, 

the diffusion contribution is as high as 16.2·10-4 concentration ratio and the LCS is 1.34. This suggests 

that there has been a significant emission source outside the Fláje Area (Figure 9), i.e. more remote, 

and perhaps common for both study areas. 

3.5. Quantification of diffuse contamination using TOP and BOT pairs 

  The method to evaluate TOP and BOT differences in a rough, but in a certain sense more 

straightforward manner than using eq. 1, is a graphical presentation of TOP and BOT differences in 

a geochemical map (Figures 11 and 12). In contrast to the approach based on eq. 1, these maps show 

a real paired comparison of TOP and BOT for each sampling point, while in the ECDFs approach by 

Fabian et al. [17] the TOP and BOT pairs are disconnected. TOP-BOT approach keeps the pairs 

connected but works with raw concentrations, which is not mathematically correct (see Section 2.4), 

but it produces direct estimates of TOP enrichment in concentration units. To express these estimates 

for the whole area, the medians for each element are presented in Table 3. The plain TOP-BOT 

difference in the ECDF plot in Figure 10 shows the distribution of the values around zero, consistently 

with lack of net diffuse contamination of TOP for those two elements. This situation is common in 

the Kovářská Area near mining sites at Mědník Hill (Figure 8). 

Table 3. Summary of medians for TOP-BOT difference in mg kg-1. 

Element Kovářská Area Fláje Area 

As 15 14 

Cu   1.5 0.7 

Pb  35 42 

Zn   1.7   -0.7 
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Figure 10. Expression of the emission contribution (mg kg−1) of individual PTEs using the TOP minus 

BOT methodology. 

 

Figure 11. Overview map of the Kovářská Area and plotted TOP – BOT values (mg kg−1), expressing 

the net contribution (emissions) of individual PTEs. 
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Figure 12. Overview map of the Fláje Area and plotted TOP – BOT values (mg kg−1), expressing the 

net TOP contribution (emission enrichment) of individual PTEs. 

Figure 13 compares TOP/BOT enrichment factors for each of the examined PTEs in its 

geochemically normalised form to compare relative surface enrichment by emission contamination. 

Also, TOP/BOT evaluation shows the topsoil enrichment decreases in the order Pb > As > Cu/Fe > 

Zn/Fe for both areas, except for two high Cu/Fe outliers in the Fláje Area. 

 

Figure 13. Local enrichment factors expressing the difference in concentrations (mg kg−1) of PTEs in 

TOP versus BOT. 

4. Discussion 

4.1. Impact of soil-forming substrate on PTE concentrations 

It is generally accepted in the assessment of soil contamination that the parent rock is one of the 

most important RCFs for PTEs in soils. It can be revealed in the spatial display of the data obtained 

in a map with the geology of the area or the post-stratification (separation) of concentration data into 

groups according to geology (Figures 4 and 5). The influence of geology on the concentrations of PTEs 

has been addressed in several papers [8,11] with the result that certain groups such as ultramafic, 
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mafic, and granitic rocks are so prominent that they need to be considered separately when 

evaluating the soil composition datasets. The influence of geology as one of the fundamental RCFs is 

also evident in this study, although less significantly than we initially expected. Unless contrasting 

geology, such as basalts and granitoids, is involved, geological variability seems less significant on 

such a small scale than when mapped on a national scale, as shown by [19].   

Geology plays a significant role on the Ore Mountains for As and Pb (As/Fe and Pb/Ti), but not 

in the sense of variability among individual geological units, but rather as an overall enrichment of 

PTEs in soils of the Ore Mountains compared to global (UCC) or regional (FOREGS) surveys, which 

seems to be related to metamorphosis and associated formation of ore veins. Comparisons of local 

PTE concentrations with the global or European backgrounds must take local specificity into account, 

because natural PTE concentrations in soils can vary significantly from area to area, within and 

between regions, making it impossible to define single global background values [56]. Peat and 

organic matter in general appeared as the most anomalous soil-forming substrate in our study, a 

parameter that needs to be addressed frequently in temperate mountain areas. The elevated PTEs 

volatilised by ore roasting and metallurgy (As and Pb), scavenged by plants and then transformed to 

peat (Figures 4 and 5) documents to emissions in the area and this is due to the sorption capacity of 

organic matter, which acts as a geochemical trap [16]. On the contrary, Cu and Zn are sorbed on soil 

Fe oxides rather than on organic matter and thus elevated organic matter in TOP mainly dilutes their 

concentrations in soils, that is corrected with by geochemical normalisation (Figures 4 and 5), also 

efficient in weakening soil matrix effects.  

O’Shea [57] described elevated As concentrations in metasedimentary rocks, up to  

138 mg kg-1, of which one possible cause is impact of large-scale fluid flux during rock 

metamorphosis [58]. Among these rocks, marine pelitic protoliths (such as the gneisses in the Ore 

Mountains, see Figure 5) typically show the highest average As concentrations (∼18 mg kg-1). All 

parent rocks from the Ore Mountains are enriched in As. Arsenic concentration is most variabile in 

basaltoids and metamorphosed rocks. In terms of rock types, Pb concentrations are frequently 

elevated in granite, followed by schist, gneiss, intermediate rocks, basic rocks, and ultramafic rocks 

[59]. Lead is widely dispersed in trace amounts in several common minerals, including K-feldspar, 

plagioclase, mica, zircon, and magnetite [54]. However, our results indicate mineralization 

enrichment of Pb occurred throughout the entire area irrespective of a bedrock type.  

The local background concentration ratios for As/Fe and Pb/Ti (in Kovářská Area is 7·10-4 and 

95·10-4, in Fláje Area 12·10-4 and 120·10-4, respectively) are elevated relative reference values (Figures 

6 and 7). 

4.2. Use of ECDF and geochemical maps for distinguishing diffuse and point contamination 

In geochemical mapping, the most challenging issue is how to correctly and objectively classify 

the data populations into background and contamination classes and how to define a threshold 

separating high outliers. The background population can be defined as the portion of values with the 

natural PTE content in soils without human influence [60]. For the actual classification of the data, 

ECDF diagrams are useful to show discontinuities (gaps) between the main concentration modes [61], 

including the gaps separating anomalous values, as shown in Figure 6C. The contamination is then 

easily detectable in upper part of the data series, e.g. in Q4 where the TOP “deviates” from the BOT 

and forms bulges (Figure 7C and 7D). However, the location of this bulge is not only linked to Q4, it 

depends on the level of contamination and can generally also be found in the lower quartiles. 

Provided that such a classified dataset is displayed in conjunction with a geological map, there is a 

good chance of revealing any spatial links to rocks or contamination sources. 

A considerable portion of soil samples from the Fláje Area with locally elevated Pb 

contamination originated from peat (Figure 9C). It reflects both emission scavenging by vegetation 

and Pb-sorption capacity of organic matter, which acts as a geochemical trap for several elements 

[16].  

A cluster of elevated As/Fe values is found in the east of the area (Figure 9A, arrows 2 and 3). 

This clustering is not associated with anomalous geology, but it is close to the local mining and 
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smelting around cities Mikulov and Hrob [41] and glassworks around Moldava city (Figure 1). 

Another portion of the studied soils, mostly TOP classified as intermediate contamination (tagged by 

orange circles in Figure 9A), is distributed over a broad area, and point to overall diffuse 

contamination of the entire area. Several TOP and BOT pairs (Cu/Fe, Pb/Ti, Zn/Fe) in the severely 

contaminated category (red colour in map) occur in the western part of the Fláje Area (Figure 9, arrow 

1). Contamination at both depths can indicate a geogenic anomaly; most of these points are on granite 

and granitic porphyry geology, i.e., on metamorphosed rocks. However, the geology can play a role 

here as a secondary parameter and through the soil texture. 

The Kovářská Area (Figure 8) is relatively simpler in terms of distinguishing anthropogenic 

contamination from geogenic anomalies. Strong local contamination is only evident around the 

Mědník Hill, which dominates as a local source of all studied PTEs. The role of diffusive 

contamination of As/Fe and especially Pb/Ti is obvious around Kovářská. 

4.3. Realistic estimates of diffuse contamination contribution  

Contamination is commonly defined as the presence of unusually high concentrations in the 

data series and soil contamination monitoring is usually focused on actually on them. However, 

depending on the signal strength, local (point) contamination becomes indistinguishable from 

natural background variations in meters to several kilometres from the source [27]. Actually, As and 

Pb are common diffuse contaminants due to their volatility in elemental (Pb) or oxidic forms (As2O3), 

in particular in areas like the Ore Mountains with widespread sulphide ore roasting and silver 

production using ancient lead technologies, in particular liquation (Section 2.1). The estimation of the 

diffuse input in this work is based on the assumption that Pb of anthropogenic origin is retained on 

the soil surface and the deep soil layers (BOT) originate mainly from the bedrock. Based on this 

assumption, Fabian et al. [17] proposed comparing the ECDFs for TOP and BOT of a PTE to identify 

and quantify diffuse contamination. This idea, further employed in subsequent works [30,31,52] is a 

powerful tool to overcome the problem of weak contamination, otherwise poorly distinguished by 

conventional data mining. 

The Idea by Fabian et al. [17], however, includes a model of a spatially fairly homogenous spatial 

distribution of PTE emissions, that is not very likely in a real landscape, even over a small area, such 

as the study areas in the Ore Mountains as depicted schematically in Figure 1. The diffuse 

contamination of topsoils was affected by variability in the past vegetation cover and its emission-

scavenging performance, which is markedly different for meadows and forests, additional 

heterogeneity inevitable resulted from varied topography and slope orientation relative to the 

emission sources, and the preferential wind directions in the area. In TOP and BOT contamination 

following the ECDF approach by Fabian et al. [17], a challenge particularly relevant for the Ore 

Mountains is a difference in topsoil content of organic matter and generally different soil texture in 

TOP and BOT. To correct PTE concentrations for those factors, geochemical normalisation is used 

[46,48]. The geochemical normalisation can also “sharpe” the major concentration populations in 

geochemical datasets and thus improve their interpretability, in particular definition of outliers 

[43,61]. Elements are also exchanged between TOP and BOT layers, either by biochemical processes 

in the form of “plant pump” especially for elements such as Cd, Zn, and Cu [16,62] (Figure 1). 

However, this plant pump is not so much relevant for Pb and As, because as non-essential elements 

they are not involved directly in biotic cycling. 

From a purely mathematical perspective, Fabian et al. [17] and his followers [30–32] assumed 

that the impact of the diffuse contamination is easiest and most sensitively distinguished in the low-

end of the data series in ECDFs because the contamination input is most substantial there. The 

problem is the lowest percentiles are found in soils with a high percentage of quartz sand and/or 

organic matter, where there is also the highest risk of post-depositional migration of contaminants; 

the consequent downward migration of imissions would lead to underestimation of the diffuse 

contamination contribution according to eq. (1). The lowest quartile or lower percentiles can also 

suffer from noise and bias analytical uncertainty. In our work, we preferred to search for diffuse 

contamination in the ECDF with special attention to Q2 and Q3. 
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The ECDF examination following methodology by Fabian et al. [17] is shown in Figures 6 and 7 

and it confirms the results from the geochemical map (Figures 8 and 9): both study areas are affected 

by TOP diffuse enrichment of Cu/Fe contamination minimally, Zn/Fe barely, and As/Fe and Pb/Ti 

significantly. The TOP increase by diffuse contamination is somehow larger in the Fláje Area for 

As/Fe and Pb/Ti, although more local mining and smelting activities occurred in the Kovářská Area. 

According to Fabian et al. [17], we calculated the diffusion contributions in both areas for As/Fe 

(16.5·10-4 for Kovářská Area and 16.2·10-4 for Fláje Area) and Pb/Ti (1.12·10-4 and 1.48·10-4, 

respectively). Comparison of the diffuse contamination components with to the local background for 

As/Fe (7·10-4 and 12·10-4) and Pb/Ti (95·10-4 and 120·10-4, respectively) indicate that the emission 

contamination even exceeded the local background, i.e. more than half of topsoil As and Pb 

originated from emissions. 

4.4. Diffuse contribution from soils and peats and outlines of future work 

The most common way of evaluation of the TOP and BOT contaminant concentrations is their 

dividing to enrichment (EF) or concentration factors (CF). The TOP/BOT ratio higher than 1 is 

conventionally attributed to anthropogenic pollution [63]. Such a ratio can then also be used to 

summarize the enrichment of topsoil for each element in a given area (Figure 13) to show which 

contaminants are relatively most important. 

Fabian et al. [17] have made a major contribution by distinguishing relative TOP enrichment 

similar to EF or CF (this is the slope a in eq. 1) and additive enrichment (intercept b in eq. 1) and 

attributed the latter to diffuse contamination. The example of b evaluation is shown in Figure 10. The 

plain difference of raw concentrations in Figure 10 is coarse approximation, which neglects the 

textural difference of TOP and BOT discussed above, but it provides a direct estimate of the net 

enrichment of TOP versus BOT by diffuse contamination and thus enables to compare results 

obtained by soil mapping with evaluation of the peat record. Bohdálková et al. [12] studied 

anthropogenic accumulations of Pb, As and Cu in the peat core sampled near Kovářská village; they 

found emission fluxes ~6, 0.9, and 0.2 mg m-2 year-1, respectively in the period between years 1420 

and 1650. The total Pb fallout for the time period 1500-2000 CE was estimated from the emission 

fluxes by Bohdálková et al. [12] to be 1.9 g m-2, As fallout 0.35 g m-2, and Cu fallout 0.2 g m-2. Soil 

analyses, which we performed in the Kovářská Area, do not provide the temporal constraints for the 

emission flux, but they provide an estimate of total cumulative fallout soil contamination. In the 

Kovářská Area, the median Pb and As emissions (TOP–- BOT differences) are 35 mg kg-1 and 15 mg 

kg-1, respectively (Figure 10, Table 3). At the Fláje Area, the median of emissions for Pb is as high as 

41 mg kg-1, and As 14 mg kg-1, which is comparable to the Kovářská Area. Making rough assumptions 

on i) the soil density approximately 1.5 t m-3 [64], and ii) all emissions having been captured in TOP, 

while iii) BOT represents pre-anthropogenic background, the total fallout for Pb and As was 6 g m-2 

and 2 g m-2, respectively for the Fláje Area, and 5 g m-2 and 2 g m-2, respectively for the Kovářská 

Area. Such estimates are only slightly higher than those obtained from the peat archive by 

Bohdálková et al. [12]. Recent study by Shotyk et al. [65] indeed showed the peat archives could not 

“catch” and hold entire emission fallout and the co-incidence of our estimates and Bohdálková et al. 

[12] can thus be accepted. Contrarily, results by Veron et al. [66], who analysed peat core near Boží 

Dar, not far south-west of Kovářská (Figure 1), declared more than an order of magnitude bigger 

total Pb emission fluxes lasting longer than it has been documented by archaeological and botanical 

research [12,36]; it would produce diffuse enrichment of local topsoils to several hundred ppm Pb 

that has not been found yet in the target area. 

According to the emission fallouts and the results of the spatial distribution of Pb and As TOP 

enrichment (Figures 11 and 12), the main sources of pollution are located outside the Fláje Areas with 

rather small-scale mining and smelting activities south of the south-east corner of the Fláje Area 

(Figure 2). It is worth noting that prevailing wind directions in the Ore Mountains ridge are from the 

north-west to the east [67] that further weakens possible local contamination in the Fláje Area. Also 

in the Kovářská Area the impact of local metallurgy centres seem not much relevant relative to overall 

TOP enrichment. Our findings thus indicate that the sources of diffuse contamination in the Czech 
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part of the Ore Mountains ridge were located in Germany, likely in Grünthal, or even farther from 

here in Freiberg, which was the most important Ag mining and smelting centre in the Ore Mountains 

for several centuries (see Section 2.1). This surprising finding will surely motivate our further 

investigation as it pinpoints the lack of knowledge on the past emission sources in the Ore Mountains. 

Yet only an overview of mining centres is available [35] but definitely not all of them produced As 

and Pb emissions. 

5. Conclusions 

  Appropriate sampling and analytical strategy are indispensable for distinguishing 

geogenic anomalies from anthropogenic activity in mineralised and anthropogenised landscapes, 

including top and bottom soil sampling, respecting the local geology, and processing the data 

appropriately using geochemical normalisation and exploratory data analysis using ECDF. To obtain 

reliable results, it is advisable to divide the area into smaller units, and in those units to perform high-

density sampling to capture spatial concentration patterns in naturally and inevitably heterogeneous 

real landscapes. Surprisingly, geology can be less important in such deeply man-impacted 

landscapes, such as the Ore Mountains. The natural background in the mineralised areas can 

exceeded several times the global or regional backgrounds. Even in geogenically anomalous areas, 

the ECDF diagrams makes it possible to determine the anthropogenic contribution to the total soil 

contamination. However, it should be taken into account that the distribution of diffuse 

contamination is not uniform, as it is controlled by vegetation and the terrain topography. The TOP-

BOT methodology can be used to estimate the atmospheric deposition of PTE and to determine 

numerically the impact of the diffuse contamination sources. Total fallout from these sources, 

estimated by the TOP - BOT methodology applied to soil analyses, is 6 g m-2 of Pb and 2 g m-2 for As 

in the Fláje Area, and 5 g m-2 for Pb and 2 g m-2 for As in the Kovářská Area. Methodology 

demonstrated in this work could be used to establish map of ancient emission sources for the Ore 

Mountains, yet missing. 
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