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Abstract

This study quantifies the concentrations, spatial patterns, and sources of potentially toxic
elements (PTEs) in Fluvisols from the Bosna River floodplain. Total As, Cr, Ni, Cu, Zn, Ba,
V, and Co contents locally exceed national thresholds (e.g., As > 15 mg/kg, Cr > 80 mg/kg,
Ni > 40 mg/kg), yet Ti-normalised enrichment factors mostly remain in the “no to minor”
range (EF ≈ 1–3) and contamination factors in the “low to moderate” range (CF ≈ 1–3),
indicating only slight to moderate enrichment even where absolute concentrations are
high. Cr, Ni, Co, Ba, and V display similar spatial patterns, strong positive correlations
with Mg and Fe, and consistently low EF values, confirming their predominantly geogenic
origin linked to ultramafic and mafic parent rocks. In contrast, Cu, Zn, Pb, and Cd form
coherent spatial clusters, share positive correlations, and show slightly elevated EF and CF
values in flooded soils (typically EF and CF between 1 and 3), indicating diffuse industrial
and agricultural inputs superimposed on a strong natural background. Flooding did not
uniformly increase PTE concentrations but enhanced spatial heterogeneity and reorganised
geochemical associations, particularly for Zn, As, and Cd, while the observed links between
inorganic carbon (TIC), Ca, and Mg indicate that carbonate buffering and base cations
help constrain metal mobility rather than exert a dominant control on all elements. The
novelty of this work lies in integrating Ti-normalised EF and CF referenced to a local
Fluvisol background with high-resolution GIS mapping and paired flooded versus control
multivariate analysis, providing a quantitative, transferable framework to disentangle
geogenic and anthropogenic signals and to prioritise post-flood monitoring of As, Cu, Zn,
Pb, and Cd in naturally metal-rich floodplains.

Keywords: PTE; flood-affected soil; geochemical indices; spline; PCA; HCA

1. Introduction
Soil contamination by potentially toxic elements (PTEs) is recognised as a major

environmental issue due to its long-term impacts on ecosystem functioning, food safety,
and human health. Elevated concentrations of PTEs such as Cd, Pb, Ni, Cr, Zn, and Cu in
soils are frequently reported in industrialised and urbanised regions, where both natural
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(geogenic) and human-related (anthropogenic) processes contribute to their accumulation.
Differentiating between these sources is essential for designing appropriate monitoring
strategies, conducting risk assessments, setting regulatory thresholds, implementing land-
use management interventions, and prioritising remediation measures.

Fluvisols developed on river alluvial plains are particularly vulnerable to contam-
ination by PTEs because they receive inputs from upstream geological formations as
well as from point and diffuse pollution sources transported by water and sediments.
Vácha et al. [1] showed that Fluvisols in the Labe fluvial zone have increased geogenic
loads (e.g., Be, As) and elevated, more extractable contents of other trace elements indicative
of anthropogenic inputs. Martynov [2] found that Fluvisols in the Amur River valley can
be heavily contaminated when element contents in the catchment area are high due to both
geogenic and anthropogenic sources, with subsequent downstream redistribution during
floods, while Ružičić et al. [3] confirmed similar in the Sava River valley. Forstner et al. [4]
and Lair et al. [5] discussed contamination of Fluvisols in floodplains by upstream indus-
trial and mining activities. Krami et al. [6] found that Cd, As, and Cu are associated with
the discharge of industrial wastes, the exploitation of mines for special mineral ores, and
fertilisers from agriculture.

In Bosnia and Herzegovina and the wider Western Balkan region, increased concen-
trations of Ni, Cr, Cd, As, and other metals in soils and sediments have been linked to
industrial facilities, and coal-fired power plants and associated ash landfills, as well as
historical pollution and inadequate waste management [7]. The Bosna River, which drains
several urban and industrial centres, has been identified as a recipient of municipal and
industrial wastewaters, raising concerns about the quality of its water and the adjacent
soils and sediments [8,9]. In the study area, environmental problems with metals near the
Bosna River include the input of toxic heavy metals (notably As, Pb, and Cd) into the soils
due to industrial and urban wastewater, mining, and associated land use.

To obtain information about potential sources of PTEs in Fluvisols developed on the
Bosna River plain, geochemical indices such as the enrichment factor (EF) and contam-
ination factor (CF) were used. The enrichment factor (EF) quantifies the increase in the
concentration of an element in soil relative to a reference baseline and helps distinguish
natural from anthropogenic inputs of that element [10].

According to [10], the enrichment factor (EF) is strongly influenced by the choice of
background or baseline values, which can vary significantly with local geology and spatial
scale, as well as by the selection of a ‘conservative’ reference element that may, in practice, be
affected by the same processes as the metals of interest. In addition, the contamination factor
(CF) is also based on ratios to background concentrations, showing a strong dependence on
how background or baseline values are defined and the inability of simple concentration-
based indices to fully distinguish natural from anthropogenic contributions.

It has been shown that various statistical analyses can be used to evaluate relationships
between different soil properties, ranging from correlation analysis [11,12] to multivariate
analyses such as cluster analysis [13–15] and principal component analysis (PCA; [16–18]).
Some research has shown that cluster analysis and PCA are widely used statistical methods
when only a limited data set is available [15,19]. However, it has also been found that PCA
can sometimes have difficulty identifying differences in soil quality with respect to different
management systems [20].

Examining the distribution and sources of PTEs in soil is crucial for controlling soil
pollution, reducing health risks, and achieving sustainable land use [21]. Therefore, the
spatial distribution of PTEs was modelled using GIS-based mapping in our study. Monaci
and Baroni [22] investigated the spatial distribution of PTEs and found that contamination
exhibits clear spatial patterns influenced by local topography and historical land use. This
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approach integrates spatial interpolation with multivariate statistical analyses (correlation
matrices, cluster analysis, and principal component analysis) to link spatial variation with
possible geogenic and anthropogenic sources. This combined spatial–statistical method-
ology enhances understanding of PTE behaviour across the landscape and provides a
replicable tool for environmental assessment.

However, most of these studies have focused on upstream contamination zones,
offering limited insight into how combined geogenic and anthropogenic factors interact
within downstream floodplain environments. This lack of integrated source discrimination
in floodplain Fluvisols creates uncertainty in understanding the relative contributions of
natural background and human-induced enrichment.

Addressing this gap, the present study focuses specifically on Fluvisols developed in
flood-affected river basins, aiming to disentangle overlapping geogenic and anthropogenic
signals through a combination of geochemical, statistical, and spatial approaches. In
doing so, it seeks to clarify source–process relationships governing PTE accumulation
in floodplain soils and to improve the reliability of contamination assessment in these
hydrologically dynamic environments.

To our knowledge, this is the first study to investigate PTEs in Fluvisols of the Bosna
River alluvial plain using paired flooded and non-flooded Fluvisols within a single, well-
constrained ultramafic catchment, rather than relying solely on regional or literature back-
grounds. Additionally, this work advances previous Fluvisol case studies [1–4,7] by jointly
applying Ti-normalised EF/CF, statistical analysis, and high-resolution GIS mapping to
distinguish geogenic from anthropogenic PTE patterns in a post-flood setting.

The main objectives of this research were to: (1) determine the spatial patterns of PTEs
in Fluvisol soils after the Bosna River flood; (2) identify their natural or anthropogenic
sources by integrating statistical methods and GIS; (3) assess the level of PTE contamination
in flooded soil based on geochemical indices; and (4) explore the possible influence of
flooding on the spatial distribution and PTE contamination.

2. Materials and Methods
2.1. Study Area Description

The study area of Maglaj municipality is located in the north-eastern part of Bosnia
and Herzegovina (Figure 1A), covering approximately 289 km2, which includes the town
of Maglaj and its surroundings. The relief of the wider Maglaj area is characterised by river
valleys and terraces, low slopes, and hills. The morphometric breakdown is moderate, with
an average hypsometric range from 170 m (Bosna river valley) to 530 m (north-west of
Parnica). The area is characterised by a moderate continental climate (Cfwbx in the Köppen
climate classification system) with four distinct seasons.

The lithostratigraphic characteristics of the wider Maglaj area are presented on the
geological map (Figure 1B), based on data from the basic geological map of the Zavidovići
sheet [23] and supplemented by new research [24].

Peridotites, represented mainly by lherzolites and their alteration products, serpen-
tinites, are the oldest and most widespread rocks in the wider Maglaj area. Their contact
with the surrounding sediments is clearly tectonic [23].

Gabbroperidotites, mafic microgabbros, and dolerites most often occur in contact
areas between ultramafic masses and sediments of the ophiolite mélange. Spilites usually
lie concordantly within the sediments and represent products of submarine outpouring
that occurred simultaneously with the deposition of “younger” Jurassic sediments. The
ophiolite mélange (J2,3) represents a chaotic lithological unit where rocks belonging to ophi-
olites also appear in the tectonised matrix composed of Pelasgian and abyssal sediments,
greywackes, cherts, and clays.
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Figure 1. (A) Location of study site within north-central Bosnian region; (B) geological map of the
study area with sampling sites of control and flooded samples; and (C) pedological map of the study
area according to [23,25].

Formations of Jurassic–Cretaceous age (J, K) are represented by a thick sequence of
clastites lying transgressively over the ophiolitic mélange formations. Several masses of
dacitic (aqM) rocks are products of Neogene volcanism.

Quaternary deposits (Q) in the Bosna River valley and its tributaries consist of uncon-
solidated to weakly consolidated fluvial sediments, which lithologically belong to clastic
sediments. Gravels, sands, silts, and clays predominate, occurring in various granulometric
associations and mutual relationships.
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The gravels are typically polymict and poorly sorted, composed of rounded to sub-
rounded clasts of diverse petrographic composition, with a predominance of lithoclasts of
igneous rocks. The sands are medium to poorly sorted, predominantly of quartz–feldspar
composition, while the fine-grained fractions are represented by silts and clays, with local
occurrences of organic matter. In the vertical profile of the Quaternary deposits, lithofacies
members are clearly differentiated: basal gravels with coarse-clastic texture and high
permeability, overlain by sand layers with well-developed cross-bedding, and capped by
horizons of silts and clays that exhibit laminated to massive texture and low permeability.
This sequence reflects a typical sedimentary succession characteristic of fluvial systems.
Pronounced lateral and vertical facies changes are manifested through the alternation of
coarse-clastic and fine-clastic sediments, indicating variable hydrodynamic conditions
during deposition. Such heterogeneity results from a multi-phase development of the river
system, including periods of intense erosion, transport, and redeposition of material during
high-water events.

Quaternary deposits therefore represent not only a record of fluvial dynamics, but also
an active geochemical medium in which the distribution and concentration of potentially
toxic elements (PTEs) occur.

District Cambisol dominates the territory of the municipality of Maglaj (Figure 1C).
Significant areas are covered by Eutric Cambisol, followed by Luvisol. Humofluvisols are
soils found in river valleys; they are young soils with a developed A horizon formed on
alluvial sediments. In the Maglaj area, both automorphic and hydromorphic soils have
developed [25]. According to the international classification (FAO, 2015), Eutric Fluvisol is
defined as a reddish-brown, carbonate-free soil (symbol—Fle), and in the national classifi-
cation it is called humofluvisol. Eutric non-carbonate Fluvisol (symbol—Fle) belongs to the
group of alluvial non-carbonate soils, i.e., Fluvisols according to the national classification.

2.2. Field and Laboratory Work

Field research was conducted in autumn 2016 over an area of approximately 5 km2,
approximately two years after the flood occurred. As shown in Figure 1C, sampling was
conducted in the plain area affected by the 2014 floods. All 45 samples were taken from
two types of soil (Figure 1B): Eutric Fluvisol (EF)—34 samples (flooded; 75%)—and non-
carbonate Eutric Fluvisol (Efnc)—11 samples (control; 25%). Samples were taken in a
square formation (one central and four marginal samples) with a distance of 2 m between
points. The sampling network was established based on analysis of the area affected by the
flood, accessibility of micro-localities, and the geological and pedological composition of
the terrain. Control samples were taken from the unflooded part of the study area, without
anthropogenic influence.

Soil samples were collected at each sampling site using a small plastic shovel from five
shallow pits. The sampling depth was 10–25 cm, with 10 cm of humus surface litter and
plant residues removed. Subsamples were collected within a 2 × 2 m square, consisting
of one central and four marginal points. One composite sample was prepared for each
sampling site, each containing about 2 kg of soil. Soil samples were air-dried and passed
through a 2 mm sieve for laboratory analysis.

Total concentrations of elements, i.e., Mo, Cu, Pb, Zn, Ni, Co, Mn, Fe, As, Cd, V, Cr,
Ba, Zr, Li, Al, Ca, Mg, Na and K, were analysed by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) after complete dissolution of samples using aqua regia solution.
Instrumental precision, determined through five measurements alongside blanks and
standards, maintained a margin of error of ±5% or less. The accuracy of the analyses was
further controlled using certified geological reference materials (DST5, ACME Laboratory;
n = 5, Appendix A.1).
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Soil particle size distribution (clay < 2 µm, silt 2–63 µm, sand 63–2000 µm,
gravel > 2000 µm) was determined by the pipette method with sieving and sedimenta-
tion after dispersion with sodium pyrophosphate, and interpreted according to FAO (2006).
Soil pH was measured in water at a 1:5 soil to water ratio (ISO 13536:2005) using a Multi
340i WTW pH meter (WTW GmbH, Weilheim, Germany) (Appendix A.2).

Total carbon (TC), total inorganic carbon (TIC), and total sulphur (TS) analyses were
performed on soil samples to calculate the percentage of organic matter. The analyses
were conducted using the Multi EA 4000 CS analyser (Analytik Jena GmbH+Co. KG,
Jena, Germany) by the dry combustion method for TC and TS, while the TIC value was
obtained by dissolving the carbonates with 30% H3PO4 acid in the manual TIC module
of the EA 4000 CS analyser. For all analyses, approximately 600 to 800 mg of previously
dried, crushed, and ground samples were used. The total organic carbon (TOC) value was
calculated by subtracting the TIC from the TC value (Appendix A.2).

2.3. Geochemical Indices

The EF is calculated and presented in Appendix A.3 as the ratio of the studied element
to the reference element, normalised by the same ratio for the composition of the continental
crust [26]. Titanium (Ti) has been used as reference element because it is considered
geochemically stable, hosted by resistant minerals, and conservative in most geochemical
environments. It is an abundant metal, and its concentrations are unlikely to be significantly
affected by anthropogenic sources [27]. Several authors have used Ti to normalise heavy
metals [28,29].

The formula to calculate EFs can be generalised as follows (where “crust” can be
replaced by a local background):

EFEl = (Elsample/Xsample)/(Elcrust/Xcrust), (1)

where Elsample/Xsample represents the ratio of the concentration of the analysed element
(Elsample) to the concentration of Ti (Xsample), while Elcrust/Xcrust is the ratio of the concen-
trations of elements (Ba, Cu, Co, Mo, Li, Zn, As, V, Cr, Ni, Cd, Pb) in local background
materials to the background concentration of Ti in local materials, i.e., the median values
of metal concentrations in control soil samples. According to [30], EF < 1 indicates no
enrichment; 1–3, minor enrichment; 3–5, moderate enrichment; 5–10, moderately severe
enrichment; 10–25, severe enrichment; 25–50, very severe enrichment; and >50, extremely
severe enrichment.

The contamination factor (CF, Appendix A.4) is defined as the ratio between the
measured concentration of the PTEs in the samples and the background level of the corre-
sponding PTEs [31]. The contamination factor is classified into four groups by [32]: low
(CF < 1), moderate (1 ≤ CF ≤ 3), considerable (3 ≤ CF ≤ 6), and very high (CF > 6).

2.4. Statistical Analysis

Main statistical parameters (average, standard deviation, and coefficient of variation—
Cv) were calculated for all observed parameters for both flooded and control samples,
totalling 28 parameters. Correlation, cluster, and factor analyses were performed using
TIBCO Statistica (version 14.0.0.15), while all data was standardised to z-values due to
the different units of the inspected variables. Correlation matrices are presented in the
Appendices A.5 and A.6. All statistically significant results are marked in red (α = 0.05).
Cluster analysis was performed using Ward’s method and Euclidean distances, and a
plot of linkage distances was used to define the number of clusters. The application of
Ward’s method has been found to be very useful in different types of soil research [33,34].
Principal components (PCs) were extracted using factor analysis in TIBCO Statistica. The
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maximum number of factors was limited to the number of identified clusters to allow for a
more representative comparison and data interpretation. Additionally, only factors with
eigenvalues greater than 1 were retained, and the goal was to explain at least 70% of the total
variance. Factor loadings higher than 0.7 are marked in red. For factor data interpretation,
varimax raw rotation was used. Varimax rotation has previously been successfully applied
in various types of soil research [35–37]. In general, correlation analysis was used to gain
an initial insight into the relationships among the investigated variables. Due to the wide
range of obtained values, multivariate statistical analyses were used for more detailed data
interpretation. First, cluster analysis was used to identify the preliminary number of groups
of associated variables. Then, together with the previously defined statistical criteria, the
maximum number of clusters was used as the criterion for defining the maximum number
of factors. In this way, results from both methods were evaluated and compared. Although
cluster analysis provided information about preliminary grouping, factor analysis indicated
which factors were more significant and which interpretations should be emphasised. It
must be clearly stated that one of the main statistical limitations of this research is related
to the imbalance between the number of flooded (n = 34) and control (n = 11) samples.
Although soil research often compares different types of soil data [38–41] usage of different
numbers of samples can be the consequence of different research scope, analytical focus,
sampling methodology, etc. In general, when using different number of cases to compare
two datasets it is always necessary to have in mind that it can influence results by affecting
statistical significance, introducing bias, as well as generating lower accuracy and higher
uncertainty. On the other side, similar numbers of samples in datasets can produce more
reliable and robust results.

2.5. Spatial Distribution Analyses

The spatial distribution of selected PTEs was determined using the spline with bar-
riers interpolation method, available within the Spatial Analyst Tools in ArcGIS Pro 3.0.
Spline interpolation is widely used in soil geochemistry for estimating soil properties, as
it produces smooth, continuous surfaces that effectively represent spatial variability [42].
The spline with barriers approach extends this method by accounting for abrupt changes
in soil chemical properties, such as those caused by rivers or edge effects in contaminated
areas, resulting in a more realistic representation of geochemical distribution. In this case,
the Spline interpolation method was used instead of Kriging because the sampling grid
for both flooded and control samples was highly irregular due to the terrain configuration.
Although the spline interpolation method has extrapolation constraints, especially when
predicting anomalies outside the sampling perimeter, it was estimated that these constraints
are limited by using barriers (Bosna river alluvium).

For each element, a total of six maps was created: bulk geochemistry for flooded and
control points, alongside the EF and CF for flooded and control data. Geochemical data
were mostly classified into four or five classes, based on the range of geochemical quantities
for each element, either using natural breaks (Jenks) classification methods or based on
maximum allowable concentrations for each element. Classification for the EF and CF
followed the methods described in [30,32].

3. Results and Discussion
3.1. Spatial Distribution of PTEs and Geochemical Factors

The physico-chemical characteristics of the analysed Fluvisols are presented in
Appendix A.2. Across all samples, pH values are neutral to slightly acidic, ranging from
about 6.8 to 7.5 in both flooded and control soils, with very similar means around 7.1–7.2.
Particle size distributions indicate sand-dominated textures, with sand contents roughly
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70%–90%, silt about 3%–20%, and gravel from 0% to 22%. Total carbon (TC) ranges from
about 1.7% to 5.5%, with average TC values of approximately 2.72% (flooded) and 2.71%
(control). Inorganic carbon (TIC) varies from near 0 up to about 2.2%, with averages of
0.47% (flooded) and 0.14% (control), and TOC, calculated as TC–TIC, ranges from roughly
0.8% to 4.0%, with averages of 2.25% in flooded and 2.57% in control soils.

The spatial distribution of PTEs and geochemical factors in the analysed soils is shown
in Appendices A.1, A.3 and A.4. Several elements (As, Cu, Ba, V, Cr, Ni, Zn, Co) exceed
the soil threshold values defined by the Official Gazette of the Federation of Bosnia and
Herzegovina [43]. Arsenic levels (Figure 2a) show a variable distribution in the study area.
Several zones with increased values, above 15 mg/kg [43], can be identified, particularly in
the northern part of the flooded site. Figure 2b shows that As is predominantly distributed
in the southern and southeastern parts of the control study area.

Arsenic concentrations exceeding threshold values in the Fluvisol soils of this study
indicate levels elevated above typical background values reported for many alluvial soils.
Natural As contents in uncontaminated soils are commonly around 5 mg/kg [44], so the
concentrations determined in this study are generally considered indicative of enrichment
or contamination rather than purely geogenic background. Elevated As associated with
floodplain and fluvial processes has been documented in several regions, where repeated
flooding, sediment deposition, and upstream mining or industrial activities lead to accumu-
lation of As in near-surface soils. In addition, the use of agrochemicals such as herbicides,
insecticides, and fungicides can contribute to elevated concentrations of As in soils [45].

According to [30], the enrichment factor (EF) is classified as minor across almost the
entire flooded study area (Figure 2c), whereas the control area shows a different distribu-
tion (Figure 2d). The northern part of the control study area is classified as showing no
enrichment, while the southern part shows minor enrichment (Figure 2d). The enrichment
pattern of As in the Fluvisols of the flooded study area suggests only limited anthropogenic
impact. Such minor enrichment implies that natural geochemical processes, including
parent material composition and flood-driven sediment deposition, likely play a domi-
nant role in controlling As levels, rather than intensive local pollution. Consequently, the
observed EF distribution supports the interpretation that the flooded Fluvisols are only
slightly affected by As enrichment and currently remain within a low-risk contamination
category. The contamination factor (CF) was mostly consistent with the EF, indicating that
soils in the flooded study area are low to moderately contaminated with arsenic (Figure 2e).
In the control area, the distribution is similar to that of the EF, and the classification is
comparable to the flooded area (Figure 2f).

The EF results in this study indicate that arsenic enrichment is generally minor rela-
tive to the local geogenic background, implying limited additional anthropogenic input;
however, this does not preclude environmental concern because absolute As concentrations
frequently exceed regulatory thresholds for soils. Elevated As concentrations suggest that
As in the study area should be treated as a parameter requiring targeted monitoring and
site-specific risk assessment.

The Cu and Zn levels showed extremely high concentrations (65 mg/kg for Cu,
150 mg/kg for Zn) according to [43], particularly in the western part of the flooded site
(Figures 3a and 4a).
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Figure 2. (a) Spatial distribution of As in flooded area; (b) spatial distribution of As in control area;
(c) enriched factor for As in flooded area; (d) enriched factor for As in control area; (e) contamination
factor for As in flooded area; (f) contamination factor for As in control area.
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Figure 3. (a) Spatial distribution of Cu in flooded area; (b) spatial distribution of Cu in control area;
(c) enriched factor for Cu in flooded area; (d) enriched factor for Cu in control area; (e) contamination
factor for Cu in flooded area; (f) contamination factor for Cu in control area.
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Figure 4. (a) Spatial distribution of Zn in flooded area; (b) spatial distribution of Zn in control area;
(c) enriched factor for Zn in flooded area; (d) enriched factor for Zn in control area; (e) contamination
factor for Zn in flooded area; (f) contamination factor for Zn in control area.

Figure 3b shows that Cu is predominantly distributed in the eastern part of the control
area. This distribution differs from that of As and may therefore indicate a different
source. Increased concentrations of Cu and Zn after the flooding event of the Bosna River
were reported by [46]. The authors indicated that potential sources of Cu and Zn include
industrial activities, such as the cellulose and paper factory in the Maglaj area.
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The enrichment factor (EF) is classified as minor across almost the entire flooded
study area (Figures 3c and 4c), while the control area shows a different distribution
(Figures 3d and 4d). The northern part of the control area is classified as minor enrich-
ment, whereas the south-west part shows no enrichment (Figures 3d and 4d). If the
EF value reaches 2, soil contamination is caused by human activities or anthropogenic
sources. In this study, the EF values for Cu and Zn ranged between 1 and 3, indicating that
the concentration of PTEs in the soil may have been caused by natural processes rather
than by anthropogenic activities. This is consistent with [2], who reported that, in many
floodplain Fluvisols, Cu and Zn remain predominantly bound to clay minerals, Fe/Mn
(hydr)oxides, and soil organic matter, which restricts their mobility and prevents strong
surface accumulation even under alternating redox conditions during flooding.

Minor EF values for Cu and Zn do not exclude anthropogenic input, but rather indicate
that such inputs are relatively low compared with the natural background signal. In many
floodplain and Fluvisol settings, diffuse anthropogenic sources such as Cu- and Zn-based
fungicides, manure, sewage sludge, and atmospheric deposition contribute additional Cu
and Zn, but at levels that still fall into the low–minor EF classes. Minor EF values for
Cu and Zn in the flooded Fluvisols therefore most likely reflect a combination of diffuse
anthropogenic inputs (e.g., agriculture and atmospheric deposition) superimposed on
a dominant geogenic background signal. This suggests that, although human activities
contribute to Cu and Zn accumulation in the topsoil, their impact remains relatively low
and does not lead to pronounced Cu and Zn enrichment across the flooded area.

The contamination factor (CF) was mostly consistent with the EF, indicating
that soils in the flooded study area are low to moderately contaminated with PTEs
(Figures 3e and 4e). In the control area, the distribution is similar to that of the EF, and the
classification is comparable to the flooded area (Figures 3f and 4f). A similar study [47] in
floodplain soils also reported low to moderate Cu and Zn contamination at sites influenced
primarily by diffuse anthropogenic inputs rather than intensive point-source pollution.

The Cr and Ni levels showed extremely high concentrations (80 mg/kg for Cr,
40 mg/kg for Ni) according to [43] for both sites (Figures 5a,b and 6a,b). Both analysed
PTEs exhibit an almost identical spatial distribution. These two elements predominantly
originate from geogenic sources. According to [48], Cr and Ni are genetically related to the
most frequent rock type in the wider area of Maglaj—ultramafic rocks.

The enrichment factors (EFs) for Cr and Ni are classified as minor across almost the
entire flooded study area (Figures 5c and 6c), while the control area shows a different
distribution (Figures 5d and 6d). The northern part of the control study area is classified
as no enrichment, whereas the south-west part shows minor enrichment. This pattern is
consistent with the ultramafic lithology of the terrain, where both Cr and Ni exhibit EF
values slightly above 1. Low enrichment factors (EF < 3) for Cr and Ni have also been
reported in Fluvisols of European floodplains and are attributed mainly to geogenic inputs
from alluvial parent material rather than strong anthropogenic pollution [2,49,50].

The contamination factors (CFs) were mostly consistent with the EFs, indicating that
soils in the flooded and control study areas are low to moderately contaminated with Cr
and Ni (Figures 5e,f and 6e,f). Contamination factors for Ni and Cr typically fall within
low to moderate contamination classes, with CF values commonly around 1–3 and only
exceeding 6 in strongly industrial or mining-impacted Fluvisols such as those reported
from Germany [51].
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Figure 5. (a) Spatial distribution of Cr in flooded area; (b) spatial distribution of Cr in control area;
(c) enriched factor for Cr in flooded area; (d) enriched factor for Cr in control area; (e) contamination
factor for Cr in flooded area; (f) contamination factor for Cr in control area.
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Figure 6. (a) Spatial distribution of Ni in flooded area; (b) spatial distribution of Ni in control area;
(c) enriched factor for Ni in flooded area; (d) enriched factor for Ni in control area; (e) contamination
factor for Ni in flooded area; (f) contamination factor for Ni in control area.

The Ba and V levels showed extremely high concentrations (80 mg/kg for Ba,
40 mg/kg for V) according to [43] at both sites (Figures 7a,b and 8a,b). According to [52],
the behaviour of Ba depends on its association with potassium in rocks and its frequent
occurrence in alkaline feldspars and biotites, which is consistent with our study area, un-
derlain by igneous rocks, mainly dacites. In addition, V behaves similarly to Ba, as this
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element also naturally occurs as a trace element in soils and sediments [53]. In our case,
V distribution can be linked to mafic igneous rocks (dolerites and gabbroperidotites) and
their geochemical characteristics. Therefore, the V concentrations can be related to the
parent material, indicating a predominantly geogenic origin.

Figure 7. (a) Spatial distribution of Ba in flooded area; (b) spatial distribution of Ba in control area;
(c) enriched factor for Ba in flooded area; (d) enriched factor for Ba in control area; (e) contamination
factor for Ba in flooded area; (f) contamination factor for Ba in control area.
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Figure 8. (a) Spatial distribution of V in flooded area; (b) spatial distribution of V in control area;
(c) enriched factor for V in flooded area; (d) enriched factor for V in control area; (e) contamination
factor for V in flooded area; (f) contamination factor for V in control area.

The enrichment factors (EFs) for Ba and V are classified as minor across almost the
entire flooded study area (Figures 7c and 8c), while the control area shows a different
distribution (Figures 7d and 8d). The southern part of the control study area is classified as
showing no enrichment, whereas the south-west part shows minor enrichment.
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The enrichment factors (EFs) of Ba and V in Fluvisols generally indicate minor en-
richment, strongly influenced by parent material, i.e., a predominantly geogenic source.
Zhou et al. [54] found EF values for V lower than 1.5, indicating that this element is mainly
derived from natural processes. In the case of Ba, higher EF values have been observed,
suggesting that it can originate from both geogenic sources and anthropogenic inputs, such
as emissions from power plants [55].

The contamination factor (CF) was mostly consistent with the EF, indicating that soils
in the flooded area are mainly moderately contaminated, while the control study area shows
low contamination with Ba (Figure 7e,f). Ba CF values mostly indicate low to moderate
contamination relative to local or guideline backgrounds. In a recent floodplain study
of the Štiavnica River, Ba was assessed together with Li, Sr, B and V, and contamination
factors based on soil guideline values showed moderate contamination by Ba (CF up to
about 2.6) [56]. The authors concluded that this contamination could originate mainly
from historical mining. In the case of V, there are some differences between CF and EF
distribution (Figure 8e,f). According to [57], lower values (close to 1) tend to reflect the
natural origin of the elements in the soil.

The Co levels showed extremely high concentrations (45 mg/kg) according to [43]
in the north-west part of the flooded area and the north-east part of the control area
(Figure 9a,b). The spatial distribution of Co is almost identical in both areas. Similar to
previously mentioned PTEs (Cr, Ni, Ba and V), Co is also dominantly geogenic in origin.
Cobalt can be inherited from upstream rocks and sediments, especially where the catchment
contains ultramafic rocks. In northern Croatia, the high concentrations of cobalt are also
controlled by bedrock lithology, with elevated values in Fluvisol soils developed on basic
and ultrabasic magmatic rocks [58].

The enrichment factor (EF) for Co is classified as minor across almost the entire flooded
study area (Figure 9c), while the control area displays a different distribution (Figure 9d).
The northern part of the control study area is classified as having no enrichment, whereas
the south-west part shows minor enrichment. This pattern is consistent with the ultramafic
lithology of the terrain, where Co exhibits EF values slightly above 1. Low enrichment
factors (EF < 3) for Co have also been reported in Fluvisols of the Mitrovica region, Republic
of Kosovo, and these appear to be largely related to the parent materials of the soils [59].

The contamination factor (CF) was mostly consistent with the EF, indicating that
soils in the flooded and control study areas are low to moderately contaminated with Co
(Figure 9e,f). Kanianska et al. [60] also found moderately contaminated Fluvisol soils of the
floodplain along the Štiavnica River in central Slovakia with Co.

In this study, Ti-normalised enrichment factors (EFs) were used as a first-order indica-
tor of possible anthropogenic enrichment relative to the local Fluvisol background. Minor
EF values (1–3) for most elements indicate that the Bosna River Fluvisols show only slight
enrichment compared to control soils; however, interpreting such values in floodplain
environments requires caution. EF values between 1 and 3 do not necessarily confirm
purely geogenic origins, as they often reflect mixed signals where diffuse anthropogenic
inputs including agricultural runoff, atmospheric deposition, and upstream industrial
discharges are superimposed on a dominant natural background. Source interpretation
therefore relies on the EF in combination with contamination factors, spatial patterns,
detailed geological information, and multivariate statistics. The classification of Cr, Ni,
Ba, V and Co as predominantly geogenic is supported not only by their generally low
to minor EF values but also by their close spatial association with ultramafic and mafic
rocks and their clustering with lithogenic elements. Similarly, the inference that Cu, Zn,
Pb and Cd have an anthropogenic component is based on slightly elevated EF/CF values,
spatial proximity to industrial and agricultural areas, and their joint clustering pattern,
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rather than on the EF alone. Nonetheless, some uncertainty remains, and future work
integrating sequential extraction, pore-water data, and temporal monitoring after flood
events would help to better constrain the relationship between the EF, metal speciation,
and actual environmental risk.

Figure 9. (a) Spatial distribution of Co in flooded area; (b) spatial distribution of Co in control area;
(c) enriched factor for Co in flooded area; (d) enriched factor for Co in control area; (e) contamination
factor for Co in flooded area; (f) contamination factor for Co in control area.
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The EF–CF patterns, together with correlation and cluster analysis, demonstrate that
Cr, Ni, Co, Ba and V are elevated but behave consistently with ultramafic and mafic parent
rocks, confirming a predominantly geogenic source rather than industrial contamination.
In contrast, Cu, Zn, Pb and Cd form coherent spatial clusters, share positive correlations,
and show EF values in the minor range, indicating diffuse anthropogenic inputs (industry,
agriculture, atmospheric deposition) superimposed on a strong natural background rather
than intense point-source pollution. Overall, comparison of flooded and control sites
indicates that the flood did not produce a systematic increase in bulk metal concentrations in
Fluvisols; instead, flooded sites exhibit enhanced spatial heterogeneity and subtly modified
geochemical associations, likely through local erosion–deposition and changes in carbonate-
and Fe-oxide-related binding.

3.2. Correlation and Multivariate Statistical Analyses

Average values, standard deviations, and coefficients of variation (Cv) are presented
in Appendix A.7. It is clear that for most parameters, average values are very similar.
Larger differences are observed for TIC and Ca. When examining standard deviations,
more parameters show differences between flooded and control samples, which are more
pronounced for Cu, Pb, Zn, Mn, Ba, TIC, TS, Ca, and Mg. In general, this corresponds
to the Cv values, with the highest Cv values for gravel, TIC, and TS in flooded samples,
and for TIC and Ca in control samples. Higher Cv values for gravel can be expected after
flooding. It has been shown that flooding can influence soil texture [61], and that during
large floods, suspended sediment quickly becomes saturated, suppressing turbulence
and causing rapid, intense deposition of fine gravel and sand [62]. Additionally, it must
be emphasised that loss of soil carbon as a consequence of short-duration floods may
adversely affect the ecosystem condition of lowland river floodplains [63]. Furthermore,
ref. [2] reported that flooding in Fluvisols reduced organic matter content and altered soil
chemistry through acidification, redox changes, and washing out of organic fractions. In
our study, total inorganic carbon (TIC) relates to available nutrients such as Ca, Na, Mg,
and K. This is consistent with [2], which showed that in flooded Fluvisols, total inorganic
carbon is biogeochemically linked to base cations such as Ca, Mg, K, and Na because
flooding alters pH, redox conditions, mineral dissolution, and solute transport, which in
turn affects carbonate behaviour and cation availability.

Correlation matrices are presented in Appendix A Tables A5 and A6. It is clear that
flooded samples show more statistically significant results, which suggests that flooding
had influence on the observed variables.

Some research has shown that pH can be critical for PTE mobility [64,65]. However,
the results in this research do not suggest that, as evidenced by correlation and multivariate
analysis (Appendices A.5 and A.6). The only exception is negative correlation between pH
and As in the control samples. It has been shown that As concentrations, its distribution
and availability, can depend on different factors, from clay content, presence of carbonates,
and organic matter to redox condition and pH [66], while some research showed that
the influence of soil pH and redox conditions on As bioavailability and bioaccessibility
should be investigated in more detail in future research [67]. Other research found that pH
influence on As availability is higher with respect to the OM in the dryland, but less in the
paddy fields [68]. Additionally, it was found that soil organic carbon and total concentration
present dominant drivers of metal mobility, with soil pH positively correlated with the
mobile As fraction. Furthermore, it was shown that low to moderate organic carbon (<2%)
and slightly acidic pH can reduce As mobility, which is especially pronounced in the
clay-rich soils [69]. This is consistent with the results of this research, i.e., elevated As
concentrations, in soils without clay, neutral pH and organic content higher than 2% in
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most of the cases for both flooded and control samples. These results are in line with the
spatial distribution and geochemical factors, which implies that the observed As behaviour
is largely controlled by its geogenic origin, whereby weathering of As-bearing minerals
supplies arsenic that is subsequently redistributed through pH and complexation with soil
organic matter, and redox-driven transformations between As(III) and As(V) that jointly
regulate its mobility and availability in Fluvisol soils. In contrast, elevated OM values in
soils increase the immobility of metals, as evidenced by a positive correlation between
TOC values and several PTEs. It should be emphasised that in the flooded samples, a
statistically significant positive correlation between pH and Ba was observed. Ba in soil
generally shows a positive correlation with soil pH, meaning that as soil pH increases, the
concentration of bioavailable barium tends to increase. Although the difference is small, a
slightly higher average pH has been recorded in the flooded samples, which is consistent
with the correlation analysis. Correlation analysis of soil texture variables did not reveal
many statistically significant correlations in either data set. In the flooded samples, silt was
positively correlated with As, while sand was negatively correlated with Cu, Zn, and Cd;
this negative correlation was also evident between gravel and Zn. In the control samples,
only gravel was negatively correlated with As. Additionally, in the flooded samples, sand
was negatively correlated with TC, TIC, and TOC, although the correlation with TIC was
not statistically significant. In contrast, in the flooded samples, gravel was positively
correlated with TC, TIC, and TOC (not statistically significant), and negatively correlated
with pH. In the control samples, a different correlation of gravel with TOC and pH was
observed: gravel was negatively correlated with TOC and positively correlated with pH.
Although it has been shown that organic matter can be influenced by soil texture [70,71],
these results also suggest that flood-affected sites display different relationships between
gravel, TOC, and pH compared to control sites.

It is clear that PTEs such as Mo, Cu, Pb, Fe, Zn, As, Cd, and Ba are negatively correlated
with Na in the flooded samples, a pattern that is less pronounced in the control samples,
except for Cu, Pb, and Li. This suggests that flooding influenced the concentrations of
PTEs. It has been shown that cations can compete with heavy metal ions for adsorption
sites [72], which ultimately promotes the desorption of heavy metal ions from the soil
and increases their soluble activity [73]. Some research has shown that increasing salinity
can enhance the migration rates of Cd, Mn, Cu, and Pb in sediments [74]. It is known
that sodium concentration regulates the mobility of PTEs, and their correlation is usually
positive. Additionally, some studies suggest that siderite, which is usually associated with
trace elements such as Ni, Mn, Co, Pb, and Zn, can release various heavy metals during
weathering. In alluvial soils, these elements can precipitate and accumulate under anoxic
conditions [57].

Cu, Pb and Zn are mutually positively correlated in both sets, suggesting a common
origin, probably natural, with possible minor anthropogenic influence indicated by slightly
elevated EFs. Additionally, they all are positively correlated with Mo in the flooded
samples. Van et al. [75] noted that recent research indicates Zn contamination can result
from excessive use of Zn-based fertilisers and industrial activities. Tang et al. [76] showed
that coal production can be the most important source of Cd, Zn and Cu, while [77]
stated that anthropogenic sources of Cd in soils are related to the direct input of waste
material from mining, industry and agriculture. However, cluster analysis results indicate
differences between the two sets of samples (Figure 10). Cluster analysis defined five
and six clusters for flooded and control samples, respectively, which is consistent with
the number of extracted factors. It should be emphasised that factor analysis for flooded
samples explained 77.17% of the total variance, while in control samples it explained
94.06%. In many cases, the results of both multivariate analyses coincide. However, factor
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analysis highlights relationships that are more relevant and should be the focus of data
interpretation. In the flooded samples, Cu, Pb and Zn belong to the same cluster, together
with Cd and Mo (which is generally consistent with their mutual positive correlation), while
in the dendrogram for the control samples, they belong to different clusters (Figure 11).
This is also partially consistent with the factor analysis for flooded samples, where Pb, Zn
and Cd belong to the same factor, together with Na. In contrast, in control samples, Cu
belongs to the first factor together with Fe, Cd, V and Al, while Zn shows significant loading
in factor 4 (Figures 12 and 13, Appendices A.8–A.11). This suggests that flood-affected
sites display modified associations of Cu, Pb and Zn compared to control sites, which is
consistent with the observed differences in their spatial distribution between flooded and
unflooded areas. In factor analysis of control samples, Mo and Pb do not show significant
loading in any factor. This is not consistent with the cluster analysis results, where Pb is
grouped with lithogenic elements such as Li, Ba, Zr and Mo. The reason for the grouping
of Pb in cluster analysis is probably related to a geogenic or natural source in soils, where
the parent material is ultramafic rocks. This aligns with the research of [78], where Pb
is reported as part of natural geochemical associations rather than purely anthropogenic
contamination, depending on local lithology and weathering regime. In cluster analysis
of the control samples, Cu is grouped with V, Al, Fe, Mn, Cd and sand, which implies it
may covary with Fe and Mn due to adsorption onto oxide phases, and with Al or V when
controlled by lithology and fine particles, while co-variation with Cd can occur but often
reflects mixed natural and anthropogenic inputs. This is consistent in some part with the
results of the factor analysis where Cu belongs to the same factor as Fe, Cd, V and Al.

Figure 10. Dendrogram for flooded samples. Red line represents a cut-off line for cluster identification.
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Figure 11. Dendrogram for control samples. Red line represents a cut-off line for cluster identification.

Figure 12. Factor loadings in flooded samples. Stippled red line presents an area with factor loadings
greater than 0.7 in magnitude.
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Figure 13. Factor loadings in control samples. Stippled red line presents an area with factor loadings
greater than 0.7 in magnitude.

In the cluster analysis of control samples, Zn is grouped with Ca and TIC, which can
be explained geogenically, which corresponds to the results of the factor analysis where Zn
is grouped with Ba, TIC and Ca in factor 4. Increasing pH and carbonate content reduces
Zn solubility and favours Zn retention in the solid phase, making Zn appear more closely
linked to Ca-bearing inorganic carbon fractions.

Additionally, ref. [77] stated that Cd leaching from various contamination sources
can occur when Cd release is promoted by replacement, formation of soluble complexes,
acidification, or oxidation, which can happen during flooding and may explain differences
in the spatial distribution of Cd concentrations before and after flooding (Appendix A.1).
Furthermore, the positive, though weak, correlation between Cd and Ca in flooded sam-
ples supports this interpretation, as Cd can replace Ca during mineral formation and
co-precipitation. This correlation is not observed in the control samples. It is notable that
Cd in flooded samples does not show the same positive correlation with Mn and Fe as seen
in control samples, which is the opposite of the correlation between Cd and Zn. This is
inconsistent with research indicating that both Mn and Zn play crucial roles in suppressing
Cd accumulation in both acidic and alkaline soils [79]. However, the statistically significant
positive correlation between Cd and Fe in control samples, along with lower concentrations,
may indicate binding of Fe oxides to Cd, which may have acted as an immobilisation mech-
anism, resulting in lower solubility and mobility of Cd before flooding. This is consistent
with the cluster analysis, where Cd was grouped with Fe before flooding. In contrast,
factor analysis of flooded samples suggests grouping of Cd with Na, which requires further
investigation in future research.

Potassium is negatively correlated with Ni, Co, Cr, and Ba in flooded samples, while in
the control samples, a statistically significant negative correlation is observed only with Cr.
Some studies have shown that potassium fertilisation increases Cd and Pb concentrations
and reduces Cr and Fe concentrations in soil [80], while others have found that ultramafic
soils are characterised by high concentrations of Ni, Cr, and Co, which may be related to the
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rock chemistry, including a deficiency of plant-essential nutrients, especially potassium and
nitrogen [81]. Cluster analysis performed on control samples suggests grouping with pH,
Na, and gravel, while factor analysis does not indicate significant loading in any factors.
Both multivariate analyses generally coincide regarding the grouping of potassium in
flooded samples; in cluster analysis, it is grouped with As, silt, Zr, Al, and Li, while in
factor analysis, it belongs to factor 1 together with Zr, Li, Ca, Al, and Mg.

Magnesium is moderately to strongly positively correlated with Ni, Co, and Cr in
both sets of samples, suggesting that it plays a significant role in their behaviour. This also
indicates that their concentrations can naturally originate from ultramafic and serpentinite
rocks, which is consistent with the negative correlation with potassium. It has been shown
that high concentrations of Co, Cr, and Ni in serpentinite soil can be related to the high
content of ferromagnesian minerals in the rocks, in which Ni, Cr, and Co substitute for
Mg and Fe (Al) [82]. The influence of magnesium on Ni, Cr, and Co is also confirmed
through cluster analysis in both cases (Figures 10 and 11). However, it must be emphasised
that the process of pedogenesis can also generate different patterns of Ni, Cr, and Co
concentrations [83]. When inspecting the correlation between Ni, Cr, and Co, the correlation
values are positive. All these findings, together with EFs, confirm that the concentrations
of Ni, Cr (although elevated), and Co are predominantly of natural origin, while the spatial
patterns of their concentrations suggest that flooding did not have much influence on their
distribution. This is consistent with the results of cluster analysis, where Mg is grouped
with Ni, Co, and Cr. Factor analysis produced different results where Mg is grouped with
Ni, Co, Cr, and Zr in factor 3, while for flooded samples it belongs to factor 1, together with
other lithogenic elements.

Concentrations and their spatial distribution suggest that flooding had a minor influ-
ence on Ba and V concentrations. Although high, it is possible that most concentrations are
generally related to geogenic origin. In flooded samples, Ba has a positive correlation with
Pb, Zn, Mn, Fe, Cd, Cr, pH, Ca, and Mg, and a negative correlation with Zr, Li, Al, Na, and
K. In control samples, Ba only has statistically significant positive correlations with Mo and
Pb. Taking this into account, it is clear that flooding influenced Ba concentrations. This is
consistent with the cluster analysis, where in control samples Ba is grouped with Mo, Zr, Pb,
and Li, while in flooded samples Ba is clustered with Ca, then gravel, carbon, and sulphides.
Factor analysis performed on the flooded samples does not suggest any significant loading,
while in control samples it is grouped in factor 4 together with Zn, TIC, and Ca. Previous
research showed that calcium carbonate, cation exchange capacity, and pH can be the most
important soil properties influencing the transfer of Ba into groundwater [84,85]. It was
also found that in the aquatic environment Ba is prone to precipitate as insoluble salts such
as BaSO4 and BaCO3 [86].

Vanadium is positively correlated with Cu, Pb, Fe, Cd, Li, and Al in control samples,
with no significant negative correlation parameters. In contrast, in the flooded samples, it
is positively correlated with Co, Fe, Zr, and Al, and negatively correlated with Cd and TIC.
This suggests that, in most cases, V concentrations are related to Fe and Al concentrations,
which is largely consistent with the results of the cluster and factor analyses, where V is in
the same cluster and factor as Fe and Al in control samples, and with Fe in flooded samples.
It has been shown that microbial Fe(III) reduction can be a very important factor related to
V(V) release and reduction [87], while [88] found that Fe-Mn-modified biochar can achieve
significantly higher passivation effects and reduce the bioavailability of Ti, V, and As.
Additionally, it is known that V behaviour in soil is usually linked with soil organic matter
and aluminium and iron oxides [89]. After flooding, it is possible that Al is linked with
Fe and Mn due to redox-driven dissolution and reprecipitation of Fe/Mn oxides, which
reorganised the reactive soil matrix. These same fine particles and oxide redistribution
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promoted co-association of Al with Li and, to a lesser extent, K, which primarily reflected
the inherited aluminosilicate fraction [90].

Our data indicate that the flood primarily modified the mobility and spatial distribu-
tion of selected PTEs rather than causing uniformly higher contamination levels. In flooded
Fluvisols, negative correlations between Na and Zn, As and Cd, the distinct clustering
of Cu, Pb, and Zn with Cd and Mo, and the differences in Cd–Fe associations relative to
control soils collectively suggest that flooding enhanced the redistribution and, for some
elements, the mobility of metals such as Zn, As and Cd. At the same time, the predomi-
nance of low to moderate EF and CF classes and the continued importance of carbonate
and organic matter controls (e.g., Zn association with Ca–TIC and positive correlations
between TOC and several PTEs) imply that geogenic background, carbonate buffering and
organic complexation still exert strong constraints on metal bioavailability in the Bosna
River Fluvisols.

4. Conclusions
This study demonstrates that Bosna River Fluvisols are generally slightly to moderately

contaminated by potentially toxic elements (PTEs), with most elements exceeding guideline
values only in limited areas and EF/CF values predominantly in low classes. This indicates
that natural lithology and soil properties exert a strong influence, rather than widespread
severe pollution. Elements such as Cr, Ni, Co, Ba, and V are elevated but display patterns
consistent with ultramafic and mafic parent rocks, as evidenced by positive correlations
with Mg and Fe, low EF values, and stable spatial distributions between flooded and control
sites, confirming their predominantly geogenic origin.

Overall, the combined EF–CF patterns, spatial distributions, and multivariate statistics
indicate that sites affected by the flood display primarily featured altered spatial distri-
bution and associations of PTEs compared to control sites, rather than representing a
uniformly more contaminated system. Arsenic, Cu, Zn, Pb, and Cd require targeted moni-
toring due to their elevated concentrations and flood-sensitive behaviour. The integrated
use of Ti-normalised EF referenced to local Fluvisol background, GIS mapping, and com-
parative flooded-versus-control multivariate analysis provides a robust and transferable
framework for post-flood source apportionment and risk assessment in other alluvial plains
with naturally high metal contents.

Future research should incorporate time-series sampling (pre- and post-flood), sedi-
ment core stratigraphy, and hydrodynamic sediment transport modelling to better constrain
how extreme floods govern the vertical and lateral redistribution, phase partitioning, and
bioavailability of PTEs in Fluvisols.
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Abbreviations
The following abbreviations are used in this manuscript:

PTE Potentially toxic element
EF Enrichment factor
CF Contamination factors
TC Total carbon
TIC Total inorganic carbon
TOC Total organic carbon
TS Total sulfur

Appendix A
Appendix A.1

Table A1. Total concentration of elements. All elements are expressed in mg/kg, except Ca, K, Na,
Mg, Al and Fe, which are expressed in %.

Sample Mo Cu Pb Zn Ni Co Mn Fe As Cd V Cr Ba Zr Li Ca Al Mg Na K

1 0.64 34.80 50.89 145.90 310.40 31.00 1156.00 3.64 14.00 0.37 79.00 585.00 468.00 40.10 29.40 5.61 4.24 3.58 0.76 0.90
2 0.59 35.90 47.34 129.80 348.10 33.40 1219.00 4.03 13.00 0.23 91.00 607.00 514.00 43.80 32.40 3.76 4.59 3.78 0.80 0.98
3 0.39 41.40 68.24 117.30 215.00 25.40 1289.00 3.60 22.70 0.43 85.00 411.00 496.00 56.50 40.00 2.01 5.29 1.99 0.83 1.24
4 0.50 48.20 50.57 134.80 504.50 49.70 1439.00 4.39 18.70 0.40 91.00 766.00 451.00 48.10 34.60 2.05 5.36 3.42 0.74 1.04
5 0.75 39.70 52.32 148.40 265.50 30.40 1347.00 4.10 15.70 0.40 90.00 457.00 531.00 46.30 35.40 3.56 5.04 3.03 0.76 1.18
6 0.35 40.80 43.48 96.50 214.20 26.50 1226.00 3.46 20.00 0.39 82.00 385.00 357.00 46.60 36.40 1.90 4.98 1.97 0.81 1.17
7 0.35 32.90 32.30 82.60 173.40 19.00 773.00 3.13 12.80 0.12 87.00 356.00 284.00 55.10 42.40 0.76 5.42 1.37 0.92 1.21
8 0.64 37.80 43.53 122.10 452.60 42.60 1298.00 4.62 11.50 0.28 95.00 954.00 593.00 42.50 26.30 3.85 4.36 4.98 0.71 0.89
9 0.46 48.00 40.80 113.50 199.30 24.30 1111.00 3.52 18.20 0.40 85.00 357.00 372.00 48.30 37.60 1.33 5.40 1.54 0.83 1.32

10 * 0.94 57.20 33.10 93.20 103.50 21.90 1488.00 3.79 15.00 0.15 106.00 154.00 326.00 86.10 58.90 0.37 6.60 0.98 0.64 1.80
11 0.81 64.80 55.51 159.20 211.00 27.60 1531.00 3.90 21.50 0.46 96.00 284.00 407.00 60.80 54.90 2.36 5.95 1.69 0.76 1.46
12 0.15 33.20 14.60 59.00 368.70 41.00 1223.00 3.65 8.50 0.10 96.00 597.00 167.00 59.30 31.90 2.23 5.32 3.47 1.44 1.17

13 * 0.47 50.10 30.62 97.70 387.20 42.90 1761.00 4.29 16.10 0.27 105.00 595.00 266.00 60.30 44.40 1.06 5.96 2.78 1.12 1.28
14 0.84 70.70 62.71 149.60 284.20 30.60 1351.00 4.43 15.50 0.54 89.00 524.00 690.00 46.20 30.70 3.68 4.86 3.24 0.75 1.14
15 0.48 48.00 38.90 108.60 233.60 24.80 988.00 3.84 17.20 0.27 95.00 438.00 319.00 59.80 40.10 1.10 5.86 1.44 0.86 1.35
16 0.52 46.00 44.41 130.40 268.40 31.30 1317.00 4.34 15.90 0.25 98.00 490.00 514.00 55.20 33.90 3.71 5.24 3.15 0.80 1.23
17 0.57 37.00 41.83 130.00 350.10 32.60 1264.00 4.22 12.60 0.31 88.00 691.00 600.00 38.40 26.90 4.70 4.33 3.95 0.71 0.93

18 * 0.48 48.40 34.10 87.80 176.60 22.70 962.00 3.71 20.50 0.17 101.00 285.00 283.00 69.10 64.60 0.45 6.08 0.96 0.62 1.28
19 0.39 43.50 43.01 108.90 203.60 26.00 1162.00 3.68 17.20 0.21 97.00 353.00 384.00 62.70 41.80 1.72 5.74 1.87 0.93 1.23
20 0.66 37.10 46.98 147.50 315.40 32.80 1277.00 4.34 13.60 0.31 94.00 578.00 548.00 43.30 29.40 4.05 4.61 3.65 0.78 1.03
21 0.52 41.80 42.92 112.00 351.40 34.60 1428.00 3.94 15.50 0.27 89.00 664.00 537.00 46.40 29.80 3.20 4.64 3.51 0.79 1.01
22 0.50 42.90 38.37 108.70 246.90 28.40 1270.00 3.93 16.70 0.28 89.00 433.00 407.00 52.80 37.30 2.38 5.38 2.10 0.79 1.30

23 * 0.22 34.60 23.04 68.60 226.20 27.30 1253.00 3.29 7.40 0.17 85.00 364.00 246.00 61.70 34.20 0.57 5.76 1.64 1.48 1.57
24 0.38 32.20 30.21 76.10 222.50 27.10 1046.00 3.09 8.40 0.19 79.00 370.00 316.00 53.70 34.60 1.04 5.57 1.78 1.47 1.46
25 0.40 46.50 28.79 89.70 284.90 34.40 1537.00 4.24 17.60 0.22 101.00 467.00 303.00 60.20 36.50 0.73 5.91 1.48 0.90 1.38
26 0.41 47.90 28.93 87.80 364.60 36.40 1425.00 4.44 18.40 0.19 101.00 464.00 261.00 55.70 37.90 0.80 5.98 1.59 0.83 1.38
27 0.40 41.20 43.92 109.30 221.60 29.80 1274.00 3.39 18.30 0.34 78.00 378.00 368.00 48.70 35.90 1.98 5.13 1.75 0.76 1.20
28 0.50 41.00 43.01 110.80 246.00 28.70 1173.00 3.56 16.50 0.29 80.00 409.00 327.00 56.90 30.60 1.85 5.15 1.96 0.77 1.19

29 * 0.29 47.10 27.67 96.00 287.00 32.10 1318.00 3.86 16.50 0.22 92.00 482.00 250.00 58.70 39.70 1.44 5.75 1.94 0.87 1.25
30 * 0.34 37.20 26.97 77.20 195.80 23.50 860.00 3.13 10.40 0.18 87.00 445.00 260.00 68.50 40.70 0.51 5.26 1.02 0.98 1.24
31 0.47 39.50 24.81 77.90 238.50 33.20 1207.00 3.81 27.90 0.04 99.00 484.00 218.00 64.60 37.20 0.47 5.33 1.25 0.89 1.15

32 * 0.45 43.00 28.31 81.50 301.10 31.20 937.00 3.92 27.80 0.09 93.00 452.00 241.00 67.30 38.50 0.76 5.60 1.51 0.85 0.99
33 0.21 47.30 25.55 102.50 320.60 34.90 993.00 3.52 10.50 0.16 93.00 492.00 261.00 60.00 39.30 1.19 5.54 1.85 1.06 1.36
34 1.58 108.60 55.22 144.80 253.90 27.30 1140.00 3.79 16.40 0.48 77.00 455.00 319.00 46.20 32.20 2.58 4.82 1.56 0.73 1.02
35 0.55 53.70 38.21 152.20 411.50 35.70 1441.00 4.73 21.40 0.22 105.00 508.00 435.00 57.80 35.40 1.51 6.07 2.15 0.72 1.33
36 0.46 45.60 63.34 161.50 268.70 30.40 1364.00 4.00 16.90 0.28 85.00 486.00 610.00 49.70 32.30 3.44 5.01 2.75 0.73 1.20
37 0.95 75.30 66.96 224.70 277.90 29.80 1078.00 4.24 22.60 0.43 102.00 294.00 337.00 61.80 49.50 1.45 5.88 1.68 0.60 1.21
38 0.50 38.70 38.59 94.10 198.20 24.80 1084.00 3.39 18.70 0.26 85.00 314.00 345.00 48.80 38.00 2.03 5.03 1.63 0.81 1.27
39 0.48 54.20 38.11 113.40 219.70 30.30 1303.00 3.80 19.40 0.32 98.00 328.00 363.00 61.10 42.50 0.82 5.73 1.22 0.85 1.35
40 0.54 48.90 48.99 127.50 275.70 32.10 1370.00 3.89 19.00 0.39 89.00 348.00 381.00 55.20 38.20 2.23 5.70 2.07 0.76 1.34

41 * 0.21 51.00 24.68 87.30 317.00 36.70 1507.00 4.00 16.00 0.25 99.00 408.00 219.00 60.70 47.00 0.80 5.93 1.85 0.96 1.52
42 * 0.40 55.30 30.65 93.90 258.40 32.40 1335.00 4.40 16.60 0.40 117.00 339.00 256.00 72.00 52.10 0.75 6.57 1.63 0.92 1.45
43 * 0.39 54.00 30.55 96.80 250.00 32.40 1305.00 4.35 16.40 0.30 112.00 363.00 249.00 71.30 53.10 0.74 6.38 1.57 0.85 1.40
44 0.44 52.40 30.05 137.10 290.30 32.90 830.00 3.63 12.10 0.16 95.00 459.00 312.00 64.50 50.90 2.63 5.63 2.12 0.90 1.45
45 0.48 45.30 56.43 109.70 230.10 27.10 1246.00 3.57 24.30 0.39 87.00 305.00 360.00 47.90 41.30 2.33 5.45 1.93 0.76 1.34

Flooded Mo Cu Pb Zn Ni Co Mn Fe As Cd V Cr Ba Zr Li Ca Al Mg Na K

Average 0.54 46.78 43.82 120.20 280.90 31.00 1245.59 3.89 16.97 0.30 90.44 471.53 407.15 52.37 36.25 2.31 5.26 2.36 0.84 1.20
Stdev 0.25 14.69 12.29 31.48 76.84 5.79 162.76 0.41 4.29 0.11 7.50 145.76 122.35 7.15 5.96 1.26 0.50 0.97 0.18 0.16

CV 0.45 0.31 0.28 0.26 0.27 0.19 0.13 0.11 0.25 0.38 0.08 0.31 0.30 0.14 0.16 0.55 0.10 0.41 0.21 0.13

Control Mo Cu Pb Zn Ni Co Mn Fe As Cd V Cr Ba Zr Li Ca Al Mg Na K

Average 0.42 48.21 29.07 92.46 253.92 30.55 1232.36 3.85 15.89 0.21 99.27 395.09 264.36 67.29 47.65 0.92 5.96 1.64 0.93 1.38
Stdev 0.20 7.27 3.35 17.39 76.92 6.34 300.78 0.41 5.31 0.09 10.11 115.28 31.45 7.76 9.28 0.64 0.42 0.54 0.23 0.21

CV 0.47 0.15 0.12 0.19 0.30 0.21 0.24 0.11 0.33 0.40 0.10 0.29 0.12 0.12 0.19 0.70 0.07 0.33 0.25 0.15

* Control samples.

https://doi.org/10.3390/min16050524

https://doi.org/10.3390/min16050524


Minerals 2026, 16, 524 27 of 37

Appendix A.2

Table A2. Soil physical and chemical parameters. Units are expressed in %.

Sample Silt Sand Gravel pH TC TIC TOC TS

1 9.36 69.09 21.55 7.07 4.49 2.17 2.31 0.00
2 8.54 88.19 3.27 7.03 2.69 0.74 1.95 0.00
3 9.66 88.57 1.77 7.15 2.53 0.64 1.89 0.00
4 15.28 73.42 11.30 6.78 5.22 1.75 3.47 0.00
5 9.14 89.53 1.33 7.46 2.59 0.91 1.68 0.03
6 8.21 90.52 1.28 7.18 2.06 0.14 1.92 0.00
7 9.17 89.91 0.92 7.14 1.07 0.04 1.04 0.00
8 6.01 91.59 2.40 6.97 3.63 0.21 3.42 0.05
9 9.58 88.81 1.61 7.05 0.41 0.00 0.41 0.00

10 * 8.71 84.77 6.53 7.24 1.04 0 1.04 0.02
11 8.27 76.51 15.22 7.06 1.18 0.00 1.18 0.02
12 8.81 90.65 0.55 7.08 1.56 0.29 1.27 0.00

13 * 9.12 82.35 8.54 7.45 1.86 0 1.86 0.02
14 8.87 90.41 0.72 7.74 2.50 0.00 2.50 0.04
15 3.17 88.36 8.47 7.24 2.53 0.15 2.38 0.03
16 8.77 89.04 2.19 7.61 3.19 0.46 2.73 0.04
17 9.48 89.84 0.69 7.37 2.26 0.16 2.10 0.03

18 * 19 77.04 3.96 7.12 3.06 0 3.06 0.05
19 9.00 88.26 2.74 7.06 2.86 0.10 2.76 0.04
20 8.18 89.94 1.88 7.31 2.48 0.99 1.48 0.04
21 6.52 92.64 0.84 7.11 3.72 1.10 2.61 0.05
22 7.44 87.94 4.62 7.24 3.05 0.88 2.17 0.03

23 * 15.33 72.49 12.18 7.45 1.89 0 1.89 0.02
24 9.52 83.27 7.21 7.15 2.47 0.62 1.85 0.02
25 9.66 88.91 1.43 7.04 2.60 0.44 2.16 0.02
26 5.37 91.70 2.93 7.20 2.23 0.01 2.22 0.03
27 9.70 83.28 7.03 7.24 3.33 0.57 2.76 0.04
28 9.07 84.85 6.08 7.11 3.14 0.39 2.76 0.04

29 * 9.24 80.96 9.8 6.98 2.47 0 2.47 0.03
30 * 6.88 89.09 4.03 6.95 2.44 0 2.44 0.03
31 12.22 86.60 1.18 7.02 2.19 0.00 2.19 0.03

32 * 16.23 81.67 2.1 6.63 3.58 0 3.58 0.05
33 8.31 80.91 10.78 6.44 2.29 0.00 2.29 0.03
34 12.09 77.85 10.06 7.18 3.85 0.33 3.52 0.04
35 9.07 81.35 9.58 7.24 2.70 0.00 2.70 0.06
36 6.21 89.03 4.76 6.91 3.03 0.62 2.41 0.05
37 15.32 77.16 7.52 6.58 3.74 0.18 3.56 0.05
38 9.17 89.79 1.04 7.10 2.68 1.16 1.52 0.03
39 17.13 79.90 2.97 7.34 2.22 0.01 2.21 0.03
40 13.53 82.73 3.75 7.19 2.31 0.11 2.20 0.03

41 * 10.31 85.53 4.16 7.24 2.98 0 2.98 0.04
42 * 13.9 83.43 2.67 7.06 4.45 0.74 3.72 0.05
43 * 8.95 84.96 6.09 6.92 2.56 0 2.56 0.03
44 * 9.55 81.99 8.46 7.13 3.48 0.82 2.66 0.05
45 14.39 80.89 4.72 7.45 3.51 0.67 2.83 0.04

Flooded Silt Sand Gravel pH TC TIC TOC TS

Average 9.54 85.63 4.84 7.14 2.72 0.47 2.25 0.03
Stdev 2.93 5.81 4.77 0.25 0.94 0.52 0.72 0.02

Cv 0.31 0.07 0.99 0.03 0.35 1.12 0.32 0.64

Control Silt Sand Gravel pH TC TIC TOC TS

Average 11.56 82.21 6.23 7.11 2.71 0.14 2.57 0.04
Stdev 3.88 4.44 3.20 0.24 0.94 0.32 0.78 0.01

Cv 0.34 0.05 0.51 0.03 0.35 2.23 0.30 0.33

* Control samples.
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Appendix A.3

Table A3. Enrichment factors (EFs) of selected elements.

Sample Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

1 2.16 0.87 1.24 2.48 2.49 1.02 2.09 1.73 2.24 1.41 2.50 1.13
2 1.77 0.86 1.02 2.06 1.38 0.94 1.94 1.73 1.78 1.36 2.45 1.16
3 1.10 0.99 1.67 2.77 2.42 1.02 1.23 1.00 1.50 0.96 2.21 1.01
4 1.49 0.90 1.46 2.17 2.38 1.25 2.42 2.47 1.82 2.00 2.13 1.14
5 2.18 0.90 1.19 2.19 2.32 1.01 1.41 1.27 1.96 1.19 2.45 1.11
6 1.04 0.95 1.55 1.86 2.31 1.06 1.21 1.05 1.30 1.06 1.68 1.03
7 0.92 0.98 0.88 1.23 0.63 0.76 0.99 0.75 0.99 0.68 1.19 0.97
8 1.94 0.70 0.91 1.90 1.69 1.00 3.06 2.26 1.68 1.74 2.85 1.22
9 1.30 0.93 1.35 1.67 2.26 1.18 1.07 0.93 1.46 0.93 1.67 1.02

10 * 2.17 1.20 0.91 1.10 0.69 1.15 0.38 0.39 0.98 0.68 1.19 1.04
11 2.11 1.26 1.46 2.09 2.39 1.47 0.78 0.91 1.89 0.97 1.68 1.06
12 0.42 0.79 0.63 0.59 0.56 0.82 1.79 1.71 0.76 1.56 0.75 1.15

13 * 1.08 0.90 0.97 1.02 1.25 1.01 1.46 1.47 1.03 1.34 0.97 1.03
14 2.28 0.73 1.10 2.46 2.93 1.68 1.51 1.27 1.85 1.12 2.98 1.02
15 1.22 0.90 1.15 1.43 1.38 1.07 1.18 0.98 1.26 0.85 1.29 1.02
16 1.35 0.77 1.08 1.66 1.29 1.04 1.35 1.15 1.54 1.09 2.11 1.07
17 1.81 0.75 1.05 1.92 1.97 1.03 2.33 1.83 1.88 1.40 3.02 1.18

18 * 1.14 1.35 1.28 1.17 0.81 1.00 0.72 0.69 0.95 0.73 1.07 1.02
19 1.00 0.94 1.15 1.59 1.07 0.97 0.96 0.86 1.27 0.90 1.56 1.05
20 1.87 0.73 1.01 1.92 1.76 0.92 1.74 1.48 1.90 1.26 2.47 1.13
21 1.55 0.78 1.21 1.85 1.61 1.09 2.10 1.73 1.52 1.39 2.54 1.12
22 1.40 0.92 1.23 1.56 1.57 1.05 1.29 1.14 1.39 1.08 1.82 1.06

23 * 0.61 0.84 0.54 0.93 0.94 0.84 1.07 1.04 0.87 1.03 1.08 1.00
24 1.11 0.89 0.64 1.27 1.11 0.82 1.14 1.07 1.01 1.07 1.46 0.97
25 1.04 0.84 1.20 1.08 1.14 1.06 1.29 1.22 1.06 1.21 1.25 1.11
26 1.15 0.94 1.35 1.17 1.07 1.18 1.38 1.69 1.12 1.38 1.16 1.20
27 1.21 0.96 1.45 1.92 2.06 1.09 1.21 1.11 1.51 1.22 1.77 1.00
28 1.42 0.77 1.23 1.77 1.65 1.02 1.24 1.16 1.44 1.11 1.48 0.97

29 * 0.76 0.91 1.13 1.05 1.15 1.08 1.34 1.24 1.14 1.13 1.04 1.02
30 * 0.79 0.84 0.64 0.91 0.84 0.76 1.10 0.75 0.82 0.74 0.96 0.86
31 1.16 0.81 1.80 0.88 0.20 0.85 1.27 0.97 0.87 1.11 0.85 1.03

32 * 1.06 0.80 1.72 0.96 0.42 0.89 1.13 1.17 0.88 0.99 0.90 0.93
33 0.58 0.95 0.75 1.01 0.88 1.13 1.43 1.45 1.28 1.29 1.13 1.08
34 4.71 0.84 1.28 2.38 2.86 2.83 1.44 1.25 1.97 1.10 1.51 0.97
35 1.51 0.86 1.54 1.52 1.21 1.29 1.48 1.87 1.90 1.33 1.90 1.22
36 1.35 0.83 1.30 2.69 1.64 1.17 1.51 1.30 2.16 1.21 2.84 1.06
37 2.63 1.21 1.64 2.68 2.38 1.82 0.86 1.27 2.84 1.12 1.48 1.20
38 1.43 0.96 1.40 1.60 1.49 0.97 0.96 0.94 1.23 0.96 1.57 1.03
39 1.29 1.00 1.37 1.48 1.72 1.27 0.94 0.97 1.39 1.10 1.55 1.11
40 1.59 0.99 1.46 2.08 2.29 1.25 1.08 1.34 1.71 1.27 1.78 1.11

41 * 0.56 1.10 1.11 0.95 1.33 1.18 1.15 1.39 1.06 1.32 0.92 1.11
42 * 0.82 0.93 0.89 0.90 1.63 0.98 0.73 0.87 0.87 0.89 0.83 1.01
43 * 0.82 0.98 0.90 0.93 1.26 0.99 0.81 0.87 0.93 0.92 0.83 1.00
44 * 1.13 1.15 0.82 1.12 0.82 1.18 1.25 1.23 1.61 1.14 1.27 1.04
45 1.50 1.13 1.99 2.55 2.44 1.24 1.01 1.19 1.56 1.14 1.78 1.15

Flooded Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

Average 1.55 0.90 1.26 1.81 1.72 1.16 1.43 1.32 1.56 1.19 1.85 1.08
Stdev 0.75 0.13 0.31 0.55 0.68 0.37 0.50 0.41 0.44 0.26 0.62 0.08

CV 0.48 0.14 0.24 0.30 0.39 0.32 0.35 0.31 0.28 0.22 0.33 0.07

Control Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

Average 0.99 1.00 0.99 1.00 1.01 1.01 1.01 1.01 1.01 0.99 1.01 1.00
Stdev 0.44 0.18 0.32 0.09 0.34 0.14 0.32 0.33 0.22 0.23 0.14 0.06

CV 0.44 0.18 0.32 0.09 0.34 0.14 0.31 0.32 0.22 0.23 0.14 0.06

* Control samples.
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Appendix A.4

Table A4. Contamination factor (CF) of selected elements.

Sample Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

1 1.52 0.61 0.88 1.75 1.76 0.73 1.48 1.22 1.59 1.00 1.77 0.80
2 1.40 0.68 0.81 1.63 1.10 0.75 1.54 1.37 1.41 1.08 1.95 0.92
3 0.93 0.83 1.42 2.35 2.05 0.86 1.04 0.85 1.28 0.82 1.88 0.86
4 1.19 0.72 1.17 1.74 1.90 1.00 1.94 1.99 1.47 1.60 1.71 0.92
5 1.79 0.74 0.98 1.80 1.90 0.83 1.16 1.05 1.61 0.98 2.01 0.91
6 0.83 0.76 1.25 1.50 1.86 0.85 0.97 0.84 1.05 0.85 1.35 0.83
7 0.83 0.88 0.80 1.11 0.57 0.69 0.90 0.68 0.90 0.61 1.08 0.88
8 1.52 0.55 0.72 1.50 1.33 0.79 2.42 1.78 1.33 1.37 2.25 0.96
9 1.10 0.78 1.14 1.41 1.90 1.00 0.90 0.78 1.23 0.78 1.41 0.86

10 * 2.24 1.23 0.94 1.14 0.71 1.19 0.39 0.41 1.01 0.71 1.23 1.07
11 1.93 1.14 1.34 1.91 2.19 1.35 0.72 0.83 1.73 0.89 1.54 0.97
12 0.36 0.66 0.53 0.50 0.48 0.69 1.51 1.45 0.64 1.32 0.63 0.97

13 * 1.12 0.93 1.01 1.06 1.29 1.04 1.51 1.52 1.06 1.38 1.01 1.06
14 2.00 0.64 0.97 2.16 2.57 1.47 1.33 1.12 1.63 0.99 2.61 0.90
15 1.14 0.84 1.08 1.34 1.29 1.00 1.11 0.92 1.18 0.80 1.21 0.96
16 1.24 0.71 0.99 1.53 1.19 0.96 1.24 1.06 1.42 1.01 1.95 0.99
17 1.36 0.56 0.79 1.44 1.48 0.77 1.75 1.38 1.41 1.05 2.27 0.89

18 * 1.14 1.35 1.28 1.18 0.81 1.01 0.72 0.70 0.95 0.73 1.07 1.02
19 0.93 0.87 1.08 1.48 1.00 0.91 0.89 0.80 1.18 0.84 1.45 0.98
20 1.57 0.61 0.85 1.62 1.48 0.77 1.46 1.24 1.60 1.06 2.08 0.95
21 1.24 0.62 0.97 1.48 1.29 0.87 1.68 1.38 1.22 1.12 2.03 0.90
22 1.19 0.78 1.04 1.32 1.33 0.89 1.10 0.97 1.18 0.92 1.54 0.90

23 * 0.52 0.71 0.46 0.79 0.81 0.72 0.92 0.89 0.75 0.88 0.93 0.86
24 0.90 0.72 0.53 1.04 0.90 0.67 0.94 0.88 0.83 0.87 1.20 0.80
25 0.95 0.76 1.10 0.99 1.05 0.97 1.18 1.12 0.98 1.11 1.15 1.02
26 0.98 0.79 1.15 1.00 0.90 1.00 1.17 1.44 0.95 1.17 0.99 1.02
27 0.95 0.75 1.14 1.51 1.62 0.86 0.96 0.87 1.19 0.96 1.39 0.79
28 1.19 0.64 1.03 1.48 1.38 0.85 1.04 0.97 1.20 0.93 1.24 0.81

29 * 0.69 0.83 1.03 0.95 1.05 0.98 1.22 1.13 1.04 1.04 0.95 0.93
30 * 0.81 0.85 0.65 0.93 0.86 0.78 1.13 0.77 0.84 0.76 0.98 0.88
31 1.12 0.78 1.74 0.86 0.19 0.82 1.23 0.94 0.85 1.07 0.83 1.00

32 * 1.07 0.80 1.74 0.98 0.43 0.90 1.14 1.19 0.89 1.01 0.91 0.94
33 0.50 0.82 0.66 0.88 0.76 0.99 1.25 1.26 1.11 1.13 0.99 0.94
34 3.76 0.67 1.03 1.90 2.29 2.26 1.15 1.00 1.57 0.88 1.21 0.78
35 1.31 0.74 1.34 1.32 1.05 1.12 1.29 1.62 1.65 1.15 1.65 1.06
36 1.10 0.67 1.06 2.18 1.33 0.95 1.23 1.06 1.76 0.98 2.31 0.86
37 2.26 1.03 1.41 2.31 2.05 1.57 0.74 1.09 2.44 0.96 1.28 1.03
38 1.19 0.79 1.17 1.33 1.24 0.81 0.79 0.78 1.02 0.80 1.31 0.86
39 1.14 0.89 1.21 1.31 1.52 1.13 0.83 0.86 1.23 0.98 1.38 0.99
40 1.29 0.80 1.19 1.69 1.86 1.02 0.88 1.09 1.39 1.04 1.44 0.90

41 * 0.50 0.98 1.00 0.85 1.19 1.06 1.03 1.25 0.95 1.18 0.83 1.00
42 * 0.95 1.09 1.04 1.06 1.90 1.15 0.86 1.02 1.02 1.05 0.97 1.18
43 * 0.93 1.11 1.03 1.05 1.43 1.13 0.92 0.98 1.05 1.05 0.94 1.13
44 * 1.05 1.06 0.76 1.04 0.76 1.09 1.16 1.14 1.49 1.06 1.18 0.96
45 1.14 0.86 1.52 1.95 1.86 0.94 0.77 0.91 1.19 0.87 1.36 0.88

Flooded Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

Average 1.29 0.76 1.06 1.51 1.43 0.97 1.19 1.11 1.31 1.00 1.54 0.91
Stdev 0.59 0.13 0.27 0.43 0.55 0.31 0.37 0.31 0.35 0.19 0.47 0.08

CV 0.46 0.17 0.26 0.28 0.38 0.32 0.31 0.28 0.27 0.19 0.30 0.08

Control Mo Li As Pb Cd Cu Cr Ni Zn Co Ba V

Average 1.00 0.99 0.99 1.00 1.02 1.00 1.00 1.00 1.01 0.99 1.00 1.00
Stdev 0.47 0.19 0.33 0.12 0.41 0.15 0.29 0.30 0.19 0.20 0.12 0.10

CV 0.47 0.19 0.33 0.12 0.40 0.15 0.29 0.30 0.19 0.21 0.12 0.10

* Control samples.
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Appendix A.5

Table A5. Correlation matrix for control samples (statistically significant results are marked red, α = 0.05).

Parameter Mo Cu Pb Zn Ni Co Mn Fe As Cd V Cr Ba Zr Li Silt Sand Gravel pH TC TIC TOC TS Ca Al Mg Na K

Mo 1.00

Cu 0.53 1.00

Pb 0.74 0.67 1.00

Zn 0.22 0.61 0.42 1.00

Ni −0.54 −0.01 −0.32 0.25 1.00

Co −0.37 0.24 −0.20 0.33 0.94 1.00

Mn 0.13 0.40 −0.01 −0.11 0.28 0.52 1.00

Fe 0.11 0.73 0.39 0.27 0.45 0.63 0.58 1.00

As 0.20 0.26 0.40 −0.03 0.20 0.13 −0.08 0.49 1.00

Cd −0.24 0.45 0.08 0.10 0.28 0.46 0.51 0.68 −0.15 1.00

V 0.39 0.85 0.64 0.28 0.01 0.25 0.47 0.85 0.28 0.71 1.00

Cr −0.57 −0.31 −0.37 0.18 0.88 0.74 0.04 0.10 0.03 0.09 −0.30 1.00

Ba 0.80 0.40 0.68 0.54 −0.51 −0.41 −0.16 −0.18 −0.16 −0.30 0.15 −0.42 1.00

Zr 0.84 0.45 0.60 −0.01 −0.77 −0.61 −0.03 0.06 0.10 −0.06 0.47 −0.82 0.60 1.00

Li 0.58 0.73 0.84 0.37 −0.46 −0.30 0.01 0.31 0.20 0.17 0.65 −0.62 0.57 0.61 1.00

Silt −0.11 −0.22 0.09 −0.32 −0.10 −0.23 −0.28 −0.01 0.45 −0.18 −0.03 −0.25 −0.15 −0.05 0.14 1.00

Sand 0.20 0.36 0.15 0.18 0.01 0.10 0.06 0.20 0.06 0.24 0.29 0.07 0.02 0.31 0.14 −0.71 1.00

Gravel −0.14 −0.24 −0.32 0.14 0.11 0.14 0.26 −0.27 −0.63 −0.11 −0.37 0.20 0.16 −0.37 −0.36 −0.23 −0.52 1.00

pH 0.03 0.03 −0.12 0.01 0.04 0.19 0.58 −0.08 −0.63 0.18 0.02 −0.04 0.19 −0.15 0.05 −0.09 −0.36 0.61 1.00

TC −0.39 0.13 0.03 0.25 0.32 0.21 −0.43 0.30 0.40 0.32 0.22 0.18 −0.29 −0.20 0.07 0.40 0.05 −0.56 −0.50 1.00

TIC 0.00 0.38 0.19 0.69 0.14 0.16 −0.27 0.17 −0.15 0.34 0.30 0.03 0.33 0.05 0.20 0.01 0.05 −0.08 −0.02 0.64 1.00

TOC −0.47 0.00 −0.04 0.02 0.34 0.18 −0.42 0.29 0.54 0.25 0.15 0.20 −0.49 −0.26 0.00 0.49 0.04 −0.65 −0.60 0.95 0.37 1.00

TS −0.30 0.07 0.11 0.28 0.24 0.07 −0.60 0.16 0.51 0.05 0.08 0.14 −0.18 −0.19 0.12 0.50 −0.04 −0.56 −0.59 0.95 0.55 0.93 1.00

Ca −0.17 0.20 −0.02 0.86 0.48 0.43 −0.23 0.03 −0.14 −0.05 −0.14 0.49 0.26 −0.41 −0.10 −0.27 −0.01 0.35 −0.01 0.29 0.63 0.10 0.34 1.00

Al 0.51 0.77 0.55 0.09 −0.30 −0.02 0.55 0.66 0.13 0.54 0.87 −0.62 0.26 0.61 0.66 0.09 0.02 −0.14 0.20 −0.05 0.14 −0.12 −0.16 −0.31 1.00

Mg −0.33 0.14 −0.21 0.43 0.89 0.93 0.47 0.43 −0.07 0.32 0.07 0.77 −0.21 −0.66 −0.37 −0.26 −0.09 0.44 0.36 0.06 0.23 −0.02 −0.05 0.59 −0.12 1.00

Na −0.60 −0.61 −0.77 −0.32 0.39 0.34 0.20 −0.25 −0.56 0.11 −0.42 0.44 −0.45 −0.57 −0.76 −0.01 −0.40 0.57 0.48 −0.15 −0.04 −0.16 −0.29 0.04 −0.36 0.46 1.00

K 0.37 0.39 0.04 0.12 −0.47 −0.22 0.41 −0.04 −0.59 0.17 0.26 −0.63 0.42 0.46 0.35 −0.25 −0.03 0.34 0.63 −0.43 0.15 −0.59 −0.52 −0.09 0.57 −0.14 0.05 1.00

Appendix A.6

Table A6. Correlation matrix for flooded samples (statistically significant results are marked red, α = 0.05).

Parameter Mo Cu Pb Zn Ni Co Mn Fe As Cd V Cr Ba Zr Li Silt Sand Gravel pH TC TIC TOC TS Ca Al Mg Na K

Mo 1.00

Cu 0.81 1.00

Pb 0.56 0.43 1.00

Zn 0.64 0.52 0.79 1.00

Ni 0.02 −0.06 −0.09 0.17 1.00

Co −0.09 −0.08 −0.19 0.04 0.92 1.00

Mn 0.09 0.11 0.21 0.23 0.42 0.52 1.00

Fe 0.31 0.24 0.21 0.50 0.70 0.62 0.64 1.00

As 0.14 0.28 0.34 0.22 −0.27 −0.18 0.28 0.09 1.00

Cd 0.61 0.55 0.82 0.64 −0.09 −0.14 0.27 0.15 0.26 1.00

V −0.14 0.04 −0.26 0.11 0.34 0.38 0.32 0.62 0.23 −0.34 1.00

Cr 0.02 −0.22 −0.10 0.02 0.84 0.76 0.26 0.55 −0.44 −0.13 0.11 1.00

Ba 0.27 −0.02 0.62 0.54 0.28 0.14 0.39 0.50 −0.14 0.47 −0.11 0.46 1.00

Zr −0.28 0.11 −0.32 −0.20 −0.29 −0.12 −0.07 −0.13 0.35 −0.39 0.54 −0.50 −0.63 1.00

Li −0.02 0.26 0.12 0.14 −0.49 −0.41 −0.10 −0.25 0.52 0.11 0.31 −0.73 −0.44 0.66 1.00

Silt 0.21 0.30 0.21 0.21 −0.05 0.09 0.03 −0.08 0.40 0.27 0.02 −0.26 −0.19 0.15 0.29 1.00

Sand −0.33 −0.38 −0.27 −0.41 −0.09 −0.12 0.00 0.08 −0.22 −0.34 0.12 0.15 0.17 −0.08 −0.31 −0.58 1.00

Gravel 0.27 0.27 0.20 0.37 0.14 0.09 −0.02 −0.05 0.02 0.25 −0.16 −0.03 −0.09 0.01 0.20 0.09 −0.87 1.00

pH 0.14 −0.01 0.13 −0.08 −0.22 −0.26 0.23 0.14 0.03 0.24 −0.11 −0.09 0.36 −0.28 −0.24 −0.08 0.32 −0.34 1.00

TC 0.32 0.17 0.38 0.36 0.46 0.43 0.19 0.30 0.05 0.24 −0.15 0.40 0.28 −0.31 −0.32 0.22 −0.44 0.40 −0.13 1.00

TIC 0.04 −0.27 0.23 0.12 0.26 0.23 0.11 −0.03 −0.14 0.16 −0.38 0.30 0.28 −0.51 −0.35 0.05 −0.32 0.35 −0.05 0.65 1.00

TOC 0.39 0.42 0.33 0.38 0.41 0.40 0.17 0.41 0.17 0.20 0.08 0.30 0.16 −0.03 −0.17 0.25 −0.34 0.27 −0.13 0.83 0.12 1.00

TS 0.29 0.27 0.15 0.34 0.12 0.08 0.22 0.44 0.15 −0.01 0.29 0.06 0.25 0.09 −0.10 −0.11 0.13 −0.08 0.13 0.28 −0.23 0.54 1.00

Ca 0.32 −0.09 0.44 0.43 0.33 0.19 0.22 0.32 −0.35 0.36 −0.28 0.53 0.77 −0.77 −0.58 −0.20 −0.01 0.14 0.30 0.37 0.51 0.11 0.06 1.00

Al −0.23 0.19 −0.22 −0.10 −0.23 −0.13 0.06 −0.04 0.40 −0.17 0.52 −0.60 −0.58 0.84 0.75 0.19 −0.16 0.08 −0.17 −0.31 −0.47 −0.06 0.07 −0.81 1.00

Mg 0.07 −0.28 0.16 0.23 0.69 0.58 0.28 0.49 −0.50 0.09 −0.01 0.85 0.69 −0.66 −0.69 −0.24 0.17 −0.06 0.12 0.36 0.41 0.17 0.05 0.83 −0.73 1.00

Na −0.50 −0.35 −0.65 −0.67 −0.10 0.02 −0.31 −0.48 −0.51 −0.56 −0.04 −0.07 −0.50 0.32 −0.03 −0.12 0.15 −0.11 −0.11 −0.35 −0.11 −0.38 −0.33 −0.34 0.21 −0.12 1.00

K −0.32 0.06 −0.22 −0.24 −0.48 −0.36 0.01 −0.27 0.28 −0.12 0.24 −0.73 −0.50 0.69 0.68 0.05 −0.03 0.01 0.00 −0.47 −0.43 −0.30 0.02 −0.71 0.87 −0.76 0.33 1.00
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Appendix A.7

Table A7. Average values, standard deviations, and coefficients of variation (Cv).

Parameter
Flooded Samples Control Samples

Average Standard
Deviation CV Average Standard

Deviation CV

Mo 0.54 0.25 0.45 0.42 0.20 0.47
Cu 46.78 14.69 0.31 48.21 7.27 0.15
Pb 43.82 12.29 0.28 29.07 3.35 0.12
Zn 120.20 31.48 0.26 92.46 17.39 0.19
Ni 280.90 76.84 0.27 253.92 76.92 0.30
Co 31.00 5.79 0.19 30.55 6.34 0.21
Mn 1245.59 162.76 0.13 1232.36 300.78 0.24
Fe 3.89 0.41 0.11 3.85 0.41 0.11
As 16.97 4.29 0.25 15.89 5.31 0.33
Cd 0.30 0.11 0.38 0.21 0.09 0.40
V 90.44 7.50 0.08 99.27 10.11 0.10
Cr 471.53 145.76 0.31 395.09 115.28 0.29
Ba 407.15 122.35 0.30 264.36 31.45 0.12
Zr 52.37 7.15 0.14 67.29 7.76 0.12
Li 36.25 5.96 0.16 47.65 9.28 0.19

Silt 9.54 2.93 0.31 11.56 3.88 0.34
Sand 85.63 5.81 0.07 82.21 4.44 0.05

Gravel 4.84 4.77 0.99 6.23 3.20 0.51
pH 7.14 0.25 0.03 7.11 0.24 0.03
TC 2.72 0.94 0.35 2.71 0.94 0.35
TIC 0.47 0.52 1.12 0.14 0.32 2.23
TOC 2.25 0.72 0.32 2.57 0.78 0.30
TS 0.03 0.02 0.64 0.04 0.01 0.33
Ca 2.31 1.26 0.55 0.92 0.64 0.70
Al 5.26 0.50 0.10 5.96 0.42 0.07
Mg 2.36 0.97 0.41 1.64 0.54 0.33
Na 0.84 0.18 0.21 0.93 0.23 0.25
K 1.20 0.16 0.13 1.38 0.21 0.15

Appendix A.8

Table A8. Eigenvalues for flooded samples.

Value
Eigenvalues for Flooded Samples
Extraction: Principal Components

Eigenvalue Total (%) Cumulative (%)

1 8.14 29.06 29.06

2 5.35 19.12 48.18

3 3.70 13.23 61.40

4 2.90 10.36 71.76

5 1.52 5.42 77.17
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Appendix A.9

Table A9. Factor loadings for flooded samples using Varimax raw rotation.

Variable

Factor Loadings for Flooded Samples (Varimax Raw)
Extraction: Principal Components

(Marked Loadings Are >0.7)
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Mo 0.157 0.591 −0.111 0.168 0.579
Cu −0.259 0.475 −0.077 0.190 0.627
Pb 0.161 0.876 −0.096 0.162 0.114
Zn 0.069 0.758 0.183 0.232 0.306
Ni 0.385 −0.137 0.831 0.211 0.098
Co 0.238 −0.199 0.867 0.255 0.016
Mn −0.046 0.432 0.688 −0.102 −0.193
Fe 0.104 0.348 0.837 −0.185 0.255
As −0.579 0.496 0.057 0.075 0.009
Cd 0.122 0.854 −0.149 0.190 0.030
V −0.500 −0.078 0.701 −0.233 0.097
Cr 0.698 −0.195 0.617 0.017 0.091
Ba 0.603 0.596 0.253 −0.250 −0.029
Zr −0.867 −0.289 0.064 0.005 0.096
Li −0.838 0.203 −0.198 0.161 −0.107

Silt −0.296 0.252 −0.003 0.484 0.016

Sand 0.168 −0.240 0.018 −0.894 −0.060

Gravel −0.023 0.138 −0.020 0.793 0.064
pH 0.173 0.359 −0.117 −0.545 −0.108
TC 0.390 0.188 0.299 0.583 0.356
TIC 0.547 0.117 0.059 0.533 −0.316
TOC 0.112 0.161 0.349 0.374 0.696
TS −0.057 0.172 0.266 −0.278 0.696
Ca 0.821 0.396 0.130 0.002 −0.068
Al −0.943 −0.099 0.095 0.029 −0.006
Mg 0.818 0.065 0.479 −0.058 −0.076
Na −0.100 −0.756 −0.171 −0.017 −0.246
K −0.836 −0.083 −0.168 −0.116 −0.178

Appendix A.10

Table A10. Eigenvalues for control samples.

Value
Eigenvalues for Control Samples
Extraction: Principal Components

Eigenvalue Total (%) Cumulative (%)

1 7.72 27.57 27.57

2 6.13 21.88 49.45

3 5.26 18.79 68.23

4 3.25 11.59 79.83

5 2.22 7.95 87.77

6 1.76 6.28 94.06
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Appendix A.11

Table A11. Factor loadings for control samples using Varimax raw rotation.

Variable

Factor Loadings for Control Samples (Varimax Raw)
Extraction: Principal Components

(Marked Loadings Are >0.7)

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Mo 0.310 −0.416 −0.560 0.306 −0.084 0.463

Cu 0.821 −0.010 −0.096 0.439 −0.194 0.202

Pb 0.489 −0.016 −0.390 0.415 0.029 0.558

Zn 0.187 0.075 0.183 0.937 −0.147 0.060

Ni 0.066 0.170 0.972 0.051 −0.015 0.044

Co 0.334 0.016 0.922 0.089 −0.081 −0.016

Mn 0.658 −0.563 0.361 −0.264 −0.019 −0.095

Fe 0.860 0.156 0.375 −0.009 −0.058 0.249

As 0.202 0.412 0.085 −0.164 0.105 0.840

Cd 0.746 0.218 0.256 −0.100 −0.190 −0.419

V 0.956 0.120 −0.088 0.093 −0.116 0.107

Cr −0.301 0.086 0.902 0.066 −0.155 0.051

Ba 0.054 −0.357 −0.521 0.722 0.032 0.172

Zr 0.354 −0.141 −0.823 0.065 −0.205 0.195

Li 0.574 0.050 −0.552 0.345 0.060 0.257

Silt −0.001 0.436 −0.175 −0.220 0.826 0.187

Sand 0.170 0.087 −0.056 0.015 −0.960 0.122

Gravel −0.233 −0.649 0.289 0.245 0.329 −0.395

pH 0.216 −0.628 0.126 0.095 0.347 −0.496

TC 0.126 0.963 0.145 0.156 0.052 −0.031

TIC 0.214 0.488 0.008 0.711 0.000 −0.359

TOC 0.066 0.968 0.173 −0.099 0.063 0.108

TS −0.042 0.941 0.060 0.231 0.142 0.165

Ca −0.181 0.131 0.449 0.838 −0.046 −0.088

Al 0.911 −0.125 −0.330 0.001 0.118 −0.001

Mg 0.169 −0.161 0.918 0.284 0.056 −0.100

Na −0.282 −0.194 0.485 −0.264 0.240 −0.643

K 0.386 −0.489 −0.430 0.185 0.029 −0.537
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Geological Institute: Belgrade, Serbia, 1973.
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