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Abstract

Purpose — This proof-of-concept study quantifies environmental and human health risks from heavy metal
contamination generated by a single, well-documented artillery strike. Focusing on cadmium (Cd), chromium
(Cr), nickel (Ni) and lead (Pb), we collected paired soil samples from the explosion crater and an unimpacted
reference area at a previously pristine site, enabling unambiguous source attribution.
Design/methodology/approach — Samples were digested and analyzed by inductively coupled plasma optical
emission spectroscopy and evaluated using a suite of pollution indices (PIs) (Igeo, enrichment factor,
contamination factor, Pollution Load Index, Nemerow PI and Cdeg/mCdeg) and ecological risk indices (Eri and
Risk Index).

Findings — Compared with reference soils, crater soils showed consistently higher Cd, Cr and Ni; the index
ensemble classified the site as mildly to moderately impacted, while integrated ecological risk remained low to
moderate. We discuss transport pathways (wind and overland flow) and implications for monitoring and
management in conflict-affected landscapes. Because single-strike conditions establish a conservative lower
bound for conflict-related contamination, repeated shelling would plausibly increase cumulative burdens
and risk.

Originality/value — We outline a longitudinal and spatially replicated follow-up to track attenuation and
secondary dispersion and to incorporate biomonitoring endpoints. These findings provide a rigorous baseline for
risk communication and for designing targeted mitigation during and after armed conflict.

Keywords War conflicts, Environmental risks, Health risks, Pollution indices, Heavy metals, Artillery
Paper type Research article

1. Introduction

War conflicts have been an integral part of human history, leaving profound marks on societies,
economies, and the natural environment (Lawrence et al., 2015; Mccally and Leaning, 2000;
Singhal, 2019). While the immediate impacts of war are often visible in the form of casualties,
destruction of infrastructure, and displacement of populations, the long-term effects on the
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MEQ environment and human health are no less significant. Modern warfare, with its reliance on
advanced technologies and destructive capabilities, intensifies these consequences, making
the study of environmental and health impacts of war an increasingly pressing issue (Adler and
Pictures, 2004; Rawtani et al., 2022; Sidel and Levy, 2008).

The use of weapons, destruction of infrastructure, and disruption of natural habitats during
war contribute to the contamination of air, water, and soil, with pollutants persisting long after
hostilities cease. For example, contaminants released into the atmosphere can interact with soil
and water systems, creating cascading effects that extend beyond the initial sources (Guidotti
et al., 2023; Wilby and Hector, 2008; Zalakeviciute et al., 2022). These impacts are
particularly evident in conflict zones where heavy artillery, bombings, and military vehicles
release harmful substances, such as heavy metals, into the environment. This interplay
between military activities and environmental degradation underscores the need for a
comprehensive understanding of war’s long-term consequences. In parallel, the ongoing war
in Ukraine has created one of the world’s most heavily mine-contaminated landscapes, with
authoritative estimates indicating contamination across ~30% of national territory, a condition
that prolongs exposure pathways and complicates recovery (Biswas, 2000; Palczewska, 2015;
Schillinger et al., 2020; Shumilova et al., 2023; Weir et al., 2019; Zou et al., 2016).

Historical examples further emphasize these risks. For instance, during the Gulf War, the
destruction of oil wells in Kuwait released massive amounts of pollutants into the air and soil,
with long-lasting ecological and health consequences (Khordagui and Al-Ajmi, 1993; Price,
1998; Samet, 2024; White et al., 2016). The Vietnam War also highlights the long-term health
and environmental impacts of warfare. During this conflict, the use of herbicides, particularly
Agent Orange, led to extensive deforestation, soil degradation, and contamination of water
sources with dioxins, causing severe ecological and health consequences for local populations
(Frey, 2013; Homer-Dixon, 1991; Korinek et al., 2024; Stellman and Stellman, 2018;
Sundaram et al., 2023).

The health risks associated with war extend beyond direct injuries and fatalities. Particulate
matter, volatile organic compounds, and other pollutants released during military operations
have been linked to respiratory diseases, cardiovascular problems, and even cancer (Manisalidis
et al., 2020; Otukoya and Otukoya, 2024; Rengarajan et al., 2015; Sacks et al., 2011; Wilkinson
etal., 2012; Zalakeviciute et al., 2022). Furthermore, the destruction of water infrastructure often
results in the spread of waterborne diseases, exacerbating public health crises in affected regions.
The cascading effects of war on health systems, agriculture, and ecosystems create long-term
challenges for recovery and sustainability (Amrose et al., 2020; Bashir et al., 2020; Naik et al.,
2024; Rengarajan et al., 2015; Salman et al., 2024; Vyshnevskyi et al., 2023).

The issue of decision-making in the use of force remains a critical topic in modern military
strategy (Blaha and Brabcova, 2012; Rolenec et al., 2021; Nohel et al., 2021, Slouf et al.,
2023). Countermeasures, such as air defense and artillery protection, reflect the increasing
complexity of contemporary warfare (Havlik et al., 2024; Hujer et al., 2022). The
effectiveness of artillery fire, its precision, and the unintended collateral damage are
continuously evaluated in relation to achieving military objectives while minimizing
economic costs and environmental harm (Havlik et al., 2024; Klima et al., 2024). However,
the absence or failure of automated fire control systems during combat situations often
necessitates manual calculations, leading to a higher volume of ammunition fired and,
consequently, a greater burden on the environment. This has been recently demonstrated in the
ongoing conflict in Ukraine, where manual data processing has contributed to elevated
environmental contamination (Sustr et al., 2022).

Soil contamination is one of the major environmental impacts of war, and this study
documents its prevalence in areas exposed to artillery shelling. Research has shown that
explosions release heavy metals and other harmful substances into the soil, disrupting its
structure and fertility. Such pollutants can enter the food chain, posing serious risks to human
health and biodiversity (Certini et al., 2013; Garry and Checchi, 2020; Ismael and Goran,
2024; Pereira et al., 2022). Among the most concerning contaminants in conflict-affected
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areas are cadmium (Cd), chromium (Cr), nickel (Ni), and lead (Pb), which originate from Management of

military waste, explosives, and ammunition residues. These metals pose significant Environmental
environmental and health risks due to their persistence in soil and toxicity. Quality: An

Cadmium (Cd) is highly bioaccumulative and linked to kidney damage, bone demineralization, International
and cancer (Broomandi et al., 2020; Genchi et al., 2020). Chromium (Cr), particularly its Journal

hexavalent form (Cr®"), is a potent carcinogen capable of DNA damage and respiratory toxicity
(Balali-Mood et al., 2021; Tyaka, 2009). Nickel (Ni) contamination, often linked to metal alloys in
munitions, disrupts soil microbiota and exhibits toxic effects on plants and aquatic organisms
(Buxton et al., 2019; Genchi et al., 2020a, b). Lead (Pb) is a persistent neurotoxin that accumulates
in soils and water, with severe consequences for ecosystems and human health, particularly in
children (Balali-Mood et al., 2021; Boskabady et al., 2018; Raj and Das, 2023).

In light of these realities, understanding the environmental and health impacts of war is
essential for developing effective mitigation strategies. By addressing the release and
movement of pollutants, assessing their effects on biota and ecosystems, and promoting
sustainable recovery measures, researchers can contribute to minimizing the long-term
consequences of war conflicts. This article aims to provide an overview of the risks associated
with war and highlights the urgent need for interdisciplinary research to address this
multifaceted issue (Benjamin and Hellerstedt, 2007; Garry and Checchi, 2020; Samet, 2024,
Sidel and Levy, 2008; Wagqas et al., 2025). Conflicts depress gross domestic product per capita,
overburden institutions that monitor emissions and waste management, and shift policy
priorities from environmental compliance toward short-term security and reconstruction. This
institutional weakening is repeatedly documented in World Bank assessments for fragility,
conflict and violence (FCV) contexts and is mirrored in United Nations Environment
Programme (UNEP)’ scrisis work (Zhang et al., 2025). It follows that coordinated
environmental governance—linking security, reconstruction finance, and environmental
safeguards—is crucial both during conflict (to prevent deregulation-driven rebounds in
pollution) and after (to steer material- and energy-intensive rebuilding onto lower-impact
trajectories). The UNEP Conflict and Environment Programme and allied UN initiatives
emphasize precisely this integration of diplomacy, monitoring, and restoration, which reduces
long-term ecological burdens while supporting the recovery of affected areas.

From available quantitative indicators across conflicts, it is evident that the environmental
burden is extensive and measurable: in the case of Ukraine, as of 31 December 2024, estimated
recovery needs reached USD 524 billion. The first 24 months of the war generated ~175 Mt
CO,e (with more recent estimates by the third anniversary rising to ~230 Mt CO,e). For
comparison, the Khordagui and Al-Ajmi (1993), Price (1998), and White et al. (2016) involved
>650-750 burning oil wells for ~9—10 months, with ~4—6 million barrels/day consumed and
~3,000-3,400 t/day of soot emissions; in Vietnam (1961-1971), ~19 million gallons of
herbicides were sprayed (including ~11.2 million gallons of Agent Orange) over ~3.6-4.5
million acres (~1.5-1.8 million ha); and in Lebanon, the release of ~10-15 thousand tonnes of
heavy fuel oil (alternatively up to ~30 thousand tonnes) affected ~150 km of coastline. In this
macro-context of damage, it is particularly relevant that this study employs a matched crater—
control design at a previously pristine site, unambiguously attributes the source of
contamination to a single strike, and provides a conservative lower bound of metal load
quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES) and
evaluated by a convergent suite of indices. Such “micro-data” are crucial for scaling risks under
repeated shelling, for designing monitoring, and for prioritizing mitigation and decontamination
in conflict and post-conflict landscapes (Havlik et al., 2024; Slouf et al., 2023).

Existing literature on soils in conflict-affected environments approaches the problem
predominantly at a macro scale. Authors such as Certini et al. (2013) provide a synthetic
overview of how military activities comprehensively alter the physical, chemical, and
biological properties of soils and, in some cases, act as a significant soil-forming factor. In
contrast, Pereira et al. (2022) describe the Russian—Ukrainian war at a “total environment”
scale, focusing on large-scale emission flows, degradation of ecosystem services, and systemic
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MEQ impacts on climate, water resources, and food security. Other similar studies contribute to
understanding the breadth and severity of the environmental impacts of conflicts, but they do
not provide a quantitative, causally well-defined estimate of the contribution of a single
specific artillery strike to heavy-metal contamination of soil. This pilot study connects to the
above literature at a finer, “micro-scale” level and fills precisely this methodological gap. It
employs a strictly controlled crater—control design at a previously uncontaminated site,
enabling unambiguous attribution of the observed enrichment of Cd, Cr, Ni, and Pb to a single,
well-documented shot.

2. Experimental part

Positioning our methodological design. Prior studies show that artillery and training activities
elevate heavy metals in soils and sediments and commonly summarize contamination using
indices such as Igeo, enrichment factor (EF), contamination factor (CF)/Pollution Load Index
(PLI), Nemerow PI and ecological risk (Eri/Risk Index (RI)) (e.g. Certini et al., 2013; Pereira
et al., 2022; Ismael and Goran, 2024). However, most designs are cross-sectional or range-
based and cannot cleanly attribute loads to a single, well-documented strike, because legacy
inputs and mixed sources confound baselines. We address this gap with a matched crater—
control design at a previously pristine site, enabling unambiguous source attribution and
providing a conservative lower bound for conflict-related metal burdens. Accordingly, we test:

HI. mean concentrations of Cd, Cr, Ni and Pb are significantly higher in
crater soils than in matched reference soils;

H2. A convergent set of pollution and ecological risk indices classifies the
study site as mildly to moderately contaminated with low to moderate
ecological risk, with these classes being directly interpretable as
screening categories in environmental management (no immediate
remediation, but a need for enhanced monitoring and targeted risk
communication and — under repeated shelling — a potential need for
remediation);

H3 (operational). After background normalization, the set of applied indices provides
consistent categorization across metrics, which supports its use as a
standardized and repeatedly applicable decision-support tool for
routine monitoring, site comparison, and prioritization of
interventions in conflict and post-conflict landscapes.

Taken together, hypotheses H1-H3 translate our overarching research question on
environmental risks in war-affected areas into operational criteria focused on environmental
management.

2.1 Sample collection and preparation

Sample collection and preparation were carried out to ensure reliable, reproducible results
(University of Defence in collaboration with the Institute of Chemical Processes). To enable
clear source attribution and reduce analytical variability, we used a paired crater—control
design at a previously pristine site. A single composite crater sample was made from 10 evenly
distributed subsamples (~5 m diameter, ~20 cm depth). Samples were dried (40 °C), sieved to
0.5 mm, and homogenized; the <0.5 mm fraction was chosen as a pragmatic, conservative
compromise to exclude coarse fragments/shrapnel and focus on a finer, more exposure-
relevant fraction. Metals were extracted by closed-vessel microwave digestion (aqua regia
+0.5 mL hydrofluoric acid (HF)), filtered (0.45 um), brought to volume, and analyzed in
triplicate. Given safety, time, and budget constraints, this streamlined workflow provides
reproducible inputs for index-based evaluation and comparison with prior work. Because the
study focuses on one well-documented impact site using a composite sample, it should be
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interpreted as a single-site proof-of-concept providing a conservative lower bound of conflict- Management of

related metal inputs rather than a fully generalizable estimate. Environmental

Soil samples were collected under strictly controlled conditions from two distinct areas. One Quality: An
area was directly impacted by artillery fire, with the site having never been previously used for International
any other munitions testing, ensuring that the measured values can be directly attributed to the Journal

specific artillery impact, while the other area served as an uncontaminated control zone.

A composite sample was prepared from the crater zone by systematically collecting 10
subsamples from various points within the crater, which measured approximately 5 meters in
diameter and 20 centimeters in depth. These subsamples were homogenized to ensure that the
composite sample reflected the overall enrichment of contaminants in the impacted area.

A reference sample was simultaneously collected from the control zone to establish
baseline concentrations of the monitored elements.

The initial preparation of the collected soil samples involved air-drying at 40 °C to remove
moisture. The dried samples were sieved using analytical sieves with a mesh size of 0.5 mm to
eliminate coarse particles, such as stones and shrapnel fragments. Representative samples
were further processed using a batch mill (IKA®) to reduce particle size and ensure uniformity,
enabling precise analytical evaluation.

For chemical analysis, the samples underwent microwave-assisted acid digestion using the
Berhhoff Speedwave Xpert system. Each sample, weighing 0.500 g, was digested in a mixture
of 10 mL of Aqua Regia and 0.5 mL of HF. The digestion process was conducted in two steps:
first, at a temperature of 180 °C and a pressure of 35 bar for 25 min, followed by a second step at
50 °C and 35 bar for 10 min. This program ensured efficient decomposition of the soil matrix
and the release of heavy metals into solution. The digested solutions were filtered through
nylon syringe filters with a pore size of 0.45 um and diluted to 50 mL with demineralized water
(conductivity <0.1 uS/cm). Each sample was prepared and analyzed in triplicate to ensure
repeatability and minimize variability in the results.

The concentrations of cadmium (Cd), lead (Pb), chromium (Cr), and nickel (Ni) in the
digested solutions were determined using ICP-OES (PerkinElmer). The detection limits for
the analyzed elements were as follows: 0.01 mg/kg for Cd, 0.05 mg/kg for Pb, 0.02 mg/kg for
Cr, and 0.03 mg/kg for Ni. These detection limits enabled precise quantification of trace
elements even at low concentrations.

To test differences between crater and control soils, we performed statistical analyses in
STATISTICA. Data were checked for normality (Shapiro-Wilk) and homogeneity of variances
(Levene) and log10-transformed where needed to meet assumptions (p > 0.05). Because the
design comprises a single crater—control pair, inference is based on analytical replicates: three
independently digested and measured subsamples per group (n = 3) were compared using one-
way ANOVA with Fisher’s least significant difference at a = 0.05. For derived indices (Igeo,
EF, CF, PLI, Nemerow PI, Cdeg/mCdeg, Eri and RI), uncertainty was propagated across
analytical replicates and reported as mean + SD (shown as error bars). Crater soils were
significantly enriched in Cd, Pb, Cr and Ni relative to the control (p < 0.05) (Ivan et al., 2025).

2.2 Pollution indices

PIs are essential tools for assessing heavy-metal contamination in soils and its environmental
impacts. They quantify contaminant concentrations relative to natural background or
regulatory reference levels and support evaluation of potential risks to ecosystems and human
health. In this study, these indices are used to determine the extent of soil contamination after
artillery impact, clarify the contribution of individual metals, and inform risk management and
remediation planning. The following sections summarize the applied indices and their
practical interpretation (Tables 1 and 2) (Weissmannova and Pavlovsky, 2017).

2.2.1 Single indices of pollution. The Geoaccumulation Index (Igeo) evaluates heavy-metal
contamination by comparing current concentrations (Cn) with background/pre-industrial
levels (Bn), using a 1.5 correction factor for natural variability to help distinguish
anthropogenic from natural contributions (Ji et al., 2013; Lu and Bai, 2010).
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MEQ Table 1. Classification of single indices: I,, EF, CF and PI

Index Formula Value Classification
Geoaccumulation Index (Igeo)  — log ( Cy ) Igeo <0 Uncontaminated
g 2\18Bi)  0'<I,<1  Uncontaminated to slightly
contaminated

2<Igeo <3 Moderately to heavily contaminated
3<Ige,<4 Heavily contaminated
4 <Igeo £5 Heavily to extremely contaminated

Igeo > 5 Extremely heavily contaminated
Enrichment Factor (EF) EF — o EF <2 Very low enrichment
T 2<EF<5 Moderate enrichment

5<EF <20 Significant enrichment
20 <EF <40 Very high enrichment

40 <EF Extremely high enrichment
Contamination Factor (CF) CF = g.w CF<1 Low contamination
" 1<CF<3 Moderate contamination
3<CF<6 Significant contamination
6 <CF Very high contamination
Pollution Index (PI) Pl = % PI<1 Unpolluted to lightly polluted
! 1<PI<3 Moderately polluted
3<PI Heavily polluted

The EF assesses whether elevated metal levels are likely anthropogenic by normalizing the
target metal to a conservative reference element (e.g. Al or Fe) and comparing this ratio to
baseline values (Abrahim and Parker, 2008; Reimann and De Caritat, 2000; Sutherland, 2000).

The CF is a simple ratio of measured concentration to background (CM/Cnp), indicating
the magnitude of contamination at a site (Loska et al., 2004).

The PI compares each metal concentration (Cn) to a predefined reference/limit value (Bn)
to screen pollution severity and support prioritization for further investigation or remediation
(Weissmannova and Pavlovsky, 2017).

2.2.2 Integrated indices and ecological risk indices. The Integrated Pollution Index (IPI)
provides a comprehensive measure of overall pollution by averaging PI of multiple
contaminants. This index is particularly useful when assessing the cumulative impact of
various pollutants in a single area. IPI offers a simplified yet effective approach to
understanding the extent of pollution and identifying regions that require immediate attention
or remediation efforts (Weissmannova and Chovanec, 2015).

The Nemerow PI (PINemerow) takes a step further by combining the average PI (Plavg)
with the maximum observed index (PIMax). This approach provides a more balanced view of
contamination by accounting for both typical and peak pollution levels. As a result,
PINemerow is highly effective in assessing areas where a few contaminants (n) might pose a
disproportionately high risk compared to others (Inengite et al., 2015; Qingjie et al., 2008).

The PLI is a comprehensive measure that combines data on contamination from multiple
heavy metals into a single value, providing a cumulative assessment of soil pollution. It is
particularly valuable in comparative studies, enabling straightforward benchmarking of
pollution levels across various sites or over different time periods. The PLI considers the CF of
each individual heavy metal and aggregates these values while accounting for the total number
of metals analyzed (n). By offering a simplified yet effective way to evaluate cumulative
contamination, the PLI helps identify areas with significant pollution levels that may require
targeted intervention or remediation efforts (Liu et al., 2005).

The Degree of Contamination (Cdeg) is a sum of CF for all analyzed pollutants, providing
an overall assessment of contamination. This index offers a clear view of the cumulative
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Table 2. Classification of integrated indices (IPI, PInemerows PLI, Cgeg and mCeg,) and indices of ecological

risk (Er' and RI)
Index Formula Value Classification
Integrated Pollution Index  IPI = mean(PL;) IPI <1 Lightly polluted
(IPI) 1 <IPI<2 Moderately polluted
2 <IPI Heavily polluted
Nemerow Pollution Index Pl TN PlNemerow < 0,7 Clean
(PINemerow) Nemerow = n 0,7 < PlNemerow < 1 WEll‘IliIlg limit
1 < Plnemerow < 2 Slightly polluted
2 < Plnemerow > 3 Moderately polluted
3 < Plnemerow Heavily polluted
Pollution Load Index PLI = /CF,-CF,-CF;...-CF, PLI<1 Unpolluted
(PLI) 1 <PLI<2 Unpolluted to slightly
polluted
2<PLI<3 Slightly polluted
3 <PLI<4 Slightly to highly
polluted
4 <PLI<5 Highly polluted
5 <PLI Very highly polluted
Degree of Contamination u Cgeg < 8 Low degree of
(Caeg) Caer = ,zzl CF; ¢ contamination
8 < Cgeg < 16 Moderate degree of
contamination
16 < Cgeg < 32 Considerable degree of
contamination
32 < Cyeg Very high degree of
contamination
Modified Degree of & mCgeg < 1,5 Very low degree of
Contamination (mCgeg) MCoey = ; CF; contamination
1,5 <mCgeg < 2 Low degree of
contamination
2 <mCgeq <4 Moderate degree of
contamination
4 <mCgeg < 8 High degree of
contamination
8 <mCgeg < 16 Very high degree of
contamination
16 <mCgeg < 32 Extremely high degree
of contamination
32 <mCyeg Ultra high degree of
) contamination
Potential Ecological Risk E‘r = T:C} Er' <40 Low ecological risk
(Er) 40 <Er <80 Moderate ecological
) risk
80 < Er' < 160 Considerable ecological
‘ risk
160 < Er' < 320 High ecological risk
320 < Er Very high ecological
risk
Ecological Risk Index RI — i B RI <150 Low ecological risk
(RI) g 150 <RI < 300 Moderate ecological

300 <RI <600
600 <RI

risk
High ecological risk
Very high ecological
risk
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MEQ impact of various pollutants in a given area, helping to prioritize locations for remediation
based on the total contamination burden (Caeiro et al., 2005).

The Modified Degree of Contamination (mCdeg) adjusts the traditional degree of
contamination by normalizing it against the number of analyzed pollutants. This modification
enhances the comparability of contamination levels across different studies or regions where
the number of investigated pollutants may vary, ensuring a more standardized assessment of
pollution (Abrahim and Parker, 2008).

The Potential Ecological Risk (Eri) evaluates the potential ecological hazards posed by
individual contaminants by combining their toxicity and contamination levels. It is calculated
as the product of the toxic response factor (Tri), which represents the inherent toxicity of the
contaminant, and the CF (Cfi), which indicates the extent of its presence compared to natural
background levels. This index is crucial for identifying specific pollutants that pose the
greatest threats to ecological health, enabling targeted environmental management and
remediation efforts (Rahman et al., 2014).

The Ecological RI aggregates the potential ecological risks of all contaminants to provide
an overall assessment of the ecological threats in an area. RI is particularly useful in evaluating
the cumulative impact of multiple pollutants, offering a clear picture of the ecological risks that
could influence local biodiversity and ecosystem stability (Rahman et al., 2014).

2.3 Characteristics of the observed ammunition

The examined 152 mm fragmentation shell OFd is an artillery projectile of Eastern type,
widely used in field artillery systems such as howitzers and cannons. This type of ammunition
accounts for up to 80% of all artillery shells used in Ukraine, indicating their significance and
extensive deployment in the conflict (Ivan et al., 2025).

The fragmentation shell is equipped with an explosive charge composed of a mixture of
explosives, typically 2,4,6-trinitrotoluene (TNT), cyclotrimethylenetrinitramine (RDX),
nitroglycerin, and other explosives, which detonate upon impact and disperse a quantity of
shrapnel at high speed. This shrapnel causes extensive damage and injuries within several tens
of meters from the point of explosion, making the shell effective against infantry and light
armored vehicles. The shell casing is made from a durable steel alloy containing additives such
as chromium or nickel, which ensures effective fragmentation upon explosion and increases
the lethality of the shrapnel (Ivan et al., 2025; Lima et al., 2011).

The designation OFd relates to a specific type or variant of this shell, which may have
specific design or functional properties such as a certain weight of explosive charge or a
method of activation, determined by the setting of the fuse, which in this case is set for
fragmentation effect. These types of shells are often equipped with various types of fuzes that
allow for the initiation of the explosion either on impact or at a certain height above the target,
enhancing their effectiveness in various combat conditions (Ivan et al., 2025).

3. Results and discussion
3.1 Monitored concentration of selected elements
The graphs (Figure 1) illustrate the concentrations of selected elements in the soil measured
before and after the impact of artillery munitions. This visualization allows for a clear
comparison of the changes in the concentrations of these elements caused by the impact of the
munitions. The black line in each graph represents the preventive value for agricultural soils as
established by the current Czech legislation, specifically in Regulation No. 153/2016. This
regulation determines the upper limits of the content of hazardous substances and elements
established by implementing legal regulation.

3.1.1 Cadmium. The concentration of cadmium before the impact of artillery munitions
reached a value of 1.19 mg/kg, while after the impact, it increased to 1.36 mg/kg, which
corresponds to an increase of 0.17 mg/kg. This rise indicates that both the initial and the newly
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Figure 1. Own elaboration graph comparing concentrations of (a) cadmium, (b) chromium, (c) nickel and (d)
lead (mg/kg) in surface soils before (baseline) and after a single, well-documented artillery strike at a previously
pristine site. Error bars represent + standard deviation of analytical triplicates. Asterisks indicate statistically
significant differences between before and after

measured concentrations of cadmium significantly exceed the established preventive values
(0.50 mg/kg). The higher initial value may reflect a naturally elevated level of cadmium in the
area or may be the result of historical contamination associated with military activities
(Figure 1).

3.1.2 Chromium. The concentration of chromium in the soil before the impact of artillery
munitions was 125 mg/kg, and after the impact, it rose to 200 mg/kg. The observed
contribution thus corresponds to an increase of 75 mg/kg. The preventive value for chromium
in agricultural soils is set at 90 mg/kg, and both measured values exceed this limit. This excess
may again indicate that the higher concentration of chromium in this area may be due to
naturally higher values or historical contamination caused by military activities (Figure 1).

3.1.3 Nickel. The original concentration of nickel was 31.4 mg/kg, while after the impact,
the value more than doubled to 63.6 mg/kg, indicating an increase of 32.2 mg/kg. Here, it is
possible to observe an exceedance of the preventive value (50 mg/kg) after the impact of
munitions by 13.6 mg/kg (Figure 1).

3.1.4 Lead. The concentration of lead in the soil increased from an original value of
25.1 mg/kg to 55.6 mg/kg after the impact of artillery munitions, representing a significant
increase of 30.5 mg/kg. Although the value after the impact came close to the preventive limit
(60 mg/kg), it remains just below this threshold (Figure 1).

3.2 Pollution indices
3.2.1 Geoaccumulation index (I4,). All values of the Geoaccumulation Index for each heavy
metal are plotted in the graph below (Figure 2). The I, value for cadmium (—0.39) indicates
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Figure 2. Own elaboration graph comparing single-metric contamination indices for Cd, Cr, Ni and Pb: (a)
Geoaccumulation index (Igeo), (b) Enrichment Factor (EF; Al reference), (c) Contamination Factor (CF), (d)
Pollution Index (PI; preventive limits as reference). Class thresholds follow Weissmannové and Pavlovsky
(2017). Error bars represent + standard deviation of analytical triplicates

that its level is slightly below the natural geochemical background, indicating an
uncontaminated state. The value for chromium (0.09) corresponds to minimal
contamination, suggesting a concentration close to the natural background. Nickel (0.43)
and lead (0.56) are above natural levels, indicating mild contamination.

3.2.2 Enrichment Factor (EF). Aluminum was chosen as the reference metal for the
evaluation. The graph (Figure 2) plots the EF values for cadmium (1.09), chromium (1.53) and
nickel (1.94) showing minimal enrichment. In contrast, lead with an EF value of 2.12 already
exceeds the moderate enrichment limit.

3.2.3 Contamination factor (CF). The graph (Figure 2) displays the CF values for cadmium
(1.14), chromium (1.60), nickel (2.03), and lead (2.22), indicating that all these heavy metals
fall into the category of mild contamination.

3.2.4 Pollution index (PI). For calculating the PI, preventive limits for agricultural soils
were used as reference values. Below in the graph (Figure 2), values for individual heavy
metals are displayed. Cadmium with a value of 2.22 and chromium with a value of 2.72
indicate moderate pollution, signaling that their concentrations are more than double
compared to preventive limits and may reflect the influence of military activities. Nickel with a
value of 1.27 also shows moderate pollution, while lead with a value of 0.93 indicates only low
pollution as its value is lower than the preventive limit.

3.2.5 Integrated Pollution Index (IPI), Nemerow Pollution Index (Plyemerow) and Pollution
Load Index (PLI). In the graph (Figure 3), values of three PIs are displayed, reflecting different
levels of soil contamination. The IPI has a value of 1.79, placing it in the category of moderate
pollution. This index, aggregating average pollution values for all monitored metals, indicates
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Figure 3. Own elaboration graph comparing integrated contamination metrics: (a) Integrated Pollution Index
(IPI), Nemerow Pollution Index (PI_Nemerow), and Pollution Load Index (PLI); (b) Degree of contamination
(Cdeg) and modified degree (mCdeg). Class boundaries as specified in Table 2 index definitions after
Weissmannova and Pavlovsky (2017), Caeiro et al. (2005) and Abrahim and Parker (2008). Error bars
represent + standard deviation of analytical triplicates

a significant but not critical level of contamination. The Nemerow PI with a value of 1.63
indicates mild pollution, signaling a lower but still noticeable risk to the environment. The PLI
with a value of 1.69 falls into the category of no to mild pollution.

3.2.6 Degree of contamination (Cge4) and modified degree of contamination (mCgeg). In the
graph (Figure 3), values for the degree of contamination (6.98) and modified degree of
contamination (1.75) are shown. Both values are classified under the category of low degree of
contamination, indicating that although there is a certain level of contamination in the area, it is
relatively low and should not pose a significant risk to health or the environment.

3.2.7 Ecological Risk Index. Figure 4 presents the element-specific potential ecological risk
(Eri) values for Cd, Cr, Ni, and Pb and their sum expressed as the Ecological RI. The Eri values
are 34.29 (Cd), 3.20 (Cr), 10.13 (Ni), and 11.07 (Pb), giving a total RI of 58.69, which indicates
low overall ecological risk and suggests that the combined impact of the assessed metals on the
ecosystem remains limited. RI is most informative when it includes all relevant metals present
at the site, rather than only a narrow selection.

Importantly, the site had not been previously used for munitions testing, so the measured
enrichment can be attributed to the studied artillery impact. While a single explosion shows
low ecological risk, cumulative effects must be considered: under prolonged or repeated
shelling, heavy metals can accumulate and progressively increase contamination and
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Figure 4. Own elaboration graph comparing (a) element-specific potential ecological risk (Er') for Cd, Cr, Ni
and Pb and (b) aggregate Ecological Risk Index (RI). Toxic-response factors and class boundaries follow
Rahman et al. (2014). Composite RI value as the sum of individual Eri components; therefore, error bars are
displayed only for the constituent Eri values in panel (a) and not for the aggregated RI in panel (b). Error bars
represent + standard deviation of analytical triplicates
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MEQ ecological risk, underscoring the need for long-term monitoring and ongoing risk assessment
in conflict-affected areas.

3.3 Statistical summary and interpretation of uncertainty

For each element, we report the impact effect as a beta coefficient (pre-vs. post-impact) in mg/
kg, accompanied by the standard error and the 95% confidence interval (CI) (95% CI)
calculated from analytical triplicates (i.e. these reflect measurement/analytical precision rather
than field variability of the composite samples). The observed effects are: Cd +0.17 mg/kg
(+14%), Cr +75.00 mg/kg (+60%), Ni +32.20 mg/kg (+103%), and Pb +30.5 mg/kg
(+122%). Given the nature of the data (composite samples plus technical triplicates), we do
not interpret these intervals as environmental replication; this will be addressed in a follow-up
longitudinal and spatially replicated study.

3.3.1 Environmental pathways and risks of secondary dispersion. Although this study
focused on direct solid-phase enrichment of Cd, Cr, Ni and Pb at the impact site, secondary
dispersion processes may increase ecological and health risks beyond the crater. Measured soil
conditions (pH 5.8 + 0.2; electrical conductivity 142 uS/cm) indicate mildly acidic, weakly
mineralized soil, which can enhance mobility of divalent cations such as Cd** and Ni** by
reducing sorption and promoting desorption from clay and oxide surfaces. Under these
conditions, Cd is typically the most labile, and small pH decreases or increases in dissolved
organic carbon may elevate porewater concentrations and plant-available pools; Ni can behave
similarly, particularly when associated with Fe-Mn oxyhydroxides. In contrast, Pb*"
generally remains less soluble due to stronger sorption, but it can be efficiently transported
bound to fine particles and colloids mobilized by wind erosion and overland flow, consistent
with concern about the <2 um fraction. Total Cr is likely dominated by relatively immobile Cr
(IIT) at pH ~ 5.8; Cr (VI) is not expected to dominate under the site’s slightly acidic, low-
oxidant conditions, but because aqua regia digestion does not resolve speciation, Cr-related
risk should be interpreted as an upper bound for total chromium rather than Cr (VI). Given the
3-8% clay fraction, contaminants are likely preferentially associated with particles <2 um,
which are susceptible to wind transport (e.g. >5 m/s) and water erosion during heavy rainfall.

While primary contamination appears localized, multi-pathway transport (wind, surface
runoff, vertical leaching) may plausibly extend impacts to surrounding ecosystems. Post-
conflict evidence supports this: fine particles generated at impact sites (e.g. depleted uranium
locations in Iraq, Bosnia and Herzegovina, and Kosovo) can be repeatedly resuspended and
transported from hundreds of meters to kilometers, especially where soils are bare or disturbed
(Burger, 2012). Similarly, surveys in war-affected Ukraine identify craters and shelling-related
hotspots as sources of diffuse contamination via aeolian transport, slope wash and gully
erosion (Leal Filho et al., 2024). Together, these observations indicate that localized
enrichment can evolve into broader contamination footprints through wind-blown dust, storm
runoff and gradual leaching into porewater and shallow groundwater, particularly under
mildly acidic, low-buffering conditions.

Beyond geochemistry, biological responses can serve as early warning signals: root
elongation in sensitive plants (e.g. Lactuca sativa) is inhibited by Cd and Pb at concentrations
comparable to those measured here (Di Salvatore et al., 2008), and soil invertebrates (e.g.
Eisenia fetida) show avoidance responses to metal-contaminated soils, which can be amplified
by co-occurring organic pollutants (Gao et al., 2016).

4. Conclusion

This study provides a proof-of-concept assessment of environmental and potential human-
health risks from heavy-metal contamination in soils affected by artillery fire. Crater soils
showed increased concentrations of Cd, Cr, Ni, and Pb relative to the matched reference,
highlighting the direct contribution of a single artillery impact to local soil contamination.
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The absence of prior munitions testing at the selected site strengthens internal validity and Management of

enables unambiguous attribution of the observed enrichment to the studied strike. Several Environmental
metals exceeded precautionary limits, underscoring the need for systematic monitoring of Quality: An
impacted areas. The matched crater—control design at a previously pristine site is therefore International
pivotal, and the convergent suite of contamination and ecological-risk indices (Igeo, EF, CF/ Journal

PLI, Nemerow PI and Eri/RI) provides cross-validated classification. The resulting effect sizes
represent a conservative lower bound for conflict-related metal inputs that can be scaled to
multi-strike scenarios (Havlik et al., 2024; Slouf et al., 2023).

The applied indices classified contamination as mild to moderate; while not immediately
critical, potential long-term ecological and health implications cannot be excluded because
heavy metals persist and may be redistributed. Importantly, these assessments are based on a
single crater and composite surface sampling with analytical (technical) triplicates (n = 3 per
group); they capture measurement precision rather than field-scale spatial variability.
Consequently, the findings should be interpreted as a single-site proof-of-concept rather than a
fully generalizable estimate for all artillery-impacted soils. Because substantial concentration
changes are expected mainly over longer periods (>3 months) through desorption, lateral/
vertical migration, and biological redistribution, follow-up longitudinal sampling at 3, 6, and
12 months is warranted to track temporal evolution and possible remobilization into other
compartments (e.g. groundwater and vegetation).

Under realistic conflict conditions, repeated firing (hundreds to thousands of rounds per
day) and fragmentation residues would plausibly increase cumulative burdens, and high-
velocity dispersal of fragments and explosive residues may spread metals beyond the crater.
Secondary transport via wind, runoff, and leaching can further extend the contamination
footprint, meaning the overall impact may be broader than single-crater data suggest. These
considerations motivate spatial replication across multiple craters with matched controls and
different substrates, together with multi-media sampling (dust, porewater, overland flow,
shallow groundwater) and biomonitoring endpoints to link concentration-based metrics to
ecological effects.

From a management perspective, the demonstrated multi-index framework is directly
usable for routine screening in conflict-affected landscapes and offers a transparent decision
aid for triaging sites into enhanced monitoring, targeted risk communication, and—where
index classes increase under repeated impacts—active containment or remediation. Among
remediation options, functionalized biochar (e.g. Fe—-Mn modified) has been shown to reduce
Cd*" and Pb®" mobility while improving soil conditions and reducing bioaccumulation (Yang
et al., 2024), and broader reviews describe functionalized biochar as a promising,
environmentally friendly and potentially cost-effective approach for larger-scale
decontamination, while emphasizing the need for optimization and scalable deployment
(Lu et al., 2022). Beyond environmental impacts, dual-use applications of military
technologies are also being discussed; for example, artillery-based wildfire suppression in
inaccessible terrain has been proposed, highlighting potential links between military
capabilities and civilian crisis response (Korec et al., 2025).

Taken together, our findings support a tiered management response: sites exceeding
precautionary limits but classified as mildly to moderately contaminated should be prioritized
for enhanced monitoring, land-use restrictions and targeted risk communication, whereas
locations shifting toward higher index classes under repeated shelling may require more
intensive interventions such as surface-soil stabilization, partial topsoil removal, or in situ
immobilization (e.g. functionalized biochar). These index-based tiers can be embedded into
post-conflict environmental assessment protocols and the routine monitoring of military
training areas, bridging quantitative indicators with operational remediation and surveillance
decisions.
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