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Abstract As a result of the destruction of ammunition,
mines, and explosive devices by the method of open
detonation, the increased concentration of heavy metals
is often recorded in the soil of military polygons, which
is a serious ecological problem. However, in order to
determine the potential risk of such locations to the
environment, it is necessary to determine, in addition
to the total content, the forms in which the metals are
present. In this paper, a sequential extraction method
was used to analyze the six fractions of five heavy
metals (cadmium, lead, nickel, copper, and zinc) in the
soil of the polygon for destruction of ammunition,
mines, and explosive devices. Samples were collected
from the place of direct detonation (so-called pits) and
from the edge of the pit. The aim of this research is
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determination of metal speciation in order to obtain a
better insight in their mobility and risk arising from this.
The results showed that heavy metals are predominantly
present in the residual, oxide, and organic fractions. Cd
and Cu were also significantly present in the mobile
fractions due to conducted activities on the polygon.
To assess the potential environmental risk of soil, the
risk assessment code (RAC) and individual (ICF) and
global (GCF) contamination factors were used. Accord-
ing to the RAC, the mobility and bioavailability of the
analyzed heavy metals decreases in the following order:
Cd > Cu>Zn>Pb > Ni. ICF results show low to mod-
erate risk, while GCF results show low risk in terms of
heavy metal contamination in the examined area.

Keywords Open detonation - Heavy metals - Sequential
extraction - Risk assessment

1 Introduction

The potential toxicity of heavy metals in soil or sedi-
ment is a function of their mobility and bioavailability,
which depend on the phase of the metals and the chem-
ical and physical processes that lead transformations
between phases. One of the most critical properties of
heavy metals that differentiates them from other toxic
pollutants is that they are not biodegradable (Prasad
2008; Yang et al. 2012). Although several studies have
determined the total metal contents of contaminated and
non-contaminated soils, the total contents of heavy
metals do not provide enough information to understand
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their various forms, mobility, bioavailability, or poten-
tial risks to the environment (Davutluoglu et al. 2011;
Nemati et al. 2011a). In contrast, a metal speciation
analysis of soil can provide a good indicator of the
ecosystem quality. Accordingly, a number of sequential
extraction procedures have been developed (Tessier
et al. 1979; Ure et al. 1993; Rauret et al. 1999;
Shiowatana et al. 2001; Smiciklas et al. 2015). In gen-
eral, extraction procedures are widely used in determin-
ing soluble fractions in water, ion exchangeable, oxide-
reduced, and complexed and structurally bonded frac-
tions (species) of metal (Gworek and Mocek 2003).

As a result of many industrial and military opera-
tions, a large area of soil becomes polluted with heavy
metals. For example, after the interruption of combat
operations, in the war-affected areas, the remnants of
war stayed a long time in the form of various metal
objects that represent a serious hazardous waste. Their
residence time is dependent on soil redox properties, in
particular the activities of protons (pH) and electrons
(pe). It also depends on the type of soil, the content of
organic matter, the amount of precipitation, among other
things. These materials progressively dissolve, and new
minerals, mostly oxides, can form via precipitation from
the supersaturated soil solution (Certini et al. 2013).
Bullets, for instance, with the time, release some lead,
which in soil has a complex chemical and mineralogical
behavior that concludes with either plant uptake or
precipitation of insoluble minerals (Manninen and
Tanskanen 1993; Lin et al. 1995).

One of the most sensitive activities for the environ-
ment is the operation of destroying unstable ammuni-
tion, mines, and explosive devices by the method of
open detonation. The open detonation procedure is car-
ried out in very remote areas for safety reasons
(Alverbro et al. 2009). Risks of open detonation are
reflected in uncontrolled pollution of soil, air, and
groundwater, risks of shock waves and fragments, and
the emergence of unexploded ordnance (Best Practice
Guide 2008; Miheli¢ 2012). Due to uncontrolled pollu-
tion, the open detonation of large ammunition stocks is
banned in most of Western European countries (Best
Practice Guide 2008).

Usually, the polygons for destroying unstable ammu-
nition, mines, and explosive devices include a diameter
of about 1 km from a smaller central space called a pit,
where disposal and destruction of unstable ammunition
take place. There might be several pits on the polygon,
and their diameters are usually a few dozen meters. At
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the moment of detonation, the pollutants and fragments
spread throughout the area. Moreover, at the site of the
explosion, there is the physical degradation of the soil
and “injection” of part of the pollutants into the surface
layer of the soil. The greatest soil contamination occurs
in the vicinity of the source, but aerosols are also trans-
mitted at a greater distance by moving air masses.
Heavy and large particles fall near the area of detona-
tion, while small ones fly across the area with the help of
the wind, posing a potential threat to the living world.
Rain can affect the washing of heavy metals from the
surface layer of soil to deeper layers (Hagfors 2013),
which can significantly pollute the soil and possibly the
surface and groundwater.

All the metals originally present in munitions are
dispersed over polygons after the detonation, either in
their original state or as other metallic compounds
(Thiboutot et al. 2012). From the remnants of munitions,
mines, and explosive devices, some metals are very
often released into the soil, such as Cr, Sb, As, Cd, Cu,
Hg, Ni and Zn, and others (Certini et al. 2013).

Heavy metals produced during the explosion on mil-
itary polygons can cause a number of adverse effects on
2007; Thiboutot et al. 2012; Thiboutot et al. 2013;
Ampleman et al. 2013; Dias da Silva et al. 2014).
Besides heavy metals, particles, nitrogen oxides, sulfur
oxides, volatile organic compounds, and polycyclic ar-
omatic hydrocarbons (PAHs) are also emitted during the
explosion; they expose a serious health risk for people
and ecosystems as well (SALW 2004).

The war in the former Yugoslavia contributed to the
accumulation of weapons and associated ammunition.
The Armed Forces of Bosnia and Herzegovina are re-
sponsible for resolving surpluses and destroying unsta-
ble ammunition, mines, and explosive devices. Repre-
sentatives of the American company “Sterling
International” provide logistical assistance in disposing
of these surpluses on the field. Polygon for the destruc-
tion of ammunition, mines, and explosive devices
“Glamoc” is located in the south-western part of Bosnia
and Herzegovina in the area of the municipality of
Glamoc. The nearest populated place is at the distance
of approximately 2.5 km of the airline distance in the
northwest direction. The polygon extends on the mild
slopes of the central part of Glamocko Polje at an
altitude of 1100 to 1150 m and covers the circular
surface with a radius of 1100 m from the pit F1. The
polygon is not enclosed by a fence. The terrain is
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typically a karst limestone permeable for atmospheric
water, and there are no significant streams and water-
courses (Dostava informacija za poligon Glamoc 2015).
There are three pits on the polygon where open detona-
tions are performed, marked with F1, F2, and F3. Pits
are irregular, oval shaped, with a radius of 30 to 70 m
and overlap each other, making an irregular shape
(Fig. 3). The daily amount of explosives for destruction
is 1000 kg net. The process of destroying ammunition,
mines, and explosive devices with open detonation con-
sists in delivering and matching of the defined amount
of explosive devices to the pit area (Fig. 1), after which a
controlled explosion is induced (Figs. 2 and 3).

According to data available from the Ministry of De-
fense of Bosnia and Herzegovina, in 2016, 322 tons of
explosive devices were destroyed by open detonation at
the polygon of Glamoc. It is estimated that after 2016, an
additional 10.550, 20 tons of surplus of unstable ammuni-
tion, mines, and explosive devices should be destroyed in
the future. Since its inception until the end of 2016, the
Armed Forces of Bosnia and Herzegovina have destroyed
3.298 tons of unstable ammunition, mines, and explosive
devices on the Glamoc polygon (Durres 2012).

This study addresses the impact of destroying the
ammunition, mines, and explosive devices on the pres-
ence and mobility of heavy metals in soil pits. For this
purpose, a number of composite soil samples were
collected, which were then analyzed using sequential
extraction for the presence of Cd, Pb, Ni, Cu, and Zn. In
addition to the fractions of the analyzed metals, pseudo-
total concentrations, pH, and granulometric composition
of the soil were determined (results are shown in the first
part of the study).

detonation

Fig. 2 Detonation at the pit

The aim of this research was to determine the forms
in which the specific heavy metals were in the soil and
their distribution with the depth of the soil in order to
assess the impact and risks arising from the destruction
of munitions, mines, and explosive devices at the site.
Based on the results of the sequential extraction proce-
dure, the calculation of the risk assessment code (RAC)
and the individual (ICF) and global (GCF) contamina-
tion factors were used to estimate the degree of toxicity,
i.e., the potential mobility and bioavailability of the
analyzed metals, as well as their potential retention time
in soil. Since the beginning of the polygon use, no
similar tests have been performed. Obtaining reliable
information on the concentrations and forms of metals
on the subjected polygon is important for determining
the degree of risk contamination at this site, as well as
for determining the suitability for further exploitation of
the polygon and undertaking technical measures to re-
duce the negative impact.

» > TR /o

Fig. 3 View on pits F1 and F2 from pit F3, after an explosion
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2 Materials and Methods
2.1 Soil Sampling

For the purpose of study, 15 composite samples of the
bodies were collected from pits and their edges. Soil
sampling was carried out according to methods that are
in accordance with BAS/EN/ISO standards (ISO 10381
1 2002; ISO 10381-2 2002). In order to consider metal
distribution with depth, samples were collected in the
surface (up to 30 cm), sub-surface (30—60 cm), and deep
soil (60—-100 cm). For the purpose of sequential extrac-
tion, the following samples were considered: the center of
the pits “F1,” “F2,” and “F3”; crater “K” formed on the
pit F1 after detonations, and a sample collected in the
north-east direction, 200 m from the center of the pit F1:
“S1200.” Figure 4 shows the locations at the polygon of
Glamoc where the soil sampling was performed.

The composite sample K was formed by mixing two
individual samples taken from the surface of 8 x 10 m,
while the other composite samples were formed by

Fig. 4 Soil sampling location at
polygon of Glamoc. Samples: K
denotes crater on the pit F1; F1,
F2, and F3 denote pits; SI200
denotes sample collected in the
north-east direction, 200 m from
the center of the pit F1. Depths:
(30) denotes 0 to 30 cm, (60)
denotes 30 to 60 cm, and (100)
denotes 60 to100 cm
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mixing 9 individual samples taken from the surface of
20 x20 m. Coordinates with altitudes are defined for
each sampling place.

2.2 Preparation of Soil Sample for Analysis

Samples shipped to the laboratory were dried in a clean
room at room temperature (=25 °C) for 72 h, spreading
them onto a clean filter paper in a layer of 1 to 2 cm of
thickness. After drying, different visible impurities were
removed from the samples; the samples were grinded
using a porcelain pestle and mortar, and then sieved
through a sieve of 2 mm. After that, the prepared sam-
ples were transferred to clean plastic boxes and stored
for further laboratory testing.

2.3 Determination of Metal Fractions

In all the tested samples, the fractions of the following
metals were determined: Cd, Pb, Ni, Cu, and Zn. The basis
for this was Tessier et al. method (Tessier et al. 1979),
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which was modified according to the Smiciklas et al.
procedure (Smiciklas et al. 2015). The applied sequential
extraction method consists of separating the treated metals
into six fractions/phases: FO, water soluble; F1,
exchangeable/sorptive; F2, specifically adsorbed/
carbonate; F3, iron-manganese oxide; F4, organic; and
F5, residual/structurally bound in silicates. At the end of
each interval, a liquid and solid phase is separated. Then,
the concentration of the metal was determined in the
extract, and the solid phase was again returned to the
procedure by treatment with a stronger extraction agent.

To determine the metal concentration, a system of
induced coupled plasma with optical emission spec-
trometry was used, the CAP 6500 Duo (Thermo Scien-
tific, UK). All chemicals used were of the analytical
purity manufactured by Merck.

3 Results and Discussion

Today, it is widely recognized that the distribution,
mobility, and bioavailability of heavy metals and radio-
nuclides in the environment do not only depend on their
overall concentration, but also on the interactions of
metal forms with solid-phase soil components to which
they can be bound. Sorption of metals by plants depends
on the chemical speciation and the relative distribution
of the chemical forms of the metal in the soil solution.
Some variations in chemical and physical conditions in
the environment (atmospheric deposit, pH, organic mat-
ter, soil texture, humic matter, and others) can cause the
release of heavy metals into the environment that could
result in contamination. This, in turn, will affect the
availability and mobility of metals in the soil (Reddy
et al. 1995). Toxicity, bioavailability, and mobility of
heavy metals are related to their forms (Quevauviller
et al. 1994; Malandrino et al. 2011). It is generally
accepted that the environmental impacts of metals
(e.g., their bioavailability, ecotoxicity, and the risk of
contamination of groundwater) are more related to their
mobile fractions than to their overall concentration
(Cordos et al. 2003; Han et al. 2003). The sum of the
mobile fractions can give a good insight into the mobil-
ity and bioavailability of the elements in the soil, and the
greater the fraction, the larger the potential mobility and
bioavailability. According to Zeien (1995), mobile frac-
tions of heavy metals (which are accessible to plants)
include water soluble metals (in the form of ions in soil
solution), exchangeable fractions, and easily soluble

metal-organic complexes. There are potentially bio-
available metal fractions which are included in the com-
position of organic compounds of low-stability and
metals bound to carbonates. Residual fraction and frac-
tions in which metals are bound to Fe and Mn oxides
and organic matter are not accessible to plants because
they have practically immobilized metals (Zeien 1995).
Also, the sum of the concentrations of the analyzed
element obtained in each step of the sequential extrac-
tion can be considered a pseudo-total content of that
element in the soil (Markovi¢ et al. 2016). Chemical
fractionation of metals and metalloids, in addition to
estimating soil mobility, can serve as a useful tool for
determining their origin, having in mind that the ele-
ments of anthropogenic source occur in earlier phases of
sequential extraction, which are released by weaker
extraction agents, while elements of lithogenic and
pedogenous origin occur in stable soil fractions (de
Passos et al. 2010; Canuto et al. 2013; Li et al. 2015).
Tables 1, 2, 3, 4, and 5 show the results of the
fractionation of the analyzed heavy metals in the tested

Table1 Concentrations of cadmium by fractions in the tested soil
samples at different depths

Sample Concentration of Cd (mg/kg)*

FO F1 F2 F3 F4 F5 Dy

SI1200 30) <DL 0.04 0.01 0.12 0.04 057 0.78
SI200 (60) <DL 0.02 0.00 0.08 0.02 049 0.61
SI1200 (100) <DL 0.01 0.00 0.08 0.02 0.55 0.66

F1 (30) 001 025 027 094 0.18 218 3.82
F1 (60) <DL 026 028 086 013 212 3.64
F1 (100) <DL 022 022 088 0.16 209 358
F2 (30) <DL 048 048 1.94 024 226 539
F2 (60) <DL 043 043 173 021 215 496
F2 (100) <DL 022 0.19 077 008 157 284
F3 (30) <DL 024 108 091 010 195 427
F3 (60) <DL 024 085 0.78 0.08 1.84 380
F3 (100) <DL 023 082 073 008 1.8/ 3.66
K (30) <DL 044 147 117 013 234 555
K (60) <DL 0.13 045 064 008 167 297
K (100) <DL 0.06 0.16 061 008 157 248

Samples: K denotes the crater on the pit F1; F1, F2, and F3 denote
pits; SI200 denotes sample collected in the north-east direction,
200 m from the center of the pit F1. Depths: (30) denotes 0 to
30 cm, (60) denotes 30 to 60 cm, and (100) denotes 60 to 100 cm

aThe detection limit (DL) for Cd** ions was 0.0002 mg/L
(0.2 ppb); Values that exceed the maximum allowable concentra-
tion (M.A.C.) (Pravilnik FBiH 72/09) are in italic
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Table 2 Concentrations of lead by fractions in the tested soil samples at different depths

Sample Concentration of Pb (mg/kg)*
FO F1 F2 F3 F4 F5 %

S1200 (30) <DL <DL 0.12 3.00 2.96 23.80 29.88
S1200 (60) <DL <DL 0.11 3.00 2.82 21.70 27.63
S1200 (100) <DL <DL 0.14 4.60 2.84 23.30 30.88
F1 (30) <DL <DL 0.35 11.00 2.46 43.00 56.81
F1 (60) <DL <DL 0.45 12.40 1.70 39.40 53.95
F1 (100) <DL <DL 0.32 10.40 3.80 40.40 54.92
F2 (30) <DL <DL 0.60 11.20 4.80 27.30 43.90
F2 (60) <DL <DL 0.80 12.80 544 28.70 47.74
F2 (100) <DL <DL 1.02 13.20 420 25.60 44.02
F3 (30) <DL <DL 1.05 11.20 1.22 29.40 42.87
F3 (60) <DL <DL 1.04 12.00 1.30 28.20 42.54
F3 (100) <DL <DL 1.28 12.60 1.56 27.80 43.24
K (30) <DL <DL 1.20 13.00 0.90 41.80 56.90
K (60) <DL <DL 0.80 12.40 1.74 32.90 47.84
K (100) <DL <DL <DL 8.60 2.12 28.20 38.92

Samples: K denotes the crater on the pit F1; F1, F2, and F3 denote pits; SI200 denotes sample collected in the north-east direction, 200 m
from the center of the pit F1. Depths: (30) denotes 0 to 30 cm, (60) denotes 30 to 60 cm, and (100) denotes 60 to 100 cm

2The detection limit (DL) for Pb>* ions was 0.01 mg/L (10 ppb)

Table 3 Concentrations of nickel by fractions in the tested soil samples at different depths

Sample Concentration of Ni (mg/kg)*
FO Fl1 F2 F3 F4 F5 b

SI1200 (30) <DL 0.11 <DL 2.34 2.25 35.50 40.20
SI1200 (60) <DL 0.07 <DL 2.16 1.60 40.00 43.83
S1200 (100) <DL <DL <DL 2.20 1.64 53.20 57.04
F1 (30) <DL <DL <DL 4.16 2.59 64.50 71.25
F1 (60) <DL <DL <DL 3.68 1.71 57.00 62.39
F1 (100) <DL <DL <DL 4.86 2.834 84.60 92.30
F2 (30) <DL <DL 0.09 4.68 2.39 48.60 55.76
F2 (60) <DL <DL 0.09 4.86 248 47.70 55.13
F2 (100) <DL <DL 0.08 3.96 1.96 54.20 60.20
F3 (30) <DL <DL 0.31 6.24 1.66 49.30 57.51
F3 (60) <DL <DL 0.30 3.96 1.24 55.80 61.30
F3 (100) <DL <DL 0.32 3.96 1.28 55.70 61.26
K (30) <DL <DL 0.24 3.68 1.30 71.10 76.32
K (60) 0.12 <DL 0.20 4.68 1.64 73.10 79.74
K (100) <DL <DL 0.17 6.23 2.23 75.30 83.93

Samples: K denotes crater on the pit F1; F1, F2, F3 denote pits; SI200 denotes sample collected in the north-east direction, 200 m from the
center of the pit F1. Depths: (30) denotes 0 to 30 cm, (60) denotes 30 to 60 cm, and (100) denotes 60 to 100 cm

2The detection limit (DL) for Ni** ions was 0.01 mg/L (10 ppb); Values that exceed the maximum allowable concentration (M.A.C.)
(Pravilnik FBiH 72/09) are in italic

@ Springer



Water Air Soil Pollut (2018) 229: 303

Page 7 0of 20 303

Table 4 Concentrations of copper by fractions in the tested soil samples at different depths

Sample Concentration of Cu (mg/kg)*
FO F1 F2 F3 F4 F5 by

S1200 (30) 0.69 <DL <DL 2.28 1.22 19.40 23.59
S1200 (60) 0.67 <DL <DL <DL 1.34 19.40 21.41
S1200 (100) 0.66 <DL <DL <DL 1.30 22.90 24.86
F1 (30) 0.46 0.43 3.54 53.90 195.00 140.00 393.33
F1 (60) 0.47 0.43 6.18 79.00 143.00 121.00 350.08
F1 (100) 0.37 0.31 3.72 52.00 139.00 114.00 309.40
F2 (30) 0.36 0.13 4.79 35.20 45.20 75.50 161.18
F2 (60) 0.37 0.16 4.12 34.00 49.00 77.50 165.15
F2 (100) 0.36 <DL 3.59 19.70 13.20 56.80 93.65
F3 (30) 0.44 0.48 22.70 147.00 136.00 155.00 461.62
F3 (60) 0.44 0.58 26.40 161.00 115.00 137.00 440.42
F3 (100) 0.41 0.68 35.60 171.00 135.00 134.00 476.68
K (30) 0.44 0.73 8.93 96.30 126.00 151.00 383.40
K (60) 0.29 0.17 5.26 59.40 49.30 76.90 191.32
K (100) 0.23 <DL 0.12 9.00 1.42 36.00 46.76

Samples: K denotes crater on the pit F1; F1, F2, F3 denote pits; SI200 denotes sample collected in the north-east direction, 200 m from the
center of the pit F1. Depths: (30) denotes 0 to 30 cm, (60) denotes 30 to 60 cm, and (100) denotes 60 to 100 cm

2The detection limit (DL) for Cu* ions was 0.01 mg/L (10 ppb); Values that exceed the maximum allowable concentration (M.A.C.)

(Pravilnik FBiH 72/09) are in italic

soil samples, while Figs. 5, 6, 7, 8, and 9 show the
distribution of the analyzed heavy metals (in %) by
fractions.

3.1 Cadmium

Cd is one of the most toxic and most mobile metals in
the soil (Kubova et al. 2008), so its high proportion in
mobile fractions potentially poses a risk for entering the
food chain (Bogdanovi¢ 2002), which can, furthermore,
have implications for the living world. Generally, larger
part of Cd in mobile fractions of soil unambiguously
indicates the existence and impact of anthropogenic
pollution sources.

In all tested samples, Cd was most present in the
residual phase (F5), where in the sample SI200, the
proportion of Cd in the residual fraction (F5) was higher
in relation to the samples from the pits and the crater
(Fig. 5). In the SI200 sample, in which the only mea-
sured values of Cd were below the values for the max-
imum allowable concentration (M.A.C.) (1.0 mg/kg)
(Pravilnik FBiH 72/09), the Cd distribution in phases
was as follows: F5 > F3 > F4=F1 > F2 > F0. The
percentage of phases F4 and F1 decreased slightly with

depth and was low (5.1-3 and 5.1-1.5%, respectively).
The part of Cd in the SI200 sample in fraction F3 was
evenly distributed along the vertical soil profile (an
average of 13.60%), while the percentage of the F5
phase was the highest, and it increased with a sampling
depth (from 73 to 83%) (Fig. 5). A characteristic in-
crease in the percentage of Cd in the residual fraction
(F5) with depth was also recorded in the sample from
the crater, where the percentage of Cd in the residual
fraction (F5) increased from 42 to 63% (Fig. 5). This is
expected since the percentage of clay on the polygon
increased with depth, and most heavy metals have the
ability of very intense binding to clay minerals
(Belanovi¢ et al. 2003; Thiboutot et al. 2012). Cd pres-
ent in clayey soil is not particularly dangerous, because
it is mainly present in immobile fractions. Generally
speaking, Cd shows more toxicity in sandy than in
clayey soil (Vig et al. 2003). Clay, followed by the
content of organic matter, is the dominant abiotic com-
ponent in soil that reduces Cd toxicity (Doelman and
Haanstra Doelman and Haanstra 1984). Complexation
of Cd with organic matter and/or formation of insoluble
chelates are a possible reason for its low bioavailability
in clayey loamy soil and loamy soil (Lighthart et al.
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Table 5 Concentrations of zinc by fractions in the tested soil
samples at different depths

Sample Concentration of Zn (mg/kg)®

FO  Fl F2 F3 F4 FS b))

S1200 (30) 0.67 0.13 0.08 508 1.78 84.10 91.84
S1200 (60) 037 0.10 <DL 286 130 88.80 9343
SI200 (100) 047 0.14 0.11 355 1.18 118.00 123.45
F1 (30) <DL <DL 138 3560 590 189.00 231.88
F1 (60) <DL <DL 151 36.80 4.52 157.00 199.83
F1 (100) <DL <DL 194 4920 896 201.00 261.10
F2 (30) <DL <DL 146 26.60 526 108.00 141.32
F2 (60) <DL <DL 146 29.00 5.66 107.00 143.12
F2 (100) <DL <DL 230 20.60 348 109.00 135.38
F3 (30) <DL <DL 6.58 37.20 3.20 140.00 /86.98
F3 (60) <DL <DL 4.76 32.60 3.14 127.00 167.50
F3 (100) <DL <DL 5.17 32.00 3.40 126.00 166.57
K (30) <DL <DL 538 3520 3.02 798.00 241.60
K (60) <DL <DL 278 20.80 2.24 138.00 /63.82
K (100) <DL <DL 0.68 7.14 092 131.00 139.74

Samples: K denotes crater on the pit F1; F1, F2, F3 denote pits;
SI200 denotes sample collected in the north-east direction, 200 m
from the center of the pit F1. Depths: (30) denotes 0 to 30 cm, (60)
denotes 30 to 60 cm, and (100) denotes 60 to 100 cm

2 The detection limit (DL) for Zn>* ions was 0.01 mg/L (10 ppb);
Values that exceed the maximum allowable concentration
(M.A.C.) (Pravilnik FBiH 72/09) are in italic

1983; Dar 1996). Various studies suggest that bioavail-
ability of Cd in soil decreases with time, by increasing
pH, clay content, and organic matter in the soil.
Christensen’s (1984) research showed that the adsorp-
tion of Cd in sandy and loamy-clayey soil increases
when the pH was increased from 4 to 7.7. These facts
support the reduction of bioavailability of Cd at polygon
of Glamoc, since the soil was alkaline and the clay
content increased with increasing depth.

The sums of extracted Cd in the case of the remaining
examined positions (F1, F2, F3, K) were significantly
higher (2.5 to 5.55 mg/kg) compared to the SI200 position,
and showed a characteristic fall along the vertical profile
(Table 1). Also, the observed decrease in the residual
fraction (F5) was followed by an increase in the Fe/Mn
oxide (F3) and carbonate fraction (F2) (Fig. 5). Since Cd
cannot form stable organic complexes (Olajire et al. 2003),
the association of Cd with organic matter is usually lower
(Rule 1998), and hence the fact of very low concentrations
of Cd in the organic phase. In the samples from the
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positions F1, F2, F3, and K, the percentages of the most
mobile fractions ranged from 12 to 15, 14 to 18, 29 to 31,
and 9 to 34%, respectively, depending on the depth.

At the polygon of Glamoc, Cd appeared in the car-
bonate fraction (F2) in the area of the pits, while on the
edge of the pit, the content of Cd in the carbonate
fraction (F2) was negligible. The ionic cadmium, due
to a similar ionic radius, can easily substitute Ca ions in
calcite (CaCOs) soil (Li et al. 2015) and form a otavite
(CdCO3) that can occur in soil contaminated with cad-
mium (Nannoni et al. 2011), resulting in a high percent-
age of Cd in the carbonate-bonded fraction.

3.2 Lead

It is noticeable that none of the samples exhibited a Pb
concentration above the M.A.C. (80 mg/kg) (Pravilnik
FBiH 72/09). Pb is predominantly found in the residual
phase (F5) (58-80%) (Fig. 6). The sum of extracted Pb
concentrations in the tested samples did not differ sig-
nificantly along the vertical profile, except in the case of
the K position where the concentration of Pb decreased
from 57 to 39 mg/kg (Table 1). At the crater position, the
highest and lowest concentrations of Pb are registered.

Distribution of Pb by fractions, in all the samples, was
as follows: F5 > F3 > F4 > F2 > F1 = F0. Similar obser-
vations can also be found for the distribution of lead in
urban areas with anthropogenic impact. In studying Pb
content at several different locations in urban areas, Pb
was primarily related to the residual phase, while the least,
it was represented in the exchangeable phase (Guo et al.
2005). Extremely high Pb concentrations in the residual
fraction are explained by some authors by the presence of
galenite (PbS), which is the basic form of insoluble Pb in
nature (Ogundiran and Osibanjo 2009). Results have also
been published showing that the main geochemical
sources of lead are Fe, Mn-oxide phase (mean 55.7%),
and residual phase (mean 30.2%) (Sarkar et al. 2014).
Markovi¢ et al. (2016) showed that in the uncontaminated
soil with significantly different physico-chemical proper-
ties, from the territory of the Republic of Serbia, Pb is
mainly related to the Fe, Mn-oxide fraction (32—66%),
and then to the organic (17-45%) and residual fraction
(13-27%), while negligible concentrations of Pb were
measured in the FO and F1 phases.

In the analyzed samples, a slight decrease of Pb
proportion in the residual fraction (F5) followed the
increase of the Pb proportion in the Fe-Mn oxide phase
(F3), wherein the Pb proportion in the Fe-Mn oxide



Water Air Soil Pollut (2018) 229: 303

Page 9 of 20 303

Fig. 5 Distribution of Cd by soil
fractions sampled at different
depths. Samples: K denotes crater
on the pit F1; F1, F2, and F3
denote pits; SI200 denotes sample
collected in the north-east
direction, 200 m from the center
of'the pit F1. Depths: (30) denotes
0 to 30 cm, (60) denotes 30 to

60 cm, and (100) denotes 60
t0100 cm

Fig. 6 Distribution of Pb by soil
fractions sampled at different
depths. Samples: K denotes crater
on the pit F1; F1, F2, and F3
denote pits; SI200 denotes sample
collected in the north-east
direction, 200 m from the center
of'the pit F1. Depths: (30) denotes
0 to 30 cm, (60) denotes 30 to

60 cm, and (100) denotes 60
t0100 cm
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Fig. 7 Distribution of Ni by soil
fractions sampled at different
depths. Samples: K denotes crater
on the pit F1; F1, F2, and F3
denote pits; SI200 denotes sample
collected in the north-east direc-
tion, 200 m from the center of the
pit F1. Depths: (30) denotes 0 to
30 cm, (60) denotes 30 to 60 cm,
and (100) denotes 60 to100 cm

Fig. 8 Distribution of Cu by soil
fractions sampled at different
depths. Samples: K denotes crater
on the pit F1; F1, F2, and F3
denote pits; SI200 denotes sample
collected in the north-east
direction, 200 m from the center
of'the pit F1. Depths: (30) denotes
0 to 30 cm, (60) denotes 30 to

60 cm, and (100) denotes 60 to
100 cm
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fraction (F3) was significantly higher in the area of the
pits than on their edge (Fig. 6). This can be attributed to
the destruction activities. Generally, the Fe/Mn oxide
fraction of the soil represents excellent “collectors” of
the metal in the soil, especially lead. The role of Fe-Mn
oxide and hydroxide in lead retaining in soil has been
proven in many cases; it was also confirmed in soil
samples from industrial areas and military polygons
(Dias da Silva et al. 2014; Bara¢ 2017). Bara¢ (2017)
showed, based on BCR sequential extraction, that Pb in
samples of contaminated agricultural soil is primarily
related to Fe and Mn oxides/hydroxides (61%). The
high Pb affinity for Fe/Mn oxides was also established
on a military polygon in Brazil, which was used for
destroying unstable munitions by an open detonation
method, and it was noted that the total Pb concentration
was higher in samples that were closer to the site of
detonation and it was increasing with depth of sampling
(Dias da Silva et al. 2014). Even, about 50% Pb was in
the Fe-Mn oxide phase, and the remainder was mainly
arranged in the following order: Residual
fractions > Complexed/Organic matter > Soluble + Ex-
changeable + Carbonates. The highest total Pb concen-
tration on this polygon was 178.66 mg/kg (Dias da Silva
et al. 2014).

The high affinity of Pb to Fe/Mn oxides was also
confirmed by the Tessier method on soil samples from
the industrial area. The results showed that Pb is most
present in the oxide fraction (49%), while it is below 1%
in the bioavailable exchangeable fraction (Jena et al.
2013). Lead is able to form stable hydroxy and carbon-
ate complexes that are preferentially bound to a slightly
positively charged surface of Fe oxide (Hessling et al.
1989). The presence of soil organic matter also plays an
important role in Pb adsorption. Soil organic matter may
immobilize Pb via specific adsorption reactions, while
mobilization of Pb can also be facilitated by its com-
plexion with dissolved organic matter or fulvic acids
(Bradl et al. 2005).

In all tested samples, the proportion of mobile phases
was low. The presence of Pb in the water soluble (F0)
and exchangeable (F1) fractions was not registered in
any tested sample, while the Pb content in the carbonate
phase (F2) was low (0-3%). In the case of samples F1,
F2, and F3, the fraction of the carbonate phase (F2) did
not change significantly with depth, while in the case of
sample K, the carbonate phase (F2) decreased with
increasing depth and its presence was not registered in
the depth sample (Table 1). Generally, the content of the
carbonate fraction (F2) was lower on the edge of the pit
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than in the samples from the pits. At low Pb concentra-
tions in the exchangeable fraction (F1), an important
influence may have a soil pH that determines the bio-
availability of Pb. The low percentage of lead related to
mobile phases is confirmed by the fact that the presence
of lead at the examined site did not have a detrimental
effect from these activities.

3.3 Nickel

Ni may be present at different locations in particles of
soil. We find it as specifically adsorbed, adsorbed or
enclosed in sesquioxides, fixed within a clay grid, or
bound to organic residues and microorganisms when
present in complex form with organic and inorganic
ligands (Adriano 2001), which indicates the wide distri-
bution of nickel in the soil.

In all tested samples, the sums of extracted Ni con-
centrations of sequential extraction were greater than the
M.A.C. (40 mg/kg) (Pravilnik FBiH 72/09), which is
consistent with the pseudo-total concentrations shown
in the first part of the study. Sums of the extracted
concentration of Ni in the case of examined positions
grew along the vertical profiles (Table 3).

Proportion of fractions Ni followed the line: F5 > >
F3 > F4 > F2=F1 ~F0. In all examined samples, Ni
was predominantly in the residual fraction (F5) (with
over 85%). Similar observations are found by other
authors. Domination of Ni in residual phase was ob-
served in different types of urban soil affected by vari-
ous human activities (Guo et al. 2005; Sarkar et al.
2014). Kashem et al. (2007) showed that in contaminat-
ed soil, Ni was predominantly present in the residual
fraction, and Ni concentration increased with the sam-
pling depth in all the examined soil samples. In the same
soil samples, a small percentage of the F3 fraction was
reported, while the percentage of the F4 fraction ranged
from 9 to 15%. Ma and Rao (1997), using Tessier’s
method, tested nine soil samples from different contam-
inated sites within the US in which they found that Ni
was predominantly located in the residual phase (in the
range of 57-94%), and it was not detected in any sample
in the water soluble fraction.

Significant presence of Ni in the residual fraction can
be associated with persistent mineralogy phases, such as
residual silicate phases. Due to the high concentration of
Ni in the samples, a dominant presence in the residual
phase is a favorable circumstance for the environment.
Generally, the metals present in the residual fraction are
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strongly bound to minerals and do not present any
ecological risk (Wali et al. 2014).

According to the data, in sandy loamy soil, Ni is
generally poorly mobile and appears in the residual
fraction with more than 50% compared to the total
concentration (Kabata-Pendias 2011). These observa-
tions are in line with our observations. This trend may
be explained by residence time effect which may reduce
metal mobility and bioavailability due to complexation,
adsorption, and precipitation of metal ions in the soil
particle surface (Zauyah et al. 2004). In addition, Lu
et al. (2004) showed that time favorably influences the
immobilization of Ni in the soil. They explored the time
effect on the fractionation of heavy metals in soils and
found that soluble metals were transformed from easily
extractable fractions to more stable fractions.

It is also a favorable circumstance that, in most sam-
ples (except K60 and S1200 (30) and SI1200 (60)), the Ni
concentrations in the water soluble (FO) and exchange-
able (F1) fractions were below the detection limit of the
instrument, and the concentration of Ni in the carbonate
phase (F2) was below the detection limit for samples
S1200 and F1, while for other samples, it was very low
(0.08-0.32 mg/kg). Presence of Ni in Fe-Mn oxide (F3)
and organic (F4) fractions was also low and ranged from
2.1 to 6.2 and 1.2 to 2.8 mg/kg, respectively.

The mobility of Ni in soil increases with decreasing
pH and ion exchange capacity (Kastory Kastori 1997).
Sanders and Adams (1987) showed that the addition of
sludge and decreasing the soil pH (pH < 6) increased
proportion of soluble Ni. As the soil on the polygon of
Glamoc is alkaline, it can be characterized as beneficial
from the aspect of immobilization of nickel. Relatively
small amounts of Ni in mobile fractions show that the
danger of this element to the environment is insignifi-
cant, since the most of Ni is bound to a stable and for the
living world unreachable soil fractions.

3.4 Copper

The Cu concentrations in the water soluble (FO) and
exchangeable (F1) fractions were generally low (<
1 mg/kg) (Table 4). For the most examined soil samples,
the amounts of extracted Cu concentrations were greater
than the M.A.C. (65 mg/kg) (Pravilnik FBiH 72/09).
The sum of the extracted Cu concentrations for the
tested positions generally fell along the vertical soil
profile, except for the SI200 position, where it was
approximately the same value and position F3 where a
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certain decrease and than the increase in value was
recorded. The extracted proportion of copper sample
from the edge of the pit was noticeably smaller than
the extracted concentrations from the pit samples, and
the largest proportion of Cu was found in the residual
fraction (F5) (over 80%). With the increase in the sam-
pling depth at the observed position, the increase in the
fraction of Cu in phase F5 was followed by a decrease in
the proportion of Cu in the Fe-Mn oxide fraction (F3)
(Sarkar et al. 2014). Metals that are related to the resid-
ual fraction are most likely incorporated in aluminum-
silicate minerals (Wali et al. 2014).

In the case of the remaining positions, the proportion
of Cu in certain fractions significantly was different
from the soil sample on the edge of the pit. First of all,
a significantly lower proportion of Cu was bound in the
residual fraction (F5), while significantly higher Cu
concentrations were related to fractions F4, F3, and
F2. The proportion of copper in these fractions can be
explained by the fact that these positions were exposed
to the direct action of the explosion. The proportion of
Cu in the carbonate fraction (F2) of the soil indicates the
existence and impact of an anthropogenic source of
pollution. The highest concentrations of Cu in the car-
bonate fraction (F2) were recorded in the sample from
the pit F3, ranging from 4.92 to 7.50%, along the verti-
cal profile of the soil, which can be characterized as an
unfavorable result. In the Dias da Silva et al. (2014)
research that was carried out on the military polygon in
Brazil, in the analyzed samples, Cu was dominantly
bound in mobile fractions (soluble + exchangeable +
carbonates) (total from 65.9 to 93.9%), while the residue
was assigned to the residual fraction, and this is why it
was found to be a risk for the transfer of pollution. This
is confirmed by the influence of the activities of destruc-
tion munitions, mines, and explosive devices on soil
contamination by copper.

Variations in Cu concentrations in individual frac-
tions in soil samples may depend on the source of
pollution, the length of the destruction period, and the
conditions of the soil. At positions F1 and K, the present
quantities of Cu ranged on average in the residual frac-
tion (F5) of 35 to 52%, in the oxide fraction (F3) from
17 to 25%, while in the organic phase (F4), 20 to 45%
(Fig. 8). From this, it can be seen that the distribution of
Cu in the soil is strongly influenced by organic matter
and Fe and Mn oxides. A similar conclusion was made
by Adriano (2001). The presence of Cu in the Fe-Mn
oxide fraction can be explained by the fact that Cu*

copper ions have an ionic radius similar to Fe** ions, so
it could be incorporated into the crystal structure of Fe-
oxide, while its bonding and presence in the organic
phase F4 could be explained by affinity for complexing
with organic substances, where it usually occurs in the
form of soluble organic chelating agent (Kabata-Pendias
2011). The high affinity of Cu to oxides was also con-
firmed in the studies carried out by Cerqueira et al.
(2011) and Vega et al. (2010). Of all transition metals,
except Pb, Cu is most strongly absorbed to Fe and Al
oxides and oxyhydroxides (Adriano 2001). As the Fe
and Mn minerals are naturally present in the soil, there is
the greater presence of Cu in the Fe/Mn oxide fraction in
the area of the pit than on its edges, which indicates the
anthropogenic sources in this fraction. Also, a higher
proportion of copper in the organic fraction in the pit
area than on its edge is due to the activity on the
polygon. The increase in pH is beneficial for the immo-
bilization of Cu by organic matter, primarily using hu-
mic and fulvic acid. With increasing pH, Cu is more
complexed with organic matter and thus becomes
immobilized (Thomas 2015). Complexation with organ-
ic matter in the form of humic and fulvic acids is an
effective mechanism for retaining Cu in the soil. It has
been shown that Cu, in comparison with other metals, is
the most efficiently complexed with humic matter
(Bradl et al. 2005). However, the copper bonded to the
organic fraction is more phytoavailable than copper
bound to the inorganic precipitate and the residual frac-
tion. The bioavailability of the soluble forms of Cu
depends probably the most on the molecular weight of
the compound in which it is bound and the quantity in
which it is present. Generally, in the soil solution, the
copper is controlled by reaction with active groups on
the surface of the solid phase and with the reactions with
specific soil substances (Kabata-Pendias 2011).

3.5 Zinc

At certain positions, the measured Zn concentrations
were greater than the M.A.C. (150 mg/kg) (Pravilnik
FBiH 72/09). The extracted zinc is predominantly pres-
ent in the residual fraction (F5), at 75% and up (Fig. 9).
Similar results can be found for urban and industrial
areas (Kierczak et al. 2008).

More research has shown that soils with high content of
clay and organic matter have a high zinc adsorption capac-
ity and that zinc in the soil is dominantly adsorbed on clay
minerals (Linsday 1972; Farrah and Pickering 1977,
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Kastori 1997). Alkaline conditions are favorable for the
adsorption of Zn on minerals of clay and organic matter
(Jurinak and Bauer 1956; Randhawa and Broadbent
1965).

Except in the residual fraction (F5), significant Zn
concentrations in samples of pits and crater were also
measured in the Fe-Mn oxide fraction (F3) (on average
10.8 to 19.5%), while the proportion in the organic
fraction (F4) was much smaller and negligible. This
can be partly due to high stability constants of Zn oxide
(Banerjee 2003), as well as the ability of Fe oxide to
adsorb significant amounts of zinc and to cause Zn
occlusion in the crystal lattice (Abdu 2010; Sarkar
et al. 2014). Similar results can be found in studies of
different contaminated soils. Thus, in samples of con-
taminated soil from the areas of different US locations,
the percentage of zinc in the residual fraction was 55.8
t0 97.6%, while low concentrations were recorded in the
water-soluble and organic fraction. In most examined
samples, a significant presence of Fe/Mn oxide fraction
(1.50-17.67%) was also found (Ma and Rao 1997). The
importance of Fe-Mn oxide in zinc accumulation has
been confirmed during the scanning of the soil in the
area of Derbyshire, England, polluted by industrial ac-
tivities (Li and Thornton 2001). On the other hand, in
limestone and alkaline soils, the carbonate fraction may
have a greater significance in zinc bonding, due to
sorption of Zn with carbonate, by hydroxide and/or
carbonate precipitation, or the formation of insoluble
calcium zincate (Adriano 2001). The higher content of
zinc in the mobile phase which leads to reducing the
content of Zn in the residual phase is due to anthropo-
genic zinc intake. This was also confirmed during the
testing the mobility of zinc in contaminated and uncon-
taminated soil in Japan (Kashem et al. 2011). On aver-
age, the proportion of Zn in contaminated soil in the
residual, oxide, and mobile fractions were 42, 28, and
23% respectively, while the corresponding values in
uncontaminated soils were 64, 23, and 4%.

Organic matter is a significant factor that influences
the behavior of Zn in the soil. Fulvic and organic acids
with low molecular weight form soluble complexes and
chelates with Zn and thus increasing the mobility of Zn
(Shuman 1975).

The presence of Zn in the carbonate fraction (F2) at
the polygon of Glamoc at the positions of the pits and
crater could be a result of anthropogenic influence due
to the destruction of the unstable munitions, but gener-
ally, these values were low (the highest percentage was
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found at position F3 and ranged from 3.5 to 3.1%,
depending on the depth). The connection of carbonate
fraction with anthropogenic zinc intake was confirmed
by Bara¢ (2017) in samples of contaminated agricultural
soil from industrial activities. He showed that Zn which
has been the result of anthropogenic activities in soil,
primarily associated with carbonate minerals.

In all samples of soil from the pits and crater, the
concentrations of Zn in the water soluble (FO) and
exchangeable (F1) were below the instrument detection
limit, and in the SI (200), samples were negligible
(below 1%).

All of the above indicates that polygon of Glamoc, or
the activities carried out within it, has a lesser impact on
soil contamination from the aspect of Zn due to relative-
ly small proportion in mobile and easily available
fractions.

3.6 Ecological Implications
3.6.1 Risk Assessment Code (RAC)

The total metal concentration is often not sufficient to
estimate the danger arising from them, because the differ-
ent soils show a different degree of toxicity for the same
total metal content, depending on which soil phase the
metals are bound to. The distribution of metals in the soil
may indicate a potential threat to the environment through
the way in which the metals are connected. Evaluation of
risk due to the bioavailability of heavy metals can be
expressed by calculating the risk assessment code
(RAC). Calculation of the risk assessment code is widely
used in risk assessment of soil analysis (Guillén et al.
2012), sediment (de Passos et al. 2010; Zhu et al. 2012),
etc. The essence of the procedure is in calculating the
percentage of metals found in the exchangeable and car-
bonate fractions in relation to the total content (Table 6)
(Jain 2004). Based on the value obtained, the risk assess-
ment code or risk assessment is determined.

It is considered that soil less than to 1% exchangeable
and carbonate fractions within the total metal content has
no risk to the environment, while soil in which the
exchangeable and carbonate fractions accounts more than
30% represents a high risk and over 50% reflects extreme
risk for the environment and for the food chain (Nemati
et al. 2011b; Ghrefat et al. 2012; Sungur et al. 2014).

The results of the sequential extraction showed that
heavy metals Cd and Zn are predominantly present in
the residual and oxide fractions, while Pb and Ni are
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Table 6 Risk assessment based on the percentage of metals in
exchangeable and carbonate fractions in relation to the total con-
centration of metals in the soil

Criteria (% Me in exchangeable
and carbonate fractions)

No risk <l
Low risk 1-10
Medium risk 11-30
High risk 31-50
Extreme risk >50

predominantly present in the residual fraction, then the
oxide and organic fractions. Cd is also significantly
presented in mobile fractions. Cu is distributed between
the residual, oxide, and organic phases, depending on
the samples, except for the position on the edge of the pit
where the residual fraction is much more dominant. Cu
is also significantly present in the carbonate fraction in
the area of pits and crater (Figs. 1, 2, 3, 4, and 5).

Considering the mobile fractions in which the exam-
ined metals occurred, the differences between them were
noticed. The mobility or the bioavailability of the analyzed
heavy metals decreased in the following order:
Cd > > Cu > Zn > Pb > Ni. The percentage of mobile
phases of Cd at the SI200 position ranged between 2 and
6%, which is assessed as a low risk. In other examined
samples, the proportions of Cd in mobile fractions were
significantly higher. For samples from the positions F1 and
F2, the proportion of mobile phases were in the range that
corresponded to moderate risk (12—18%). At F3 position,
the risk was ranged from moderate to high (29-31%), and
at position K, risk was ranged from low to high (9-34%),
depending on the depth of the sample. From the mobile
fractions, Pb appeared only in the carbonate fraction.
Taking into account the risk assessment guidelines, it
could be concluded that the positions of SI200 and F1
do not pose an environmental risk for Pb, since less than
1% of Pb is present in the carbonate fraction, while for
other samples (F2, F3, and K), there is low risk (Pb content
in the carbonate fraction is from 1 to 3%). Ni did not pose a
risk to the environment because in all tested samples, its
content in mobile fractions was below 1%. The proportion
of mobile fractions of Cu, in all examined positions,
ranged from 1 to 8%, which corresponds to the low-risk
assessment code. In terms of Zn, the SI200 and F1 samples
do not pose environmental risk, while the samples F2, F3,
and K show low risk (1-4%).

Based on the considered risk assessment code, it is
concluded that the greatest danger to the living world
comes from the Cd, while other metals do not pose a
threat to the environment of the examined area.

3.6.2 Individual Contamination Factor (ICF)
and Global Contamination Factor (GCF)

In addition to RAC, it is important to explore the indi-
vidual contamination factor (ICF) of heavy metals since
it indicates the degree of risk of heavy metals to the
environment in relation with their retention time (Moore
et al. 2015). The ICFs were calculated for all analyzed
samples from polygons as the ratio between the sum of
the concentrations of metals extracted in the first five
steps (water soluble, exchangeable, bound to carbon-
ates, bound to iron and manganese oxides, and bound to
organic matter) and concentrations found in residual
forms (Jamali et al. 2007; Nemati et al. 2011a, b).
According to Barona et al. (1999), the lower the ICF
values, the higher the relative metal retention and lower
risk of the environment. The global contamination fac-
tor (GCF) was calculated by summing the ICFs factor
for each heavy metal obtained in the samples (Naji and
Ismail 2011; Aiju et al. 2012). The individual contami-
nation factor (ICF) and global contamination factor
(GCF) classifications were interpreted as suggested by
Zhao et al. (2012): ICF < 0 and GCF < 6 indicate low, 1

<ICF <3 and 6 < GCF < 12 moderate, 3 <ICF <6 and
12 < GCF < 24 considerable, and ICF > 6 and GCF > 24
high contamination. The ICF and GCF values for the
analyzed area are shown in Table 7.

In all samples, for all metals analyzed, the ICF values
(except for surface samples F1 and K of Ni) and GCF
were lower on the edge of the pit than in the area of pits
and crater. The average ICF values for the heavy metals
analyzed, regardless of depth, followed the same se-
quence: Cu> Cd > Pb > Zn > Ni.

Cd and Cu had similar contamination factors in the
surface and sub-surface layer, while in the deep layer,
the factors of contamination had lower values. ICFs for
Cu and Cd were significantly higher than for other
metals. The highest ICF values for Cu were found in
the deep sample of pit F3 and for Cd in the surface
sample in the pit F2. These highest recorded values of
ICF in soil samples for Cu and Cd (2.56 F3 (100) and
1.39 F2 (30), respectively) show just moderate contam-
ination, but still low retention time and mobility poten-
tial (according to GCF).
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Table 7 Individual (ICF) and global (GCF) contamination factors
in the tested soil samples

Depth Sample ICF* GCF*

Cd Pb Ni Cu Zn

S1200 036 026 0.13 022 0.10 1.07
Fl1 0.75 032 0.10 1.81 023 3.21
0-30cm  F2 1.39 0.61 0.15 1.13 0.31 3.59
F3 1.20 046 0.17 198 0.26 4.07
K 1.37 036 0.10 1.54 0.22 3.59
Mean value 1.01 040 0.13 137 022 3.53
S1200 0.25 027 0.10 0.10 0.05 0.77
Fl1 0.72 037 0.10 1.90 0.27 3.36
3060 cm  F2 1.31 0.66 0.16 1.13 0.34 3.6
F3 1.10 051 0.10 221 0.32 4.24
K 0.78 045 0.10 149 0.19 3.01
Mean value 0.83 045 0.11 1.37 0.23 2.99
S1200 0.20 033 0.07 0.10 0.04 0.74
Fl1 0.71 036 0.10 1.71 0.30 3.18
60-100 cm F2 0.81 0.72 0.11 0.65 024 2.53
F3 1.02 056 0.10 2.56 0.32 4.56
K 0.58 038 0.11 030 0.07 144

Mean value 0.66 047 0.10 1.06 0.19 248

Samples: K denotes crater on the pit F1; F1, F2, and F3 denote
pits; SI200 denotes sample collected in the north-east direction,
200 m from the center of the pit F1

#The individual contamination factor (ICF) and global contami-
nation factor (GCF) classifications: ICF < 0 & GCF < 6 — indicates
low, 1 <ICF<3 & 6 <GCF <12 moderate, 3<ICF<6 & 12<
GCF <24 considerable, and ICF > 6 & GCF > 24 high contami-
nation (Zhao et al. (2012)

In all tested samples, the lowest ICF values were
recorded for Ni and were fairly uniform regardless of
the position taken from the soil sample. Pb and Zn also
had approximately uniform contamination factors in all
three layers of soil (Table 7). Due to very low ICF values
for Pb, Ni, and Zn, it could be concluded that their
retention time and mobility potential are very small (< 1).

GCF is important because it provides a comprehen-
sive potential risk for heavy metals (Ikem et al. 2003).
The highest GCF value was found at F3 position, while
the lowest in the SI200 position, independent of the
depth. In general, looking at the average values, it could
be said that the GCF decreased with depth.

The results in Table 7 indicate that ICF show low risk
(in individual positions because it is below 1) to mod-
erate risk (in individual positions because it ranges from
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1 to 3) for Cu and Cd, while for other metals, it shows
low risk in terms of retention time and potential mobility
in the examined area. GCF shows low risk for all ana-
lyzed metals.

In the literature, different values of ICF and GCF for
metals in the soil can be found. Thus, in agricultural soil
near the farm, for most heavy metals, a low risk was
established from the aspect of their retention, except for
Cd that showed a high risk for the examined area
(Matong et al. 2016). In contrast, in soil samples from
a location around the phosphate fertilizer industry, the
average ICF values for metals have followed the lines:
Pb>Zn>Mn>Co>Cu>Cr>Ni>Fe. A highest risk
of zinc and lead contaminations was found at two indi-
vidual positions, with ICF values of 4.78 and 3.91,
respectively, while for other metals, significantly lower
values were established. The highest GCF was found in
surface soil samples, and it is decreased with depth
(Wali et al. 2014). Results of the average GCF values
in soil samples at polygon of Glamoc (slight decrease in
the GCF values with sample depth) are in line with the
conclusions of Wali et al. (2014) that metals are accu-
mulating in surface layers of soil. Yao et al. (2006)
examined the contamination factors for the six elements
in the sediment of Dongting Lake in Central China,
where the following lines were found: Cd >Pb>Zn >
Cu > Ni> Cr. The remobilization of metals is influenced
by many factors such as chemical speciation, the
physico-chemical characters, and pH of the water body
(Ikem et al. 2003; Yao et al. 2006). The mechanism of
migration and transformation of heavy metals can be
summarized as ion exchange, dissolution, and desorp-
tion (Duddridge and Wainwright 1981; Lin and Chen
1998). Among the numerous influencing factors, pH is
one of the main factors (Inmaculada et al. 2004). Appel
and Ma 2002, found that pH is the main factor affecting
the adsorption characteristics of heavy metals, which
controls the solubility of hydroxides, carbonates, and
phosphates of heavy metals, and also affects the hydro-
lysis of heavy metals in sediments and organic matter,
dissolved clay surface charge changes, and the forma-
tion of ion pairs. The risk of the presence of metals could
be affected by redox conditions in the soil. Metals which
are bound to Fe-Mn oxides are especially sensitive to
redox conditions. Thus, under reduction conditions, the
release of metals that are present in the Fe-Mn oxide
phase can occur due to their dissolution. Because the
analyzed metals in individual positions in the polygon of
Glamoc are present in the Fe-Mn oxide fraction, the
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change in redox conditions can lead to an increase in the
risk of pollution.

Since GCF values are not comparable to any stan-
dards, the effect of a combination of metals on soil
contamination cannot be thoroughly examined.

4 Conclusion

Intensive use of soil for military purposes directly af-
fects the physical and chemical characteristics of the
soil, and in the most cases, it leads to its irreversible
degradation.

Destruction of ammunition, mines, and explosive
devices by open detonation represents the ecologically
least favorable option for resolving surplus of ammuni-
tion and mine explosive devices. Since there is no
pollution control, the areas used for these purposes
become contaminated with dangerous and/or toxic sub-
stances. At these locations, elevated concentrations of
heavy metals are often detected.

About 30% of the surpluses within the Armed Forces
of Bosnia and Herzegovina are destroyed by the method
of open detonation at the Glamoc polygon. There are no
technical measures to prevent contamination. This con-
dition inevitably could lead to contamination of the
polygon by heavy metals. The favorable circumstance
is that the soil of the examined area corresponds to a
silty-loamy structure and shows an alkaline reaction of
the soil.

A research that was carried out at the polygon of
Glamoc showed that the metals Cd, Ni, Cu, and Zn were
present above the maximum allowable concentration,
while Pb was within the maximum allowed limits. The
results of the applied sequential extraction show that Cd
and Zn are predominantly present in the residual and
oxide fractions, while Pb and Ni are predominantly
present in the residual, then the oxide, and the organic
fraction. Cu in addition to the residual, organic, and
oxide phase is also significantly present in the carbonate
fraction in the area of pits and crater. Cd is also signif-
icantly presented in mobile fractions, which speaks of
anthropogenic effect. Pb, Ni, and Zn are present in very
small quantities in mobile and easily available fractions,
which suggests a lower risk of these elements in the
environment. The determination of the risk assessment
code (RAC) and the ICF and GCF values was also used
to evaluate the potential mobility and bioavailability of
the analyzed metals. According to the risk assessment,

Cd belongs to the most problematic metal from the
aspect of mobility and accessibility for the examined
area because the identified risk ranged from low to high,
depending on the sample tested. Cu, Pb, and Zn show
low risk, while Ni shows no risk to the environment in
the area when looking at the aspect of mobility and
accessibility for the flora and fauna. ICF shows low risk
for all analyzed metals except for some Cu and Cd
positions where moderate risk is present in terms of
retention time and potential mobility in the examined
area. The results indicated that soil at the polygon of
Glamoc was low (GCF < 6) impacted by heavy metals.
However, continued anthropogenic activities in this re-
gion may cause the heightened degree of contamination,
which could result in considerable risks to the local
population and the local floras and faunas.
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