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Abstract: This study highlights the consequences on soil pollution of one hund-
red years of manufacturing in the Copper Mining and Smelting Complex RTB-
-Bor (Serbia). Soil sediments were taken via a probe from the surface layer of
the soil at twelve different measuring points. The measuring points were all
within 20 km of the smelting plant, which included both urban and rural zones.
Soil sampling was performed using a soil core sampler in such way that a core
of a soil of radius 5 cm and depth of 30 cm was removed. Subsequently, the
samples were analyzed for pH and heavy metal concentrations (Cu, Pb, As, Cd,
Mn, Ni and Hg) using different spectrometric methods. The obtained results for
the heavy metal contents in the samples show high values: 2,540 mg kg! Cu;
230 mg kg! Pb; 6 mg kg1 Cd; 530 mg kg? Ni; 1,300 mg kg* Mn; 260 mg kg!
As and 0.3 mg kg1 Hg. In this study, critical zones of polluted soil were iden-
tified and ranked according to their metal contents by the multi-criteria deci-
sion method Preference Organization Method for Enrichment Evaluation/Geo-
metrical Analysis for Interactive Assistance — PROMETHEE/GAIA, which is
the preferred multivariate method commonly used in chemometric studies. The
ranking results clearly showed that the most polluted zones are at locations
holding the vital functions of the town. Therefore, due to the high bioavailabi-
lity of heavy metals through complex reactions with organic species in the
sediments, consequences for human health could drastically emerge if these
metals enter the food chain.
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INTRODUCTION

At the onset of the new millennium, more and more attention is being de-
voted to the quality of air and soil in urban and rural areas in Europe.1~4 Nume-
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rous studies provide various data about the content of heavy metals such as: Cu,
Pb, Zn, As, Cd and Hg in air and soil in the vicinity of non-ferrous metal smel-
ters, especially copper smelting plants which are a significant source of environ-
mental pollution.>13 In studies of this type, high concentrations of heavy metals
have been reported. These metals are discharged with the smelting gases in the
form of airborne particles (PM1g), their concentrations decreasing as distance from
the smelter plant chimney increases. Soil contamination has sometimes been de-
tected at locations at along distance from the smelter. For example, in the case of
the Canadian smelting plant Flin Flon, the maximum distance on which contami-
nation with copper was registered is 33 km and in the case of zinc, 217 km.14

The size of the contaminated area, distance from the copper smelter plant
and the period of soil exposure to heavy metals contamination, as well as their
concentration, depend on numerous factors, such as: direction and speed of the
wind, terrain configuration, dimensions of the airborne particles, concentration of
the airborne particles at the smelter plant chimney, height of the stack, etc. Cop-
per smelter plants discharge with their gasses heavy metal particles (Cu, Pb, As
Cd, Ni, Mn, Hg and other toxic elements). These air-born pollutants have detri-
mental effects on human health. In addition, the precipitation of these particles
onto the soil over a long period increases its pollution, which causes contami-
nation of crops with heavy metals, making them hazardous for animal and human
health.15-18

Due to increasing urbanization and the devel opment of non-ferrous metallur-
gy in Europe, a speciad EU Commission was formed which regulates threshold
values for heavy metals and gases within industrial, urban and rural zones. Spe-
cia international regulations oblige many countries to protect particular regions
from pollution. For instance, the Danube countries through which the Danube Ri-
ver flows are determined to protect this river from all kinds of pollution. Repre-
sentatives of the Serbian government have also signed several such legal acts.

In this paper, the results of a study of the content of heavy metals in the soil
in the vicinity of the Copper Smelting Plant in Bor after a centenary-long pro-
duction of copper are presented. During the period 1970-1980, this smelting
plant was one of the largest copper smelting plants in Europe according to its ca-
pacity.19 The locations from which soil samples were taken were located in the
urban zone of the town, which has a population of more than 40,000. In addition
to the urban zones, the nearby rural zones are also considerably inhabited, with
more than 20,000 residents living within a range of approximately 20 km from
the smelter (the source of air pollution).20 The following fact should be empha-
sized: 200,000 t of SO are discharged annualy, i.e., approximately 3.33 t per re-
sident on average, as a result of company operations.21 Furthermore, approxi-
mately 2.25 kg of dust is discharged per ton of processed raw material, which
lead to annual emission of 5.3-19.6 kg As, 4.86—7.99 kg Zn and 6.27-25.11 kg
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Pb per resident, and these already high values are frequently exceeded, present-
ing extremely large numbers if compared to other industrial zones in Europe.22
These facts indicate that this is highly polluted region, which, besides endanger-
ing human health in the region, represent a particular threat for a broad region of
southeastern Europe as well. Regardless of the size of this region, the attitude of
the company’s management towards pollution should be based on a globa ap-
proach for solving this problem concerning the results obtained during inves-
tigations of soil, air and water pollution on the local scale.23.24 The authors of
this paper believe that the results of the investigations presented herein could be
useful for achieving such agoal.

The objective of this study was to indicate the potential threats from in-
creased content of heavy metals in the soil within a rather wide area around the
Bor Copper Smelting Plant, which is showing a tendency to expand while uti-
lizing the same smelting technology. Simultaneously, this zone is defined as one
of the most polluted zones in Serbia, which, therefore, represents a zone of great
threat to human health in this part of Europe. The influence of heavy metals in
food chains in this region has not been studied specifically but, on the other hand,
increased contents of As, Cu and Pb in some plants and increased contents of As
and Pb in the organisms of the employees of the RTB-Bor Company and citizens
of Bor have been registered.22 According to this report, waste gases from the
smelter plant have destroyed to various extents the soil in amost all villages
around Bor. The total affected surface of damaged soil in the Municipality of Bor
is estimated at some 25,500 ha, which constitutes 60 % of all agricultural soils.22
The high extent of damaged soil in the Bor area has both economical and health-
related consequences, such as decreased agricultural production, production of
lower-quality food, further impoverishment of farmers, higher food prices on the
local market with a consequential drop in living standards and inadequate nut-
rition, affecting growth and development of children, and hedlth in general. For
example, copper is an essential element for the growth of plants but the high cop-
per content in the soil around Bor is toxic for plants as it reduces the growth of
their roots. High As concentrations also have an adverse impact on the growth of
plants.

EXPERIMENTAL
Sudy area

The Municipality of Bor encompasses an area of 856 km? in the central part of Eastern
Serbig; around 100 km from the Romanian and 30 km from the Bulgarian border (Fig. 1). The
population density of the Municipality is 67.2 inhabitants per km2. The dtitude of the town
Bor, 378 m, is low compared with the surrounding high mountains (Stol 1156 m, Veliki Krs
1146 m and Crni Vrh 1043 m). Bor islocated in the valley of the Homonym River. Wood soil
covers 45 % of the area of the Municipality of Bor; the remainder is 49 % agricultural soil and
6 % infertile soil. The climate is moderate continental. The average mean annual rainfal is
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around 469.2 mm m2, snow coverage lasts about 60 days and the annual average temperature
is 11.7 °C. The annua average mean relative air humidity is 73 %, while the average at-
mospheric pressureis 971 mbar. The prevailing wind is WNW with an average velocity of 0.5
m s1; the wind still period is over 50 %.
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Fig. 1. Map of the studied area in the surroundings of the Copper Smelter Bor, Serbia.

The RTB Bor Copper Smelting Plant, a part of the RTB Mining and Smelting Complex,
is located in the town Bor. Production in Bor commenced in 1903 by underground mining.
The mine is located on the north-eastern rim of the town; the open pit, the metallurgical-
-smelting complex and the flotation tailings pond make a boundary between the urban and the
industrial zone. Due to the fact that the town was built in the near vicinity of the mine, as well
as near the location of the copper smelting plant and two further mines close by, the town
itself represents a serious environmental hot spot of Serbia and Europe.2> The Bor River (in-
dustrial river), representing one of the most polluted rivers in the world, flows into the Timok
River, atributary of the Danube River (Fig. 1).

In addition to industrial practice, this region has considerable tourist potentials which are
located near Bor. Certainly the most remarkable natural and tourist region is the National
Nature Park “Djerdap” to the northeast on the banks of the Danube. Closer to Bor are the Bor
Lake and the mountain complex “Homoljske Mountains’ to the WNW. All these areas have
preserved nature and considerable flora and fauna species with some endemic characteristics.
All are endangered with the technology currently employed for copper production in the RTB
Bor.

The technology process employed in the RTB Bor Copper Smelting Plant

Degradation of a huge soil area, a huge volume of the soil waste and pollution of under-
ground and surface water are the main attribute for most activate or closed mines and copper
smelting plants. The technology used for copper production in the Smelting Plant in Bor is
outdated.?® This technology is based on classical pyrometallurgy,?” with smelting in rever-
beratory furnaces and a relatively low degree of SO, gas utilization (< 50 %) for the pro-
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duction of sulfuric acid. The technical limitations of such technology leads to pollution of the
environment with large concentrations of SO, and airborne particles of PM10 dust, as well as
aero-sediments even larger than the PMy particles.2% The ores used in this process are of the
chalcopyrite and pyrite type with an increased content of As, which is found in the form of
FeAsS and CuzAsS,. During oxidative roasting and smelting of these mineras, heavy metal
oxides, As and SO, gas are formed which exit through the chimneys of the smelter plant and
pollute the environment.28-2° The geographical ranges with a concentration level of SO, lower
than the approved maximum value are 15 km from the factory chimney. Copper ore smelting
in Bor with high sulfur dioxide emissions has caused erosion, high acidity of soils and
destruction of the vegetation in the nearby areas. Acid soil affects fertility and also increases
the mobility of heavy metals that could reach vegetation. Around the mining and metallurgical
industrial complex, the acidity values of the agricultural soils are the highest. Sulfur dioxide
damages plant and tree leaves in either an acute or chronic manner. Acute damages are caused
by a short impact of very high sulfur dioxide concentrations and are manifested by damage to
cells and/or the drying of leaves. Chronic damages occur after longer exposure of plants to
lower sulfur dioxide concentrations, and this causes a decrease in organic growth.2

Contamination by PMyq particles is present up to 15 km from the smelter smokestack
which emits the harmful substances. The concentration of SO, gas and heavy metals in the
PMq are largely above the threshold concentrations regulated by EU directives. 20253031 The
concentrations are also above the limits prescribed by the local Serbian Regulative that de-
fines the maximum allowed heavy metal content in the air.2

The main reason for such a situation is the failed opportunity for implementation of new
technology at atime when it was financially feasible (during 1980s). At that point, this should
be considered as the most important step in the life cycle of the company.32 During 2003, a
continuous operational real-time monitoring system (CORTMS) for tracking air pollution was
installed in Bor. This system enables the continuous measurement of the SO, concentration in
air (values are read at 15 min intervals) and the cumulative measurement of the heavy metals
content in airborne particles at two measuring points in the urban part of the city of Bor. In
addition, a mobile station is operational, which allows the measurement of the PM,y content
and aero-sediments at 15 different locations. 2
Sampling

Soil samples were taken from the locations indicated in Fig. 2, between July and August
2008. These locations were not farmed; therefore, contamination of the ground through the
use of agricultural measures was excluded. Ten samples were taken from each location. The
soil samples were taken via a soil core sampler in such a way that a core of a soil was re-
moved of radius 5 cm and depth 30 cm. A 5-cm surface layer of the core was stripped off and
the rest of the sample was dried at 50 °C for 2 h and its weight measured. In the next step soil,
the samples were ground and homogenized until the required size was obtained and then the
pH and heavy metals contents were determined. The obtained reproducibility for the metals
contents in the samples were relatively high (0.87-0.95).

Chemical analysis

The pH value of the samples was realized using a pH—conductivity/°C meter, PC;o/
/EUTECH Instrument. For determination of the heavy metals contents in the soil, each sample
was dissolved in an acidic mixture consisting of HF+HCIO,, while HCl was used for filling
up to the volume of the flask. The contents of Cu, Pb, Cd, Ni and Mn content were determined
by atomic adsorption spectrophotometry (AAS),33 using a Perkin Elmer model 2380 instru-
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ment. The As content was determined by inductively coupled plasma atomic emission spec-
trophotometry (ICP-AES) employing an ARL 3410 instrument, while mercury content in the
samples was determined by flamel ess atomic adsorption spectrophotometry—mercury analyzer
(A—Hg) using a Perkin EImer FIMS-100 instrument. All chemical analyses were performed in
acertified chemical laboratory of the Institute for Mining and Metallurgy in Bor.
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Fig. 2. Map of sites from which the samples were taken (1 — Village of Brestovac;

2 —Industrial zone “Elektroistok”; 3 — Spa center “B. banja’; 4 — Hospital; 5 — Village of
Brezonik; 6 — Village of Ostrelj; 7 — Suburban area“Bor 2”; 8 — City location “ Sumska
sekcija’; 9 — Village of Krivelj; 10 — Lake Bor; 11 — Village of Slating;

12 — Zone behind the industrial waste-yard).

Data analysis

There are many statistical methods used in chemometric studies.343% For the purpose of
ranking the zones of the studied region (Fig. 2) according to the soil contamination, it was
decided to use the method of multi-criteria decision making, MCDM .36 Many authors use
MCDM for analyzing the problem of air and soil pollution.3”40 |n this study, the PROMETHEE
method was used for ranking the locations from which the soil samples were taken in accor-
dance with the heavy metals contents, while GAIA plane was used for graphical interpretation
of the PROMETHEE results. In other words, GAIA plane provides a clear picture of a deci-
sion making problem by visualization of the PROMETHEE ranking.?! The GAIA visual mo-
deling method provides the decision maker with information about the conflicting character of
the criteria and the impact of the weights of the criteriaon the final results. The GAIA planeis
defined by corresponding unit eigenvectors u and v, resulting from a unicriterion net flows
covariance matrix, obtained using principal components analysis (PCA). Using PCA, it is pos-
sible to define a plane having the minimal amount of information lost by projection (4).42
Main reason for implementing PROMETHEE/GAIA for processing the acquired data was the
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specific advantages of this method in regards to other MCDM methods. These advantages are
mostly attributable to the way of structuring the problem; high quantity of data which can be
processed; ability to quantify qualitative values, good software support and presentation of
processed data, 204344

The PROMETHEE method presents an outranking method for a fixed set of alterna-
tives®> For the application of this method, it is necessary to define a specific preference
function and to assign a weight of significance (weight coefficient) to each criterion. The pre-
ference function defines the rank of one option with respect to another and translates deviation
between two parallel aternatives into a unique parameter which is associated with the degree
of preference. The degree of preference presents a growing deviation function, whereby, in
case of small deviation, it refers to a weak preference and in the case of large deviation, it re-
presents a strong preference associated with a reference aternative. The PROMETHEE me-
thod has at its disposal six possible shapes of preferential functions (usual, U-shape, V-shape,
level, linear and gaussian), whereby every shape depends on two thresholds (Q and P). Thein-
difference threshold (Q) represents the maximum deviation which the decision maker consi-
ders as unimportant, while the preference threshold (P) represents the minimum deviation
which is considered to be decisive for the decision maker, where P is not alowed to be
smaller than Q. The Gaussian threshold (S) represents a mean value between the thresholds P
and Q.45-49

The PROMETHEE method is based on determining the positive (&*) and the negative
flow (@) for each dternative towards outranking relations and in correlation with the ac-
quired weight coefficients for each criterion-attribute. In the case of the investigations pre-
sented in this paper, the aternatives were the investigated locations, while the criterions were
the heavy metals content detected at the locations. The positive preference flow expresses how
much an alternative dominates over the others; therefore, the greater the value (@*—1), the
more significant is the aternative. The negative preference flow expresses the preference of
all the other alternatives compared to the analyzed one. An aternative is more important if the
value of the output flow is smaller (& —0). The complete ranking of PROMETHEE 1l is
based on the calculation of a net outranking flow value (@) that represents the balance bet-
ween the positive and the negative outranking flows. The higher the net flow is, the better the
alternative.425051 Accordingly, if the alternative has a greater positive (&%) and a lower nega-
tive flow (@7), then the net outranking flow (®) for this aternative is higher. For the inves-
tigations presented in this paper, this would mean that such alocation (alternative) has alarger
significance compared to the other, which means that this location is less contaminated with
heavy metals (criterions) compared to the other investigated locations.20

RESULTS AND DISCUSSION
Chemical analysis

The obtained results for the heavy metals contents in the samples taken from
the urban zones of town site Bor and surroundings are presented in Table | for 12
locations in total, the positions of which are shown in Fig. 2. Maybe the most
important finding that should be considered by the local authorities and stake-
holders is a fact that according to legislation,>2 100 % of the analyzed samples
were contaminated with copper (maximum allowed concentration for copper in
soil is 36 mg kg1); 100 % of the samples were contaminated with cadmium
(maximum allowed concentration for cadmium in soil is 0.8 mg kg1);52 58.3 %
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of the samples were contaminated with arsenic (maximum allowed concentration
for arsenic in soil is 29 mg kg1)°2 and 25 % of the samples were contaminated
with lead (maximum allowed concentration for lead in soil is 85 mg kg1).52

The highest contents of some heavy metals were found in the samples taken
from the locations near to the town center (Table ). The wind “rose” (Fig. 2) for
the period 2005-2008 indicates that the WNW (west—northwest) wind direction
is prevaent during the year (approximately 30 %) which led to the highest degree
of air pollution in this part of the town (measuring points 4 and 8 — City Hospital
and the city location “ Sumska sekcija — Forest Section”, respectively). The fol-
lowing objects are located in this part of the town: the old town center, a hotel,
the town market, the town hall building, the faculty campus, an elementary school
and the city hospital. With increasing distance from the plant stacks, the soil pol-
lution decreased and it is minimal was at a distance of 20 km (measuring point 10
— Lake Bor); however the influence of pollution was still apparent.

TABLE I. Evaluation table. Heavy metals concentrations (mg kg™) in the soil at 12 locations
in the urban area of the town Bor and its surroundings, with given preference function and
respective thresholds for each criterion

Criteriametal concentrations in sediments

Alternatives bH Cu P Cd N Mn  As  Hg
Anaytic method pH-Meter AAS AAS AAS AAS AAS ICP-AES A-Hg
Minimum/Maximum - Min  Min  Min Min Min Min Min
Preference Function - Linear Linear Linear Linear Linear Linear Linear
Indifference threshold (Q) - 116 10 0 2 42 12 0.0101
Preference threshold (P) - 696 57 1 12 252 73 0.0603
Location 1 77 530 70 2 45 1100 17 <01
Location 2 7.6 1050 100 4 33 880 68 0.1
Location 3 75 550 60 2 33 1300 52 0.1
Location 4 7.4 2540 180 6 49 1200 260 0.3
Location 5 79 770 80 2 12 1200 33 0.1
Location 6 7.8 390 40 2 41 1200 15 <0.1
Location 7 6 1000 40 <2 37 1200 23 <0.1
Location 8 7.2 2140 230 5 53 1100 140 0.3
Location 9 6 580 60 2 16 1200 25 0.1
Location 10 75 220 50 3 37 460 19 <01
Location 11 7.7 930 80 3 49 900 41 0.1
Location 12 7.7 260 50 <2 37 1100 16 0.1
Max. value 2540 230 6 53 1300 260 0.3
Average value 913.33 86.67 292 36.83 1070 59.08 0.133
Min. value 220 40 <2 12 460 15 <01
Limit values according to the soil <3 <8 <08 <3 - <29 <0.3

quality standard of the Netherlands™

Limit values according to the Natio- <100 <100 <3 <50 -2 <25 <2
nal Legidation of the Republic of

Serbia®

M anganese limit vaue is not regulated in the National Legisation of the Republic of Serbia
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The heavy metals found in the analyzed soils from these sampling locations
are in such concentrations that they can only be explained to be the result of at-
mospheric precipitations of airborne particles and aero-sediments from gases pro-
duced by the Copper Smelting Plant located in Bor. To confirm this assumption,
soil samples from five locations which are more than 20 kilometers from the
Copper Smelting Plant were analyzed. Three of the five samples contained cop-
per but less than the limiting value of 100 mg kg1). The presence of As and the
other investigated heavy metals was not registered at a significant level at any of
the locations. The contents of the heavy metals at the investigated locations pre-
sented in Table | are much higher compared to these more distant locations,
which corroborated the assumption that atmospheric precipitations of airborne par-
ticles and aero-sediments from the Copper Smelting Plant stacks in Bor was res-
ponsible for the high levels of pollutants found in the near vicinity of the plant.

On settling at pH values between 6 and 8 over many years, these materias
became mineralized. However, as their concentrations were not high enough for
classical mineralogical analysis, possible mineralogical forms of the heavy me-
tals in the analyzed soils were determined utilizing the HSC Chemistry 4.0 soft-
ware package (chemical reaction and equilibrium software) by anayzing the
areas of stability for the possible phases in the Eh—pH equilibrium diagram cal-
culated for room temperature. The stability field diagrams calculated the pre-
sence of arange of metal oxide, hydroxide and sulfate minerals in the analyzed
soil: Cu (CuQ; CupyO; Cu); As (HoAsO4; HASO4; AsOg; HASO3); Cd (Cd2*;
Cd(OH)y; CdS0O4:2.67H20; CdS; Cd); Pb (PbOy; Phs(OH)4; Pbg(OH)g; PbSOy;
PbO-PbSO4; Pb); Hg (Hg; HgO); Ni (Ni(OH)3; NiO; Ni; NiHOg gg; NiSO4-4H20);
Mn (MnOg4;, MnOy; MnyOs; MNnzO4; MNn(OH)2; Mn2+; Mn; MnSO4; MnS). In
addition, presence of Cu,S, CdS and FeS is possible. The presence of oxides,
hydroxides and sulfates of heavy metalsin the contaminated soil indicates a large
probability of their transition into ground waters and the human food chain.1?

Also, the determined values of the heavy metals contents in the surface layer
cannot originate from primary mineralization of the ore deposit in this region
because minerals of the heavy metals are found at depths deeper than 100 m,
from where the ore deposit exploited by the Copper Smelting Plant is obtained.

When comparing the values given in Table | with the values at other urban
regions in the surroundings of industrial zones, Sophia (Bulgaria):1254 Cu, 40
mg kg1; Pb, 32 mg kg1 and Cd, 0.4 mg kgL, Palermo (Italy):3° Pb, 202 mg kg1;
Cu, 63 mg kg1 and Hg, 0.68 mg kg1, Manresa (Spain):56 Cu, 20.3 mg kg1; Cd,
0.28 mg kg~ and Pb, 0.18 mg kg1, Port Kembria (Australia):8 Cu, 49 mg kgL,
As, 3.2 mg kg1 and Pb, 20 mg kg1, the present results indicate that the soil
pollution in the studied zone is very high. Continuing the operation of the Copper
Smelting Plant in the present manner is cumulatively increasing the heavy metal
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content in the soil and presents a severe threat to human health in this part of
Europe.

PROMETHEE and GAIA ranking analysis

The obtained values of the heavy metals Cu, Pb, Cd, Ni, Mn, As and Hg
contents in the soil in the examined urban zone of the town of Bor and its sur-
roundings (20 km in diameter from plant smokestacks) are given in Table | for 12
locations, the positions of which are shown in Fig. 2. These results represent the
average values of heavy metal contents in 10 samples obtained from each loca-
tion. Additionally, data was provided regarding chosen preference functions and
indifference and preference thresholds which are necessary for multi-criteria
ranking of locations by the degree of contamination with heavy metals using the
PROMETHEE/GAIA method. The mode implies the ranking of the best alter-
natives — locations with the lowest presence of heavy metals according to given
set of preference functions and weight criteria. In al cases a linear function is
used as the preferential one. The reason for such a consideration results from the
fact that the heavy metal content in the soil decreases with increasing distance
from the factory chimney in the direction of wind flow. The simplest mathema-
tical expression that can explain this pattern is alinear function.

Consequently, the locations were ranked according to their degree of conta-
mination with heavy metals in the studied area using the aforementioned
PROMETHEE/GAIA method. Considering that the datain Table | have a quan-
titative character, alinear function was chosen for the preference function, Fig. 3.
(example for Cu), for all the defined criteria with indifference and preference
thresholds (Q and P) in the 5 and 30 % zones, respectively.4>

3000 1

max value

5% (Q)
30 % (P)

A 2500

P(j)

2000 4

1500
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0 : 0-
Q pod 123456789101112
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(a) (b)
Fig. 3. @) Determination of the preference function values based on the indifference and

preference thresholds for alinear preference function; b) defining the indifference and
preference thresholds zones for the copper concentration as a criterion.
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For the purpose of defining the weight coefficients, it was taken into account
that the heavy metals do not have the same significance, i.e., each of them has a
different effect on human health and the environment, which is defined in Table
Il. The weight of significance assigned to each metal was determined considering
the reference dose of exposure, toxicity and damage to human health. By uti-
lizing the Decision Lab 2000 software package, with the PROMETHEE/GAIA
method, based on the datain Tables | and 11, values were acquired for the posi-
tive (&%) and negative (&) flows, (Tablelll).

TABLE Il. Given weights for each criterion

Criteria-dangerous metal Weight Influence on health

Pb 225 | Category, retained in the human organism
and is carcinogenic

Cd 225 | Category, retained in the human organism
and is carcinogenic

As 15 | Category, easily removed from the organism

within 3-5 days
Hg 10 Poisonous, not carcinogenic, removed from
the organism with in 1 month

Ni 15 Carcinogenic

Mn 10 Influence on the nervous system

Cu 5 Harmful, but removable

> =100

TABLE Ill. Preference flows for case scenario

Location ot (028 D

1 0.2575 0.1338 0.1237

2 0.2794 0.4138 -0.1344
3 0.2910 0.1295 0.1615

4 0.0225 0.8536 -0.8310
5 0.3445 0.1025 0.2421

6 0.3222 0.0862 0.2360

7 0.3203 0.0889 0.2314

8 0.0516 0.8402 -0.7886
9 0.3692 0.0510 0.3183

10 0.3813 0.1475 0.2338

11 0.2382 0.3131 -0.0749
12 0.3387 0.0565 0.2822

The PROMETHEE |1 method provided a complete ranking spanning from
the best to the worst location, based on the heavy metal content in the soil (Fig.
4), where the “best” locations were those with the lowest concentrations of heavy
metals and the “worst” were those with the highest concentrations. The obtained
results showed that the most polluted locations were: Hospital (Location 4) and
city location “Sumska sekcija — Forest Section” (Location 8), and the least pol-
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luted locations were found on the territory of the village Krivelj (Location 9) and

NIKOLIC et al.

the sampling location “1za planira’ (Location 12).
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Fig. 4. PROMETHEE Il Ranking of locations (sampling locations were ranked from
left to right, which is from the best to the worst location).

Advantages of Decision Lab software package can be found within imple-
mentation of geometrical analysis for interactive assistance (GAIA). Considering
that the value of the delta parameter (4) was rather large (85.15 %), the validity
of this tool should be taken into account. This means that only 14.85 % of the
total information is lost in the projection. In real world applications, the value of
A should always be larger than 60 % and in most cases larger than 80 %. This
means that even when the number of criteria is large, the GAIA plane still pro-
vides reliable information.42

Based on the position of the criterion in GAIA plan (squares), Fig. 5, confor-
mity or conflict between individual criterions can be determined. Thus, one con-
formable group of criterions consists of Hg, Pb, As and Cu, a second confor-
mable group consists of Ni and Cd, while Mn does not concur with any of the
given criterions. Likewise, the positions of the alternatives (triangles) determine
the strength and weakness with respect to the criteria. Alternatives present the in-
vestigated locations from which the soil samples were taken. The closer it isto
the orientation of the individual criterion axis, the better the individual aternative
is, judging by that criterion. Thus, the contamination level of specific location is
lower if it is closer to aparticular heavy metal in the GAIA plane.

Within Cluster A, locations Hospital (Location 4) and “Sumska sekcija —
Forest Section” (Location 8) can be found, having the largest percentage of hea-
vy metalsin the soil, apparently not being ranked as good by any criterion and as
such being orientated in an opposite direction with respect to the decision axis
(pi), which defines a compromising solution in accordance with the given weight
criteria. As opposed to them, the location group B (Cluster B) represents a better
solution by a greater number of criteria, among which Location 12 sets itself apart
as the closest to the decision axis (pi), as well as location Village of Krivelj (Lo-
cation 9), which was judged the best in terms of the content of Ni and Cd. These
ranking results were also determined with PROMETHEE Il complete ranking.
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g To % -

Decision stick

Loc.10

Fig. 5. GAIA plane analysis for the defined model of heavy metal soil contamination.

The ranking results in this study indicate certain correlation with the results
of a similar model used for air pollution in same area20 The reason for such
coincidence is the fact that the soil pollution is caused by the temporal atmosphe-
ric distribution and fallout of heavy metal emissions from the Copper Smelting
Plant in Bor, as well as meteorological and geographical conditions and the dis-
tance from the point sources. This means that the employed multi-criteria model
represents a reliable way for analyzing and solving ecological problems, because
it is possible to determine the distribution and impact of all pollutants simultane-
ously around the emission source, and to define the relations among them re-
garding the locations.

CONCLUSIONS

The determined contents of heavy metals in the layer of soil down to 30 cm
in depth do not originate from ore mineralization in this region because the heavy
metals exist at much deeper levels — on the contrary they are the consequence of
precipitation of airborne particles and aero-sediments from the air over many
years, which originated from the oxidation roasting and smelting of the copper
concentrate containing heavy metals. This was proved after analyzing the soil
samples obtained at greater distances from the smelting plant.

Through ranking of obtained results with the PROMETHEE/GAIA method,
the most polluted zones are on the locations Hospital (Location 4) and the city
location “ Sumska sekcija — Forest Section” (Location 8), which have vital func-
tions for the town, therefore representing a risk for human health. The determined
heavy metal contents (Cu, Pb, Ni, Mn, As and Hg) in the soil in the studied area
of the Bor region indicate a large degree of soil degradation, with the potential
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danger of heavy metals entering the animal and human food chains with the asso-
ciated severe consequences.1’

Some of these consequences were aready reported.22 The contents of As
and heavy metals in food supplies from four villages around Bor were deter-
mined. The results revealed that the Cu and As contents in the food supplies from
the village Krivelj (Location 9 in Fig. 2) were much higher than in the other 3
villages (O3trelj, Zlot and Sarbanovac), which are more distant from the Copper
Smelter Plant and do not lie in the path of the prevailing wind direction. As dis-
cussed above, this location was ranked the best compared to other urban areasin
Bor; nevertheless, it is more polluted compared to other more distant villages.
Higher than allowed concentrations of As and heavy metals were found in fruits,
grapes, vegetables and eggs.

Research has also been conducted on lead and As content in blood and urine
of children in Bor and village Zlot (outside metallurgical smoke range). This re-
search showed that children from Bor have considerably higher contents of these
metals. This means that there is a continued risk of lead and As input into the or-
ganisms of children from Bor, especially if they spend their whole life in polluted
surroundings. By studying the impact of pollution on health, growth and deve-
lopment of children in Bor and Sokobanja (unpolluted region 100 km from Bor),
it was found that the hemoglobin content was 1.1 % lower and number of red
blood cells in general was 400,000 lower for the children from Bor than the
children from Sokobanja. The same study showed that children from Bor are
more liable to diseases of the respiratory organs: blocked nose, enlarged tonsils,
swollen pharynx and swollen gland secretion in bronchi. For these reasons, child-
renin Bor are more liable to allergy diseases, particularly to bronchial asthma.22

The shortage of food supplies caused by soil contamination has resulted in
the need for people to obtain food from elsewhere, which results in higher prices
and a further reduction in living standards. Consequently, the people in Bor buy
cheap but not varied food, which affects child growth and development and hu-
man health in general. Due to the existing situation, village farmers are unwilling
to invest in agricultural development, with some choosing instead to go to the
town to search for employment. This, in turn, leads to neglect of their farms and
consequentialy afurther decrease in agricultural production.

After obtaining the very alarming results presented in this paper, the authors
believe that the further strategy for the environmental protection of this region
should include awider methodological approach, such as the Ecological Risk As-
sessment (ERA) methodology.>7:°8 This kind of methodology enables a detailed
identification of situations dangerous for humans under conditions of this kind.

In addition, the facts described in this paper imply the necessity for urgent
intervention at the source of the emissions of sulfur dioxide, As and heavy metals
airborne particles, and for the modernization and reconstruction of the Copper
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Smelting Plant in Bor, as well as urgent restoration of the already degraded soil.
Continued operation of the smelting plant under the existing conditions will in-
crease the heavy metal content in the soil resulting from their precipitation from
theair.
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M3BOJ

BUIIEKPUTEPUIYMCKA AHAJIM3A 3ATABEHOCTU 3EMJBUIITA TEIIKUM
METAJIMMA YV HIMPOJ OKOJIMHU TOITMOHULIE BAKPA ¥V BOPY

‘BOPBE HUKOJINR?, HOBULIA MWJIOLIEBUR, )KUBAH )XUBKOBUR', UBAH MUXAIIOBUR?,
PEHATA KOBAYEBWR? n HEBEHKA ITETPOBWR?

!Yuusepsuitieini y Beozpady, Texuuuku gpaxyaitieiri y Bopy, Bojcke Jyzocaasuje 12, 19210 Bop u
ZI/IHcmumym 3a pyoapciueo u meimanypzujy bop, 3eaenu 6yaesap 35, 19210 Bop

VY oBOoM pajay HpenodeHe Cy MOCIEIHIe CTOTOIMIIIE IMPOU3BOAIE Y TONMOHMIM Oakpa y
Bopy Ha 3araljeme 3emipuimiTa. ¥ Ty CBPXY, M3BPLICHO j€ HOBPIIMHCKO Y30PKOBAMbE 3eMJBHIITA Ha
JIBaHAECT Pa3IMYUTHX MEPHUX Jiokanuja. CBe MepHe JIOKanuje ce Hanase y npeyHuky ox 20 kuiio-
MeTapa oJ h3Bopa 3aralema, y ypOaHUM H pypaHUM JeloBHMa rpana bopa. Y3opak 3emsbuiiTa je
y3UMaH COH/IOM Ha Taj Ha4WH Ja je BaljeHo je3rpo 3emsbHIITa MpedHuka 5 M u nyomnae 30 M.
Hakon Tora, usBpiieHa je ananu3a PH BpeaHOCTH y30pKa U capskaja Temkux merana (Cu, Pb, As,
Cd, Mn, Ni u Hg) kopuihemeM pasmuauTux mMeTona crekrpodoromerpuje. Pesyirati aHanuse
cajipikaja TEHIKUX MeTala y y30pIMMa 3eMJBHINTA MOKa3aJii Cy BHCOKe BpeaHocT: 2,540 mg kg'1
Cu; 230 mg kg'1 Pb; 6 mg kg'l Cd; 530 mg kg'1 Ni; 1,300 mg kg'1 Mn; 260 mg kg'l Asu 0,3 mg
kg'1 Hg. 3a uneHTH(UKOBakEe W paHTUPAKkE KPUTUYHUX 30HA 3araljeHOT 3eMJBHIITA Ha OCHOBY
MPUCTYCTBA TEHIKAX MeTala y mUMa, y oBoM pany je kopuuthena PROMETHEE/GAIA mertona,
KOja ce 4eCTO KOPHUCTH Y XeMOMETPHUjCKHUM CTyaujama. Pesynrati panrupama jacHO yka3syjy na ce
Haj3araleHuje 30HEe Hajla3e Ha BUTAJIHHM JIOKAlMjaMa y caMOM LIEHTPY rpaja. 30or Tora, ycien
noBeliaHe OHOJOCTYIHOCTH TEIIKMX MeTala M EbHXOBHX KOMIUIGKCHHX pEakifja ca OpraHCKUM
BpCTaMa y 3eMJBHILTY, HOCIEAULE 110 JbYACKO 3/IpaBJbe C€ MOTY IPacTH4HO yBehaTH YKOJHUKO OBH
TELIKH METaJIM JIOCTIE]y Yy JIAHIIE HCXPaHe.

(MMpumsbero 28. mapra, peBuanpano 23. centemGpa 2010)
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