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Groundwater pollution with heavy metals
in the Ibar alluvium near Raska (Serbia)

BRANKO MILADINOVIC', PETAR PAPIC* & MARINA MANDIC?

Abstract. As a result of the operation of an ore flotation facility at Donja Rudnica near Raska, Serbia, dur-
ing the period from 1972 to 2002, flotation tailings and wastewater of highly complex chemical compositions
were deposited in the alluvial plain of the Ibar River. Due to the excellent groundwater flow characteristics of
the alluvial formations underlying the tailings dump, the groundwater and soil over an extended area were
continually polluted. High concentrations of heavy metals (Fe = 7.38 mg/L. Zn =4.04 mg/L, Pb =2.17 mg/L)
in the soil and concentrations of sulfate as high as 3709 mg/L, and pH levels of 4.2 in the groundwater have
been recorded at some locations. This paper draws attention to the potential risk this site poses for the conser-
vation of biodiversity over the extended area.
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Ancrpakt. Kao pesynrar paga mocrpojema 3a ¢uoranujy pyae y Jdomoj Pynuumu xon Pamke, y nepuony
on 1972. mo 2002. roguHe, ENOHOBaHA je y alyBHjoHO] paBHMIM peke MOap, ¢uorauujcka janoBuHa u
ornajgHe (IIOTAlMjCKE BOJE BEOMa CIIOXKEHOI XEMH]CKOI' cacTaBa. Yciel NoOpHX (HITPalMOHUX CBOjcTaBa
aTyBHjaTHUX TBOPEBHHA KOj€ C€ Haja3e y NMOAWHHM jJAIIOBHILTA, BPIIH CE CTATHO 3aral)eme MoA3eMHUX BOJA
3eMJBHMINTA HA IMPEM HOIPY4Yjy. Y 3eMIBHINTY Cy OIpel)eHe BUCOKe KOHLEeHTpauuje Temkux Merana (Fe =
7.38 mg/L, Zn = 4.04 mg/L, Pb = 2.17 mg/L) a y mom3eMHNM BoAaMa M BHUCOKE KOHICHTpamwuje cyrndara
(moctmxy 3709 mg/L), xkao m pH BpemHoctn y HekuM Bomama ox 4,2. OBUM pagoM ce yKasyje Ha

MOTEHIIMjaTHEe PU3UKE KOje 0Baj IMPOCTOP MOXKE UMATH Ha OUyBamke OMOIMBEP3UTETA IIHUPE OKOJIMHE.

Kibyune peun: 3araljeme moa3eMHUX Boja, adyBUjoH, GuioTaidjcko janosumite, Cpouja.

Introduction

The Ibar is one of the most important rivers in
southwest Serbia. In geological terms, a portion of its
catchment area, from Donja Rudnica (or from the
administrative border between Serbia and Kosovo) to
the downstream location of Biljanovac (along the road
to Kraljevo), belongs to the so-called “Raska” Ore-
bearing Area.

The ore-bearing capacity of this area was known
back in the Middle Ages but intensive mining took
place only in the latter half of the past century. In 1972,
a magnetite separation and copper flotation plant was
built in Donja Rudnica. This plant processed a total of
2858100 tons of ore until the year 1986.

Following the opening of new lead and zinc mines
at Sastavci and Kizevak on the western slopes of Mt.

Kopaonik, the Donja Rudnica plant began floating
these ores as well in 1986. Until the year 2002, when
the flotation plant was decommissioned, a total of
2064956 tons of Pb/Zn ores had been processed.

During the period of operation of the flotation plant
from 1972 to 1986, flotation tailings were deposited at
several sites along the Ibar River. The most significant
flotation tailings dump was formed in the alluvial
plain of the Ibar, at Veliko Polje near Donja Rudnica.

The development of a new flotation tailings dump
in the Kukanjica Creek upstream from the Donja Ru-
dnica plant began in mid-1991. By the year 2002,
some one million tons of tailings had been deposited
at this site (from 1991 to 1996, a portion of the tailings
were disposed of at the Veliko Polje site).

In addition to flotation tailings, flotation waste-
water was also disposed of at these landfills. The che-
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mical composition of the wastewater was highly com-
plex, given that the flotation reagents NaCN, ZnSO,,
CuSOy,, FeSO,, NaSOs, efc. were used in the ore flota-
tion process. For example, the plant used 170 tons of
sodium cyanide (NaCN) from 1986 to 2001. The soil
and groundwater over an extended area were polluted
through infiltration of this wastewater from the flota-
tion tailings dump. Additionally, flotation wastewater
was occasionally discharged directly into the Ibar
River via tailings dump collectors.

Given that the Village of Donja Rudnica does not
have a public water supply system, its inhabitants
withdraw groundwater from shallow dug wells for
their daily needs, and that there is active farming at
Veliko Polje immediately adjacent to the flotation tail-
ings dump, pilot tests of environmental substrates
were conducted from 2002 to 2004. The objective of
this paper is to present the results of the tests per-
formed in the Veliko Polje Plain, in view of the fact
that they showed that there was considerable environ-
mental pollution, with the Ibar River potentially
spreading the pollution over a much greater area. The
exposure of the local population to health risks is
highlighted.

General geological and hydrogeological
characteristics of the extended area of
Donja Rudnica

The extended area of Donja Rudnica is made up of
Tertiary volcanics that are found over a large area,
from US¢e in the north to Leposavi¢ in the south. The
volcanic rocks are underlain by Paleozoic shales (the

oldest rocks), ophiolitic rocks (peridotites and a dia-
base—chert formation), Kopaonik granodiorites and
other rocks.

Tertiary volcanism began in the Lower Miocene,
lasted through the Neogene (albeit with certain inter-
ruptions) and began to cease at the end of the Pliocene.
Its nature was distinctly explosive and it underwent
several stages and pulsations (UROSEVIC et al. 1973).

The volcanic rocks are made up of dacite—andesites
(aqat), quartzlatite, basaltoids (to a lesser extent), as
well as volcanic pyroclastics (®aqo) represented by
volcanic breccias, tuffs and agglomerates (Fig. 1). The
thickness of the volcanic rocks varies but is about 300 m
on average, depending on the paleorelief morphology,
the nature of the volcanic activity and the proximity of
supply channels.

The youngest formations are Quaternary and are
represented by alluvials (al), which are found along
the course of the Ibar. They are made up of sands,
gravels and clays the total thickness of which occa-
sionally exceeds 10 m, as is the case in the alluvial
plain at Veliko Polje near Donja Rudnica (Fig. 1).

From a structural perspective, the terrain is heavily
tectonically faulted and deformed. There are many
faults of different sizes and orientations. Aerial photo-
graphs east of RaSka also show circular (ring-like)
structures. In the andesites, the faults feature a better
continuity and longer dip elements than those of the
poorly consolidated pyroclastites.

In hydrogeological terms, the volcanic rocks are cha-
racterized by fracture veins and a fractured rock aquifer
formed within them (Fig. 1). Given that the fractures
are heavily squeezed and packed with secondary fill-
ings, the permeability of the volcanic rocks is poor and
they hold relatively modest
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amounts of groundwater.

A confined aquifer was form-
ed in the alluvial formations,
due to their intergranular poro-
sity. The largest extent of these
formations is found in the allu-
vial plain at Veliko Polje. The
groundwater flow characteris-
tics of the alluvial formations is
good, with permeability coeffi-
cients of k=2.5x10-3 m/s (KB-
1), Fig. 2, and k= 8.1x 104 m/s
(KB-8), MiLADINOVIC (2005).

The fluctuations of the
groundwater level in the allu-

vial formation were continu-
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Fig. 1. Hydrogeological map of the extended are-a of Veliko Polje near Donja Rud-
nica. 1, Alluvial sands, gravels and clays (intergranular aquifer); 2, dacite—andesite
pyroclastites (fractured rock aquifer); 3, dacite—andesites (fractured rock aquifer);
4, geological boundary; 5, water-table contour lines of confined aquifer (as of 20 De-
cember 2004); 6, direction of groundwater flow; 7, dug well.

ously monitored in 2004, and
the mean of these measure-
ments are shown in Fig. 3.
Evident jumps of groundwater
levels were observed in the
spring after snow melt and
heavy rains. The difference
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Fig. 2. Dynamic groundwater level of the confined aquifer in the Ibar alluvium dur-

ing a pumping test at the dug well KB-1 in Veliko Polje.

420
418

416

Surface area

414

412

410

Height above sea level (m)

408

i2
KB-2

¥ X Q@
o oo o o

KB-1
KB-3
KB-4
KB-9

o~
&
X

KB-10

Fig. 3. Diagram of the groundwater levels in the alluvial formations near Donja

Rudnica (the mean fluctuation levels for 2004).

between the minimum and maximum levels varied
according to location; the lowest was registered at the
locations of P-1, P-2, P-3 and P-4 (1.58 to 1.72 m) and
the largest at KB-7 (3.46 m) and KB-14 (3.95 m).The
aquifer is in good hydraulic contact with the Ibar
River, which flows along the southern edge of the
Veliko Polje alluvial plain (Fig. 1).

The direction of groundwater flow in the alluvial
formations of Veliko Polje are directly dependent on
the stages of the Ibar River, but it is generally from the
northern edges to the central portions of the alluvial
plain, or to the most downstream profiles of the Ibar
at Veliko Polje (MiLADINOVIC 2005).

At low water stages of the Ibar, the confined aquifer
is discharged directly into the River and is partly
drained by groundwater abstraction from the wells
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rounding soil and groundwater,
laboratory tests of the substrate
environment were conducted.

Sampling of the loose soil
was performed by taking sam-
ples that consisted of three in-
dividual samples with a sur-
face area of 2 m2 at a depth of
10 cm. The collected samples
were air-dried and milled to a
particle size < 2 mm.

The soil samples were pre-
pared for metals analysis by
measuring 1 g a dry sample and
digestion by the addition of
portions of concentrated HNO;
and HCI and 30% H,0O,. The
determinations were performed
by flame atomic absorption
spectroscopy (AAS) using a
Varian Spectra AA200 instru-
ment, and hydride AAS using a
Varian Spectra AA20+ instru-
ment, according to the manu-
facturer’s instructions (Institute
of Public Health of Belgrade).

Groundwater was sampled
from privately dug wells, the levels of which are
shown in Fig. 3. The samples were taken at the end of
autumn when the level of the Ibar River was lower
than the groundwater level, shown in Fig. 1

Samples from the River were taken from the mid-
dle part of the flow at a depth of 0.5 m and samples
were taken from the same depth from the excavation
site by the flotation tailings. All water samples were
acidified with HNO; to pH < 2.

Water samples with turbidity <1 NTU were analyz-
ed directly. The other samples were prepared by the
addition of HNO3 and HCI, reduction of the volume
and refluxing, and subsequent dilution to the start vol-
ume. The determinations were realized by AAS.

A standard QA/QC protocol was adopted through-
out this research. For example, in the analysis of each
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metal, the slope of the calibration curve was verified
by analyzing every fourth concentration of the cali-
bration standards used for the construction of the curve
after the analysis of every 20th sample and by analyz-
ing QC standards with concentrations in the middle of
the calibrated range immediately after completion of
the analysis of each batch of samples. In addition,
duplicate samples of both field and laboratory blank
samples were included in each analytical batch.

Results
Environmental substrates

Laboratory tests of environmental substrates in the
Donja Rudnica area revealed considerable pollution
of the alluvial soil and groundwater (DALMACUA
2000).

As aresult of particles from the tailings dump being
carried by winds into the neighboring areas, as well as
due to the infiltration of floatation tailings leachate
into the permeable alluvial formations (Fig. 4), heavy
metals were detected in the soils at Veliko Polje in
concentrations which were several times higher than
the regulation standards.

Ibar River

—— Flotation tailings

Alluvial formations ,
20 k=2,5x107> =8,1x10™* m/s &%c "

Fig. 4. Schematic view of the impact of flotation tailings on
groundwater pollution in the alluvial formations.

The results of the analysis of the groundwater from
the private wells were compared with maximum
allowed concentration (MAC) values defined in the
Regulations on the Hygiene of Drinking Water
(Official Gazette of the FRY 42/98). The obtained val-
ues for the surface water were compared with the
Ordinance on Hazardous Substances in Water / Offici-
al Gazette SRS 31/82, and the results for the soil sam-
ples were compared with the MAC values given in
Regulations on Permitted Amounts of Hazardous and
Harmful Substances in Soil and Water for Irrigation
and Methods of their Testing (Official Gazette of RS
23/94).

Significant deviation from the allowed values were
found for the content of heavy metal in the soils west
of the tailings (Fig. 1 and Fig. 4), primarily lead
(Pb = 335.5 mg/kg, MAC — 100 mg/kg), arsenic
(As = 443 mg/kg, MAC — 25 mg/kg), chromium
(Cr = 104.7 mg/kg, MAC — 100 mg/kg) and nickel
(Ni = 79.7 mg/kg, MAC — 50 mg/kg). The zinc
concentrations were similar to the reference value
(Zn = 249.7 mg/kg, MAC — 300 mg/kg).

This research devoted special attention to ground-
water pollution in the alluvial formations of Veliko
Polje, or the so-called “first” aquifer. Laboratory tests
of the groundwater were conducted using samples
collected from six dug wells (KB-1, KB-6, KB-7, KB-
8, KB-10 and KB-11), as well as from a gravel exca-
vation site located on the western edge of the tailings
dump (i2), Fig. 1. These tests revealed elevated con-
centrations of both major ions and micro-components
in the groundwater.

The concentration of sulfate (SO,) in four samples
exceeded the drinking water standard and ranged from
579.6 mg/I to as much as 3709 mg/l (MAC — 250 mg/L,
REGULATION ON HYGIENIC STANDARDS OF WATER

1998).

The maximum allowable
concentration (MAC) values of
heavy metals in the tested
groundwater of samples from
the dug wells were exceeded in
the central and northern parts
of Veliko Polje: lead (Pb=2.17
mg/L, MAC — 0.010 mg/L),
cadmium (Cd =0.1 mg/L, MAC
—0.003 mg/L), zinc (Zn = 4.04
mg/L, MAC — 3.0 mg/L), alu-
minum (Al = 2.5 mg/L, MAC —
0.2 mg/L), total iron (Fe = 7.38
mg/L, MAC — 0.3 mg/L) and
manganese (Mn = 2.04 mg/L,

o

Flotation

MAC —0.05 mg/L). The lowest
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pH values were found in wells

Fig. 5. Contour chart of the pH values in the groundwater in the Ibar alluvium near
Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyroclastites; 3, daci-
te—andesites; 4, geological boundary; S, pH values contour lines; 6, dug well.

KB-7 (4.2), KB-6 (4.9) and
KB-8 (5.9), Fig. 5.

The most important ground-
water pollution was recorded
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iron Fe = 16.0 mg/L (Fig. 7).
o The total dissolved solids (7DS)
value was 8010 mg/L and the
pH level was 6.0 (Fig. 5).

Flotation

Discussion

Before the construction of
the ore separation plant in
1972, the residents of Donja
Rudnica used only groundwa-
ter drawn from wells dug for
their daily needs. Even after
30 years of heavy environ-
mental pollution in this area,

the inhabitants of Donja Rud-
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nica customarily continue to
use groundwater for their hou-

Fig. 6. Contour chart of the zinc (Zn) concentrations in the groundwater of the Ibar
alluvium near Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyro-
clastites; 3, dacite—andesites; 4, geological boundary; 5, zinc concentration (mg/L)

sehold needs and, in some ca-
ses, to even drink this water.
The use of groundwater

contour lines; 6, dug well.

from the wells dug in Donja
Rudnica, based on the evi-

denced by the determined con-
centrations and their deviati-
ons from standards, constitu-
tes a major health risk if used
not only as drinking water, but
also other household needs
and water for domestic ani-
mals, given that over a pro-
tracted period of time, some of
the inorganic pollutants are
likely to enter the food chain
(WHoO 2008).

A sulfate ion (SO,4) concen-
tration higher than the MAC
value for drinking water results
in a tart taste and can also have

o

Flotation

a laxative effect on sensitive

I O T P I o e P e Y i I

Fig. 7. Contour chart of the iron (Fe) concentrations in the groundwater in the Ibar
alluvium near Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyro-
clastites; 3, dacite—andesites; 4, geological boundary; 5, total iron concentration

individuals if the sulfate con-
centrations exceed 500 mg/L.
Manganese (Mn) concen-
trations in excess of the MAC
value alter the taste of water,

(mg/L) contour lines; 6, dug well.

in the south-western part of Veliko Polje, immediately
adjacent to the western perimeter of the tailings dump
(i2), primarily as a result of the direction of groundwa-
ter flow (or the prevailing direction of the plume) from
the tailings dump source at Veliko Polje to the down-
stream profiles of the Ibar in the western part of Veliko
Polje. Samples of this groundwater had the maximum
concentrations of zinc Zn = 12.7 mg/L (Fig. 6), nick-
el Ni = 0.6 mg/L, manganese Mn = 10.6 mg/L and

leave stains and deposits, and

foster the growth of manga-

nese bacteria. Prolonged use
of drinking water with high manganese concentrations
leads to poisoning, the symptoms of which are related
to the central nervous system, where manganese psy-
chosis is typical but not lethal.

The use of water from well KB-7, featuring a high
lead (Pb) concentration (2.17 mg/L) would pose a
considerable health risk, particularly for children who
absorb 50 % of lead ingested with water, compared to
adults whose absorption rate is 10—15 %. Lead has an
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adverse effect on nearly all body systems, but in accu-
mulates in the central nervous system and, in children,
affects intelligence, growth and development.

Conclusion

The environment of the Village of Donja Rudnica
near RaSka has been considerably polluted by an ore
processing industry. The local population is exposed
to health risks, given that environmental substrates
(soil and groundwater) were found to be polluted.

Measures should be undertaken without delay to
seek out alternative sources of healthy water supply
from neighboring areas for Donja Rudnica, as well as
to remediate the soils of Donja Rudnica, which were
found to be polluted by a tailings dump, in order that
environmentally acceptable conditions be restored for
life in this area.
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Pe3ume

3araljem-e moa3eMHNX BOA TEIKHUM
MeTajuMma y aayBujony Uopa, 0am3sy
Pamke (CpoOuja)

Jlo wm3rpamme MOCTpojerma 3a cemapanujy, Me-
mranu Jome Pynuuue, Pamika, KopucTuin cy UCKIbY-
YUBO TIOA3EMHE BOJIE M3 CBOjHX KOMAHWX OyHapa 3a
OCHOBHE HBOTHE MToTpede. [Tocie 30 roguHa HHTEH-
3MBHOT 3araljema XHUBOTHE CpeJuHEe Ha OBOM IIPO-
CTOPY, CTAaHOBHHIIITBO W Jajhe KOPHCTH OBE BOJE 3a
nmorpede cBOjux noMahWHCTaBa, a HEKHM W 3a muhe.
Kopumheme momzemMHuX Bofa W3 KomaHUX OyHapa,
MPECTaB/ha BEIWKHA PHU3UK IO 3lpaBJbe JbYIU, HE
caMo aKo ce KOpHCTe 3a muhe, Beh u 3a apyre moTpe-
6e. OBO MOXKEe JOBECTH JI0 yinacka HeKux 3aralyyjyhux
CYTICTAaHII HEOPTAaHCKOT TMOpeKyIa y JIaHall HUCXpaHe.
KonnenTpanuja cyndparHux joHa Koja Tpena3u Mak-
CHMAJTHO JTI03BOJBEHY BPETHOCT YTHUE Ha TOPaK YKYC,
a 'y BehnM xonnerTpamnujama og 500 mg/l, mory nermo-
BaTH W JIEKCATMBHO. Y30pIM MOA3EMHUX BOJa UMajy
MaKkCUMallHe KOHIeHTparyje nuaka on 12,7 mg/l, vu-
kna ox 0,6 mg/l, manrana ox 10,6 mg/l u rBoxha ox yak
16 mg/l. YkymHO pacTBOpeHe MaTepHje cy Jak 8 g/l, a
Bpennoct pH wmaHnmekca je 6. Kopumheme Bome u3
oynapa KB-7, xoja caapu 0J0BO y KOHIICHTPAIHjH
on 2,17 mg/l, mpencraBiba BENWKH PU3HK TI0 3/IPABJHE,
HapOYHUTO 3a ey Koja arrcopOyjy 50% omoBa u3 Boze,
y mopehemy ca ompacinMa Koju arcopOyjy camo
10-15% onoBa u3 Bome 3a nuhe. OBaj MeTas uMa
HETaTHUBHO JIejCTBO Ha CBE CHUCTEME Y JbYJCKOM Opra-
HU3My. BomocHaOneBame cranoBHuKa [lome PymHu-
1€, 3aXTeBa HEOMIIOKHE MEpEe 3a M3HAIAKEHE anTep-
HAaTHBHHUX WU3BOPUIITA U3 OKOIHUX MOPYYja, Kako On
ce obe30emmite 3ApaBCTBEHO MCIPAaBHE BOME 3a MHhe.
Taxohe, HEONMXOMHO je OAPENNTH W peMeAHjallhioHe
MOCTYIIKE 3a JOBOheme KUBOTHE CpEeauHE y TIpei-
XOJIHO CTame KBAJHTETA, KOje je YTPOXKEHO (IIoTaIlyj-
CKHM jaJIOBHIITEM.





