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Abstract The study of acid mine waters and drainage systems of certain polymetallic and active mines in
the Eastern Macedonia have shown that pH values are in the range 4.0+7.8 in the Bugim porphyry Cu-deposit,
4.8+5.1 in Pb-Zn mines Sasa and Toranica, and 3.4=5.1 in the Zletovo Pb-Zn mine. Both the underground and open
pit mines drainage systems on a vertical scale are of several hundreds of meters (from surface to depth) and are af-
fecting the adjacent waters with heavy metals. Determined metal concentrations in the polluted mine waters from the
Pb-Zn mines in Macedonia were in the range: 101340 pg/l Pb, 40-70070 ug/l Zn, 1+240 pg/l Cd. Also, increased
concentrations were determined for Ag, Fe, Al, Ca, Bi, Sb etc. In the copper mine waters were determined heavily in-
creased concentrations of 4509838 pg/l Cu, 25+300 pg/l Ag, 44890 pg/l Co and increased concentrations of Fe,
Ni, Cr, As, etc. In general, metal concentrations decreased downstream from the source due to dilution from other riv-
ers and co-precipitation of metals on other mineral phases.
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INTRODUCTION

The modern metal mining activity in the Re-
public of Macedonia have started in 1939. The main
activities were performed at the underground Pb-Zn
mines (Zletovo, Sasa and Toranica). In 1979 has
been started copper production from the open pit of
the Cu-porphyry Bu¢im Mine. During the decades
of intensive mining the impact of polluted mine wa-
ters on the environment has increased and the long
term environmental concern in form of acid mine
drainage have arised. Acid mine drainage as a proc-
ess refers to waters that have leached through mine

sites and have dangerously low pH values and high
metal contents (Younger, 2002). The acid mine
drainage has the most potential to affect water qual-
ity in the downstream agricultural areas of the
Kamenica Valley, Zletovo Valley, Kriva Reka and
Madenska Reka. The polluted mine waters from Pb-
Zn mines are coming out from the main adits, usu-
ally at the lowest levels and direct conection with
the surface. Polluted water from the open pit Cu-
mine is a product of the tailing dam, waste dump
and water pumped out from the pit.

POLLUTION SOURCES

The most important Macedonian metal depos-
its are related to regional magmatic activity that oc-
curred in the southern parts of the Carpatho-Balka-
nides during Eocene-Pliocene (Serafimovski and
Alexandrov, 1995).

Water pollution is still a serious problem, since
wastewater generated in ore processing and dis-
charge seeping from tailings deposits receive no

treatment at all (Alderton et al., 2005, Serafimovski,
2006).

In that context we have studied four separate
mines and its adjacent areas (Fig. 1): Zletovo, Sasa,
Toranica and Bugim.

The Zletovo Mine is located near the town of
Probistip-in NE-Macedonia. The mine production
lasted from 1940 until 2003.
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Fig. 1. Map of the R. Macedonia with major rivers and mining
locations used in this study. 1 —Zletovo Mine, 2 — Zletovo
(tailings dam), 3 — Toranica Mine, 4 — Sasa Mine,

5 — Bu¢im Cu-mine (Alderton et al., 2005)

The mineralization is related to Tertiary calc-
alkaline magmatic rocks (dacites and andesites) and
it is found in a dacitic volcano-sedimentary suite
that has been altered to clays and micas. Ore bodies
are located in sub-vertical veins. The main ore min-
erals are galena and sphalerite, but tetrahedrite, pyr-
rhotite, chalcopyrite and pyrite are also common.
Annual production reached 300,000t, with ore
grades of 8.5 % Pb+Zn and significant concentra-
tions of Ag, Bi, Cd and Cu. Ore was concentrated
by flotation at Probistip and tailings were disposed
of in two impoundments situated in adjacent val-
leys. The river of Kiselica drains the flotation plant
at Probistip and the river of Reko drains the area
containing the main workings of the Zletovo mine
(locations 1 and 2 in Fig. 1).

The Sasa Mine is situated in NE-Macedonia
near the city of Kamenica. The mine has been in
production since 1962, yielding about 500,000 t of
Pb—Zn ore annually. Mineralization is localized

along the contacts between Miocene calc-alkaline
igneous bodies (latites and dacites) and graphite-
chlorite-sericite schists, gneisses, and limestones.
The ore consists of pyrite, galena, and sphalerite,
with additional magnetite and chalcopyrite. Ore
grades are about 10% Pb+Zn with additional ele-
vated concentrations of Ag, As, Cd, Mn, and Sb.
Ore is concentrated at the mine by flotation and tail-
ings are stored in a dam in a valley just below the
mine. The Kamenica River is culverted beneath the
tailings dam and flows 12 km until it meets the Ka-
limanci Lake near Kamenica.

The Toranica Mine is situated in NE-Macedo-
nia, close to the Sasa deposit, but in a separate wa-
tershed. The Pb-Zn production from the mine oc-
curred between 1987 and 2000, reaching total
amount of ~3 x 10° t excavated ore with an average
contents of 6.5 % Pb+Zn. The deposit is geologi-
cally similar to Sasa. There are elevated concentra-
tions of Cd, Cu, Mn, Ag, and Bi in the ore. Milling
and flotation occurred at the mine and there is a tail-
ings dam below the mine site with a culvert direct-
ing the Toranica River beneath the dam.

The Buchim Cu-Mine is situated in ecastern
parts of the Macedonia near the city of Radovi§.
The Cu—Au production from this Cu-porphyry type
of mineralization is active in the last 28 years and
during that period were excavated ~ 70x10° t ore
with average contents of 0.3 % Cu and 0.3 g/t Au.
The deposit is located in the Precambrian gneisses
around the Tertiary volcanic dykes. Ore reserves
has been estimated to 120x10° t. Near the mine
there is a tailling dam where has been deposited
70%10° t of material and waste dump with more
than 100x10° t material. The milling and flotation
discharge their drainage waters in the Madenska
and Kriva Lakavica Rivers.

MATERIALS AND METHODS

Sampling at Sasa, Zletovo and Bucim took
place when the mines were operating and at To-
ranica the mine had ceased all activities. At each
location, streams were sampled downstream as well
as upstream of the mining sites to assess the contri-
butions to the drainage from the mining activities.
Collected water was passed through a 0.45 um filter
and transferred into polythene tubes and acidified
with 0.4 ml of 50% nitric acid. Conductivity and pH

were measured in the field for all water samples.
Solutions were analyzed by ICP-AES or ICP-MS,
depending on concentrations. A large number of
analyses were determined but only those that are
likely mining related and environmentally signi-
ficant are discussed here. The concentrations were
compared to reference standards to assess their sig-
nificance (Mirsal, 2004).

RESULTS AND INTERPRETATION

Several adits at the Zletovo mine contribute
significantly to the Reko River. Water from the

main adit is turbid with a pale brown colour, and
flows directly into the Reko (Fig. 2). Concentrations
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exceed water standards for most analytes and the
pH of the discharge is low, at 3.4.

Zn concentration in water sanyies vs.
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Fig. 2. Zn contents (lg/L) in waters samples from all Pb-Zn
mines in Macedonia vs. WHO and NOAA standards.
On x-axis: Z — Zletovo; S — Sasa and T - Toranica

Further downstream, concentrations of Al, Fe,
Mn, Cd, Zn, and U are all grossly elevated above
* fresh and drinking water standards. For example,
the Zn concentrations reach 70 mg/L. High values
are maintained until approximately 3 km below the
mine area, and then dilution reduces the con-
centrations markedly. Further downstream, the wa-
ters are diluted by non-contaminated waters in the
river of Zletovska. Concentrations of metals are
generally low and the water is alkaline all the way
down to the confluence with the river Bregalnica,
where the levels of some metals (e.g. Cu) increase.

Although in the Sasa mine there is some indi-
cation that the waters bellow the main mine work-
ings have elevated levels for some metals, the water
contaminant concentrations are not particularly ele-
vated. The river waters are mostly near neutral, with
the water discharging from only one of the main
adits being slightly acid (pH = 5). This water is dark
grey, due to transported sulfide particles, and has
elevated concentrations of (pug/L): Al 9490, Cd
90 mg, Pb 1340, and Zn 14330. Most values dec-
rease quite rapidly downstream, but concentrations
of Mn and Zn remain high for at least 8 km down-
stream from the mine.

Toranica mining and processing facilities have
had a major effect on the chemical composition of
neighbour water flows. Waters from the Toranica
area, in general, have a neutral pH and solute con-
tents are fairly low. Elevated values for As, Bi, Pb,
U, and Zn occur in the vicinity of the mining area
but rarely exceed reference limits. High values for
some elements (e.g. Co, Fe, Mn, Pb, Zn) in waters
above the adit discharges suggest that more mine-
ralization is present in bedrock upstream of the
mine workings and that these values are thus repre-
sentative of the regional geochemical background.

Bucim mining and processing facilities have
had a major effect on the chemical composition of
the neighbour river waters. Water concentrations of
Cu, Al, Mo, Ni, Cd, Co, As and U are high in the
stream that carries effluent from the mine and proc-
essing plant (Fig. 3).
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Fig. 3. Correlation of Cu, Cd, As and Ag concentrations in
waters samples from the Bu¢im Cu-mine along the water flow

The pH ranged from acidic to slightly neutral.
The deterioration of water quality downstream of
the mine water input is massive. The pH of the wa-
ter above the pollutant input is neutral and water
concentrations of metals are within background val-
ues. Immediately downstream, the pH falls within
the range 4.2+53 and the concentration of Cu
reaches upto 509,838 pg I"'. Water quality does im-
prove further downstream (Fig. 3), however copper
concentrations are still well above fresh water aver-
ages and conductivity remains high.

DISCUSSION

The composition of the mining associated wa-
ters is quite variable. However, and in spite of the
dilution effects of melting snow on the river vol-
umes, the effects of mining and mineralization can
be detected in all the waters studied. In particular,
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waters from the active and recently-worked Pb-Zn
and Cu mines have very high concentrations of dis-
solved metals, derived either from dissolution of
‘ore” minerals or host rocks (Serafimovski et al.,
2004; Turekian, 1977).
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The waters at Zletovo have a low pH, no doubt
due to the dissolution of pyrite. Sulphate, Mn, Zn,
and Fe are all very elevated. The host lithology is
dominated by silicate minerals and so there is little
chemical buffering to counteract the acidity.

The mines at Toranica and Sasa have exploited
similar Pb- and Zn-rich minerals to those at
Zletovo, and associated river sediments are con-
taminated. However, the water contamination at
these two localities is small compared to that at
Zletevo. There appears to be a moderate but re-
stricted acid mine drainage problem at Sasa, where
the lower pH has mobilized some ore-related ele-
ments. This problem is most severe near the adit,
but concentrations fall to background values downs-
tream of Kalimanci Lake (Dolenec et al., 2007).
Reduced drainage acidity and dissolved solids are
probably due to the lower volumes of pyrite in the
ore and buffering by the host limestones. Elevated
element concentrations are clearly a consequence of
mineral dissolution and strong element correlations
provide an indication of the association of these
elements. Many of metals appear to be associated
with main sulphide phases. There is a distinct asso-
ciation of Ag, Bi, and Cd, with Pb and Zn, due to
solid solution of Cd in sphalerite (Fig. 4) and Ag
and Bi in galena.

In the Bucim mine water discharge represents
a huge pollution source into the Madenska and bel-
low to the Kriva Lakavica (Serafimovski et al.,
2005). River due to dillution and leaching of metals
found in the mineral association and adjacent rocks
(Cu, Co, Cd, Ag, etc.). Another problem with the

open pit is the evaporation of ponded water in the
pit, which significantly concentrate metal content
and rendering it more harmful to downstream envi-
ronments. The formation of soluble secondary salts
due to the evaporation of pit waters is also a con-
cern (Eichenberger, 1986).
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Fig. 4. Correlation of Cd vs. Zn (correlation factor 0.959) in all
water samples from Pb-Zn mines

Decreases in concentration of elements down-
stream and further away from the mining regions
can be explained by a combination of dilution from
non-contaminated rivers and removal from solution
due to co-precipitation and adsorption on various
solid phases in the sediments. These phases are
likely to include oxides/hydroxides of Al, Fe, and
Mn. Predicted pH control on Fe, Al, Mn pre-
cipitation can be demonstrated to be in operation
here.

CONCLUSION

Contamination of water was high in the imme-
diate vicinity of the mine sites but was reduced to
near background levels at distances of 5-25 km
from the mines. The tailings dams are a major po-
tential source of water pollution; however, the use
of culverts to direct water away from the tailings
generally seems to be quite successful and largely
prevents the ingress of polluted water to the
streams.

Water contamination was often only moderate,
such as at Sasa and Toranica, where the lack of py-
rite and buffering by limestone keep metal concen-
trations low. In contrast, due to high presence of

sulphides (pyrite) and its oxidation the waters asso-
ciated with the Zletovo and Buéim deposits were
acidic and highly contaminated with several metals.

The elevated concentrations of metals found in
these waters can be related to the mineralogy of the
individual deposits and metallic sulphides are the
main primary source of the metals. Mine drainage
commonly has a lower pH than background waters
and the increased acidity has initiated metal dissolu-
tion. Mining and processing activities in Macedonia
have therefore had an adverse impact on the envi-
ronment.

REFERENCES

Alderton D. H. M., Serafimovski T., Mullen B., Fairall K. and
James S., 2005: The Chemistry of Waters Associated with

Metal Mining in Macedonia. Mine Water and Environment,
24, 139-149.

Geologica Macedonica, 21, 69-73 (2007)



Acid mine drainage systems and metal pollution around the active polymetallic mines in the eastern Macedonia 73

Dolenec, T., Serafimovski, T., Tasev, G., Dobnikar, M., Dole-
nec, M. and Rogan, N., 2007 Major and trace elements in
paddy soil contaminated by Pb—Zn mining: A case study of
Kocani Field, Macedonia. Environ Geochem Health (207)
29, pp. 21-32.

Eichenberger, E. 1986: The interrelation between essentiality
and toxicity of metals in the aquatic ecosystem. Metal lons
Biol. Systems, 20, 67-100.,

Mirsal, I. A. 2004: Soil Pollution; Origin, Monitoring & Remo-
bilization. Springer-Verlag, Berlin, pp 252.

Serafimovski T. and Aleksandrov M., 1995: Lead-zinc deposits
and occurrences in the Republic of Macedonia. Faculty of
Mining and Geology, Special issue no. 4, Stip, 387 pp. (in
Macedonian).

Serafimovski, T., Alderton, D. H. M., Mullen, B., and Fairall,
K., 2004: Pollution associated with metal mining in Mace-
donia. 32™ International Geological Congress, Florence,
Ttaly, Scientific sessions: Abstracts, p. 362,

Serafimovski, T., Alderton, H. M. D., Dolenec, T., Tasev, G.,
Dolenec, M., 2005: Metal pollution around the Budim
Mine. 3 International Workshop on the UNESCO_IGCP
project: Anthropogenic Effects on the Human Environment
in Tertiary Basins in the Mediterranean, Stip, 21* October
2005, pp. 36-56.

Serafimovski, T., Alderton, H. M. D., Dolenec, T. and Tasev,
G., 2000: Lead-zinc mines waters drainage and its envi-
ronmental impact in the Republic of Macedonia. Procee-
dings, XVII™ Congress of the Carpathian-Balkan Geologi-
cal Association, Belgrade, pp. 543-546.

Turekian, K. K., 1977: Geochemical distribution of elements.
In “Encyclopedia of Science and Technology”, 4™ edn.,
627-630. McGraw-Hill, New York

Younger, P. L., 2002: Mine water pollution from Kernow to
Kwazulu-Natal: Geochemical remedial options and their se-
lection in practice. Geoscience in south-west England, 10,
255-266.

Pesume

KHUCEIHW PYTHUYKH TPEHAXKHN CUCTEMHA U BATAIYBAKBE CO METAJ/IN OKOJTY
AKTUBHUTE ITOJMUMETAJTHYHU PYTHULIHA BO HCTOYHA MAKETOHUJA
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Knyumi 360poBu: IpeHasKeH CHCTEM; 3arafyBakhe co METalll; PYJTHHIKH BOIH; Makeonuja

TIpoyuyBameTo Ha KHCEJIHTE PYJHIUKH BOH W JIpe-
HaXKHHA CHCTEMHM Ha OJPC/ICHH HOJHUMETATHMYHM U aKTHBHN
PYRHUII BO HCTOYHA Makeqonmja nokaxka fieka pH-pep-
HocTuTe ce Bo orncer off 4.0 fo 7.8 Bo nopdupckoro Cu-
Haofanuumte Byunm, 4.8+5.1 Bo Pb-Zn-pynnumm Caca un
Topannma u on 3.4 o 5.1 Bo Pb-Zn-pyguukor 3aetoso.
MperaxuuTe CHCTEMH M Ha NMOX3CMHITE U Ha IOBPLIMH-
CKHTE PYAHHALM Ha BEPTUKATHA CKajla ce BUXKAT IO HEKOIT-
Ky CTOTHHH METpH (Off NOBPINHHA (0 A1a004iHa) 1 BIRja-
aT BP3 COCEJIHATE BOHU CO TCHIKUTE MCTAMM.

OjpeieHuTe KOHUEHTPAIMN Ha METAIHN BO 3arafeHn-
Te PYAHHUKH BOJM OJl PYRHHIHTE 3a ONOBO M LMHK BO
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Maxkepounja ce Bo oncerot: off 10 10 1340 pg/l Pb, 0140 1o
70070 pg/l Zn, on 1 o 240 pg/l Cd. Mcto Taka, onpejienn ce
M 3TONCMCHI KOHUCHTpauun Ha Ag, Fe, Al, Ca, Bi, Sb u jp.
Bo pymuukoT 3a 6akap BO BOAHTE Oca ONPCACHH CHIHO
3roaeMeHl KoHuenTpauun Ha Cu ox 4 no 509838 pg/l, ox 25
10 300 pg/l Ag, on 4 no 4890 pg/l Co 1 3roneMeHH KOHI[EH-
Tpaiun Ha Fe, Ni, Cr, As u ap. Konyenrpanunre Ha Mera-
IHTE ce HaMajlyBaaT HajONy [0 TEYCHHETO Ha PeKHTE CO
0JUTAJIEYEHOCTA Ol H3BOPUTE HA 3arajlyBarme, KaKO HOCe/H-
11a Ha Pa3bIaKyBamheTo Off APYIH PEKH W KOIPEI[HINTal¥-
ja Ha MeTaIuTe BO Pyr MUHEPAIHH (hasy.



