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Abstract

The study was carried out on forest soils in the vicinity of a copper ore tailings facility
and a copper smelter in Lower Silesia, Poland. Soil and litter samples were collected in the
surroundings of the tailings facility under pine stands different in age (50, 18 and 11 years
old) and under poplar stands (same age as the pine stands) located at an increasing distan-
ce from the copper smelter (0.5 km, 1.5 km and 2.1 km). The purpose of the study was to
describe the effect of copper mining and smelting on forest soils. The following were de-
termined in the collected soil and litter samples: pH in distilled water electrometrically with
a pH meter and total concentrations of Cu, Zn and Pb after digestion with  perchloric acid
(1:10) using the ICP-ES technique. Very high pH values were found in all organic hori-
zons, which can evidence the alkalizing effect of dusts from the objects. In all the forest
soils, the highest total concentrations of all the analyzed elements were found in humus
layers, decreasing in deeper horizons of the soil profile. The  total concentration of Cu, Pb
and Zn was much higher in forest soils under poplar stands in the vicinity of the copper
smelter. The concentration of all the elements decreased rapidly with the distance from
the smelter. The concentration of Cu, Pb and Zn was higher than found in the vicinity of
the objects on the arable soils. This can indicate a secondary rise in heavy metal concen-
tration in the topsoil caused by the presence of  a tree stand.

Key words:  forest soils, litter, copper smelter, heavy metals.
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ZANIECZYSZCZENIE METALAMI CIÊ¯KIMI GLEB LEŒNYCH
W REJONIE ODDZIA£YWANIA PRZEMYS£U MIEDZIOWEGO

Abstrakt

Badania prowadzono na obszarach leœnych stanowi¹cych dawn¹ strefê ochronn¹ sk³a-
dowiska odpadów flotacji rud miedzi oraz huty miedzi. Powierzchnie badawcze w rejonie
sk³adowiska odpadów zlokalizowano pod ró¿nowiekowymi drzewostanami sosnowym (50,
18 i 11 lat). W rejonie huty miedzi powierzchnie zlokalizowano w funkcji odleg³oœci od Ÿró-
d³a emisji (0,5 km, 1,5 km i 2,1 km od huty) w równowiekowych drzewostanach topolo-
wych. Celem pracy by³o okreœlenie wp³ywu przemys³u miedziowego na gleby leœne w rejo-
nach objêtych znacznym oddzia³ywaniem ww. obiektów. Na ka¿dej powierzchni badawczej
pobrano próbki gleb i ektopróchnic, w których analizowano pH w wodzie destylowanej i ca³-
kowit¹ zawartoœæ Cu, Pb i Zn po mineralizacji w kwasie nadchlorowym (1:10) z u¿yciem
metody ICP-ES.  Bardzo wysokie wartoœci pH stwierdzone w ektopróchnicach œwiadcz¹ o al-
kalizuj¹cym wp³ywie emisji pochodz¹cych z obu obiektów. W ektopróchnicach wszystkich
badanych gleb stwierdzono najwy¿sz¹ ca³kowit¹ zawartoœæ Cu, Zn i Pb, a zawartoœæ pier-
wiastków mala³a w g³¹b profilu glebowego. Ca³kowita zawartoœæ badanych pierwiastków
by³a zdecydowanie wy¿sza w glebach w rejonie huty miedzi i wyraŸnie mala³a wraz ze wzro-
stem odleg³oœci od Ÿród³a emisji. Zawartoœæ Cu, Zn i Pb by³a zdecydowanie wy¿sza ni¿ stwier-
dzona w tym rejonie zawartoœæ pierwiastków w glebach uprawnych. Mo¿e to œwiadczyæ
o wtórnym nagromadzeniu Cu, Zn i Pb w glebach obszarów zadrzewionych.

S³owa kluczowe: gleby leœne, œció³ka, huta miedzi, metale ciê¿kie.

INTRODUCTION

Mining and smelting can be a significant source of metal contamination
of the environment due to mineral excavation, ore transportation, ore flota-
tion, smelting and refining and disposal of tailings and wastewater around
mines and smelters. Heavy metal pollution of soils in the Legnica-G³ogów
copper mining area has been the subject of several investigations in recent
years (ANDRUSZCZAK et al. 1986, SZERSZEÑ et al. 1999, ANGE£OW et al. 2000,
SZERSZEÑ et al. 2004, KABA£A et al. 2008, MEDYÑSKA et al. 2009, KARCZEWSKA et.
al. 2010). Many of these studies focused on arable soils and the effect on
crop productivity. These days, most of the lands in the nearest surroundings
of copper mining and smelting objects are afforested, but our knowledge on
heavy metal pollution of forest soils is very modest. Forest ecosystems effi-
ciently filter pollutant particles from the air (UKONOMAANAHO et al. 2001). The
presence of humus layers in forest soils has often been found to effectively
retain heavy metals, particularly Pb and Cu (BERGKVIST et al. 1989, DEROME,
NIEMINEN 1998). Therefore, forest ecosystems and forest soils can accumu-
late considerable amounts of trace elements. In this paper, we are describ-
ing the effect of copper mining and smelting on forest soils.
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MATERIALS AND METHODS

The study was carried out on forest soils affected by dusts from two
emission sources: a copper ore tailings facility and a copper smelter. The
tailings facility (impoundment) has been exploited since 1977. Over 368 mln
m3 of tailings from copper ore flotation have been deposited over an area of
1 390 ha. Because of their physical properties and the storage technology,
tailings are the most significant source of the local soil pollution. The main
problem is the emission of dust from dry beaches surrounding the pond.
Dust containing excessive amounts of heavy metals such as Cu, Pb, Zn, Cd,
Ni and As becomes a potential source of soil and plant contamination. Since
1996, sixty-four sites (mostly arable soils) in the environs of the facility have
been monitored. The results show long-term changes in the heavy metal
contamination of the soils affected by the facility.

The copper smelter belongs to a mining and smelting complex founded
in 1951, which currently includes 4 mines, 3 ore enrichment plants and
3 smelters. The complex produces approximately 500 000 tons of copper an-
nually, a quarter of which is produced in the Legnica Smelter. The copper
smelting plant in Legnica opened in 1953 and in the past was indicated as
a source of high metal-containing dust emission, which was considerably re-
duced in the 1980s and 1990s in all the facilities of the complex (Monograph
of KGHM 2007). However, the long-term pollution caused by the Legnica
Copper Smelter has led to extensive soil contamination with many trace
elements. In the early 1980s, the most severely contaminated soils within the
so-called impact areas were planted with black poplar (Populus nigra L.) and
black Italian poplar (Populus euroamericana f. serotina Hartig).

Soil and litter samples were collected from six forest sites. Three study
sites were located in pine forests, in the surroundings of the Zelazny Most
tailings facility (ZM), about the same distance from the smelter (approxi-
mately 400 m),  east and north-east of the object (Figure 1). The coniferous
stands were of different age: 50 (1 ZM), 18 years old (2 ZM) and 11 years old
(3 ZM).  Three other sites were located in the former impact area of the
Legnica Copper Smelter (HML), in poplar plantings 0.5 km, 1.5 km and
2.1 km from the emitter (Figure 1). Litter samples were collected with a steel
cylinder (d=23 cm), in four replicates. Soil profiles were made in May 2009
and samples were collected from each horizon for further analysis. The soil
and litter samples were submitted to the following determinations: pH in
distilled water electrometrically with a pH meter (CARTER, GREGORICH 2008),
the total concentration of Cu, Zn and Pb after mineralization with perchlo-
ric acid (1:10) in an open column system (HOSSNER 1996) using the ICP-ES
technique. All analysis were made in two replications.
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RESULTS AND DISCUSSION

Forest soils in the  surroundings of the copper ore tailings facility were
Brunic Arenosols (Fao-Wrb 2007) developed from poor, loose sands with
(proto)moder humus in different stages of development. Forest soils in the
surroundings of the copper smelter were Cutanic Luvisols (FAO-WRB 2007)
developed from loess-like sediments, having the texture of silt loam, mostly
with mull humus. In all the forest soils, the pH values in the 0-30 cm
topsoil and organic layers were higher than found in natural, unpolluted
forest ecosystems (ŒWIERCZ 2003, MERTENS et al. 2007). Under coniferous tree
stands (ZM) in the vicinity of the copper ore tailings facility, the pH reached
6.6 in O horizon (Table 1). The high soil pH was caused by two factors 1)
high input of airborne calcium and magnesium from dusts from the copper
tailings facility 2) high calcium content in parent rock of these soils. Previ-
ous studies demonstrated a high calcium and magnesium content in dust
from the copper ore tailings facility as well as a high calcium carbonate
content in C horizons. Soil under coniferous stands differed in the pH val-
ues between the sites. The pH of organic horizons increased with the age of
a tree stand and was the highest under the 50-year-old tree stand  ZM
(Table 1). More acidic O horizons were found under the youngest tree stand,
which could have been caused by the accumulation of non-decomposed or-
ganic matter, consisting mainly of fresh pine needles. Among the mineral
horizons of the profiles, the highest pH – up to 7.1 – was determined under
the 18-year old stand 2 ZM, and the lowest one – under the 50-year old

Fig. 1. Location of the study sites a) in the vicinity of the copper ore tailings facility
in Zelazny Most,  b) in the vicinity of the copper smelter in Legnica
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stand 1 ZM (Table 1), which could imply stable humification processes in
O horizons under the oldest pine stands (Table 1). Decomposition of organic
matter from coniferous trees cause acidification of the underlying mineral
horizons (FINZI et al. 1998, BERGER et al. 2008).

Soils under coniferous tree stands in the surroundings of the copper ore
tailings facility had lower pH than soils under poplar stands in the vicinity
of the copper smelter, where the highest, sometimes even alkaline reaction
in distilled water was found at site 3 HML (Table 2). The pH values of soils
in the former impact zone of the copper smelter increased with the distance
from the emitter, which could confirm the spatial distribution of airborne
dust from the smelter. Dust speciation studies were not performed during
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this project but the increasing concentration of calcium and magnesium in
O horizons at sites more distant from the smelter can prove these process-
es. Similar dependence was observed by DEROME and NIEMINEN (1998) near
the Harjavalta smelter in Finland. Under the poplar standings (HML) near
the copper smelter, higher pH values were found in topsoil (0-30 cm) than
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in organic layers. This can suggest strong decomposition processes causing
acidification of the material or the acidifying effect of SO4

– emission from
the smelter on forest litter. In all the examined soil profiles in the sur-
roundings of the copper smelter, the pH increased with the depth (Table 2),
reaching the highest values in the C horizon. High pH values in deeper
horizons are typical for Cutanic Luvisols, but can also be the effect of previ-
ous calcium and magnesium fertilization used while planting poplar trees.

The total concentrations of Cu, Pb and Cd varied between the sites and
within the soil profiles. The total Cu, Pb and Zn concentrations were much
higher in forest soils under poplar stands in the vicinity of the copper smelt-
er than in soils impacted by the copper ore tailings facility (Tables 1, 2).
This can be the evidence that the copper smelter is a bigger source of heavy
metal pollution for soils than the copper ore tailings facility. The average
heavy metal concentration in soils in the surroundings of the copper ore tail-
ings facility reached 678 mg Cu kg–1, 213 mg Pb kg–1 and 72 mg Zn kg–1 in
O horizon and was much lower than found by KRZAKLEWSKI et al. (2004) for
soils impacted by dusting from the zinc-lead ore tailings facility in southern
Poland, but much higher than found in soils under natural boreal ecosys-
tems of Poland (GWOREK, DEGÓRSKI 1997). No significant differences were
found in the Cu and Zn concentration in the topsoil of the ZM sites. Signifi-
cant differences were only found for the Pb concentration between site 3 ZM
and 1 and 2 ZM.

In all the examined forest soils, the highest total concentration of all
the analyzed elements was found in humus layers (Tables 1, 2). Under the
coniferous forest 1 ZM, the Cu concentration was even thirty-fold higher in
ectohumus than in the mineral Ap horizon. Such relations were also found
for Pb and Zn at all the forest sites. There were significant differences* in
heavy metal contamination in forest ectohumus horizons between the sites
in the surroundings of the copper tailings facility. The highest concentra-
tions of all the heavy metals in ectohumus were found under the oldest
pine stand 1 ZM (678 mg Cu kg–1, 213 mg Pb kg–1 and 72 mg Zn kg–1 in
O horizon) and the lowest – under the youngest pine stand 3 ZM (115 mg
Cu kg–1, 62 mg Pb kg–1, 50 mg Zn kg–1 in O horizon). Surprisingly high
concentrations of Cu and Pb in O horizon under the oldest tree stand did
not correspond with a higher content of the elements in the 0-30 cm miner-
al topsoil, what can prove that a well-developed, (proto)moder ectohumus
horizon was an effective Cu and Pb filter (Table 1).

With respect to vertical concentrations of the elements downwards the
soil profiles, the Cu content decreased and there was a significant difference
between the 0-30 cm depth and deeper horizons. The Zn concentration also
decreased with the depth into the soil profile but the differences were small-
er. Changes in the Pb concentration were very irregular and there were no

*Tested with Tukey’s test
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significant differences between horizons. Higher Cu and Pb concentrations
in the topsoil were found under younger tree stands (18 and 11 years old),
which can suggest poorer retention abilities of ectohumus horizons in the
early stage of development. Unlike Zn, Cu and Pb are strongly bound to
organic matter and are not readily leached from the organic horizon (BERG

1986, BERGKVIST 1987). The total Zn concentration in the soil profiles under
the pine stands depended more strongly on the level of contamination in
ectohumus horizons than on the development stage, which can be also a proof
of higher zinc leaching from O horizons. The concentrations of Cu, Pb and
Cd in soils in the vicinity of copper smelter decreased rapidly with the dis-
tance from the smelter and at 2.1 km (3 HML) the concentration of Cu in O
horizons was 15-fold lower than at 0.5 km from the emitter (1 HML). The
differences between the sites were statistically significant*. Extremely high
concentrations of heavy metals, reaching 13 143 mg Cu kg–1, 9 181 mg Pb
kg–1 and 3 363 mg Zn kg–1 in O horizon, were found at the site 0.5 km
(1 HML) from the smelter (Table 2). The concentrations of all the analyzed
heavy metals decreased rapidly with depth in the soil profile, being even
1460-fold lower in the C horizon (for Cu at site1 HML). The concentration
of copper in the Ap soil horizon of at 1 HML was six-fold lower than in
O horizon, which verifies the role of ectohumus horizons in heavy metal
retention.  The highest accumulation rate was found for Cu and Pb, whose
concentrations in O horizon were six- and twelve-fold higher, respectively,
than in the 0-30 cm topsoil (at site 1 HML).

At sites 2 and 3 HML, the difference was smaller (Table 2). Surprising-
ly, at site 1 HML zinc was mostly accumulated in O horizon, but also very
high zinc amounts (only two-fold lower) were found at the 0-10 cm depth. At
the depth of 10-20 cm the concentration was ten-fold lower and at 20-30 cm
– it was twenty-five-fold lower (Table 2). This stratification pattern was only
found for forest soil at site 1 HML, highly contaminated with Zn. At site
1 HML, the differences in the Cu and Pb content in deeper soil layers were
also significant.  No such regularities were found for the other sites (2 and
3 HML), where elemental concentrations decreased with the depth, but there
were no significant differences between the sites. In all the forest soils un-
der poplar stands, concentration of the elements in the mineral horizon
depended more strongly on the distance from the smelter and different heavy
metal content in ectohumus horizons, whereas the stage of development
played a secondary role in Cu, Pb or Zn retention.

These observations indicate the importance of afforestation in the cap-
ture of pollutants but also point to significant changes in the circulation
of trace elements due to introduction of trees, as well as very specific forest
soils. The most characteristic element of forest soils is the occurrence of
organic layer, highly capable of metal sorption, which on the one hand hin-

*Tested with Tukey’s test
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ders leaching of metals from the soil, but on the other hand causes major
disturbances in processes of decomposition and humification of organic mat-
ter. O horizons of forest and afforested soils are often compared to a natural
sink for heavy metals (TYLER 1973, BREYMEYER et al. 1997, WILCKE et al. 1998,
BERG 2000, LOMANDER, JOHANSSON 2000). Reviews of filtration and accumula-
tion abilities of forest soil organic horizons are usually based only on analy-
sis of the total accumulation of metals in humus. Meanwhile, its sorption
capacity depends on the type of forest humus, the dynamics of its distribu-
tion and chemical forms of elements reaching the horizon. The mechanisms
of these processes and their actual impact on the cycling of elements in
forest ecosystems are not yet well understood, although several important
publications identified some aspects of them (BERGKVIST et al. 1987, DZIADOWIEC

1990, BERG et al. 1991, DEROME, NIEMINEN 1998, ANDERSEN et al. 2004, MERTENS

et al. 2007). The concentration of Cu, Pb and Zn was higher than found in
the vicinity of the objects on arable soils (Bulletin... 2009). This can be the
evidence of a secondary rise in heavy metal concentration in the topsoil
caused by the presence of tree stands and O horizons. Similar dependence
was found by KABA£A et al. (2008) in forest soils in the vicinity of a copper
smelter in G³ogów, SW Poland. Forest ecosystems are mainly closed sys-
tems, where all elements are cycled along internal pathways, so losses of
trace elements, e.g. heavy metals, are very low. In contrast to arable land,
the biomass (with a given content of metals) produced in a forest through-
out a year is not removed from the ecosystem. This gradually leads toele-
vated  concentration of heavy metals in the topsoil (KABA£A et al. 2008).

 CONCLUSIONS

1. Forest ectohumus horizons, its stage of development and type, play
a significant role in Cu, Pb and Zn accumulation from airborne copper min-
ing and smelting emissions.

2. In highly polluted soils with heavy metals, the total concentration of
the elements in ectohumus reflects the amounts in mineral horizons.

3. The wealth of tree stands can lead to bioaccumulation of heavy met-
als in forest soils.
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