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Abstract. Industrial waste landfills might cause contamination of agricultural land, forests, surface 
water and groundwater through migration of toxic substances, including heavy metals, posing a threat 
to all living organisms, including humans. The aim of the study was to assess the variation in Cd, Pb, 
Zn and Cu content in plants growing on a zinc and lead post-flotation tailings dump. The 
concentrations of the elements in the shoots and leaves of silver birch, black locust, common rowan, 
herbaceous plants and soil were determined by the flame atomic adsorption spectrophotometry (FAAS) 
method. The statistical nalysis indicates a significant relationship between the Pb and Zn 
concentrations and the plant species, plant part, and location on the dump. Differences in cadmium 
concentrations depending on the plant species were also statistically significant. None of these 
relationships was significant in the case of copper content. The mean biological concentration factors 
(BCF) were higher in plants growing on the southern slope of the dump. Of the elements analysed, zinc 
and cadmium were accumulated in larger quantities than lead and copper. 
Keywords: post-flotation tailings, heavy metals, bioindicators different plant species, ore mining 
residues 

Introduction 
Human activity is associated with the generation of waste. Its quantity increases 

every year as a result of continuous technological progress and the development of 
civilization. It should be noted that new technologies used for extraction and 
processing of raw materials increase the diversity of generated waste (Salihoglu, 
2010; Janas and Zawadzka, 2017; Koolivand et al., 2017). By-products of human 
activity generated during extraction and industrial processing of raw materials are 
known as industrial waste. The composition and quantity of industrial waste are linked 
to the type of production and the specific industry. An important consideration is the 
environmental harm and nuisance caused by this waste. According to Eurostat data, 
the total amount of waste from mining and extraction activity in the EU in 2014 was 
700.8 billion kg. At the end of that year, 2,123.9 billion kg of mineral waste remained 
deposited in landfills (Eurostat, 2017). In Poland, 31.2 billion kg of waste was 
generated in flotation enrichment of non-ferrous ores in 2016. At the end of that year, 
635.4 billion kg of this type of waste remained deposited on landfills, of which 38.4 
million Mg was in sites located in Małopolska (PCSO, 2017). Industrial and post-
industrial sites are found all over the world, and more attention and research should be 
devoted to them due to the threat they pose to the environment (Grattan et al., 2003; 
Pyatt et al., 2000, 2005; Stefanowicz et al., 2014; Teršič et al., 2009; Alloway, 2013). 
Industrial waste landfills could cause contamination of agricultural land, forests, 
surface water and groundwater through the migration of toxic substances, including 
heavy metals, thereby posing a threat to all living organisms, including humans 
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(Tordoff et al., 2000; Wong, 2003; Klojzy-Kaczmarczyk et al., 2005). Heavy metals 
can persist in high concentrations for decades or even millennia. Their transport to 
agricultural soils, sediments and watercourses occurs gradually and is associated with 
high levels of pollution of the natural environment. None of the technologies currently 
in use completely protects the environment from the negative impact of landfills. Both 
external factors (topography, microclimate conditions, vegetation or type of protective 
barrier) and internal ones (deposition technology, physical and chemical properties of 
the waste, or means of protecting the substrate) affect the type and degree of the 
nuisance, as well as the amount of pollutants coming from a given site 
(Michałkiewicz, 2009; Adeolu et al., 2011). The aim of the study was to evaluate the 
variation in cadmium, lead, zinc and copper concentrations in plants growing on the 
reclaimed Trzebionka zinc and lead post-flotation tailings dump and to analyse factors 
generating this variation. 

Material and methods 
Study location 

The research area was the reclaimed zinc and lead post-flotation tailings dump of 
the former “ZG Trzebionka S.A” (Fig. 1). Mining Plants, located on the 
administrative border of the Chrzanów and Trzebinia communes, in the western part 
of the Małopolska Voivodeship, south of Poland (Klojzy-Kaczmarczyk et al., 2012). 

 

 
Figure 1. Localisation of research area within the border of Poland (European Union) 
 
 
The dump, which was established in 1966, is one of the largest ponds collecting 

tailings from the production of zinc and lead ore concentrates in Poland. It covers an 
area of about 64 ha and rises about 60 m above the ground, and the surface of its 
crown is 20 ha. Waste was transported in the form of an aqueous suspension of finely 
ground dolomite with zinc and lead carbonates and sulphides with a particle size of 
less than 0.2 mm. The content of Zn and Pb was low – 0.92% and 0.41%, respectively. 
The bottom of the pond consists of concentrated and compact sediments whose 
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average particle size decreases towards the centre (Klojzy-Kaczmarczyk et al., 2005; 
Nowak, 2008). During deposition, the coarsest fraction of the tailings was used to 
build the embankments by means of clay grouting, the finest fraction was used to seal 
the bottom of the pond, and the rest was placed inside the pond, where the solids 
underwent sedimentation. The finest waste covered the outermost layer on the crown, 
and when operation of the landfill was discontinued, the tailings dump underwent 
reclamation (Neya, 1997; Klojzy-Kaczmarczyk et al., 2009, 2012). The reclamation 
work consisted in covering the active surface of the dump with latex and creating a 
sprinkler system (measures to reduce airborne dust), covering the slopes with humus, 
planting trees and shrubs, sowing grass and legumes, application of stabilized sewage 
sludge, and pumping water to the irrigation system (the pond was drained prior to 
reclamation of the top). Vegetation for reclamation was chosen taking into account the 
difficult conditions (Klojzy-Kaczmarczyk et al., 2009, 2014). 

 
Sampling and analyses 

The research material was obtained by moving about the dump study area from the 
base of the embankment to the crown and collecting samples in three characteristic 
research areas (the base of the embankment, the middle of the embankment and the 
crown of the dump), on the south-west and north-east slopes. Three sampling plots 
were selected for each research areas. Each sampling plot was an area of about 100 
m2, from which we collected five primary samples of the shoots of herbaceous plants 
and the shoots and leaves of trees – silver birch (Betula pendula Roth), black locust 
(Robinia pseudoacacia L.), and common rowan (Sorbus aucuparia L.), as well as soil 
samples. Following homogenization, these samples constituted an average sample of 
about 1000 g fresh matter in the case of the plants, and about 500 g in the case of soil. 
The aerial parts of the plants were collected using stainless steel secateurs, and the soil 
samples were collected using a soil sampler from a depth of 0–0.1 m. After air-drying, 
the plants were ground in a high-speed rotor mill. 

The collected soil samples were dried and then sifted through a sieve with a 1 mm 
mesh. In soil prepared this way, basic soil properties were determined: pH in 1 mol 
KCl by the potentiometric method, content of organic carbon using annealing method 
(Ostrowska et al., 1991). Besides that, total concentrations of cadmium, lead, zinc and 
copper along with forms of these elements extracted with 1 mol dm-3 HCl. Dry 
mineralization was performed using a mixture of concentrated HNO3 and HClO4 for 
plant material (Ostrowska et al., 1991; Haluschak, 2006). Concentrations of cadmium, 
lead, zinc and copper were determined by atomic flame absorption spectrometry, 
using a Unicam Solaar M6 spectrometer. Samples were collected at late summer 2017 
year. 

The migration conditions of trace elements in the soil–plant system were analysed 
based on the bioaccumulation factor (BCF) (Nannoni et al., 2016; Li et al., 2007; 
Marchiol et al., 2013), which illustrates the average ability of plants to accumulate 
metals from the soil and is calculated as the ratio of the metal concentration in the 
plant to the metal content of the soil. BCF values greater than 1 indicate high 
accumulation of metals in the plant, values from 0.1 to 1 indicate moderate 
accumulation, 0.01 to 0.1 – low accumulation, and below 0.01 – no accumulation 
(Laskowska and Wiechuła, 2015; Marchiol et al., 2013; Łaszewska et al., 2007). In 
addition, the coefficient of specific relative accumulation (CSRA Eq. 1) was 
calculated as the quotient of the concentration of a given element in a given plant and 
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the content of this element in other plant species present in the area (Stawinoga et al., 
2007). 

 

 ][  
c

cCSRA r  (Eq.1) 

 
where: 
cr – mean quantity of element in the plant 
c – mean quantity of element in all plant species present in the area 

The Shapiro–Wilk test showed that the variables did not have normal distribution, 
so a generalized linear model was used for Poisson distributions to test the 
relationship between the plant species (black locust, silver birch, rowan and 
herbaceous plants) and plant part (leaves or shoots) and the location on the landfill 
(side) and height (base of the embankment, middle or crown). Statistical analyses 
were performed in Statistica 12.0 software. 

Results 
In the present study, cadmium content ranged from 0.14 mg·kg-1 to 4.49 mg·kg-1, 

with the lowest content in the rowan and successively higher content in the black 
locust, silver birch and herbaceous plants growing on the crown of dump on the north-
east side. In most of the samples, this metal was accumulated mainly in the leaves of 
the plants (Figure 2a). An exception was the black locust growing on the middle of 
the embankment on the south-west side, which had higher cadmium content in its 
shoots, amounting to 1.05 mg·kg-1 (Table 1). The cadmium concentrations were also 
higher in the shoots of the rowan trees growing on the base and crown of the 
embankment on the north-east side: 0.63 mg·kg-1 and 0.21 mg·kg-1, respectively 
(Table 2). Among all the trees, the rowan had the lowest mean cadmium content, 
similar on all sampling plots, in both the leaves (0.16 mg·kg-1–0.54 mg·kg-1) and the 
shoots (0.18 mg·kg-1–0.63 mg·kg-1). In silver birch, irrespective of the sampling 
location, the cadmium content was similar and higher than in the other trees (0.91 
mg·kg-1–1.93 mg·kg-1) (Figure 2a). The highest variation in this metal was recorded 
in the herbaceous plants – 89%, followed by the black locust shoots – 55%, and the 
lowest in the black locust leaves and silver birch leaves – 3%. The analysis confirms 
statistically significant variation in the content of this element in the plant species 
tested (Figures 2a and 3a (p < 0.001); Table 3). 

 

 
Figure 2. Distribution of mean concentrations of heavy metals in the shoots (circles) and 

leaves (squares) of three species: silver birch, black locust and common rowan 
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Table 1. Mean concentrations of heavy metals in plants and soil for south-west site 
 Content in plants mg·kg-1 Content in soil mg·kg-1 %  

Site/slope Plant Organ Cd Pb Zn Cu Cd Pb Zn Cu org pH (KCl) 

Base 

Betula pendula  
shoot 1.26 27.50 1207.40 5.79 

16.78 645.60 2253.00 78.35 3.20 7.50 

leaf 1.45 7.40 1845.40 4.90 

Robinia pseudoacacia  
shoot 0.36 11.10 113.40 4.78 
leaf 0.62 8.30 254.60 3.46 

Sorbus aucuparia  
shoot 0.18 8.60 182.60 5.82 
leaf 0.18 4.10 201.80 3.93 

Herbaceous plants shoot 0.91 13.90 426.60 3.09 

Middle 

Betula pendula  
shoot 0.91 17.80 1073.90 6.18 

17.06 621.20 2166.00 72.15 3.00 7.40 

leaf 1.12 5.30 2226.50 5.01 

Robinia pseudoacacia 
shoot 1.05 23.30 442.90 2.91 
leaf 0.65 17.50 212.20 3.79 

Sorbus aucuparia  
shoot 0.16 12.90 277.70 3.27 
leaf 0.31 6.20 245.30 3.15 

Herbaceous plants shoot 0.42 39.2 264.30 3.11 

Crown 

Betula pendula  
shoot 1.35 10.60 427.60 4.74 

12.56 3415.70 5494.00 93.55 4.75 7.50 

leaf 1.88 5.60 1172.30 4.86 

Robinia pseudoacacia  
shoot 0.36 8.0 96.50 5.46 
leaf 0.6 8.10 154.80 4.05 

Sorbus aucuparia  
shoot 0.26 5.20 176.80 6.56 
leaf 0.47 4.40 355.70 4.43 

Herbaceous plants shoot 4.03 16.70 292.10 4.45 
org = content of organic matter 

 
 
Table 2. Mean concentrations of heavy metals in plants and soil for north-east site 

 Content in plants mg·kg-1 Content in soil mg·kg-1 %  
Site/slope Plant Organ Cd Pb Zn Cu Cd Pb Zn Cu org pH (KCl) 

base 

Betula pendula  
shoot 1.74 47.70 932.40 5.20 

48.05 1499.50 5592.00 76.45 4.05 7.50 

leaf 1.8 12.10 1808.50 3.75 

Robinia pseudoacacia 
shoot 0.96 32.80 184.80 4.04 
leaf 1.26 15.40 284.30 3.61 

Sorbus aucuparia  
shoot 0.63 13.50 383.30 4.34 
leaf 0.54 11.80 258.70 4.26 

Herbaceous plants shoot 1.53 3.00 145.80 5.39 

middle 

Betula pendula  
shoot 1.51 10.20 529.90 3.82 

55.27 4414.75 12,443.50 407.85 5.75 6.80 

leaf 1.87 7.80 1384.50 3.65 

Robinia pseudoacacia 
shoot 0.71 29.40 156.90 4.87 
leaf 0.83 9.30 279.50 3.34 

Sorbus aucuparia  
shoot 0.20 18.70 181.80 4.31 
leaf 0.21 7.30 127.80 5.01 

Herbaceous plants shoot 1.57 15.00 290.60 5.87 

crown 

Betula pendula  
shoot 1.71 9.80 495.20 4.22 

26.03 5101.60 1710.50 375.45 5.80 7.10 

leaf 1.93 7.20 1585.70 3.77 

Robinia pseudoacacia 
shoot 0.72 12.30 151.90 4.39 
leaf 1.38 12.90 441.10 3.66 

Sorbus aucuparia  
shoot 0.21 3.40 176.20 4.07 
leaf 0.16 3.60 100.70 4.41 

Herbaceous plants shoot 4.46 7.10 229.60 6.24 
org. =content of organic matter 
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Table 3. Results of generalized linear model 

Cd df Wald’s statistic p 
Residual 1 11.72 ** 
Location 5 5.29 ns 
Species 2 35.53 *** 

Plant part 1 0.66 ns 
Location x species 10 4.30 ns 

Location x plant part 5 0.38 ns 
Species x plant part 2 0.06 ns 

Location x species x plant part 10 1.35 ns 
Pb df Wald’s statistic p 

Residual 1 6811.40 *** 
Location 5 187.69 *** 
Species 2 89.35 *** 

Plant part 1 100.03 *** 
Location x species 10 64.46 *** 

Location x plant part 5 21.85 ** 
Species x plant part 2 14.40 ** 

Location x species x plant part 10 38.28 *** 
Zn df Wald’s statistic p 

Residual 1 1,291,481.39 *** 
Location 5 1921.66 *** 
Species 2 35,429.32 *** 

Plant part 1 1383.08 *** 
Location x species 10 1661.00 *** 

Location x plant part 5 624.25 *** 
Species x plant part 2 1767.54 *** 

Location x species x plant part 10 1237.76 *** 
Cu df Wald’s statistic p 

Residual 1 1296.97 *** 
Location 5 4.59 ns 
Species 2 2.16 ns 

Plant part 1 2.88 ns 
Location x species 10 7.30 ns 

Location x plant part 5 1.50 ns 
Species x plant part 2 0.12 ns 

Location x species x plant part 10 3.94 ns 

* p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant 
 
 
The variation in cadmium concentrations in the plants was associated to a lesser 

degree with the height gradient (Figure 3a; p < 0.01). No statistically significant 
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differences were found in the content of this element in the plant parts or its content in 
the substrate depending on the research (slope) area where the samples were taken. 

 

 
Figure 3. Distribution of mean heavy metal concentrations in the plants: silver birch (circles), 

black locust (squares), common rowan (diamonds) and herbaceous plants (triangles) 
 
 
The lead content in the vegetation growing in the study area ranged from 3.0 mg·kg-1 

(north-eastern part, base of embankment, herbaceous plants) to 39.5 mg·kg-1 (south-
western part, middle of the embankment, herbaceous plants). The highest coefficient of 
variation on the south-west slope was found for the herbaceous plants (49%) and black 
locust shoots (47%), and on the north-east side also for the herbaceous plant samples 
(60%), as well as for the shoots of silver birch (79%). In most of the samples, on both 
the south-west and north-east embankments, the shoots accumulated higher lead 
content. In the case of herbaceous plants, rowan, and black locust, higher lead content 
was found in the middle of the embankment on the south-west slope than in the other 
sampling plots. Moreover, as the height increased, the metal content decreased in silver 
birch (base > middle > crown). On the north-eastern embankment, the concentration of 
lead in silver birch and black locust decreased in this order: base > middle > crown of 
embankment. The rowan and herbaceous plants collected from the middle of the 
embankment had higher content of this metal in comparison with the other sampling 
plots (the base and crown of the embankment). The analysis confirms a statistically 
significant relationship between the Pb concentration and the plant species, plant part, 
and location on the landfill (both the side of the slope and the height) (Figures 2b and 
3b (p < 0.001); Table 3). The zinc content on the Trzebionka post-flotation tailings 
dump ranged from 96.5 mg·kg-1 (south-west side, crown, black locust shoots) to 
2226.6 mg·kg-1 (south-west, middle, silver birch leaves). On the southern slope, the 
highest variability in the content of zinc was observed in the shoots of black locust 
(73%). On the northern embankment, the highest variability was recorded for common 
rowan (42%). In the silver birch and black locust trees growing on the north-east 
embankment, higher concentrations of this element were found in the leaves. The 
reverse was true in the case of rowan, in which the shoots contained higher amounts of 
zinc. A similar tendency was noted in most of the samples collected on the south-west 
slope. The analysis confirmed the statistically significant impact of the sampling 
location, plant species and plant part on the content of this metal (Figures 2c and 3c 
(p < 0.001); Table 3). Copper content in all plants was similar on individual sampling 
plots and ranged from 2.91 mg·kg-1 (south-west, middle of embankment, black locust 
shoots) to 6.58 mg·kg-1 (south-west, crown, rowan shoots). In most of the samples in 
the study area, this element was stored mainly in the shoots. There was also an increase 
in the content of this metal in the herbaceous plants along the height transect, from 
3.08 mg·kg-1 to 4.48 mg·kg-1 on the south-west embankment and 5.38 mg·kg-1 to 
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6.30 mg·kg-1 on the north-east side. The highest coefficient of variation for the south-
west side of the landfill was 27% for rowan shoots and 25% for black locust shoots, 
while for the north-east side of the site it was 13% for silver birch shoots. This element 
showed the least variation of all metals analysed. The statistical analysis did not indicate 
a significant relationship between the plant species, plant part or location on the landfill 
and the content of this metal (Table 3). 

Discussion 
Areas where waste is deposited are usually unfavourable substrates for plant growth, 

due to the lack of organic matter, unsuitable pH, high concentrations of toxic metals, 
high salinity, low water retention capacity, low nutrient content, lack of micro-
organisms, poor physical structure and susceptibility to erosion (Krzaklewski and 
Pietrzykowski, 2002; Szarek-Łukaszewska and Niklińska, 2002; Wong, 2003; Ye et al., 
2002). These properties exert strong selective pressure on colonization by plants, and 
consequently the waste is often completely devoid of vegetation or exhibits a specific 
and unique composition of plant species spontaneously appearing there (Woch et al., 
2016). 

Nadgórska-Socha et al. (2016) tested the efficiency of accumulation of trace 
elements in black locust leaves. The research was carried out in areas contaminated with 
heavy metals and the results were compared to uncontaminated areas. The results 
indicated that this species can grow in metal-contaminated areas and that the 
contamination affects the physiological parameters of the plant. The average content of 
elements in the black locust leaves from the Trzebionka dump was 0.89 mg·kg-1 for Cd, 
11.92 mg·kg-1 for Pb, 271.0 mg·kg-1 for Zn and 3.65 mg·kg-1 for Cu. In the immediate 
vicinity of the Miasteczko Śląskie Zinc Smelter, Nadgórska-Socha et al. (2016) reported 
concentrations of 3.01 mg·kg-1 for Cd, 17.69 mg·kg-1 for Pb, 109.64 mg·kg-1 for Zn, 
and 13.11 mg·kg-1 for Cu. As in our research, the levels of Cd accumulated in the trees 
were the lowest; Cu, Pb and Zn were accumulated in higher concentrations. Hu et al. 
(2014) also assessed the content of heavy metals in various plant species, including 
black locust, in an industrial region, in a residential area, and by a motorway. The 
concentrations of elements differed depending on the plant species and on the sampling 
site. The highest concentrations were recorded near the motorway and in the industrial 
area. The authors presented the mean content of Cd (1.10 mg·kg-1), Pb (4.55 mg·kg-1), 
Cu (3.88 mg·kg-1) and Zn (5.18 mg·kg-1) for black locust. The concentrations for Pb and 
Zn were very different from the results obtained in our study, but are arranged in the 
same, the most common hierarchy of accumulation: Cd < Cu < Pb < Zn. The results 
obtained by Hu et al. (2014) and from the Trzebionka dump indicate that the black 
locust accumulates lower content of harmful substances than other analysed plant 
species. Tzvetkova and Petkova (2015) examined black locust leaves in industrial 
regions of Bulgaria in order to determine the accumulation characteristics of this tree 
and to evaluate it as a biomonitor of heavy metal pollution. The study was carried out 
on plantations near the industrial area of Devnya in eastern Bulgaria, which is heavily 
contaminated by cement plants, nitrogen fertilizers and polyvinyl chloride factories. The 
leaves of damaged and control plants were tested. The concentrations of heavy metals 
were higher than those obtained in the Trzebionka tailings dump for lead (30.7 mg·kg-1) 
and copper (17.2 mg·kg-1); the exception was zinc, with a concentration of 19.0 mg·kg-

1. The authors showed that the black locust leaves accumulated Pb, Zn and Cu as the 
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concentration of these metals increased in the soil. The average content of heavy metals 
in the rowan tree leaves (Sorbus aucuparia) was 0.31 mg·kg-1 for Cd, 6.23 mg·kg-1 for 
Pb, 4.20 mg·kg-1 for Cu, and 215.00 mg·kg-1 for Zn, while the concentrations in the 
shoots were 0.27 mg·kg-1 for Cd, 10.38 mg·kg-1 for Pb, 4.73 mg·kg-1 for Cu, and 
229.7 mg·kg-1 for Zn. In comparison with other trees, this species did not accumulate 
the highest heavy metal concentrations. Woch et al. (2017), who carried out research on 
waste heaps left by historical Zn-Pb mines, reported that rowan was one of the most 
common trees in the contaminated area. The authors also state that such areas have 
diverse species of woody vegetation. Compared with other tree species, silver birch 
(Betula pendula) shows much greater affinity for zinc, accumulates high concentrations 
of heavy metals – above the average values given for plants in the literature, and grows 
rapidly, even in areas with difficult conditions. This is an example of the features 
necessary in a species suitable for phytoremediation. Research on this species has been 
carried out by Wisłocka et al. (2006), Margui et al. (2007) and Dmuchowski et al. 
(2012, 2014). Dmuchowski et al. (2014) conducted work to assess the suitability of 
silver birch for phytoremediation of zinc contaminated soils. The trees grew on 
contaminated metallurgical waste heaps and under control conditions. The study 
showed the potential of this species to accumulate large amounts of zinc in the leaves in 
both controlled and polluted environments. The authors conclude that silver birch is a 
species that meets the requirements for plants used for phytoremediation and can be 
used to clean a zinc contaminated substrate. The analysis showed that in the 
environment contaminated with zinc, the soil near the trunks of Betula pendula 
contained much less of the heavy metal than the soil at a distance of 7 m. Dmuchowski 
et al. (2014) suggested that Betula pendula can be included among zinc 
hyperaccumulators. Analysis of the results of our research indicates that silver birch has 
the capacity to store large amounts of zinc (2226.5 mg·kg-1 in leaves collected from the 
middle of the embankment on the south-west slope). It should be noted here that among 
all substrate samples, the lowest Zn content was found in a sample from the middle of 
the slope on the south-west side of the landfill. Dmuchowski and Sołtykiewicz (2007) 
reported that the leaves of silver birch contained on average from 300 mg·kg-1 
(Białowieża Forest) to 1344 mg·kg-1 of zinc (waste heap of a non-ferrous metal smelter 
near Olkusz), and in their final conclusion classified the tree as a zinc 
hyperaccumulator. On the Trzebionka dump, the silver birch leaves accumulated much 
higher concentrations of this metal (from 1172.3 mg·kg-1 to 2226.5 mg·kg-1), thus 
allowing the species to be counted among hyperaccumulators that can be used in soil 
phytoremedation processes in areas enriched with trace elements (Krzciuk, 2015). The 
mean content of zinc in silver birch on the Trzebionka dump was 1670.48 mg·kg-1 in 
the leaves and 666.63 mg·kg-1 in the shoots, which were the highest values among the 
plants analysed. Marguí et al. (2007) determined the content of zinc in silver birch in an 
abandoned lead-zinc mining area in northern Spain. To ensure maximum metal 
accumulation, the samples were collected in autumn, as in the present study. The 
concentration of zinc was also high, ranging from 1660 to 3100 mg·kg-1, while the 
sample from the control area contained 225 mg·kg-1 Zn. Chaabani et al. (2017) 
conducted research on the content of Pb, Zn and Cd in various species of herbaceous 
plants found on the site of former zinc and lead ore mines in northern Tunisia. The 
concentrations of these elements reported in the aerial parts of the plants were in the 
following ranges: Cd 0.3–886 mg·kg-1, Pb 2.2–341 mg·kg-1, and Zn 30.1–
1048.5 mg·kg-1. The maximum concentrations of cadmium and lead are many times 
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higher than those found in our study. However, it should be noted that the soils in those 
locations also have extremely high concentrations of these elements. Wójcik et al. 
(2014) analysed the content of heavy metals in the shoots of 38 species of herbaceous 
plants found on mining and metallurgical waste landfills. Zinc in the shoots of the plants 
ranged from 59.24 to 901.5 mg·kg-1, lead from 3.23 mg·kg-1 to 116.92 mg·kg-1, and 
cadmium from 0.54 mg·kg-1 to 26.86 mg·kg-1. In this case as well, the maximum 
concentrations of these elements were significantly higher than in our research. Bech et 
al. (2012) report the following average concentrations for the stems of herbaceous 
plants growing on the site of an antimony mine in the eastern Pyrenees: for Pb 3.3–
289 mg·kg-1, Zn 17–81 mg·kg-1, Cu 12–36 mg·kg-1, and Cd < 0.1–0.2 mg·kg-1. One of 
the factors influencing the accumulation of heavy metals in plants is their species. 
Calculations of coefficients such as the enrichment factor and translocation factor are 
used to obtain information on the suitability of plants for removing metals from 
contaminated soil. Plant testing can be used in remediation of contaminated soils, e.g. 
by lead and zinc. In addition, among a set of analysed species we can choose the ones 
that are suitable for reclamation and those that are candidates for stabilization of metals 
in the soil and for soil protection (Kirat and Aydin, 2015; Zhao and Duo, 2015). Zhao 
and Duo (2015) draw attention to the risk of heavy metals returning to the environment 
in the phytoextraction process. According to the authors, shoots of plants with 
accumulated harmful substances should undergo appropriate recovery and treatment. 
Neither the herbaceous plants nor the trees included in the study accumulated Cd, Pb, 
Zn and Cu intensively (BCF < 1). The silver birch and herbaceous plants had a 
moderate biological concentration factor (0.1 ≤ BCF ≤ 1.0) for Cd and Zn. Black locust 
and rowan growing on the middle of embankment and on crown of the on the south-
west side had moderate zinc biological concentration factor. Regarding lead content, it 
should be noted that the herbaceous plants on the south-west embankment of the landfill 
had a low level of bioaccumulation of this metal (0.01 ≤ BCF ≤ 0.06). Bioaccumulation 
of this element was also low in the silver birch (0.01 ≤ BCF ≤ 0.03) and black locust 
(0.01 < BCF < 0.02) growing at the base and middle of the embankment on the same 
side. On the north-east side, weak accumulation of lead (BCF = 0.02) was found in a 
couple of samples of silver birch and black locust growing at the base of the 
embankment, but no accumulation of this metal (BCF ≤ 0.01) was noted in the 
remaining plants. Regarding copper content, accumulation of this element was weak in 
all tested plants growing on the southern side of the embankment: herbaceous plants 
(0.03 ≤ BCF ≤ 0.06), silver birch (0.05 ≤ BCF ≤ 0.08), black locust (0.04 ≤ BCF ≤ 0.07) 
and common rowan (0.03 ≤ BCF ≤ 0.08). On the north side, copper accumulation was 
weak in herbaceous plants growing in the middle of the embankment and on the crown 
(BCF = 0.02). 

Higher mean values for the biological concentration factor were found in plants 
growing on the south-west slope of the dump. Of the elements analysed, zinc and 
cadmium were accumulated in greater quantities than lead and copper. Comparison of 
BCF valuesbetween plants reveals that the silver birch trees and herbaceous plants had 
higher average values for this factor than the black locust and rowan (Table 4). To 
determine the selective metal accumulation capacity, the coefficient of specific relative 
accumulation (CSRA) was calculated. This coefficient can be used to categorize plant 
species according to their ability to accumulate individual elements (Łaszewska et al., 
2007; Parzych et al., 2016). Furthermore, calculation of this coefficient enables a more 
complete illustration of the problem of metal accumulation, as it provides information 
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relating to other plants growing in a given area (Stawinoga et al., 2007). Comparison of 
the CSRA coefficients for the plant species included in the study shows that silver birch 
had the highest zinc accumulation capacity (CSRA = 2.39 and 2.33), while the 
herbaceous plants had the highest capacity to accumulate cadmium (CSRA = 2.02 and 
2.04). In the case of lead, the greatest storage capacity was found for the herbaceous 
plants on the southern slope (CSRA = 1.87) and for black locust (CSRA = 1.80) and 
silver birch (CSRA = 1.63) on the north-east slope. In the case of copper, the CSRA 
values were similar (0.80-1.33). It can also be seen that the rowan trees had the lowest 
capacity to accumulate Cd, Pb, Zn and Cu. 

 
Table 4. Comparison of mean BCF values on the northern and southern embankments of the 
dump 

 
Cd Zn Pb Cu 

SW NE SW NE SW NE SW NE 

Betula pendula 0.09 0.05 0.48 0.13 0.01 0.01 0.07 0.02 

Robinia pseudoacacia 0.04 0.03 0.08 0.03 0.01 0.01 0.05 0.02 

Sorbus aucuparia 0.02 0.01 0.09 0.02 0.01 0.00 0.06 0.03 

Herbaceous plants 0.12 0.06 0.12 0.03 0.03 0.00 0.04 0.04 

Conclusions 
The variation in accumulation of the investigated metals between the analysed plant 

species, plant parts, and locations on the landfill is particularly evident in the case of 
lead and zinc. These features are less significant in the case of the distribution of 
cadmium and copper concentrations. Neither the herbaceous plants nor the trees 
included in the study showed intensive accumulation of the metals tested (BCF < 1). 
Higher mean values for the bioaccumulation factor were found for plants growing on 
the south-west slope of the post-flotation tailings dump. Among the species analysed, 
rowan (Sorbus aucuparia) accumulated smaller amounts of metals than the other plants, 
while silver birch (Betula pendula) showed the capacity for hyperaccumulation of zinc, 
which confirms that it is a suitable species for reclamation processes. 
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