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1. Introduction 

Upper Silesia is highly degraded due to the anthropogenic activi-
ty. On the one hand, the industrialization facilitated the economic devel-
opment of the Upper Silesian cities. On the other hand, it caused serious 
environmental pollution [3, 21]. Many highly urbanized and industrial-
ized cities in Upper Silesia do not possess data on the degradation level 
of the surface ground or dynamics of negative phenomena. Moreover, 
there is no assessment of the ground transformation under severe an-
thropopressure conditions. Determining the influence of changes in the 
environment resulting from its exploitation is still an important matter [6, 
7, 10, 16], particularly in degraded areas, such as those in Upper Silesia.  

Heavy metals are the main soil pollutants. They pass into 
groundwater and pollute the surrounding areas. Increased contents of 
heavy metals can adversely affect biological properties of soils. They 
may also contaminate ground and underground water and toxically influ-
ence the plants. Natural contents of heavy metals in soils do not usually 
pose a threat for plants, animals or humans. Unfortunately, the area of 
soils with the natural heavy metal contents gradually decreases due to the 
impact of human civilization and industrialization, which is confirmed by 
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many studies [36]. What is more, gaps in the knowledge of the natural 
heavy metal contents in soils usually result in oversimplifications in the 
assessments and interpretations of heavy metal pollution causes. Rock 
waste from hard coal mines is the main type of waste generated in Poland 
and stored in the dumps every year. Coal mine dumps ought to be per-
ceived as serious and long-term sources of groundwater pollutants. The 
pollution potential of low-buffered capacity and acidification of waste 
increases with time because of FeS2 decomposition [32]. 

Modern analytical methods, such as the EDXRF spectrometry and 
ICP-MS, enable simultaneous determinations of numerous analytes. They 
offer low limits of detection and high selectivity, which extends the re-
search area. On the other hand, the amount of the obtained multidimen-
sional data is massive. The information requires long-term analysis. Con-
sequently, a number of problems related to the visualization and correct 
interpretation of the results arise. Chemometrics concerns the extraction 
of relevant information from measurements and chemical experiments 
through the effective organization of the analytical processes [5, 31]. Its 
tasks include experiment optimization, correct calibration, quality control 
and final data analysis. Chemometrics requires a proper definition of the 
problem, a detailed experiment plan and its realization carried out in ac-
cordance with the principles of the chemical metrology. Under such cir-
cumstances, chemometric analysis of the obtained results offer correct 
assessments and valid conclusions. The X-ray fluorescence (XRF) is one 
of the most popular methods used to examine elemental compositions of 
soils. The XRF meets the requirements for modern laboratory techniques 
[23]. It enables quick determinations of qualitative compositions. On the 
other hand, establishing precise quantitative compositions involves pro-
cedures of matrix effect correction, which entails a large number of 
standards [39]. At present, the Energy Dispersive X-Ray Fluorescence 
(EDXRF) is one of the best techniques for qualitative and quantitative 
analysis of heavy metals. It enables reasearchers to investigate 
concentrations of main and trace elements present in soils [4, 12, 20, 38], 
bottom sediments [2, 8, 18], ashes [9] or minerals [11, 22]. The EDXRF 
is a relatively simple and inexpensive method in comparison with other 
techniques for quantitative and qualitative analysis of metals.  

At present, the inductively coupled plasma – mass spectrometry 
(ICP-MS) is the best method supporting researchers in quantitative analy-
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sis of metals and metalloids at the ppt/ppb concentration levels. It is an 
appropriate tool for analyzing elements in a broad range of concentrations. 
Importantly, it is commonly used for the environmental analysis [14, 30]. 

The researched site lies in the north of the Silesian Upland, name-
ly in the north-west part of the Bytom-Katowice Plateau. The morpholog-
ical diversification of the area around the coal waste Hałda Ruda is not 
high. Its ordinates range between +251 m and +280 m AMSL. The coal 
waste dump is the local uplift dominating the surroundings (+270 m – 
275 m AMSL). It lies in the catchment area of the Bytomka River, which 
is a tributary of the Kłodnica River, placed in the basin of the Oder. The 
Hałda Ruda is placed on the south bank of the Bytomka River, west of 
Ruda Śląska. The coal waste dump covers approx. 396,137 m2. Its cubic 
capacity is 5,100,000 m3. It was opened in 1957 as a dump site of the 
Zabrze-Bielszowice coal mine, which is closed at present. The Hałda Ru-
da was planted with trees on its eastern side in the years 1963–1975. The 
northern slope was planted with trees from the Bytomka River side in the 
1990s. The western part was partially reclaimed. Grass and bushes were 
planted with fly ashes and humus. Unfortunately, the unfinished reclama-
tion resulted in the formation of extremely steep slopes. They are ex-
posed to severe water and wind erosion which is increased due to the lack 
of the plant cover. The discussed part of the coal waste dump has been 
active thermally, which poses a threat to plants, animals, local inhabitants 
and people located at the dump. The rails from Katowice to Gliwice run 
south of the Hałda Ruda. Low residential buildings and allotments are 
situated along the neighboring Szczęść Boże Street. The area in which 
the coal waste dump is located is occupied by fields, fallow lands, mead-
ows, parks and gardens. The southern and eastern parts are partially cov-
ered with trees. The climatic conditions of Zabrze are influenced by the 
local climate of the western part of the Upper Silesian Industrial Region. 
They are also modified by the city impact itself. The thickest cloud cover 
is observed in January. The annual cloudiness percentage varies between 
0.6% and 2.9%. The average annual air temperature is +6.9°C. The aver-
age temperature values for January and July are -3.9°C and +17.5°C, 
respectively. The maximum precipitation is observed in July (87 mm), 
while the minimum is found for February (40 mm). The vegetation sea-
son lasts approx. 205 days. Zabrze is under the dominant influence of the 
southwest winds. 
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The aim of the following study was optimization and validation 
quantitative analysis metal(loid)s using EDXRF and ICP-MS technique to 
identify the pollutants occurring around the coal waste dump Hałda Ruda, 
which served as a storage site for waste from hard coal exploitation and 
processing. Its other purpose was to determine the way in which metals 
and metalloids moved in the surroundings of the dump site. The research 
was conducted to understand how the waste, stored over the years, influ-
enced the changes in salinity and metal/metalloid concentrations in the soil 
and groundwater depending on the distance from the coal waste dump. 
It was also performed to recognize the impact of the waste on the charac-
teristics of the soil and water environment. In the research process, total 
contents of metals and metalloids were determined in the soil samples with 
an EDXRF spectrometer. Groundwater samples were analyzed with an 
ICP-MS spectrometer. Additionally, the obtained results were analyzed 
chemometrically. The aim was to determine the correlations between the 
contents of particular elements, physicochemical conditions and the sam-
pling site and genetic soil horizon of a given sample. 

2. Materials and methods 

2.1. Sampling 

2.1.1. Soil samples 

The soil was sampled at transects located at the sites shown in 
Figure 1. The groundwater runoff direction was taken into account during 
the sampling. The sampling points were situated at different distances 
from the coal waste dump to determine the range of the waste impact on 
the variations in metal concentrations in the soil samples. Specific tran-
sects were given the Roman numerals, whereas the sampling points were 
marked with the Arabic ones. The boreholes with the mounted piezome-
ters were marked with the P8–P12 symbols. The soil pits were prepared 
at each sampling site. One was located on the groundwater runoff. The 
other one was placed on the groundwater inflow.  
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Fig. 1. Sampling sites at the Hałda Ruda: transects (I–VIII); sampling points  
(1–4); piezometers (P8–P12); arrows (groundwater runoff direction) 
Rys. 1. Rozmieszczenie punktów poboru Hałda Ruda, I–VII transekty,  
1–4 punkty poboru, P8–P12 piezometry, strzałki – kierunek spływu wód 
gruntowych 

The soil sampling was performed with the borehole technique. 
The boreholes were made with manual tools equipped with Edelman 
drills (Eijkelkamp). They were drilled until the bedrock or aquifers were 
reached. The drilling was also stopped at the depth of 4 m (depth possible 
to reach with the drill set). Agricultural maps and several soil pits were 
used to determine the soil type and structural group. The soil was sam-
pled at the sites where the owners had consented. The terrain could not 
be changed by agriculture and its morphology had to allow the drilling. 
Table 1 presents the distances of the sampling points from the coal waste 
dump and the borehole depth. The collected soil samples were averaged 
within the frame of a given genetic horizon in the field. The sample of 
a few kilograms was transported into the laboratory. 
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Table 1. Hałda Ruda sampling point locations and borehole depth 
Tabela 1. Hałda Ruda odległości punktów poboru i głębokość odwiertu 

Transect 
number

Sampling point 
number

Distance from the coal 
waste dump [m]

Borehole 
depth [cm] 

I 
1 10 80 
2 91 110 
3 180 235 

II 
P8 3 720 
1 89 250 
2 255 300 

III 

1 9 300 
2 114 190 
3 207 105 
4 310 300 

IV 
1 4 315 
2 117 300 
3 260 210 

V 
P10 18 1050 

1 71 300 
2 105 210 

VI 
1 27 100 
2 63 290 
3 97 200 

VII 
1 6 200 
2 53 160 
3 112 200 

VIII 
1 11 210 
2 59 245 

2.1.2. Groundwater samples 

Groundwater was sampled between 2010 and 2012. To do that, the 
piezometer network, created specifically for the project, was used. The 
piezometers were installed on the groundwater inflow and runoff in the 
examined area (Figure 1). The groundwater was sampled from the pie-
zometers every month with the whistle, used to determine the water table 
level, and the Gigant water pump (max head: 20 m). The groundwater 
samples were always collected after the piezometers were emptied. After 
the piezometer was filled again, the water was collected into a 1-liter plas-
tic container without the air access (the container was completely filled). 
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2.2. Sample preparation 

The samples were dried in an electric dryer at 105°C for 90 
minutes. Afterwards, they were sieved through a 2 mm sieve to remove 
any big objects (leaves, sticks, stones, etc.) from the samples. The ob-
tained material was highly homogenous. It was dried again in the electric 
drier to obtain constant mass. The samples were ground in a vibratory 
grinder with the grinding vessel made of tungsten carbide (Testchem, 
Poland) for 2 minutes. For the analyses, carefully weighed amounts of 
standards or real samples (7.2 g) were mixed with the binder (0.8 g), i.e. 
synthetic wax (STW wax batch 64, PANalytical). Finally, the mixture 
was pressed with a manual hydraulic press (under the approx. 20 Mg 
pressure) for 2 minutes.  

The groundwater samples were acidified with the ultrapure con-
centrated HNO3 (Merck, Germany) and filtered through a 0.2 µm PES 
syringe filter immediately after they were transported into the laboratory. 
Afterwards, they were stored in a fridge at 2°C–5°C. Each sample was 
measured three times with the ICP-MS spectrometer.  

2.3. Apparatus 

Contents of the elements (Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Ni, 
Cu, Zn, As, Rb, Sr, Zr, Mo, Cd, Sb, Cs, Ba, Pb, Y, Nb, Sn, I, Bi) were 
determined in the soil using EDXRF spectrometer. A PANalytical Epsi-
lon 5 was used for the measurement. The Epsilon 5 was equipped with 
a water-cooled X-ray tube with a side window (gadolinium anode; work-
ing range: 25 kV–100 kV; 150 µm beryllium window), a system of 9 
secondary targets (Al, Ti, Fe, Ge, Zr, Mo, Ag, Ce2O3, Al2O3) and a 
Ge(Li) detector (resolution: 140 eV; energy range: 0.7 keV–100 keV; 
working surface: 30 mm2; 8 µm beryllium window). Due to the applica-
tion of the 3-D optical path in the Epsilon 5, the dispersed radiation from 
the X-ray tube did not reach the detector and did not disturb and/or falsi-
fy the results. Instead, it disappeared because of the polarization. It 
demonstrated itself through the very low background in the spectrum. 
Coupling the apparatus with advanced software helped to determine the 
intensity of peaks, even very low ones. Consequently, it was possible to 
determine element concentrations in the investigated sample at extremely 
low levels.Certified reference materials for soils were used to calibrate 
the spectrometer. 40 certified reference materials were used to create the 
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calibration lines and two others were later used to verify the calibration 
and to establish factors such as repeatability, intermediate precision or 
recovery. The groundwater analyses were performed with an ICP-MS 
Elan DRC-e 6100 spectrometer (Perkin-Elmer). It was equipped with a 
standard ICP quartz torch, cross nebulizer and nickel cones. Samples and 
standards were fed with a peristaltic pump. The spectrometer was opti-
mized to provide maximal intensity for 24Mg, 115In, 238U, and minimal 
values for CeO/Ce (below 3%) and Ba2+/Ba (below 3%).A special appli-
cation was prepared. It helped to measure the following isotopes: 51V, 
53Cr, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 75As, 85Rb, 88Sr, 107Ag, 114Cd, 138Ba, 
205Tl, 208Pb, 238U. A correction equation (Pb208=Pb208+Pb206+Pb207) 
was used to determine Pb quantitatively. The analyses were carried out 
with the method of the internal standard (10 µg/L solution of 103Rh) in-
troduced on-line with the peristaltic pump. All standards and solutions 
were prepared with the ultrapure deionized Milli-Q-Gradient water 
(Merck Millipore, Germany). A certified multi-element solution was 
used for calibration. It was prepared through diluting 10 mg/L of the cal-
ibration solution no. VI (Merck, Germany) and 1 g/L single element 
standards of Cd, Pb and Zn (Merck, Germany). A certified multi-element 
solution no. XXI (Merck, Germany) was applied to verify the calibration. 
All standards were prepared daily with the weight-to-weight dilution.  

pH and electric conductivity were measured immediately after the 
samples were transported into the laboratory. The measurements were 
made with the multifunction meter CX-401 (Elmetron, Poland) in accord-
ance with the standard [24, 25]. A soil suspension was prepared according 
to the Standard [26, 27] to determine soil pH and electric conductivity.  

3. Results and discussion 

3.1. Quality control  

The aim of the analytical method validation was to decide wheth-
er the analysis process was conducted in a reliable way and the obtained 
results were trustworthy. The following analysis stages were validated: 
examination of the method accuracy and precision, determination of the 
detection and quantification limits, determination of the analyte recovery.  

The standard definition for the detection limit in the XRF tech-
nique is that the net peak intensity should be three times higher than the 
standard deviation of the noise. In the research procedure, the number of 
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background counts was obtained through averaging background counts 
of 31 measurements of the control real sample. The quantification limits 
were determined as the product of a triple detection limit value (Table 2). 
The results from the background measurements obtained during the de-
termination of the detection limits were used to establish the EDXRF 
method repeatability. Long-term measurements of the real material sam-
ple were performed to determine the intermediate precision (reproduci-
bility) of the method. The measurements were made between December 
2011 and January 2013.  
 
Table 2. Validation parameters for the EDXRF methodology 
Tabela 2. Parametry walidacyjne dla metody EDXRF 

Analyte 
Limit of 
detection 
[mg/kg] 

Limit of 
quantifica-

tion 
[mg/kg] 

NIST 2709

Obtained 
average 
results 
[n=31] 

Recovery 
[%] 

Relative 
standard 

deviation of 
repeatability 

[%] 

Relative 
standard 

deviation of 
reproducibility 

[%] 
Al2O3 94.78 284.34 14.17% 14.01% 98.86 37.4 12.8 
SiO2 214.48 643.45 63.4% 56.1% 88.51 2.1 4.1 
K2O 8.63 25.89 2.45% 2.13% 87.15 2.4 12.4 
CaO 13.19 39.56 2.64% 2.11% 79.97 3.5 5 
TiO2 10.25 30.75 0.57% 0.52% 92.09 1.1 4.5 

V 6.01 18.02 112 mg/kg 99.4 mg/kg 88.74 3.4 15.6 
Cr 0.41 1.22 130 mg/kg 114 mg/kg 87.69 2.7 27.2 
Mn 5.31 15.94 538 mg/kg 534 mg/kg 99.26 2 4.6 

Fe2O3 4.63 13.9 5.00% 4.65% 93.01 0.5 8.6 
Ni 2.53 7.58 88 mg/kg 86 mg/kg 98.48 3.5 12.9 
Cu 0.71 2.14 34.6 mg/kg 32.5 mg/kg 93.88 7.6 10.6 
Zn 0.97 2.92 106 mg/kg 109 mg/kg 103.53 0.5 6.1 
As 1.02 3.06 17.7 mg/kg 18.5 mg/kg 104.29 5.8 33.5 
Rb 0.34 1.01 89.8 mg/kg 0.7 4.5 
Sr 0.73 2.18 231 mg/kg 214 mg/kg 92.65 1 4.6 
Zr 0.67 2 141 mg/kg 0.4 6.1 
Mo 0.55 1.64 1.92 mg/kg 13.8 20.2 
Cd 0.8 2.4 0.66 mg/kg 17.5 25.1 
Sb 0.76 2.29 7.03 mg/kg 17.5 29 
Cs 0.79 2.36 4.87 mg/kg 8 12.4 
Ba 0.96 2.87 916 mg/kg 0.3 3.5 
Pb 0.6 1.8 18.9 mg/kg 13.6 mg/kg 71.77 1.9 6.4 
Y 1.05 3.14 16.9 mg/kg 1.5 4.7 

Nb 0.89 2.68 10.3 mg/kg 2.5 4 
Sn 1.02 3.07 1.48 mg/kg 4.3 9.9 
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For the ICP-MS, the detection limit was the product of a triple 
standard deviation for the blank sample (n=31). The blank was an acidi-
fied water sample used afterwards to prepare calibration and dilutions of 
all solutions and real samples (Table 3). The quantification limits were 
also determined as the product of a triple detection limit value. Multiple 
measurements (n=31) of the standard solution no. XXI (Merck, Germa-
ny) were performed to determine the repeatability of the ICP-MS meth-
od. Long-term measurements of this solution were made to determine the 
intermediate precision (reproducibility) of the method. The measure-
ments were made between March 2011 and December 2012.  
 
Table 3. Validation parameters for the ICP-MS methodology 
Tabela 3. Parametry walidacyjne dla metody ICP-MS 

Analyte 
Limit of 
detection 

[µg/L] 

Limit of 
quantifi-
cation 
[µg/L] 

NIST 
1643-e 
[µg/L] 

Obtained 
average 
results 
[µg/L] 
n=31 

Recovery 
[%] 

Relative 
standard 

deviation of 
repeatability 

[%] 

Relative standard 
deviation of 

reproducibility 
[%] 

Co 0.002 0.006 27 30 110 2.6 4.6 
Ni 0.024 0.072 62 67 107 3.9 4.6 
Cu 0.064 0.192 23 22 96 3.5 5.8 
Zn 0.181 0.543 79 63 80 7.6 11.4 
Cd 0.04 0.12 6.6 6.4 97 5.3 11.8 
Pb 0.036 0.108 20 21 106 7.3 13.9 
As 0.096 0.288 60 53 88 3.8 5 
Cr 0.013 0.039 20 24 116 3.9 5.5 
Mn 0.033 0.099 39 42 108 6.3 10.4 
Ba 0.01 0.03 544 562 103 6.5 8.2 
Rb 0.003 0.009 14 15 105 1.9 3.1 
Sr 0.008 0.024 323 347 107 3.9 5.1 
Ag 0.002 0.006 1.1 1.0 95 3.2 6.9 
Tl 0.002 0.006 7.4 8.0 107 3.9 7.1 
V 0.09 0.27 38 42 111 3.2 3.8 

3.2. Metals and metalloids movements in groundwater 

Metal pollution is a problem present in many contaminated areas. 
Pb, Cr, As, Zn, Cd, Cu and Hg are the most popular metals in the 
postindustrial areas. The presence of metals in soils and groundwater can 
pose a considerable threat for human health and ecological systems. Sur-
face and underground water can be polluted with metals coming from 



Research Into the Metal/Metalloid Movements … 377
 

wastewater or discharges or through the direct contact with the polluted 
soil, slime, mine waste or debris [14]. The environmental impact of coal-
mining wastes is determined by the characteristics of the extracted rock 
material, which can vary significantly, both horizontally and vertically 
through the coal-bearing Carboniferous strata. Table 4 presents results of 
quantitative analysis of the rock material of Hałda Ruda dump using 
EDXRF techniques. Table 5 presents standard deviations as well as min-
imum, maximum and mean values of the analyte concentrations in 
groundwater sampled from the piezometer network built up around the 
Hałda Ruda. Table 5 shows also some of the guidelines concerning the 
content of metals and metalloids in the waters [28, 34, 35]. 

 
Table 4. Results of quantitative analysis of the rock material of Hałda Ruda 
dump using EDXRF techniques 
Tabela 4. Wyniki ilościowej analizy materiału skalnego zwału Hałda Ruda 
z wykorzystaniem techniki EDXRF 

Analyte Value Unit 
V 136 mg/kg 
Cr 311 mg/kg 
Mn 720 mg/kg 

Fe2O3 4.6 % 
Co 25 mg/kg 
Ni 85 mg/kg 
Cu 86 mg/kg 
Zn 750 mg/kg 
As 8.1 mg/kg 
Mo 3.2 mg/kg 
Cd 14 mg/kg 
Sb 7.3 mg/kg 
Ba 647 mg/kg 
Pb 172 mg/kg 

 
Compared with the metals and metalloid guidelines in waters ex-

ceeding the highest content of toxic elements were found in water sam-
ples taken at runoff of the groundwater. Particularly elevated concentra-
tions were observed in the case of lead, arsenic, chromium and zinc. 
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Long-term storage of coal mine waste involves the risk that the 
pollutants may penetrate groundwater. When taking into consideration 
the groundwater inflow direction, it is visible that metal/metalloid con-
centrations were higher in the samples collected from the piezometers 
located on the groundwater runoff (P10, P11, P12).  

Piezometers P10 and P11 during research were often dry. There-
fore, in our considerations were taken into account the groundwater re-
sults obtained from P12 piezometer. 

 

 
Fig. 2. Changes in concentrations of Mn, Cr, As and Zn in groundwater samples 
collected from the piezometers on the groundwater inflow (P8, P9) and runoff (P12) 
Rys. 2. Zmiany w stężeniu Mn, Cr, As oraz Zn w próbkach wód gruntowych 
pobranych z piezometrów na napływie (P8 i P9) i spływie (P12) 

Figure 2 shows the changes in the concentrations of Mn, Cr, As 
and Zn in groundwater samples collected from the piezometers on the wa-
ter inflow and runoff. The parameters, together with the pH and electric 
conductivity values, show that the coal mine waste was the source of pol-
lutants penetrating the surrounding environment. Moreover, the Bytomka 



Research Into the Metal/Metalloid Movements … 381
 

 

River flows in the groundwater runoff direction along the Hałda Ruda. The 
Bytomka River water and bottom sediments were polluted with the 
groundwater. The pollution was transferred into the Kłodnica River and 
from there into the Oder [17].  

The electric conductivity of the groundwater samples collected on 
the water runoff (P12) was very high (approx. 6000 µS/cm). The data 
clearly shows that increased contents of chloride salts and sulfates were 
responsible for this situation (P8 on the groundwater inflow, [Cl-] = 
20 mg/L and [SO4

2-] = 286 mg/L; P9 on the groundwater inflow, [Cl-] = 
39 mg/L and [SO4

2-] = 72 mg/L; P12 on the groundwater runoff, [Cl-] = 
1,167 mg/L and [SO4

2-] = 703 mg/L). The salts were leached from the 
coal waste dump. 

3.3. Metals and metalloids movements in the ground environment 

Chemical and physical properties of a matrix (such as coal mine 
waste) polluted with metals influence the metal mobility is soils and 
groundwater. Pollutants in the soil matrix occur in three forms, i.e. pollu-
tants solved in the soil moisture, pollutants adsorbed on the soil surface, 
and permanent soil pollutants. Chemical and physical soil properties in-
fluence the metal pollution form, its mobility and the selection of the area 
reclamation technology [17]. Table 8 presents international guidelines, 
maximum, minimum and mean metal/metalloid concentrations in the soil 
samples collected on the groundwater inflow and runoff. Around the 
Hałda Ruda, 24 boreholes were prepared in the network of 8 transects 
(Figure 1). The soil sampling points (boreholes) moved farther and far-
ther away from the coal waste dump at each transect. The results were 
analyzed in numerous ways. The changes in the concentrations of select-
ed metals and metalloids were investigated within each transect and ge-
netic horizon. Research on metals and metalloids concentration in soils 
from surrounding the pile area compared with the soil quality guidelines 
(Table 6) clearly indicate that the areas situated at the confluence of 
ground water are more polluted with metals and their number many times 
exceed those limits. Concentration of lead in the soil even exceeded 
2000 mg/kg. In the case of copper, manganese, chromium or zinc huge 
exceeded permissible levels were also observed.  

Additionally, chemometric analysis with the concept of dis(si-
milarity) [40] and principal component analysis (PCA) [1, 19, 37, 41] 
were carried out.  
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To perform the soil type imagining, agricultural maps were used 
and several reconnaissance soil pits were prepared. The soils of the cor-
responding type, structural group and thickness were compared. The ob-
tained data enabled specific comparisons within the entire transect. Table 
1 presents the distances of particular sampling points from the coal waste 
dump. Transects I, II, III were placed on the groundwater inflow whereas 
transects IV, V, VI were located on the groundwater runoff (Figure 1). 
Transects VII and VIII were selected due to their close location to the 
houses in Trębacka Street. Transect I was placed on the groundwater 
inflow. The metal/metalloid mobility along the transect depended on the 
metal/metalloid. The Cd concentration, similarly to Pb, was high in the 
upper soil layers. It could be the result of the winds blowing in this area 
(S-W). The concentrations of the above-mentioned metals were lower in 
the deeper genetic horizons. Within a profile, the concentrations de-
creased with the growing distance from the coal waste dump. The Cr 
concentration, dwindling with the growing distance from the coal waste 
dump, was the most visible example of the metal mobility.  

The Zn and Co concentrations decreased at the 100 m distance 
from the coal waste dump and then increased. Importantly, the large Zn 
content was found in the upper soil layer (0–30 cm). The increase in the 
Zn concentration could have been caused by the location of the rails 
close to Point 3 in Transect I.  

Transect II, lying close to Transect I, was also placed on the 
groundwater inflow. The concentrations of Cd, Zn, Cu and Pb decreased 
dramatically in the upper layer (0–30 cm) with the growing distance from 
the coal waste dump. The differences at deeper genetic horizons were 
slight. Such a situation seems to have been influenced by the deposition 
of the dust from the coal waste dump. Moreover, the water running off 
from the dump slope polluted the areas lying close to the coal waste 
dump to a larger extent. Similarly to Transect I, the Cr concentration was 
strongly correlated with the sampling point distance from the coal waste 
dump.  It was independent of the genetic horizon from which the sample 
had been collected. Interestingly, the Sb results indicate that its concen-
tration rose at a larger distance from the coal waste dump. It could be 
related to the material deposition in the form of dust from which the 
dump had been built. Moreover, the western part of the coal waste dump 
was not tree-covered and constituted a significant source of such pollu-
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tants. For Ni, the decrease in its concentration was observed in the deeper 
soil layers and with the growing distance from the waste dump. The up-
per soil layer became enriched with Ni when the distance rose. It could 
be related to the dusting from the coal waste dump and transporting the 
metals on the smallest particles.  

The Zn concentration decreased in Transect III when the distance 
from the coal waste dump rose. Its increased concentration was observed 
in the upper soil layer. The results indicate the profound influence of the 
waste from the dump on the Zn concentration in the soil surrounding the 
dump. The Ni, As, Cr and Cd concentrations decreased dramatically in 
the upper soil layers with the growing distance from the coal waste 
dump. When comparing metal concentrations in the soil samples collect-
ed at Transect IV, typical correlations between their decrease and the 
growing distance from the coal waste dump were observed. Transect V 
was located on the groundwater runoff in the north-west part of the Hałda 
Ruda, close to the Bytomka River. The Cd, Pb and As concentrations fell 
when the distance from the coal waste dump rose. There were large dif-
ferences in concentrations between various genetic horizons. The Cr and 
Ni concentrations decreased with the growing distance from the coal 
waste dump. Nevertheless, the differences observed between various 
genetic horizons were much slighter. Interestingly, V, Mn, Fe, Co and Ba 
constituted an element group of similar mobility. The concentration 
charts of these elements indicate similar concentrations at Points 1 and 3. 
They were higher at Point 2. It was probably related to the additional 
impact of the municipal pollution from Biskupice, one of Zabrze’s dis-
tricts. For Transect VI, concentrations of most elements decreased with 
the growing distance from the coal waste dump. The variations in the Cr, 
As, Ni, Pb, Cu and Zn concentrations revealed similarities. The Hałda 
Ruda is partially planted with trees and partially uncovered. When taking 
into account the direction of the dominant winds (S-W), the increase in 
metal concentrations in the upper soil layer of Transect VI (northern 
slope) was observed.  Most winds blew in this direction. They transport-
ed the waste material deposited at the coal waste dump in the form of 
dust (Figure 3). The process had a strong impact on the movement of 
pollutants.  
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Fig. 3. Impact of the dominant winds on the increase in the Cr, Zn, Cd and Pb 
concentrations in the upper soil layers of the areas surrounding the Hałda Ruda 
Rys. 3. Wpływ dominujących wiatrów na wzrost stężenia Cr, Zn, Cd oraz Pb w 
wierzchnich warstwach gleby terenu otaczającego zwał Hałda Ruda 

 
Figure 4 shows total concentrations of Mn, Zn, Pb and Cu in 2 

profiles of the polluted soil collected from the sampling points located at 
Transects II and VI. Significant differences in the Pb, Cu, Zn and Mn 
concentrations depended on the depth. It was particularly visible in the 
highest concentration of these metals observed in the upper soil layer 
collected at Point 1 of Transect VI (Figure 4A). These findings prove that 
the secondary deposition and runoff water were the main sources of the 
soil pollution. On the other hand, the differences in the concentrations of 
Pb, Zn, Mn and Cu in the soil profile were much lower at Point 1 of 
Transect II. They resulted from the location of Transect II on the 
groundwater inflow. The dominant winds influenced the secondary depo-
sition of the waste material (Figure 4B) to a lesser extent.  
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Fig. 4. Changes in total concentrations of Mn, Zn, Pb and Cu in the soil profiles 
collected at  A) Point 1, Transect VI (groundwater runoff) B) Point 1, Transect 
II (groundwater inflow) 
Rys. 4. Zmiany stężenia całkowitego Mn, Zn, Pb oraz Cu w profilach 
glebowych pobranych A) w Punkcie 1 Transekt VI (kierunek spływu wód 
gruntowych) B) w Punkcie 1 Transekt II (kierunek napływu wód gruntowych) 

 
Trębacka Street, where the houses are located, lies close to the 

Hałda Ruda. For that reason, soil samples from Transects VII and VIII 
were collected at this side of the coal waste dump. The soil in this area 
mainly contains loam and clay. This might have been one of the reasons 
for building houses there despite the close location of the coal waste 
dump. Metal concentrations in the upper soil layer collected at these tran-
sects were much higher than those observed at lower horizons. This was 
probably caused by the process of the upper layer enrichment with metals 
originating from the runoff water. Metal concentrations decreased when 
the distance from the waste dump rose. As the eastern part of the Hałda 
Ruda was planted with trees, no influence of the dust transportation was 
observed. The tree cover constituted an important barrier that isolated the 
houses in Trębacka Street from the Hałda Ruda.  

3.3. Chemometric analysis 

3.3.1. Preprocessing and dissimilarity analysis 

The measurement data concerning pH, electrical conductivity and 
contents of selected chemical substances in the soil samples collected at 
8 transects were organized in the matrix X of 114 objects (samples) and 
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17 parameters. The data preprocessing embraced it centering and stand-
ardization in accordance with the dependence: 

 
( )

j

jij
a,ij s

xx
x

−
=  (1) 

where: 

jx  – arithmetic mean of the  j-th column;  

js  – standard deviation of the j-th parameter;   

ijx and a,ijx  – i-th value of the j parameter before and after autoscaling, 

respectively.  
 
After the preprocessing, the data underwent visualization through 

calculating the dissimilarity matrix D (dimensions: 114 x 114) with the 
Euclidean distance as the measure of dissimilarity [40]. The calculations 
were made according to the formula of Al-Kashi (Persian mathematician 
from the 15th century), whose matrix form was [41]: 

 

( ) ( )( ) ( )TTTTT XXXX11XXD ⋅−⋅+⋅= 2diagdiag2  (2) 
where: 
1T – row vector of 114 elements equal to 1; 
1⋅diag – an operator extracting only the diagonal elements  
from the matrix represented as a column vector.  

 
To obtain matrix D, the root of the matrix D2 value, calculated 

according to the formula (2), had to be calculated.  
The determined dissimilarity matrix (Figure 5) helped to examine 

the data structure and observe the highest diversification of the objects in 
Transects IV and VI. The observation was corroborated when the average 
distance of a given object from other ones was determined (Figure 6).  
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Fig. 5. Dissimilarity matrix D calculated with the Euclidean distance 
Rys. 5. Macierz podobieństwa D obliczona z wykorzystaniem odległości 
Euklidesa 
 
 

 

Fig. 6. Detection of distant objects with dissimilarity matrix D 
Rys. 6. Detekcja obiektów odległych z wykorzystaniem macierzy  
podobieństwa D 
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The most distinctive objects were: object 39 (Point 1, Transect 
IV, thickness: 45–70 cm), object 48 (Point 2, Transect IV, thickness: 45–
50 cm), object 38 (Point 1, Transect IV, thickness: 0–45 cm), object 47 
(Point 2, Transect IV, thickness: 0–45 cm) and object 54 (Point 3, Tran-
sect IV, thickness: 0–40 cm). It is probably related to the fact that the 
sampling points of Transect IV were placed in the inundation area of the 
Bytomka River. The river overflows the banks every year during the 
spring thaw and covers the upper soil layer with sediments and alluvia. 
Soil layers characteristic for such areas (silt, peat) were found at the 
depth of up to 4 m, which meant that the Bytomka River had been over-
flowing the banks at this area for many years.  

3.3.2. Principal component analysis 

Principal Component Analysis (PCA) [1, 19, 37, 41] allows in-
vestigating the correlations between the measured parameters (contents 
of selected chemical substances and physicochemical parameters) and 
specific objects (samples). The algorithm of the Singular Value Decom-
position (SVD) was used in the PCA. Firstly, the percentage of variance 
described by each principal component (PC) was calculated. The PC1, 
PC2 and PC3 accounted for 37.36%, 26.21% and 8.38% of variance, 
respectively. Further data analysis was performed for the first three com-
ponents, which explained over 70% of the data variance. The correlations 
between 114 objects are visualized in Figure 7, which presents the pro-
jection of the objects onto the planes of PC1, PC2 and PC1, PC3. 

The analysis of the PC1, PC2 (Figure 3a) and PC1, PC3 (Figure 
3b) projections demonstrate that objects belonging to Transects IV and 
VI largely contributed to the PC1 and PC2, which proves the conclusions 
drawn from the dissimilarity matrix analysis. The greatest contributions 
to the creation of the third principal component (PC3) are the objects 
belonging to Transect VI. The soil samples from Transects IV and VI 
were the source of the greatest variance in the analyzed data set. The lo-
cation in the inundation area of the Bytomka River was the main reason 
for the variety in Transect IV. On the other hand, the dominant direction 
of the blowing winds and municipal pollution were the sources of the 
largest variance in Transect VI. The correlations between the analyzed 
parameters are shown in the charts of loadings (Figure 8).  
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Fig. 7. Projection of objects onto the plane: a) PC1, PC2; b) PC1, PC3 
Rys. 7. Projekcja obiektów na płaszczyznę: a) PC1, PC2; b) PC1, PC3 

 

 
Fig. 8. Projection of charges onto the plane: a) PC1, PC2; b) PC1, PC3 
Rys. 8. Projekcja ładunków na płaszczyznę: a) PC1, PC2; b) PC1, PC3 

The projection of loadings onto the PC1, PC2 plane indicated 
a strong positive correlation between the contents of elements and chem-
ical compounds within 3 groups. The first group was made by Ba, Mn, 
As, Pb, Zn and Cd. Co, Ni and Fe2O3 belonged to the second group. The 
third one contained Sn, Sb, Cr, Mo and V. Chart 4a also points to the lack 
of correlations between the elements from the first and third groups. The 



Research Into the Metal/Metalloid Movements … 391
 

 

projection of loadings onto the PC1, PC3 plane confirms most conclu-
sions from the Figure 4a analysis. An in-depth analysis of Figure 4 pro-
vides information on the parameters differentiating soil samples that be-
long to Transects IV and VI from other samples. The parameters includ-
ed the contents of Fe2O3, Sb, Sn, Cr, V and Mo.  

4. Conclusions 

The research conducted at the Hałda Ruda clearly demonstrates 
that even old and no longer used coal waste dumps still pose a threat to 
the environment. They influence increases in the contents of heavy 
metals accumulating in the surrounding water and soil environment. The 
Hałda Ruda is relatively old in comparison with other coal waste dumps 
in the Upper Silesia urban area. Nonetheless, large amounts of chlorides 
and sulfates are leached from it with runoff and groundwater. 
Consequently, the Hałda Ruda is still the source of metals and metalloids 
leached from the waste dump. The pollution of the soil environment with 
metals/metalloids leaching from the deposited waste is higher on the 
groundwater runoff and in the area influenced by the dominant winds.  

The chemometric analysis allowed to find transects with the 
largest degree of object diversification (Transects IV and VI). The 
findings were confirmed with the field research. The PCA corroborated 
the exitstence of a ceratin element group (Mn, As, Zn, Pb, Cd). The ele-
ments were characterized by the strong correlation between their contents 
in the soil samples. They were leached from the waste deposited at the 
coal waste dump (together with chlorides and sulfates) with groundwater.  

Using the coupled EDXRF and ICP-MS spectrometers turned out 
to be the best solution allowing for the measurements of water and soil 
samples at different concentration levels.  

The work is the result of a grant no. NN 523 42 15 37. 

Abbreviations used in text: 
EDXRF – Energy Dispersive X–Ray Fluorescence, 
ICP–MS – Inductively Coupled Plasma Mass Spectrometry, 
PCA – Principal Component Analysis, 
CA – Cluster Analysis, 
XRF – X-Ray Fluorescence, 
AMSL – Above Mean Sea Level, 
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cond. – Conductivity, 
LOD – Limit of Detection. 
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Badania nad przemieszczaniem się metali i metaloidów 
w glebie i wodzie gruntowej terenów otaczających zwał 

odpadów pogórniczych Hałda Ruda, Górny Śląsk, Polska 

Streszczenie 
Górny Śląsk to najbardziej przekształcone w wyniku działalności czło-

wieka terytorium Polski. Celem pracy była optymalizacja i walidacja ilościo-
wego oznaczania metali i metaloidów przy użyciu techniki EDXRF i ICP-MS 
do identyfikacji zanieczyszczeń na obszarach wokół składowiska odpadów po-
górniczych, Hałda Ruda (Zabrze, Polska Południowa) oraz określenie sposobu, 
w jaki metale i niemetale przenoszą się w glebach i wodach gruntowych na 
omawianym obszarze. Stężenia 27 metali i metaloidów oznaczano w próbkach 
gleb za pomocą techniki EDXRF. Próbki wód gruntowych pobierano comie-
sięcznie między 2010 i 2012 i analizowano techniką ICP-MS. Uzyskane wyniki 
badań poddano analizie chemometrycznej, co pozwoliło na znalezienie transek-
tów z największym stopniem dywersyfikacji obiektu. Analiza PCA potwierdziła 
istnienie pewnej grupy pierwiastków charakteryzujących się silną korelację 
pomiędzy ich zawartością w próbkach gleb. Hałda Ruda nadal jest źródłem 
zanieczyszczeń w środowisku wodnogruntowym, szczególnie na terenach leżą-
cych w kierunku spływu wód gruntowych oraz w obszarze pod wpływem do-
minujących wiatrów południowo-zachodnich. W próbkach wód pobieranych na 
spływie wód gruntowych stwierdzono najwyższe stężenia toksycznych metali 
przekraczające dopuszczalne normy. Szczególnie podwyższone stężenie obser-
wowano w przypadku ołowiu, arsenu, chromu i cynku. Badania stężenia metali 
i metaloidów w glebach z obszarów otaczających teren zwału, w porównaniu 
z wytycznymi jakości gleb, jasno wskazują, że tereny usytuowane na spływie 
wód gruntowych są znacznie bardziej zanieczyszczone, a ich wartości wielo-
krotnie przekraczają dopuszczalne normy. Stężenie ołowiu w glebie przekracza-
ło nawet 2000 mg/kg. Zaobserwowano również ogromne przekroczenia pozio-
mu dopuszczalnego stężenia miedzi, manganu, chromu lub cynku. Maksymalne 
stężenia Cu, Zn, Pb lub Cr w wierzchnich warstwach gleby przekraczały kilka 
tysięcy mg/kg. 

Słowa kluczowe: 
ICP-MS, EDXRF, gleba, wody gruntowe, metale ciężkie,  
analiza chemometryczna, PCA  

Keywords: 
ICP-MS, EDXRF, soil, groundwater, heavy metals,  
chemometric analysis, PCA 
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