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Abstract Many temporary and permanent reservoirs of water occur on or near coal-waste dumps in the Lower- and Upper

Silesian Coal Basins (Poland). Little or nothing is known of the degree to which their water chemistry might reflect

(i) reservoir type, i.e., whether permanent or temporary, (ii) level of coal-waste thermal activity, i.e., whether inactive or

self-heating or burnt-out or (iii) region, i.e., whether the dumps are in Upper- or Lower Silesia. To provide some answers,

concentrations of selected ions (NH4
?, HCO3

-, F-, Cl-, Br-, NO2
-, NO3

-, PO4
3-,SO4

2-) were determined by ion

chromatography and of nineteen elements (Al, B, Ba, Ca, Cd, Cr, Cu, Fe, K, Li, Mg, Mn, Na, P, Pb, S, Si, Sr, Zn) by

inductively coupled plasma mass spectrometry (ICP-MS). The data allow a number of the following observations. When

permanent reservoirs are considered, there is a clear relationship between concentrations of ions and major and trace

elements and dump thermal activity. The highest concentrations occur where the thermal activity is high as inorganic

components are transformed into more water-soluble forms. As dump thermal activity shows a regional pattern, it follows

also that elemental and ion concentrations in the dump waters show significant regional differences. In temporary reser-

voirs, concentrations of ions and major and trace elements are much lower and any correlations between components less

significant than in the permanent reservoirs; these reservoirs exist for too short a time for any balance between coal waste-

and water components to be established.

Keywords Coal-waste dump water � Self-heating � Main ion concentrations � Major elements � Trace elements

1 Introduction

1.1 Coal waste and coal-waste dump waters

The coal industry everywhere generates large amounts of

waste rock mainly stored in dumps and landfills. Only a

small proportion of this material is suitable for road

building or other purposes as most is not inert (Younger

2004; Sokol et al. 2005; Klojzy-Karczmarczyk et al. 2016;

Klatka et al. 2017). Although there has been growing

concern about the environmental impact of long-term

storage of this waste in recent years (e.g., Finkelmann

2004; Pone et al. 2007; Ribeiro et al. 2010; Misz-Kennan

and Fabiańska 2011), their impact on the water environ-

ment has been mostly neglected.

The Upper- and Lower Silesian Coal Basins (USCB and

LSCB), Poland, are two large coal basins where bituminous
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coal has been mined since the 1800s. In these, mudstones,

claystones and coaly shales dominate in coal waste. Coal-

waste minerals mainly include clay minerals (50%–70%),

quartz (20%–30%) and other minerals (10%–20%), e.g.,

chlorite, pyrite, siderite, ankerite, gypsum and jarosite

(Skar _zyńska 1995; Kruszewski 2019a, b). Elements occur

in the inorganic matrix as main- or trace components of

minerals or as adsorbed elements in the inorganic fraction

while, in the organic fraction, they occur as organometal-

lic-, chelate- or ion-exchange compounds (Baruah et al.

2003). Due to the sorption capacity of clay minerals, waste

rock can host a variety of trace elements, including rare

earth elements (Finkelman 2004; Ribeiro et al. 2010; Zhou

et al. 2012; Nowak 2013; Ciesielczuk et al. 2014; Yang

et al. 2016; Nowak and Kokowska-Pawłowska 2017; Guo

2018). During weathering, these can be transferred to soil

and water. Oxidative weathering of iron sulphides, e.g.,

pyrite and marcasite, may release trace metals into water

(Huggins et al. 2011; Kolker 2012). However, as Na and

Ca mineral dissolution may give rise to insoluble sulfate

minerals, e.g., jarosite and gypsum, that act as a buffer

maintaining leachate pH close to neutral, mobilization of

iron and trace metals is minimized (Huggins et al. 2011).

There are numerous descriptions from coal basins

worldwide of the behaviour during combustion of main-

and trace elements in coal (e.g., Swaine 1990; Querol et al.

1995; Pusz et al. 1997; Baruah et al. 2003; Xu et al. 2003;

Yudovich and Ketris 2002, 2015; Lewińska-Preis et al.

2009; Dai et al. 2012, 2014; 2017; Kolker 2012; Hower

et al. 2016). Due to much higher mineral contents, the

mobility of trace elements in coal waste is expected to

differ significantly from that in coal (Li et al. 2011; Zhou

et al. 2014; Pierwoła et al. 2018). However, there are rel-

atively limited data about the behaviour of elements in coal

waste during self-heating; some exceptions are Guo (2018),

Kruszewski (2019a, b), Nowak et al. (2017), Sokol et al.

(2005), and Zhao et al. (2008). There has been some

indication that contents of Zn, Cu, Cd, Pb, and Ni in coal-

waste dumps in Poland exceed average contents in Polish

soils; average values in range from 26.6 to 170.0 mg/kg for

Pb, 40.3–709.2 mg/kg for Zn and 23.5–56.25 mg/kg for Cu

(Szopka et al. 2010; Klojzy-Karczmarczyk et al. 2016;

Klatka et al. 2017). According to the Regulation of the

Minister of the Environment (2011) on the criteria for

classifying extractive waste, coal-waste material is not

inert as S, Zn, Pb, and Cd, Cr, Ni, Co and V contents are

too high (Klojzy-Karczmarczyk et al. 2016). The coal

waste pH is slightly alkaline, from 7.26 to 9.24 (Bojarska

and Bzowski 2012; Klatka et al. 2017).

Even less is known about the migration of these ele-

ments into soil and surface waters. Some leaching tests

(e.g., Huggins et al. 2011; Pierwoła et al. 2018; Yang et al.

2016 and Zhang et al. 2015) and research on gangue

environmental impact (Li et al. 2011) indicate that many

factors such as pH, type of mineral matrix, mode of ele-

ment occurrence (water-leachable, ion-exchangeable,

organic-bound, carbonate-bound, silicate-bound, sulfide-

bound), associated elements or method of leaching can

affect element mobility (Guo 2018).

In Poland, there are two basic legal acts regarding water

(Kamińska and Strzemieczna, 2018). The Act of 7 June

2001 (Journal of Laws 2018, item 1152) regulates collec-

tive water supply and wastewater disposal and the Regu-

lation of the Minister of Health (Journal of Laws 2017,

item 2294) water quality for human consumption.

Acceptable standards for drinking water are specified for a

variety of microbiological- and chemical parameters and

radioactive-element content, etc. Separate regulations

cover waters not meeting these standards that are released

into circulation. Leachate waters discharged from dumps,

waste disposal facilities and waste storage places must not

contain substances harmful to the aquatic environment in

amounts exceeding the maximum permissible values of

pollution indicators for industrial wastewater specified by

the Minister of Maritime Economy and Inland Navigation

(Journal of Law 2019, item 1311; Table S1 in Supplement

Material).

In this regulatory context, it is important to establish the

composition of natural coal-waste leachates and whether

any migration out of coal-waste dumps poses a hazard to

the aquatic environment and groundwater. Rainwater easily

penetrates porous dumps, dissolves waste components and

acts as a transporting agent (e.g., Li et al. 2011). In this

work, we aim to assess what ions and major- and trace

elements are leached, and in what concentrations, to vari-

ous water reservoirs located on selected coal-waste dumps

and in their vicinities. Comparisons between the USCB and

LSCB and types of water reservoirs are drawn to help

determine the factors influencing waste-dump water com-

positions. The significance of self-heating in driving ele-

ment mobility is given some emphasis.

1.2 Geological setting

1.2.1 Lower Silesia Coal Basin (LSCB)

In the Pennsylvanian LSCB in southwestern Poland

(Fig. 1a), economic bituminous coal seams covering an

area of * 350 km2 belong to the Wałbrzych and Žacleř

Formations, and part of the Glink Formation. The quality

of the coals varies considerably; Ro values range from

0.72%–5.03% in the Wałbrzych area and from 1.13% to

1.59% in the Nowa Ruda area (Bossowski, 1995). Maceral

composition is typically vitrinite dominant although the

coals are often inertinite-rich (\ 40%; Kotarba and Rice

2001).

L. Lewińska Preis et al.
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Fig. 1 Locations of the coal-waste dumps and their thermal maps from images taken at two or three different times to show heating

development. a LSCB, b USCB. Blue and green rectangles show the research areas
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In the 1800–1900s, many coal mines now closed oper-

ated in the region (Fru _zyński, 2012). The coal-waste dumps

built then lacked fire prevention measures. Over the years,

numerous self-heating episodes occurred, some lasting up

to now. Attempts to put out the fires mostly failed. Some

totally burned-out waste rocks are reddish- and orange-pale

yellow, other thermally altered rocks are black-gray, pyr-

olyzed and rich in bitumen, and some are only slightly

oxidized (Fabiańska et al. 2016).

1.2.2 Upper Silesia Coal Basin (USCB)

The USCB covers an area of 7400 km2, of which 5800 km2

are within Poland and the remainder in the Czech Republic

(Fig. 1b). It is the largest of the Polish coal basins with

numerous bituminous Pennsylvanian coal seams of varying

thickness (0.4–24.0 m), some of which are economic

(Jureczka and Kotas 1995; Jureczka et al. 2005). The coals

are of varying quality, from poorly coalified power coals to

coking coals and anthracites. Vitrinite macerals dominate

but ever present liptinite- and inertinite macerals can

comprise\ 55% (Jureczka and Kotas 1995; Jureczka et al.

2005).

The USCB coal mining started in the 1600s and peaked

in the 1970–1980s. There are * 200 coal-waste dumps in

the region (Sikorska-Maykowska 2001; Skar _zyńska 1995).

Self-heating occurs in them due, mostly, to outdated

methods of coal-waste storage such as deposition of

uncompacted material in conical dumps on sites not sealed

from below. The rebuilding of some and dismantling of

others partially improved matters. Nevertheless, self-heat-

ing episodes have transformed the coal waste and promoted

the emission of organic- and inorganic substances into the

air and soils (Misz-Kennan and Fabiańska 2011; Fabiańska

et al. 2013; Misz-Kennan et al. 2013; Ciesielczuk et al.

2014; Nádudvari et al. 2018).

1.3 Mapping of thermal activity within coal-waste

dumps

Generally, coal-waste self-heating hot spots can be detec-

ted on satellite images where the fire is intense. These spots

have surface temperatures between 4 and 14 �C higher than

background surface temperatures (Fig. 1). As the resolu-

tion of the thermal bands of the applied Landsat series

varies from 60–120 m, hot spots related to fires falling

below such resolutions, or with low surface temperatures,

cannot be detected.

1.3.1 Thermal activity in LSCB dumps

Remote sensing enables self-heating of variable intensity

occurring in the dumps to be investigated. In the

Wałbrzych dump, a hot spot associated with intense fire

within the dump in 1987 is waning now. The Przygórze

dump shows no evidence of intense heating. Thermal

activity is ongoing in the Słupiec- and Nowa Ruda dumps.

Since 1987, a new hot spot has appeared in the northern

part of the Słupiec dump and a similar hot spot has been

detected in Nowa Ruda despite subzero background tem-

peratures (Fig. 1a).

1.3.2 Thermal activity in USCB dumps—the Katowice

Region (USCB-K)

In the Chropaczów dump, intensive thermal activity started

in 2014–2015 after its exploitation for building materials

began (Kita 2015). Two large active hot spots developed

(Fig. 1b). It is possible, however, that the dump was in a

state of low thermal activity before its opening. It is dif-

ficult to distinguish thermal processes on satellite images of

the Wełnowiec dump. An area of intense self-heating on

the inclined slope is relatively small. However, in 2003, a

small self-heating spot appeared on the eastern side of the

dump. On the northern side, hot spots fall below the

satellite sensitivity limits. A hot spot at the top of the

highest cone in the Czerwionka-Leszczyny dump has been

waning since the early 1985s (Nádudvari 2014; Nádudvari

and Ciesielczuk 2018). Self-heating has also occurred on

the eastern side (Fig. 1b). Burned-out waste there is now

being excavated and used for highway construction, etc.

(Nádudvari and Ciesielczuk 2018).

1.3.3 Upper Silesia dumps—the Rybnik Region (USCB-R)

The Anna dump showed intense heating activity in 2001,

2004 and 2010, despite ambient temperatures\ 0 �C; the

increased activity was a response to exploitation

(Fabiańska et al. 2018; Nádudvari 2014). Today, activity is

waning though the size of the visible spot is

stable (Fig. 1b). Several hot spots were detected on the

Dębieńsko dump in 2015 and 2018 (Fig. 1b); measured

temperature ranges indicate relatively mild self-heating

with small hot spots. However, residential houses are sited

close to these spots (http://www.nowiny.rybnik.pl/arty

kul,40981,halda-plonie-od-miesiecy.html). The Waleska

dump shows no evidence of heating.

2 Experimental

2.1 Sampling

The subject of the research was water from reservoirs

occurring on or in the immediate vicinity of coal-waste

dumps from the LSCB and two areas of the USCB, namely,

L. Lewińska Preis et al.
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the Rybnik (USCB-R) and the Katowice (USCB-K)

regions. The LSCB self-heating dumps are in the towns of

Słupiec and Nowa Ruda. Excepting the Waleska dump, all

the USCB dumps investigated were self-heating at the time

of sampling. In total, 31 samples of water (ca 1500 mL)

were collected from lakes, puddles, settlers (ponds), and

streams. Sampling points are shown on Fig. 2 and descri-

bed in Table 1. The samples were collected and stored in

accordance with PN—ISO5667-5: 2017–10. Before anal-

yses, the samples were filtrated on Millipore mixed cellu-

lose ester filters U47 mm, 0.45 lm pore size. The total

water volume prepared for analysis was 1000 cm3. After

Fig. 2 Sampling points: a Lake at the foot of Wałbrzych dump (sample DS-W4); b puddle at the foot of Przygórze dump (sample DS-W5);

c hollow at the vent outlet at the Słupiec dump (sample DS-W7); d puddle at the foot of Wełnowiec dump (sample W2); e pond at the

Chropaczów dump (sample CHR3); f settler (pond) at the foot of Czerwionka-Leszczyny dump (sample CZL3); g puddle at the Anna-Pszów

dump (sample A7); h settler (pond) with saline water at the Dębieńsko dump (sample DEB1). Phot.: J. Ciesielczuk & M. Misz-Kennan

Selected ions and major and trace elements as contaminants in coal-waste dump water from the...
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pH and conductivity measurements but prior to other

analyses, all samples were acidified to prevent precipita-

tion. Each sample was divided into two parts, one for ion

chromatography, the other by ICP-MS analyses.

2.2 pH and conductivity

Water pH was measured on an Elmetron CP-315 pH-meter

with temperature compensation equipped with a glass-

Table 1 List of dump water samples, description of sampling sites and type of water reservoir

No. Sample

code

Coal-waste

dump

Type of water

reservoir

Description of sampling sites, reservoir parameters

Lower Silesia Coal Basin (LSCB)

1 DS-W1 Przygórze Permanent A lake at the dump foot, with visible life signs (water plants), 6 m in diameter, 1–2 m

deep

2 DS-W2 Nowa Ruda Temporary A puddle ca 15 m below the dump peak, located on coal wastes, 7 m in diameter, 0.4 m

deep

3 DS-W3 Słupiec Permanent A lake overgrown with canes, 25 m in diameter, 2 m deep

4 DS-W4 Wałbrzych Permanent A lake at the dump foot, 10 m from the dump, 8 m in diameter, 1–2 m deep

5 DS-W5 Przygórze Temporary A puddle at the dump foot, 3 m in diameter, 0.3 m deep

6 DS-W6 Nowa Ruda Temporary A puddle at the dump top, 1 m in diameter, 0.1 m deep

7 DS-W7 Słupiec Temporary A hollow at the vent outlet 0.1 m in diameter, 0.05 m deep

Upper Silesia Coal Basin, the Katowice Region (USCB-K)

8 W1 Wełnowiec Temporary A puddle at the dump foot, 5 m in diameter

9 W2 Wełnowiec Temporary A puddle at the dump top, 1 m 9 5 m, 0.2 m deep

10 W3 Wełnowiec Temporary A puddle at the dump foot, 1 m 9 5 m, 0.05 m deep

11 W4 Wełnowiec Temporary A puddle at the dump top, 1 m 9 3 m

12 W5 Wełnowiec Temporary A puddle at the dump top, 4 m in diameter

13 CHR1 Chropaczów Temporary A puddle at the dump top, 5 m in diameter

14 CHR2 Chropaczów Temporary A puddle at the dump top, 8 m 9 20 m, 0.5 m deep

15 CHR3 Chropaczów Permanent A lake, 50 m long, 3 m wide, 0.5 m deep

16 CHR4 Chropaczów Temporary A puddle at the dump top, 2 m 9 2 m, 0.1 m deep

17 CHR5 Chropaczów Permanent A lake, close to the dump and smelter wastes, 30 m 9 200 m, 10 m deep

Upper Silesia Coal Basin, the Rybnik Region (USCB-R)

18 CZL1 Czerwionka-

Leszczyny

Temporary A puddle on coal wastes in a forest, 2 m 9 3 m, 0.8 m deep

19 CZL2 Czerwionka-

Leszczyny

Permanent A settler at the dump foot, 10 m 9 8 m, 1.5 m deep

20 CZL3 Czerwionka-

Leszczyny

Permanent A settler at the dump foot, 15 m 9 10 m, 2 m deep

21 CZL4 Czerwionka-

Leszczyny

Permanent A settler at the dump foot, 12 m 9 8 m, 2 m deep

22 P1 Anna-Pszów Permanent A stream flowing from under the dump with life signs visible (plants, water insects), water

sampled at the dump margin

23 P2 Anna-Pszów Permanent A lake accumulating water from the stream (above) in its lower course,

24 A6 Anna-Pszów Temporary A puddle, 2 m 9 5 m, 0.08 m deep

25 A7 Anna-Pszów Temporary A puddle, 1 m 9 2 m, 0.05 m deep

26 DEB1 Dębieńsko Permanent A settler with saline water, the closest to the excavation in the dump made during fire-

fighting action, 10 m 9 10 m, 1.5 m deep

27 DEB2 Dębieńsko Permanent A settler with saline water, the second from the excavation in the dump made during fire-

fighting action, 12 m 9 10 m, 2 m deep

28 DEB3 Dębieńsko Permanent A settler with saline water, the third from the excavation in the dump made during fire-

fighting action, 10 m 9 10 m, 1.5 m deep

29 DEB4 Dębieńsko Permanent Water sampled from the pipe collecting water from under the dump and the settlers

30 WA1 Waleska Permanent A stream flowing along the dump margin

31 WA2 Waleska Permanent A settler at the dump top
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combined electrode. Water conductivity was measured

with a CC-401 conductometer with temperature

compensation.

2.3 Ion chromatography

Nine ions present in high concentrations, NH4
?, HCO3

-,

F-, Cl-, Br-, NO2
-, NO3

-, PO4
3-, SO4

2-, were deter-

mined by ion chromatography. An 850 Professional IC

(prod. Metrohm) ion chromatograph with a Supp 7–250/4.0

column for anion analysis and Metrosep C-4–150/4.0 for

cations was used. An eluent of 3.6 mmol/L NA2CO3

(f = 0.7 mL/min) was used for anions and one of

1.7 mmol/L HNO3 and 0.7 mmol/L of dipicolinic acid

(f = 0.9 mL/min) for cations. The limits of detection (mg/

L) were 0.01 for Ca2? and Mg2?, 0.02 for Na? and NH4
?,

0.03 for K?, 0.02 for F-, NO2
-, Cl-, and Br- and

0.01 mg/L for NO3
- and SO4

2-.

2.4 ICP-MS

Nineteen elements, i.e., Al, B, Ba, Ca, Cd, Cr, Cu, Fe, K,

Li, Mg, Mn, Na, P, Pb, S, Si, Sr, and Zn were quantitatively

determined by inductively coupled plasma—mass

Table 2 Occurrence of trace elements and ions in coal-waste dump waters in Silesian coal basins

Element Arithmetic

average

Coefficient of

variation

Arithmetic

average

Coefficient of

variation

Arithmetic

average

Coefficient of

variation

Lower Silesia Coal Basin (LSCB) Upper Silesia Coal Basin, the Katowice

region (USCB-K)

Upper Silesia Coal Basin, the Rybnik

region (USCB-R)

Xar (ppb) Vx (%) Xar (ppb) Vx (%) Xar (ppb) Vx (%)

Al 174.89 76.08 100.25 104.06 5.65 147.71

B 112.56 95.51 366.4 75.31 1991.57 121.20

Ba 55 60.15 42.6 71.74 275.5 155.80

Cd 0.49 – 0.49 – 0.49 –

Cr 2.80 – 2.8 – 2.8 –

Cu 4.11 20.21 23.06 183.54 5.54 87.41

Fe 17.31 114.22 8.77 233.29 2.97 87.49

Li 18.71 32.75 88.2 146.28 4106.07 218.13

Mn 8.14 102.12 35.4 138.77 964.79 170.04

P 148.83 146.16 76.2 124.3 122.94 203.47

Pb 90.3 – 90.3 – 90.3 –

Sr 142.71 95.76 655.2 81.71 8513 168.32

Zn 41.16 82 105.45 117.84 86.14 40.78

NH4
? 34.29 171.61 506 131.01 24,552.14 156.99

F- 474.43 66.08 462.7 102.41 19,445.71 143.54

NO3
- 166.71 96.46 672 44.45 12,715.71 141.64

PO4
3- 4.29 172.89 659 195.62 – –

Xar (ppm) Vx (%) Xar (ppm) Vx (%) Xar (ppm) Vx (%)

Ca 45.72 89.96 106.5 34.79 257.79 82.76

K 6.01 70.2 20.2 61.91 234.86 170.49

Mg 13.57 107.36 51.6 106.61 270.29 78.60

Na 4.02 136.55 119.6 107.19 1034.86 110.73

S 62.29 121.92 709.4 61.37 2493.43 134.35

Si 2.96 84.87 2.53 111.37 2.36 152.94

HCO3
- 140.29 76.21 175.86 86.36 208.29 84.61

Cl- 6.35 130.66 242.95 175.85 21,925.36 183.58

Br- 0.05 125.63 1.05 163.98 78.19 195.86

NO3
- 1.81 153.63 25.15 214.05 82.44 150.15

SO4
2- 63.57 121.47 274.87 125.9 3222.93 130.07
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spectrometry (ICP-MS) using an ICP JI 50p spectrometer.

Conditions of the analysis, analytical lines and integration

times are given in Supplement. All elements were deter-

mined with the monochromator except for Li for which the

polychromator was used. In preparing the calibration

curves, five standards were used. The raw results are shown

in Table S2 in Supplement Material and their statistics in

Tables 3S–7S.

2.5 Statistical analysis

All calculations were performed using the StatSoft STA-

TISTICA and PQStat software (test version). In the initial

stage of the analysis, the basic statistical characteristics

were calculated (measures of location and dispersion)

which enabled the data to be summarized and basic con-

clusions and generalizations drawn. To determine the

average level and distribution of element- and ion con-

centrations, the arithmetic means (Xar) and quartiles

Q1 = 25%, Q2 = median = 50%, Q3 = 75% were calcu-

lated. To determine the variation area of element- and ion

concentrations, the range (R = max–min), the standard

deviation (Sx), and the coefficient of variation (Vx) were

calculated. To illustrate the basic numerical characteristics

(concentrations of elements and ions) box-whisker plots

were made showing the minimum (Xmin)- and maximum

(Xmax) concentrations of a given element or ion and the

differentiation between typical units (interquartile range,

IQR = Q3 - Q1). The differentiation of the variable values

(value of the element- and ion concentrations) was

evaluated by comparing the length of four sec-

tions\Xmin - Q1[ ,\Q1 - Me[ ,\Me - Q3[ ,

\Q3 - Xmax[ .

The normality of the distribution was tested using the

Kolmogorov–Smirnov-, Lillefors- and Shapiro–Wilk tests.

Spearman’s rank-order correlation coefficient was calcu-

lated to investigate the relationship between the concen-

trations of elements and ions in the permanent- and

temporary reservoirs and the regions of the LSCB and

USCB.

To group reservoirs showing similar element- and ion

concentrations, cluster analysis was performed. Initially,

each object was treated as a separate cluster. The nearest

reservoirs were then gradually merged into new clusters

until one cluster was acquired (agglomeration method).

The dendrograms were created using the Euclidean dis-

tance and Ward’s method (Stanisz 2006a, b).

3 Results

3.1 Inorganic geochemistry of coal-waste dump

water

The ICP-MS results are considered below in terms of:

(1) Average concentrations of leached elements and ions

and variability of their occurrence in the waters

infiltrating the coal-waste dumps.

(2) Differences in the concentrations of the elements

investigated in waters originating from currently

inactive self-heated coal-waste dumps, thermally

active dumps and dumps that never ignited.

(3) Differences in element- and ion concentrations in

permanent- and temporary reservoirs.

(4) Regional trends and correlations between the LSCB

and the USCB (Rybnik- and Katowice regions).

Table 3 Occurrence of trace elements and ions in coal-waste dump

waters in Silesian coal basins: Statistics

Element Arithmetic

average

Coefficient of

variation

Arithmetic

average

Coefficient of

variation

Permanent water reservoirs Temporary water reservoirs

Xar (ppb) Vx (%) Xar (ppb) Vx (%)

Al 30.42 225.89 121.27 101.92

B 1799.99 128.5 235.6 83.11

Ba 221.44 184.56 75 132.22

Cd 0.49 – 0.49 –

Cr 2.8 – 2.8 –

Cu 5.33 85.44 16.79 209.44

Fe 5.14 222.49 11.22 167.13

Li 3628.06 232.63 29.93 92.33

Mn 723.38 212.29 156.27 339.52

P 110.74 212.45 116.88 139.38

Pb 90.3 – 90.3 –

Sr 7485.25 182.14 464.6 103.38

Zn 103.69 93.17 59.31 69.86

NH4
? 21,035.63 176.14 830.67 283.46

F- 17,080.63 156.76 459.87 93.1

NO3
- 11,287.69 152.49 353.6 93.72

PO4
3- 1.06 400 440.2 245.83

Xar (ppm) Vx (%) Xar (ppm) Vx (%)

Ca 236 88.3 81.2 58.12

K 208.07 182.61 13.53 72.71

Mg 253.75 80.47 22.33 63.13

Na 931.88 118.61 53.47 151.61

S 2332.75 135.31 340.93 94.53

Si 3.12 118.37 1.94 110.84

HCO3
- 265.94 63.19 93.44 62.75

Cl- 19,274.32 198.01 69.32 255.14

Br- 68.81 210.55 0.31 161.39

NO3
- 84.48 140.5 4.45 194.38

SO4
2- 2842 142.11 189.51 160.87
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(5) Correlations between concentrations of ions and

major- and trace elements.

Statistics characterizing the concentrations (arithmetic

mean Xar) and variability of element occurrence (variation

coefficient Vx) in the dump waters are given in Tables 2

and 3.

Of the sample population, 52% came from small but

permanent water reservoirs (ponds) located at the dumps

foot and 48% from stagnant waters in puddles on the

dumps and in their vicinity. In the USCB-R set, 78% of

samples come from lakes and, in the USCB-K set, 20%. In

the LSCB set, 52% of samples came from puddles and the

remainder from ponds.

The elements with the highest concentrations (in ppm)

in water are S (62.29–2493.43), Na (4.02–1034.86), Ca

(45.72–257.79), Mg (13.57–270.29) and K (6.01–234.86).

Cu shows the lowest concentrations (23.06–4.11 ppb). Sr

concentrations range from 142.71–8513 ppb and B con-

centrations range from 112.56 to 1991.57 ppb. The average

concentrations of Ba, Mn, and P are 55–275.5 ppb,

8.14–964.79 ppb, 148.83–122.94 ppb, respectively. The

average concentrations of Fe are low and range from 2.97

to 17.31.45 ppb. The average concentrations of Zn range

from 41.16 to 105.45 ppb (Table 2). Li concentrations

range from 18.71 to 4106.07 ppb. The highest concentra-

tions of major- and trace elements characterize the Rybnik

dump waters and the lowest, the LSCB dumps waters. Only

Al, Fe, and P show an opposing trend with the highest

concentrations in LSCB- and the lowest in USCB waters

(Tables 2 and 3).

Among the ions, the highest concentrations are shown

by Cl- (6.35–21,925.36 ppm), SO4
2-

(63.57–3222.93 ppm) and HCO3
- (140.29–208.29 ppm)

and the lowest by Br- (78.19–0.05 ppm) and NH4
?

(24,552.14–34.29 ppb). As with the major- and trace ele-

ments, high ion concentrations occur in waters from the

Rybnik dumps. The lowest ion concentrations are in the

LSCB waters (Table 2 and Table 3S in

Supplementary Material).

The highest average variations of occurrence ([ 100%)

characterize the following elements in the following

places:

Fig. 3 Box-whisker plots of ion- and trace-element concentrations for LSCB and USCB
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LSCBFe, Mg, Mn, Na, P, and S.

USCB-KAl, Cu, Fe, Li, Mg, Mn, Na, P, Si, Sr, and Zn.

USCB- RAl, B, Ba, K, Li, Mn, Na, P, S, Si and Sr.

Permanent reservoirsAl, B, Ba, Fe, K, Li, Mn, Na, P, S,

Si, and Sr.

Temporary reservoirsAl, Ba, Cu, Fe, Mn, Na, P, Si, Sr.

The lowest average variation (\ 50%) is shown by Cu,

Li (LSCB) Ca (USCB-K) and Zn (USCB-R). For the

remaining elements, the average value of the variation

coefficient ranges from 60%–90%. The highest variability

of occurrence characterizes waters from the USCB-R

dumps and the smallest, waters from the LSCB dumps

(Table 2 and Table 3S in Supplement Material).

Most ions show high degrees ([ 100%) of variability.

Only HCO3
2- in all waters has a variation coeffi-

cient\ 100%. Ammonium, NO2
-, and SO4

2- show the

lowest variability in USCB-K waters. For the remaining

ions, LSCB waters display the lowest variabilities and

USCB-R waters the highest (Table 2 and Table 3S in

Supplement Material).

The pH values of all samples range from 6.33 (sample

W4) to 9.00 (WA2); most range from 7.14 to 7.38 and are

thus very slightly basic (Table 2S in Supplement Material).

Conductivity shows greater variation with values ranging

from 200–700 lS/cm. Lower values characterize tempo-

rary reservoirs (270 lS/cm) and waters from self-heating

dumps (298 lS/cm), and maximum values by waters from

ponds (590 lS/cm) and burned-out dumps (689 lS/cm).

3.2 Regional variability of trace element- and ion

occurrence in coal-waste dump waters

The regional variability of concentrations of ions and

major- and trace elements is shown on box and whisker

plots (Fig. 3). Cd (B 0.00049 ppm), Cr (B 0.0028), and Pb

(B 0.0903) are not included in the plots. Other elements

were divided into three groups, i.e., those with the lowest-,

intermediate- and highest concentrations (groups 1, 2, and

3). The ions were divided into two groups, i.e., those with

lower- and higher concentrations (groups 1 and 2).

3.2.1 Lower Silesia Coal Basin (LSCB)

Group 1, elements with concentrations\ 540 ppb, are Cu,

Fe, Al, Zn, P, Ba, B, Mn, Li, and Sr. Of these, Al, P, B, and

Sr show a large range (R[ 312 ppb) and the most diver-

sified interquartile (Q3–Q1) range (Fig. 3 and Tables 2S, 3S

in Supplement Material). Among Si, K, Mg and Na, group

2 elements with concentrations\ 45 ppm, Mg has the

largest range (R = 44 ppm) and the greatest interquartile

range (IQR = 13 ppm), and Si the smallest (R = 6.42 ppm

and IQR = 5.17 ppm). Group 3 elements with concentra-

tions\ 225 ppm are Ca and S. Sulphur has a larger range

(R = 222.98 ppm) and interquartile range (IQR = 75 ppm)

than Ca (R = 128.99 ppm and IQR = 38 ppm) (Fig. 3 and

Tables 2S, 3S in Supplementary Material).

Among PO4
3-, NH4

?, NO2
-, F-

, and Br-, group 1 ions

with concentrations\ 880 ppb, F- displays the largest

range (R = 879 ppb) and the largest interquartile range

(IQR = 560 ppb), and PO4
3- the smallest (R = 17 ppb and

IQR = 13 ppb). Group 2 ions with higher (\ 350 ppm)

concentrations include NO3
-, Cl-, HCO3, and SO4

2-

(Fig. 3 and Tables 2S, 3S in Supplementary Material).

3.2.2 Upper Silesia Coal Basin, Katowice Region (USCB-

K)

As in LSCB waters, group 1 elements with concentra-

tions\ 2020 ppb, i.e. Cu, Fe, Al, Zn, P, Ba, B, Mn, Li and

Sr. B and Sr show the largest range (RB = 874 ppb and

RSr = 1755 ppb) and the most diversified interquartile

range (Q3–Q1, IQRB = 353 ppb and IQRSr = 471 ppb).

Group 2 elements with intermediate concentrations

(\ 46 ppm), i.e., Si and K, show higher concentrations

than in LSCB waters. Group 3 elements with the highest

concentrations (\ 1719 ppm) include Mg, Ca, Na and S.

Among these, S shows the greatest diversity in the

interquartile range (Q3–Q1, IQR = 268 ppm). As in the

LSCB, the element with the highest concentrations is S.

Mg and Na show higher concentrations than in the LSCB

(Fig. 3 and Tables 2S, 3S in Supplementary Material).

Group 1 ions with lower concentrations (\ 1680 ppb)

are PO4
3-, NH4

?, NO2
-, F-, and Br- (\ 5.72 ppm).

Group 2 ions are NO3
-, Cl-, HCO3

-, and SO4
2-. Gener-

ally, ion concentrations in the waters of the Katowice

region are higher than those in the LSCB (Fig. 3 and

Tables 2S, 3S in Supplementary Material).

3.2.3 Upper Silesia Coal Basin, the Rybnik Region

(USCB-R)

Group 1 elements with concentrations\ 853 ppb include

Cu, Fe, Al, Zn, and P. Group 2 elements with concentra-

tions\ 44,750 ppb concentrations comprise Ba, B, Mn, Li,

Sr, and Si (\ 13.06 ppm). Concentrations of the last three,

i.e., Li, Sr, and Si, are much higher in the USCB-R than in

both other regions. Group 3 elements with concentra-

tions\ 13,199 ppm include K, Mg, Ca, Na, and S. Sulphur

has a large range (R = 13,193 ppm) and interquartile range

(IQR = 2885 ppm) and shows the highest concentrations

(Fig. 3 and Tables 2S, 3S in Supplementary Material).

Ion concentrations are much higher in USCB-R waters

than in waters elsewhere. The same applies to trace ele-

ments. As in LSCB waters, F-, NO3
-, Cl- and HCO3

-

vary significantly in concentration. Cl-, HCO3
- and SO4

2-

display the highest concentrations (Fig. 3 and Table 2S, 3S
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in Supplementary Material). USCB-R waters do not con-

tain PO4
3-. In LSCB waters, it was present in two samples

only (13 and 17 ppb). It is the Wełnowiec dump (USCB-K

region), a municipal landfill covered with coal waste that is

responsible for the relatively high PO4
3- averages for the

USCB (Table 2S in the Supplement). Low PO4
3- is related

to the generally low (approx. 0.2 wt%, ash basis) concen-

tration of P in coal-waste rocks (Ciesielczuk et al., 2014).

4 Discussion

4.1 Origin of inorganic constituents of coal-waste

dump water

Coal waste stored in dumps contains a significant propor-

tion (ca 3%–30%) of organic matter (Skar _zyńska 1995)

with characteristics closely related to the coal extracted in a

particular basin. Apart from the initial composition, a sig-

nificant factor affecting the elemental composition of coal

waste is weathering and self-heating. The wide occurrence

of self-heating in the LSCB and USCB and its impact on

coal waste and on the environment has been described

earlier (e.g.,Ciesielczuk et al. 2014; Misz-Kennan et al.

2013; Misz-Kennan and Fabiańska 2011; Nádudvari and

Fabiańska 2016; Pierwoła et al. 2018). In this study, it is

assumed that the elements in the water come exclusively

from the leaching of coal waste.

Elements such as Si, K, Ca, Fe, Na, Mg and Al in

bituminous coals belong to the so-called ash-forming ele-

ments present in sedimentary rocks in amounts[ 0.5%

(Clark values: Si 25.48%, K 2.30%, Ca 2.87%, Fe 3.94%,

Al 0.82%, Mg 1.54%, Al 6.80%; Goldschmidt, 1954;

Ketris and Yudovich, 2009). P, S, Sr, Mn, and Ba occur in

sedimentary rocks in quantities from 0.50%–0.01% (Clark

values: P 0.061%, S 0.20%, Mn 0.074%, Sr 0.027%, Ba

0.047%). In coals, B, Cd, Cr, Cu, Li, Pb, and Zn are trace

elements which occur in quantities\ 0.01% or even\
0.0001% in sedimentary rocks (Clark values: B 0.0086%,

Cd 0.0025%, Cr 0.0078%, Cu 0.0037%, Li 0.0055%, Pb

0.00175%, Zn 0.0079%; Hatch and Rastall 1965; Wede-

pohl et al. 1969; Yudovich and Ketris 2002).

The carrier of ash-forming elements in coals is biogenic

ash. These are organometallic combinations of salts, car-

bonates, sulphates, and oxides containing large amounts of

K, Na, and Ca. These are soluble compounds containing

admixtures of biogenic elements such as B, Co, Mo, Mn,

and Cu (Yudovich and Ketris 2002, 2015).

The sorption ash in coal consists of humic- and fulvic

acids together with their salts as well as metal chelates with

organic ligands. The main components of this ash are Ca,

Mg, Al, Fe, and Si, typomorphic elements largely associ-

ated with the organic substance of the coals. Compared to

sedimentary rocks, some coals are significantly enriched in

them. The coefficients of coal enrichment are: Cu 5.2, Ba

3.3, Sr 1.3, Mn 0.8, B 18.1, Pb 12.0, Zn 2.1, Cr 1.6, and

S[ 2 (Yudovich and Ketris, 2015). In our study, the main

ash elements leached were Al, B, Ca, K, Mg, Mn, Na, P, S,

and Si, i.e., elements present in higher concentrations both

in coals and gangue rocks. The elution series of the ele-

ments determined for the coal-waste dump waters from the

highest to the lowest concentration are as follows:

LSCB: S[Ca[Mg[K[Na[Si[Al[P[Sr[
B[Ba[Zn[Fe[Li[Mn[Cu.

Pb (\ 0.0903 mg/dm3)[Cr (\ 0.0028 mg/dm3)[Cd

(\ 0.0005 mg/dm3).

USCB-K: S[Na[Ca[Mg[K[ Si[ Sr[B[
Zn[Al[Li[ P[Ba[Mn[Cu[ Fe.

Pb (\ 0.0903 mg/dm3)[Cr (\ 0.0028 mg/dm3)[Cd

(\ 0.0005 mg/dm3).

USCB-R: S[Na[Mg[Ca[K[ Sr[Li[ Si[
B[Mn[Ba[ P[Zn[Al[Cu.

Pb (\ 0.0903 mg/dm3)[Cr (\ 0.0028 mg/dm3)[Cd

(\ 0.0005 mg/dm3).

Elements most heavily leached from all the coal-waste

dumps are S, Ca, Mg, Na, K, and Si. Not leached are Cd,

Cr, and Pb.

Water from the USCB-R dumps contains significantly

higher concentrations of the elements studied, e.g., S

concentrations are a few tens of times higher than in the

LSCB dump waters. Similar patterns hold for most other

elements (Na, Mg, K, Li, Mn, B, Ba, Ca, and Sr; Tables 2

and 3). However, there is no real impact of sulphate

leaching on pH values as only two Anna dump samples, A6

and A7, show a slight shift from neutral to more acid

values of 6.40 and 6.86, respectively (Table 2S in Sup-

plementary Material). These samples are also the poorest in

elements leached. The buffering ability of carbonate ions is

possibly responsible for the neutral pH and for preventing

acid drainage from these dumps.

Of the ions studied, SO4
2-, Cl-, and HCO3

- are leached

to the greatest extent. The elution series of the ions

determined for the dump waters from the highest to the

lowest are as follows:

LSCB: HCO3
- [ SO4

2- [Cl- [NO3
- [ F- [

NO2
- [Br- [NH4

? [ PO4
3-

USCB—Katowice: SO4
2[Cl- [HCO3

- [NO3
- [

Br- [F- [NH4
? [NO2

- [PO4
3-

USCB—Rybnik: Cl- [ SO4
2- [HCO3

- [NO3
-

[Br- [NH4
? [ F- [NO2

- [ PO4
3-

Phosphate(V), NH4
? and NO2

- are leached to the

lowest degree from coal waste. Ion concentrations in

USCB-R waters are much higher than in LSCB or USCB-K

waters (Tables 2 and 3). For example, in USCB-R waters,

Cl- and SO4
2-concentrations are about fifty times higher
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than in USCB-K waters and about four thousand times

higher than in LSCB waters.

Inorganic sulphur present as sulphides in coal waste can

be released and volatized during burning as sulphur oxides.

On reaction with water, sulphuric acid produced causes the

formation of sulphate minerals, e.g., jarosite, alunogen or

copiapite at pH\ 2.5. Sulphuric acid reacting with car-

bonate rocks produces gypsum or bassanite which are

ubiquitous in coal-waste dumps (Dai et al. 2008; Stracher

et al. 2005; Ward 2016). Some sulphate minerals may be

formed due to oxidation of coal-hosting organic sulphur

rather than pyrite. Pyrite oxidation, the sequence of crys-

tallization of Fe sulphates, and their mutual interactions,

lead to the formation of highly acidic solutions rich in

ferrous-, ferric- and sulphate ions and an abundance of

water. The activities of metals such as K, Na, Ca, Mg and

Al deriving from the gangue rocks can lead to the forma-

tion of the suite of sulphates which later undergo dehy-

dration at different rates, depending on local humidity.

Supergene products also form due to oxidation of S-rich

coal-fire gases and evaporation (Kruszewski et al. 2018).

The best coal-fire fingerprint minerals are salammoniac,

elemental S, rostite, and mikasaite (Kruszewski et al.

2019b). Apart from elemental S, these minerals easily

dissolve in water. Thus, high sulphur contents in water

from coal-waste dumps also reflect combustion.

In the studied waters, the highest variability of occur-

rence for most elements is characteristic for USCB-R

waters and the lowest for LSCB waters. Only Na, P, S, and

Zn show greater variability in LSCB waters (Tables 2 and

3). The variability of element elution in the coal-waste

dumps can be summarized in series from the highest- to the

lowest value of Vx as follows:

LSCB: Mn[ P[Na[ S[ Fe[Mg[ Sr[B[Ca

[ Si[Zn[Al[K[Ba[Li[Cu.

Cd = Cr = Pb = 0.

USCB-K: Fe[Cu[Li[Mn[ P[Zn[ Si[Na[
Mg[Al[ Sr[B[Ba[K[ S[Ca.

Cd = Cr = Pb = 0.

USCB-R: Li[ P[K[Mn[ Sr[Ba[ Si[Al[
S[B[Na[ Fe[Cu[Ca[Mg[Zn.

Cd = Cr = Pb = Fe = 0.

The variability of element occurrence is high. The

highest variability in all waters is for Mn and the lowest for

Fe. Zinc shows high variability in occurrence in waters

infiltrating the USCB dumps in the Katowice area and in

the LSCB dumps, and by low variability in waters from the

Rybnik dumps. Similarly, Li shows different variability of

occurrence, namely, high in USCB dump- and low LSCB

dumps-waters. Conversely, P and Na show low variability

in USCB dump- and high variability in LSCB dump-

waters.

Among the ions, the highest variability of occurrence is

exhibited by Br- and NH4
? whereas SO4

2- which is lea-

ched in abundance from the coal-waste dumps shows low

variability (Tables 2 and 3). Variations in the occurrence of

ions in waters from the dumps define the following series

from the highest- to the lowest value of Vx:

LSCB: PO4
3- [NH4

? [NO3
- [Cl- [Br-

[ SO4
2- [NO2

- [HCO3
- [ F-

USCB-K: NO3
- [ [ PO4

3- [Cl- [Br- [NH4
?

[ SO4
2- [ F- [HCO3

- [NO2
-

USCB-R: Br- [Cl- [NH4
? [NO3

- [ F-

[NO2
- [ SO4

2- [HCO3
- [ PO4

3-

The variability in element occurrence testifies to the

diversity of the material stored in the dumps and of the

sources from which the elements originate as well as the

degree of their binding with organic- and inorganic sub-

stances in coal or the mineral substances present. Sulphur

has a lower variability of occurrence, but a much higher

concentration in USCB waters, compared to LSCB waters.

This may reflect a less diverse S source in the USCB

dumps, but one that was undoubtedly richer in this element

than that in the LSCB dumps.

Significant differences in element concentrations char-

acterize waters emanating from burned-out dumps (LSCB)

and those where self-heating is on-going. Waters from the

former have much higher concentrations of the elements

and ions analyzed, particularly, HCO3
-, Cl- and SO4

2-

(Table 4 and Table 5S in Supplement).

During combustion, the mineral substance of coal is

enriched in elements, e.g., B, Ca, K, Mg, Mn, Na, P, S, Si

and Sr from the organic matter of the coals, and are

genetically bound to biogenic- and sorptive ash; they are

released on combustion of the organic-carbon substance

(Graf 1960; Turekian and Wedephol 1961; Yudovich and

Ketris 2002). This explains the increased concentrations of

these elements in the water collected in the dumps where

the coal waste has been burnt-out, and their easy leaching

from the coal waste by rainwater. Elements that do not

show distinctive differences in concentrations between

water from burnt-out and self-heating coal waste dumps are

predominantly bound to waste mineral phases that, being

more stable and less soluble, will not be leached easily.

The diversity in the element concentrations and the

variability of occurrence of elements present in the coal-

dump waters reflect the diversity of the waste stored in

dumps in both basins and some inter-basin differences.

4.2 Impact of thermal activity on the composition

of coal-waste dump water

There is an evident relationship between thermal activity,

water conductivity, and concentrations of trace elements

and ions in coal-waste dump water. Regional variations in
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concentrations can be explained by regional differences in

thermal activity.

The frequency and intensity of self-heating varies

greatly within the USCB. The area most affected by

heating is the southwestern part of the basin, i.e., the

Rybnik area where almost all coal-waste dumps were or are

self-heating (Fig. 1b; Misz-Kennan et al. 2013; Nádudvari

2014; Nádudvari and Ciesielczuk 2018). There, self-heat-

ing temperatures can be extremely high, e.g., 1300 �C in

the Szarlota dump in Rydułtowy. Heating also affect large

areas (Misz-Kennan 2010; Misz-Kennan and Fabiańska

2010; Misz-Kennan and Tabor 2015). Though the northern

part of the basin exhibits a lower intensity of heating, self-

heating is common there and difficult to extinguish (Misz-

Kennan and Tabor 2015). The eastern part of the basin,

sometimes called the Upper Vistula Coal Basin, shows the

least intensity of heating; to our knowledge, only two short,

local heating episodes have occurred there. This regional

pattern can be explained by differences in organic matter

coalification. The westernmost part of the basin contains

coals of a much higher rank (Ro\ 1.0%) than the east-

ernmost part (Ro\ 0.50%; Jureczka and Kotas 1995). As

average temperatures within the coal-bearing Mudstone

Series ranging from 24.9 �C in the eastern part to 58.9 �C
in the southwestern part reflect the geological history of the

basin (Kędzior et al. 2007; Kędzior 2015), it is no surprise

that coal-waste organic matter shows the same trend in

thermal maturity. Higher coalification implies better com-

bustion, important in the later stages of burning.

A significant factor is methane in the USCB rocks. To

date, its role in the spontaneous ignition of coal waste has

not been fully appreciated. Methane can promote the pro-

cess in coal mines (e.g., Xia et al. 2015). There are regional

differences in CH4 occurrence in USCB coal seams. Dur-

ing the Mesozoic and Paleogene, coal seams in the north-

ern- and central (Katowice area) parts of the basin were

degassed. The south-western part of the USCB, charac-

terized by an upper secondary zone beneath the Miocene

cover and a primary zone at greater depth, contrasts with

the south-eastern part of the basin with variable CH4

contents (Kędzior et al. 2013). The fact that the general

pattern of CH4 content accords with the regional pattern of

thermal activity within the dumps suggests that CH4 con-

tent may be a significant factor in self-heating. Possibly,

ignition in the dumps is caused by oxygen reacting with

CH4 desorbed from pores as in coal mines (Xia et al. 2014).

Thus, combined CH4-coalification factors, with CH4

affecting ignition and coalification promoting continued

burning, are reflected in the self-heating regional pattern.

LSCB coal-waste dumps show a much lower level of

thermal activity than those in the USCB. Many dumps

there are burnt out and now show temperatures close to

ambient (Fig. 1a). Thus, expressions of thermal activity are

the lowest in the LSCB, highest in the USCB-R, and

intermediate in the USCB-K area.

Variation in thermal activity is followed closely by that

of water conductivity and concentrations of trace elements

and ions in water. Conductivity is, on average, highest (17

889 lS/cm) in the USCB-R area, lowest (425 lS/cm) in the

LSCB, and intermediate (2321 lS/cm) in the the USCB-K

area (Table 2S in Supplement Material). The exceptionally

high conductivity of the Dębieńsko dump water (DEB

samples) is related to local saline input.

Table 4 The content and variability of the occurrence of main ions

and trace elements in the coal-waste dumps water related to thermal

activity within a dump in the LSCB

Element Arithmetic

average

Coefficient

of

variation

Arithmetic

average

Coefficient

of

variation

Self-heating Burned out

Xar (ppb) Vx (%) Xar (ppb) Vx (%)

Al 100.42 148.66 312.5 4.3

B 131.30 127.82 132 56.78

Ba 49 102.10 50 59.4

Cd 0.49 – 0.49 –

Cr 2.80 – 2.8 –

Cu 3.80 – 4.9 31.75

Fe 17.53 150.48 20.15 125.28

Li 20.67 47 16.5 21.43

Mn 5 – 16 97.23

P 27.60 – 281 132.36

Pb 90.30 – 90.3 –

Sr 182.67 118.22 147 46.18

Zn 37.90 89.14 39.85 130.77

NH4
? 36.67 173.21 65 141.42

F- 541.33 54.02 675.5 42.6

NO3
- 256.33 87.05 138 4.1

PO4
3- 5.67 173.21 6.5 141.42

Xar (ppm) Vx (%) Xar (ppm) Vx (%)

Ca 62.34 103.64 42 3.37

K 4.70 120.25 5.5 90

Mg 17 139.08 14.5 43.89

Na 4.70 171.44 3.5 141.42

S 102.34 110.04 42.5 18.3

Si 2.85 110.67 3.81 100.17

HCO3
- 220 52.06 112.5 11.94

Cl- 11.28 102.67 4.17 55.04

Br- 0.04 173.21 0.1 15.56

NO3
- 3.54 109.15 0.51 76.94

SO4
2- 104.33 101.93 23 79.93

Selected ions and major and trace elements as contaminants in coal-waste dump water from the...
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Since water conductivity is directly related to concen-

trations of ions present, it follows that the USCB-R sam-

ples contain the highest average concentrations of K, Mn,

Sr, Ca, B, Mg, Na, S, NH4
?, NO2

-, NO3
-, Cl-, Br-, F-

and SO4
2- (Fig. 3; Table 2) with those of Ca, K, Mg, Na,

S, and NH4
? many times higher than in other regions.

Much milder thermal activity is registered in the USCB-K

area and its waters show lower concentrations than are

found in the USCB-R area. The lowest dump temperatures,

and the least thermal activity, characterize the LSCB

dumps as do the lowest element concentrations of elements

and ions in dump waters.

There is no evident regional pattern of pH values. Most

of the waters are slightly basic (7.20), the lesser numbers

slightly acidic (6.80). Two Waleska samples (WA) showed

higher pH values of 8.29 and 9.00, possibly reflecting water

input from other than coal-waste dump sources.

4.3 Correlations between trace metals and ions

The element concentrations in coal-waste dump waters

were examined for potential mutual relationships between

elements and between elements and leached ions. The

values of correlation coefficients between elements and

between elements and ions in permanent- and temporary

reservoirs, and for individual regions, were considered. In

evaluating the results, correlation coefficients with val-

ues[ 0.500, both negative and positive, were taken into

account. Of note is the difference between the structures of

the correlations in the USCB-R (36 significant correla-

tions), the USCB-K (19 significant correlations) and the

LSCB waters (9 significant correlations). The structure is

understood as a network of mutual correlation relationships

between the concentrations of individual elements and ions

(Table 5 and Table 7S in Supplementary Material).

There are much more significant correlations between

elements in waters from permanent reservoirs (62 corre-

lations) compared to waters from temporary reservoirs (38

correlations) (Table 6; all correlations are shown in

Table 6S in Supplement Material). In the permanent water

reservoirs, an additional factor meriting consideration is the

precipitation of dissolved ions and, following such, the

development of a state of balance between water and

sediment. The higher number of correlations found for the

permanent water reservoirs testifies that even well-soluble

ions such as Na? and Li? achieved such balance. However,

a longer time is required to achieve it than is provided by

the temporary reservoirs on dump surfaces.

The co-occurrence of the elements in the coal-waste

dump waters suggests the possibility of their relationships,

both when it comes to their genesis and their participation

in the general composition of the coal waste. The empirical

determination of these relationships and their theoreticalT
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justification is a complex problem. Certain systems of

correlations are characteristic not only for the given ele-

ments but also for specific geochemical environments.

In the structure of the correlations, there are eleven

significant triads, characterized by high positive correlation

coefficients. These triads form closed systems of Ca-Na-

Mg-Ca, Ca-B-K-Sr, Ca-Sr-Li-Ca, Ca-K-Na-Ca, Ca-Sr-Na-

Ca, Ca-B-Sr-Ca, Ca-B-Na-Ca, Ca-B-Mg-Ca, Ba-B-Li-Ca,

Ca-K-Mg-Ca, and Ca-Li-Na-Ca (Fig. 4). Not all correla-

tions within the established structures are an expression of

simple and unambiguous dependencies. Closed triads are

formed by elements from the first- and second group of the

periodic table. These are elements that easily form com-

pounds and constitute the main components of rock-

forming minerals. Their Clark in sedimentary rocks is 0.5%

(Turekian and Wedepohl 1961). They form soluble com-

pounds with chloride, nitrate (V), and sulphate (VI) ions.

This is reflected in the high values of correlation coeffi-

cients between these elements and ions.

The activity of hydrogen ions in natural waters has a

very significant impact on geochemical processes in these

environments and the possibility of the occurrence of

various chemical elements in them. The importance of pH

for geochemical processes reflects the fact that different

metals precipitate as hydroxides at different pH values. It

plays an important role during the migration of various

elements including such a common element as iron, in

surface waters, and thus during hypergenic processes. The

Fe solubility in water at pH = 6 is about 100,000 times

greater than at pH = 8.5 (White 2013). Similarly, the

separation of SiO2 and Al2O3 occurring in weathering is

the result of the dissimilar solubility of these compounds at

various pH in the aqueous environment. In strongly acidi-

fied environments with pH\ 4, Al2O3 is mobilized and

SiO2 is immobile, but in aquatic environments where pH

lies in the range from 5–9 (as in the samples investigated

here), Al2O3 is immobilized but SiO2 is increasingly
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soluble with increasing pH (White 2013). This caused the

negative Al-Si correlation (Tables 6 and 7S in Supple-

mentary Material).

Another important factor affecting element dissolution

and migration under hypergenic conditions is the oxida-

tion–reduction potential. For example, Fe requires a lower

Eo potential for the Fe2? transition to Fe3? and, thus,

oxidizes faster than Mn during their joint migration and

precipitating as a hydroxide. Oxidation of Mn2? to Mn4?

requires a higher potential and can only occur after Fe

oxidation. Therefore, the Mn (IV) will precipitate later and

in another place (White, 2013). This can explain the neg-

ative correlations between Mn and Fe in waters from per-

manent reservoirs, r = –0.47 (Table 6Sa in Supplementary

Material). Mn and Fe are also negatively correlated in the

USCB-R waters.

The correlation structure between element concentra-

tions in permanent- and temporary reservoirs is different.

For permanent reservoirs, there are correlations between

the typomorphic elements that have a high affinity for

organic substances, e.g., Ba-Cu (0.576), B-Mn (0.833) and

Cu–Zn (0.567). Such relationships do not occur in tem-

porary reservoirs. Additionally, in the permanent reser-

voirs, there are negative correlations between all the

elements determined and Al, possibly due to pH values

close to neutral that promote Al immobilization but allow

many elements to be mobilized.

On the basis of recent research on the chemical- and

mineralogical composition of Upper Silesia waste rocks

(Ciesielczuk et al. 2014) and on attempts to leach elements

from Upper Silesian coal waste (Pierwoła et al., 2018), it

can be concluded that elements in waters were leached

from rocks and minerals transformed as a result of hyper-

genesis or dump fires. Elements such as Mg, K, Ca, Na,

Mn, Fe, Cu, Cd, Pb, and Co occur in coal waste in con-

centrations ranging from 12–98,600 mg/kg. These rocks

leaching delivered solutions with concentrations of

0–565 mg/kg. The highest concentrations were found for

Fe, Ca, K, Na and Mg, and the lowest for Cu and Co. Cd

and Pb (0 mg/kg) were not leached whereas Ca (565 mg/

kg), K (109 mg/kg) and Mg (49 mg/mL) show the highest

concentrations. In some samples, the concentrations of K,

Mg, and Ca are much higher, e.g., for Ca they reach

13,300 mg/kg, for K 1060 mg/kg, and Mg 1090 mg/kg.

The percentage of leached concentrations varies from 0%

to 4.55%. Only for Ca, K, and Mg are concentrations

higher (8.43%–41.26%; Pierwoła et al. 2018). The values

indicate minor leaching of the elements from the rocks

mineral fraction. There must be another factor, namely,

organic material that carries the given elements. Thus, the

chemical composition of coal-waste dump water is related

to the origin of elements in the material stored, the manner

in which elements occur in this material, their affinity to

organic- and mineral phases, and to the geochemical

environment and the stage of hypergenesis.

Several factors related to self-heating cause an increase

in element concentrations in dump waters. Self-heating

results in the formation of pyrolytic water in rock particles.

It, as does rainwater seeping through the dump, acts as a

solvent forming solutions rich in elements (e.g., Chen et al.

2008). High temperatures promote cracking of coal-waste

fragments aiding water penetration into their interiors,

promoting further dissolution of rock elements. On a larger

scale, fissures and vents formed in dump surfaces allow

rainwater to enter dump interiors. Apart from the increase

of coal-waste surface accessible to water, heating also

induces changes in mineral composition (Ciesielczuk et al.

2014; Pierwoła et al. 2018).

The regional pattern of element concentrations confirms

their origin from coal waste and not from, e.g., atmospheric

particulate matter (APM) as is the case with organic con-

tamination in these waters (Fabiańska et al. 2020). USCB

and LSCB are regions of high levels of APM emission

from both road traffic and bituminous-coal combustion

(Klejnowski et al. 2010). However, APM mineral phases

are mostly composed of insoluble compounds such as

metal oxides or metal alloys (Jabłońska and Janeczek

2019). Thus, their metals are not transferred to waters in

amounts comparable to those leached from coal waste. The

only exceptions are Ba sulphate and Fe, Pb, and Cd sul-

phides. As Ba, Li, and Cu, (in a few samples only) con-

centrations do not follow the regional pattern, it is

tentatively assumed that they mostly come from atmo-

spheric sources. An additional indicator of atmospheric

input comes from the cluster analysis (Fig. 5). Both tem-

porary- and permanent reservoirs show a tendency to form

clusters reflecting their localization; the closest are the

reservoirs from the same dump, e.g., all Dębieńsko waters

(Deb) or from the same area, e.g., WA1 and P1. The pat-

tern is preserved whether ions and trace metals are con-

sidered separately or together.

Other components that do not follow the regional pattern

are Fe, P, Si, and among ions, HCO3
-. Bicarbonate ion

concentration in water is mainly governed by pH to form

the balance with CO2 (gas) and CO3
-2. Thus, it may be

surmised that even if self-heating promoted its dissolution,

subsequent CO3
-2 precipitation changed concentrations to

such an extent that the regional pattern was obscured.

4.4 Impact of reservoir size on element

concentrations

Water reservoirs on coal-waste dumps and in their vicinity

can be permanent (ponds, streams) or temporary (puddles).

Typically, concentrations of ions and major and trace ele-

ments are much lower in the latter as they dry up after a
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short period; there is less time to leach the elements and

achieve a balance in concentrations between rock and

water.

In both types of reservoirs, S shows the highest and most

diverse concentration values. Other high-concentration

elements are Na, Ca, and Mg (Tables 3 and 4S in Sup-

plementary Material; Fig. 6).

Concentrations of K are high in permanent reservoirs

(\ 1453 ppm) and, in temporary reservoirs, much lower

(\ 30 ppm). Elements with low concentrations (\ ap-

prox. 1000 ppb) in both types of reservoirs are Cu, Fe, Zn,

Al, and P. Ba and B concentrations discriminate between

reservoir types; in permanent reservoirs, concentrations

are[ 1000 ppb, in temporary reservoirs,\ 1000 ppb. Li

also displays a significant difference in concentrations in

Fig. 5 Pattern (dendrogram) of the main ion- and trace-element concentrations in a permanent reservoirs and b temporary reservoirs
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temporary reservoirs containing 2–98 ppb and in perma-

nent reservoirs,\ 33,370 ppb (Tables 3 and 4S in Sup-

plementary Material; Fig. 6). Significant values of the

coefficient of variation (mostly[ 50%) indicate significant

variation in element concentrations in both types of the

reservoir with a larger number of elements showing the

lowest variation at the lowest concentrations and the largest

variation at the highest. Ions with lower concentrations are

PO4
3-, NH4

?, NO2
-, F-, and Br-. Ions with higher con-

centrations are NO3
-, Cl-, HCO3

-, and SO4
2-.

The concentrations of the elements determined in the

coal-waste waters are mostly much higher than legally

Fig. 5 continued
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allowable concentration levels in the wastewater dis-

charged into surface waters and the ground. Accept-

able concentrations were observed only in 12 samples out

of 31, i.e., 4 from USCB-R, 3 from LSCB, and 5 from

USCB-K. Only 5 samples (3 from LSCB and 2 from

USCB-R) had contents of analyzed elements demanded for

Fig. 6 Box-whisker plots of main ion- and trace-element concentrations for permanent- and temporary water reservoir
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drinking water. Of course, to qualify water as drinking

water or non-invasive wastewater, a number of additional

conditions must be met that were not considered in this

research.

5 Conclusions

(1) Coal-waste dump waters show differences in concen-

trations of elements such as Al, B, Ba, Ca, Cd, Cr, Cu, Fe,

K, Li, Mg, Mn, Na, P, Pb, S, Si, Sr and Zn, and of ions such

as NH4
?, HCO3

-, F-, Cl-, Br-, NO2
-, NO3, PO4

3-,

SO4
2-.

(2) The highest concentrations in the dump waters are

shown by S, Na, Ca, and Mg and the lowest by Cu. The

highest ion concentrations are shown by SO4
2-, Cl- and

HCO3
- and the lowest by PO4

3-, NH4
? and NO2

-. The

highest element concentrations occur in dump waters in the

Rybnik area and the lowest in waters from LSCB dumps

which also lack Cd, Cr, and Pb.

(3) The highest average variation of occurrence

([ 100%) is characteristic for Na, Mn, Al, and Zn, and the

lowest (\ 50%) for Cu and Fe. Among the ions, the highest

variability was shown by Br- and NH4
?, and the lowest by

PO4
3-, HCO3

- and SO4
2-.

(4) Differences in the element concentrations and vari-

ability of occurrence in the dump waters reflect the diver-

sity of the coal-waste material stored in dumps in the

USCB and LSCB and are indicative of various genetic

factors that shaped the elemental composition of the coal-

waste. There are significant differences in element con-

centrations between waters from burnt-out dumps and

those currently self-heating. Waters from burnt-out dumps

show much higher element- and ion concentrations.

(5) Concentrations of ions and trace elements are rela-

tively much lower in the temporary reservoirs that exist on

dump surfaces for short periods (weeks).

(6) There is a clear relationship between the concen-

trations of trace elements and ions in dump waters and

thermal activity within dumps; a regional pattern of trace

element- and ion concentrations is explained by regional

differences in thermal activity. The highest concentrations

occur in the Rybnik area where the thermal activity is

currently the greatest and the lowest in LSCB reservoirs

where the activity is low and waning.

(7) Concentrations of the elements determined in the

coal-waste waters far exceed, in most cases, those allowed

in non-invasive wastewater discharged into surface waters

or the ground.
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Lewińska-Preis L, Fabiańska MJ, Ćmiel S, Kita A (2009) Geochem-

ical distribution of trace elements in Kaffioyra and Longyear-

byen coals, Spitsbergen, Norway. Int J Coal Geol 80:211–223.

https://doi.org/10.1016/j.coal.2009.09.007

Li W, Chen L, Zhou T, Tang Q, Zhang T (2011) Impact of coal

gangue on the level of main trace elements in the shallow

groundwater of a mine reclamation area. Min Sci Technol

(China) 21:715–719. https://doi.org/10.1016/j.mstc.2011.03.004

Misz-Kennan M (2010) Thermal alterations of organic matter in coal

wastes from Upper Silesia Poland. Mineralogy 41(3–4):105–236.

https://doi.org/10.2478/v10002-010-0001-4
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