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ARTICLE INFO ABSTRACT

The Welnowiec municipal dump, Katowice, Poland, rehabilitated with coal waste, is self-heating and igniting.
This paper presents a novel application of the use of electrical- and resistivity geophysical methods in the in-
vestigation of burning coal waste to help explain why the heating occurred. Geoelectrical methods allowed the
internal structure of the dump to be revealed, and the municipal wastes and their rehabilitation cover containing
coal waste to be differentiated. Instead of a planned 2.2-m-thick multi-barrier system, the cover consists of
irregularly distributed material of varying thickness (< 1 to 8 m) and organic carbon content (> 5%). This
caused the fire to arise 3-4 years after the coal waste deposition. In areas where the rehabilitation layer is < 3m
thick, a landslide enabled oxygen access, initiating self-heating. Changes in conductivity clearly identify sites of
active burning where measured conductivity values are more than twice those for parts of the dump with no
thermal activity. Field observations in particular, complemented to a degree by petrographic, mineralogical and
geochemical data, enabled four types of heating zones to be distinguished, namely, (1) initial zones of fire
overtaking new volumes of coal waste, (2) active zones with temperatures < 400-500 °C in exhalation vents,
(3) overburned zones characterized by long-lasting high temperatures (800-900 °C) and (4) short-lived zones,
ephemeral (< 1-2 months) with temperatures between 70 and 100 °C. The geophysical methods applied could
not distinguish between these zones. The combined results strongly suggest that the use of coal waste as a
remediation layer covering waste dumps should be prohibited. Coal waste which, by its nature, is too prone to
unpredictable self-heating and self-ignition with the potential environmental consequences that follow.
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1. Introduction for hard coals (Sawicki, 2004; Sokol et al., 2005; Pone et al., 2007). The

temperature of burning waste can exceed 1300 °C (Sawicki, 2004; Sokol

1.1. Self-heating in coal-waste dumps

During coal exploitation, associated claystones, mudstones, sand-
stones, carbonates, and conglomerates, etc., all contribute to the
0.3-0.7 tons of waste produced from every ton of coal mined in Poland
(Skarzynska, 1995). Much of this waste is deposited in dumps where
oxidation of both organic- and mineral matter occurs. In some cases,
self-heating leading to ignition and burning of the waste may occur, but
only where three factors combine, namely, the presence of organic
matter, access for air, and accumulation of heat within a dump (Brooks
et al., 1988; Kaymakci and Didari, 2002; Pone et al., 2007). Oxidation
of sulphides, mostly pyrite, adds heat. After dumping, oxidation takes
place and temperatures rise slowly without any external signs of the
process. As temperatures reach 60-80 °C, the heat may either dissipate
or suddenly start to rise rapidly to the point of ignition, i.e., ca 200 °C
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et al.,, 2005). The thermal processes happening within a dump take
place where access to air is limited, and commonly in the presence of
water (rain); these are pyrolytic or/and hydropyrolytic processes
(Fabianska et al., 2013; Misz-Kennan and Fabiarska, 2011).

Factors that influence the self-heating process can be classified as
internal and external. Internal factors relate to coal-waste composition
and condition, e.g., of mineral matter (contents of quartz, feldspars,
clay minerals, carbonates, and sulphides) and coal-bearing rocks
(maceral composition, especially of oxidation-prone vitrinite), coal
rank, moisture content, granulation, and degree of weathering. External
factors include dump shape and height, convection related to atmo-
spheric conditions, i.e., wind and rain, insolation and grain segregation
(Krishnaswamy et al., 1996a, 1996b; Kaymakg¢i and Didari, 2002).

Self-heating and self-ignition of coal waste can be triggered spon-
taneously within a dump. If preventative measures are not taken, or the
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fire is not controlled at the initial stage, the fire can involve an entire
dump, with serious environmental repercussions (e.g., Nadlonek and
Cabata, 2016; Stracher et al., 2011, 2013, 2015). Coal is known to
concentrate trace elements (e.g., Dai et al., 2003, 2004, 2005, 2012;
Ward et al., 1999) which may be concentrated further by fire in coal-
waste dumps (e.g., Kruszewski, 2013). Waste is not only placed in
dumps, but is also used for rehabilitation or, e.g., for railway/road/
river embankments where endogenic fires have been noted. Due to an
increasing awareness of the dangers of self-heating, prevention- and
monitoring actions have reduced the amount of burning waste.
Nevertheless, cases of newly-ignited coal waste are periodically re-
ported.

1.2. Potential of geophysical methods in research on coal fires

The electrical conductivity of loose material represented by a mix-
ture of coal-waste rocks, mainly shales, sandstones and coal remnants,
is the sum of the variety of ways in which electric charges are trans-
ported. Ionic conductivity dominates due to the presence of aqueous
solutions in pore space (Kotyrba et al., 2012). During heating, the
conductivity of partially saturated waste containing mixed fragments of
clastic sedimentary rocks decreases due to the replacement of con-
ductive pore water by the non-conductive fluid (air). Furthermore, at
temperatures above 400 °C, clay minerals constituting the additional
interface conductive component (Schon, 2015) start to release the OH
group. When temperatures rise further, changes in clay minerals occur
up to their disintegration or transition to other mineral phases. The
importance of other conductivity types increases with increasing con-
tents of carbon in coal, and in the waste. Laboratory experiments (Duba,
1977, 1983; Kotyrba et al., 2012) on samples of bituminous coal show
the marked effect of temperature on the measured resistivity. Fresh
bituminous coal is characterized by electrical resistivity of 10° Qm. On
heating between 20 and 60 °C, a gradual decrease in measured re-
sistivity (down to 400 Qm) is due to the enhanced mobility of ions in an
aqueous solution. Between 60 and 100 °C, the resistivity stabilizes.
Above 100 °C, a rapid increase in resistivity of several orders of mag-
nitude occurs before a further re-stabilization level is reached. These
changes are explained by the reduction of both free- and chemically-
bound water contents. Above 300 °C, a further decrease in resistivity
occurs, initially slow, but considerably faster above 515 °C. At a tem-
perature of 800 °C, the resistivity of char approaches the value of 102
Qm (Duba, 1977); these resistivity changes now relate to increasing
concentrations of highly-conductive carbon.

Electromagnetic- and resistivity studies have shown a correlation of
coal-seam fire zones with electrical resistivity less than several Qm
(King, 1987; Schaumann et al., 2008; Meyer et al., 2009; Revil et al.,
2013; Karaoulis et al., 2014; Shao et al., 2016). Furthermore, negative
self-potential anomalies are reported to exist over burning fronts (Qing
and Wang, 2010; Revil et al., 2013; Karaoulis et al., 2014). Both la-
boratory- and field research shows these electrical parameters to be
strongly dependent on the thermal processes occurring in coal-bearing
rocks. In addition, during combustion, weakly-magnetic ferrous mi-
nerals such as pyrite that are common in coal seams are transformed
into ferrimagnetic minerals (400-700°C for hematite, > 500 °C for
pyrrhotite, > 900 °C for magnetite), making overburned areas detect-
able by magnetic methods (Schaumann et al., 2008; Sant'Ovaia et al.,
2010; Qing and Wang, 2010; Donelly and Bell, 2011).

Changes in resistivity comparable to those observed with fires in
coal deposits can be expected in heating coal-waste dumps containing
significant quantities of organic carbon. In this study, selected geoe-
lectrical methods were tested on a thermally active dump that is not a
typical coal-waste dump, but a municipal landfill where coal waste was
used in its rehabilitation.
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Fig. 1. The location of the Welnowiec dump near Katowice city centre, with
marked thermally-active zones and sampling sites. Numbers from 1 to 11 in
figure correspond to sample codes WB1-11.

1.3. The Welnowiec dump

The Welnowiec dump is located ca 1km NNE of Katowice city
centre in the Upper Silesian Coal Basin. It is surrounded by housing
estates and a block of flats (Fig. 1). It is a former rubbish dump for
urban wastes open between 1991 and 1996. By the time of its closure, it
is estimated that ca 1.6 million tons of waste had been placed in the ca
1.6 ha dump, with coal waste including sandstones, coaly shales and
mudstones comprising ~22.5%, municipal waste ~21.5%, building
waste ~40% and the remainder, composting plant waste. The world-
wide compositions of municipal solid waste are highly variable, de-
pending on the stage of development of the country concerned, its
geographical location (climate), housing types, and methods (if any) of
waste sorting (Edjabou et al., 2016). Generally, low-income countries
produce higher percentages of biological waste whereas waste pro-
duced in high-income countries typically contains higher contents of
paper, plastics, and metals. For example, in Scotland, a developed
European country, paper and card comprise from 16 to 40%, plastics ca
4-10%, glass ca 4-5%, textiles ca 1.3-6%, metal ca 4%, and food/
kitchen waste 20-30% of municipal waste (Zero Waste Scotland, Final
Raport, 2010). In Ghana, the overall composition of municipal waste
has been estimated to be 61% organics, 14% plastics, 5% paper, 3%
metals, 3% glass, 1% leather and rubber, and 1% textiles (Miezah et al.,
2015). In the Welnowiec dump, the composition of the urban waste is
as follows: paper and card ca 7%, plastics 3%, glass 3%, metal 2%,
textiles 1.5%, leather and rubber 1%, and the remainder, most probably
kitchen/food waste, ca 82.5%.

In 1998, after several years of usage, and complaints about odours,
it was decided to rehabilitate the Welnowiec municipal-waste landfill
with coal waste from, most probably, the former “Katowice” Coal Mine
nearby. A multi-barrier system was designed, a “rehabilitation layer”
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Fig. 2. The Welnowiec municipal waste landfill re-
habilitated with coal wastes which heated and ig-
nited. A - Fire-fighting at the eastern part of the
northern slope by dug 5-m deep trench filled with
fly-ash slurry, December 2008. B — Coal waste of
unknown excess thickness used for rehabilitation
with higher than planned coal content. C — Fire-
fighting in the central part of the northern slope of
the dump, November 2009. D — Thermal activity
within re-built and extinguished part of the northern
slope, appeared on February 2010. Intensification of
burning (dark spots) at the borders of extinguished
area. E — Burning reaching the easternmost part of
the northern slope; heated places promote vegetation
growth even in winter (January 2014). F -
Exhalative minerals encrusting vents on the dump
surface, March 2014. G - Hot spots on the south-
eastern slope of the dump: initial thermal activity
~6m in diameter (left) and vanning activity (right),
January 2010. H - Slope stabilization with wooden
poles caused intensified thermal activity at the
south-eastern slope of the dump. Photos: Justyna
Ciesielczuk.

comprising, from bottom to top, 1) a 0.3 m carrier layer of compact
coal-mine waste, 2) a 0.5 m sealing layer of clays, 3) a 0.1 m protective
layer of sand, 4) a 0.3 m drainage layer of 16-32 mm gravel, 5) a 0.6 m
layer comprising non-compacted coal-mine waste (sandstones, shales,
mudstones with coal content < 5%) mixed 1:1 with soil, and 6) a 0.4 m
layer of humus (Klejnowska, 1996; Ciesielczuk et al., 2013).

As the municipal waste contained 58.84 wt% of biological wastes, it
was decided, in 2001, to exploit biogas (methane) from the dump
(Klejnowska, 1996). A total of 39 boreholes were drilled. Though ex-
ploitation was planned for 20years, the yield quickly became un-
profitable. At that time, it was discovered that instead of the planned
rehabilitation, the actual rehabilitation had used much more coal waste
with much higher coal contents deposited without any packing or un-
dertaking of fire-prevention measures (Fig. 2). The total thickness of
coal waste is unknown. The rehabilitation, as might have been

expected, caused self-heating and self-ignition to occur. Most likely, the
dump had been self-heating for some years before the first intense fire
broke out in the eastern part of the northern slope in November/De-
cember 2008 (Ciesielczuk et al., 2013). An attempt was made to ex-
tinguish the fire with fly-ash slurry. Though the fire was extinguished
there (Fig. 2A), heating restarted in the central part of the same slope.
Extinguishing- and re-engineering works were performed in December
2009 (Fig. 2B, C). A five-meter-deep excavation was made to isolate the
burning waste zone and leave it to cool. Water and a water-lime mix-
ture were poured over the excavation. Despite all, the action was un-
successful, and heating was evident again in February 2010 (Fig. 2D). In
fact, by admitting oxygen, the excavation works had promoted an in-
tensification of the fire. The fire front moved slowly to reach the east-
ernmost part of the dump in 2014 (Fabiarska et al., 2013; Ciesielczuk
et al., 2013; Figs. 1 and 2E). In areas of thermal activity, vents on the
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dump surface emit hot gaseous jets containing water vapour, carbon g
monoxide and dioxide, methane and other light hydrocarbons 2
(Fabiariska et al., 2013Parafiniuk and Kruszewski, 2009, 2010; | ce
Kruszewski, 2013; Fig. 2F). These exhalative zones are permeated with 2, E'% ﬁ
water and bitumen formed by pyrolysis in an underlying self-heating & ; ; ; ; ; ; ; ; ;‘ ;
zone. Exhalative minerals encrust many of the vents and fissures. In the O|HuEdE®EERERX
vents, measured temperatures exceed 80 °C at the surface and, 0.3 m
subsurface, can reach 770 °C. Heating was also observed on the eastern- _
and south-western slopes of the dump with hot spots reaching 500 m? ?§
(Figs. 1 and 2G). This activity was short-lived. Attempting of slope =
stabilization with wooden poles caused intensification of thermal ac- E
tivity (Fig. 2H). §

The actual thickness of the coal waste layer, the volume of coal g TR~ I
waste used in rehabilitation, the volume of burnt waste and the overall Flogsengszag

intensity of thermal activity at Welnowiec are all unknown. To begin to
fill this knowledge gap, geophysical-, mineralogical- and chemical in-
vestigations were carried out. Monitoring of the thermal activity of the
dump by the authors since 2008 informed the choice of geophysical
traverses and of representative sites for sample collection.

The main goals were to establish whether:

(a) Geophysical methods can be successfully used to detect the recent
development and progression of self-heating in the coal-waste
dump, and in the past.

(b) These methods could be used to distinguish municipal- and coal
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2.3. Bitumen extraction

The samples were powdered in a rotary mortar and ca 6-12 g ex-
tracted with dichloromethane in a Thermo Scientific Dionex 350 ap-
paratus dedicated for accelerated solvent extraction (t= 65°C;
p = 1500 psi; extraction time per sample 15min). All solvents used
were of analytical grade. Blank extractions were performed before and
after the sample extractions.

2.4. Mineralogy

Mineralogical identifications were established by Powder X-ray
Diffraction (PXRD) and Scanning Electron Microscopy (SEM). Phase
compositions of powdered samples were determined using a fully au-
tomated X-ray Philips PW 3710 diffractometer operated at 45kV and
30 mA, CuKa radiation, and equipped with a graphite monochromator.
Mineral morphologies and spatial relationships between components
were examined using a Philips XL 30 ESEM/TMP scanning electron
microscope coupled with an energy-dispersive spectrometer (EDS;
EDAX type Sapphire). Analytical conditions of the SEM were: accel-
erating voltage of 15 kV; a working distance of ca 10 mm; counting time
of 40s. All studies were carried out at the Faculty of Earth Sciences,
University of Silesia, Sosnowiec, Poland.

2.5. Chemical composition of coal - waste samples and leachates

X-ray Fluorescence (XRF) was used to measure 49 element con-
centrations using a RIGAKU NEX DE spectrometer. Ten powdered
samples were pressed and measured three times.

Atomic Absorption Spectrometry (AAS) was used to measure con-
centrations of selected metals in coal-waste water leachates. Powdered
coal waste (15 g) in 250 cm?® of distilled water was stirred for 2 h, left to
settle for 24h and filtered. Trace elements in the leachates were
quantitatively determined using a Solaar M6 Thermo Scientific AAS
spectrometer. The spectrometer working conditions were: flame type
air-CoH,; wavelength [nm] 285.2 for Mg, 766.5 for K, 422.7 for Ca,
589.0 for Na, 324.8 for Cu, 232.0 for Ni, 213.9 for Zn, 248.3 for Fe,
240.7 for Co, 228.8 for Cd, 217.0 for Pb and 279.5 for Mn (Atomic
Absorption Spectrometry. Unicam Methods Manual, 2000). Calibration
curves were prepared to obtain an average absorbance for the sub-
sequent measurements of the sample solutions.

Mobilities of the elements were calculated as the percent of the
concentration of the element in the whole sample, e.g., the mobility of
Mg in sample WB1 is (5.9 mg/kg *100)/3350 mg/kg = 0.18%.

2.6. Geophysics

The geophysical investigation involved 16 traverses of Electrical
Resistivity Tomography (ERT); eight were sited on the flat roof of the
dump, seven on slopes and one at the foot of the dump. Additionally,
two traverses of shallow electromagnetic profiling (FDEM) were sited
along the south-western and northern slopes (Fig. 3).

Resistivity measurements were performed with an ABEM
Terrameter SAS4000 resistivity meter with 11-41 electrodes per tra-
verse. The Wenner-Schlumberger array was applied. One of the tra-
verses (ERT-13) with a length of 400 m and an electrode spacing of 5 m
enabled the investigation to a depth of 50 m which considerably ex-
ceeded the depth of the dump. Shallow measurements with an electrode
spacing of 1.5 m allowed a detailed identification of the dump structure
to a depth of 4.5-10 m, depending on the length of the line. This depth
was sufficient to determine the distribution of resistivity in the near-
surface layer where thermal phenomena occurred, as the self-heating
zones were observed at depths of 1.5-3.0 m. Each resistivity section
includes at least 115 apparent resistivity measurements. Measurements
were stacked 2-4 times to reach a standard deviation < 5%.

The ERT reconnaissance required the electrodes to be in direct
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contact with the ground, risking equipment damage in the case of ex-
tremely shallow fire-spots. Therefore, the ERT was limited to thermally
inactive zones. For locations where high temperatures were expected, it
was decided to make shallow electromagnetic profiling using the EM38-
MK2 meter (Geonics Ltd.). This conductivity meter provides measure-
ments of subsurface apparent conductivity at two depths simulta-
neously. For the applied vertical dipole configuration (VD) and 10
readings/s, the device collects information up to a depth of 1.5m for
VD =1.0m and to a depth of 0.75m for VD = 0.5m sampling the
traverse at ~ 0.1 m intervals.

3. Results and discussion

Nine years of monitoring thermal activity in the Welnowiec dump
underpins the distinction of thermally-active zones that can be de-
scribed as 1) initial, 2) active, 3) short-lived formerly active and 4)
strongly overburnt.

The initial thermally-active zone (zone I) is where fire encroaches
on new volumes of coal waste at the edges of the active zone. The
thermally-active zone (zone A) encompasses areas where fire has never
been extinguished and temperatures reach 400-500 °C in exhalation
flues at the surface. In the short-lived formerly active areas (zone F), the
fire did not last, and temperatures typically oscillated between 70 and
100 °C, with maxima of < 460 °C lasting < 1-2 months. The strongly
overburnt zone (zone O) was characterized by long-lasting elevated
temperatures < 800-900 °C. This zone was accessible, and sampling
possible, only because burning waste had been excavated for cooling.

3.1. Maceral composition and vitrinite reflectance measurements

Organic particles are typically present in small amounts (< 5%) in
the coal waste. Only in samples WB4 and WB7 the contents are higher
(22.4 and 11.8%, respectively). Organic matter is absent or below the
detection limit (< 0.2%) in samples WB8-WB10 (Table 2, partially
published in Fabianiska et al., 2017).

Organic matter occurs as unaltered macerals of vitrinite, liptinite,
and inertinite groups (Fig. 4). They are heterogeneous in terms of their
origin and content. Some particles have experienced alteration due to
self-heating. Low heating rates are reflected in pale-colored vitrinite
also characterized by higher reflectance. Solid bitumen, a newly-formed
type of organic matter, has a porous structure, dark color in reflected
white light and, typically, a dark-brown fluorescence. The bitumen may
occasionally host other organic particles distinguished on color, re-
flectance, and morphology. Chars present represent unburnt organic
matter in fly ash from coal combustion in low-efficiency boilers. These
forms are yellowish white in reflected white light and have high re-
flectance and no fluorescence. They show no signs of plasticity or are
highly porous.

Samples from the initial zone (WB1 and WB2; Table 2) are strongly
dominated by mineral matter (96-96.8%). Of the three maceral groups,
unaltered vitrinite occurs most commonly, comprising 3% of the waste
material (Fig. 4A-D). Liptinite- and inertinite macerals are rare
(< 0.4%), (Fig. 4C-D). The only signs of thermal alteration are rare
(< 0.4%) particles of pale-colored vitrinite. The reflectance (R,) values
are 0.81 and 0.83%, respectively.

Samples from the active thermal zone (WB3, WB4, WB6) are
strongly differentiated. Two (WB3, WB6) have low organic-matter
contents (< 5.6%) and WB4 is extremely rich (22.4%). Organic matter
in sample WB4 is dominated by solid bitumen earlier generated from
other types of organic matter. Chars are also an important component.
In this case, their presence is an indication of attempts made to extin-
guish the fires. Inertinite and pale-colored vitrinite are much rarer
(Fig. 4F). Reflectance (R,) values are the highest of all samples (1.08%;
Table 2). The organic component in samples WB3 and WB6 is domi-
nated by unaltered macerals and chars. Solid bitumen is absent and
liptinite- and inertinite macerals comprise < 0.4%. These samples are



J. Pierwota et al.

International Journal of Coal Geology 197 (2018) 1-19

Fig. 3. Locations of geophysical traverses and sampling points.

mixed with strongly-altered (R, = 0.92%; sample WB3) and unaltered
material (R; = 0.66%; sample WB6) occurring together. Relocation
may be indicated.

Samples (WB7-WB11) from short-lived- and overburnt thermal
zones represent distinct levels of waste alteration that could be related
to attempts to extinguish fires and waste relocation. Both unaltered-
and strongly-altered organic matter occur together. Microscopically,
visible organic matter essentially absent (< 0.2%) in samples WBS-
WB10 amounts to < 11.8% in samples WB7 and WB11 where it is re-
presented by unaltered macerals (Fig. 4I-L), pale-colored vitrinite and
chars (Fig. 4P). Very low R, values (0.65 and 0.67%, respectively)
possibly suggest some material relocation.

3.2. Bitumen in the Wetnowiec dump

Extraction yields are highly variable (0.12-17.22 wt%) due to a
variety of processes affecting bitumen occurrence (Table 1). With both
natural weathering and oxidation of coal-bearing rocks, and with
leaching by meteoritic waters, bitumen content is reduced. During self-
heating, the coal waste was subjected to pyrolysis increasing bitumen
yield and to rapid- and severe oxygenation during firefighting activities.
These processes do not equate to the natural thermal evolution within a
deposit (Suggate, 1982) but rather to technological processes such as
coal pyrolysis. The highest extraction yields (6.72-17.22 wt%) were

found in the recent self-heating zone A, whereas the lowest
(0.12-0.38 wt%) were obtained for burnt-out coal waste from the site
where firefighting had taken place (zone O). Moderate values ~1 wt%
typify the initial active zone I and the now inactive sites where heating
had occurred in the recent past (zone F: 0.52 and 0.74 wt%). Bitumen
expelled then was subjected to weathering, leaching, and evaporation;
most of the pyrolysates occur at grain surfaces thus they were changed
to the highest stage (Fabiariska et al., 2017).

3.3. Mineralogy

All distinguished zones touched by thermal activity result in var-
iation in petrography and mineral composition (Table 3; Figs. 4, 5).
Samples collected from a zone can differ despite their macroscopically
similar appearance, as has been pointed out by coal-waste dump re-
searchers (Ciesielczuk et al., 2014b; Ribeiro et al., 2016; Stracher et al.,
2015; Sykorova et al., 2018).

The initial thermally-active zone (zone I) is represented by greyish
mudstones with a weak- or absent bituminous smell (samples WB1 and
WB2). The main mineral composition, i.e., quartz, kaolinite and illite,
Mg-Fe chlorites, and microcline and plagioclase, suggests that no
thermal changes had taken place. Accessory monazite-(Ce) and zircon
are present. Individual grains of hydroxylapatite, anatase, calcite, and
spinels possibly reflect some heating (Table 3; Fig. 4A, B, C, D, 5A).

Table 2

Petrography of waste samples, Welnowiec dump. n - number of reflectance measurements.
Sample Thermal zone Mineral matter  Vitrinite [%] Liptinite [%] Inertinite [%] Paler colored vitrinite Chars [%] Solid bitumen R, [%] Standard n

[%] [%] [%] deviation

WB1 Initial 96.8 3.2 0.0 0.0 0.0 0.0 0.0 0.83 0.15 50
WB2 96.0 3.0 0.2 0.4 0.4 0.0 0.0 0.83 0.29 50
WB3 Active 94.4 1.0 0.2 0.4 0.0 4.0 0.0 0.92 0.27 25
WB4 77.6 0.0 0.0 0.4 0.4 3.2 18.4 1.08 0.32 25
WB6 97.8 1.0 0.4 0.2 0.2 0.4 0.0 0.66 0.14 50
WB7 Short-lived 88.2 5.8 0.4 0.8 1.2 3.6 0.0 0.65 0.07 50
WBS8 100.0 0.0 0.0 0.0 0.0 0.0 0.0 - - -
WB9 Over-burnt 100.0 0.0 0.0 0.0 0.0 0.0 0.0 - - -
WB10 100.0 0.0 0.0 0.0 0.0 0.0 0.0 - - -
WB11 95.0 0.8 0.0 0.0 1.6 2.6 0.0 0.67 0.09 50
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G

Fig. 4. Mineralogy and petrography of representative coal-waste samples. A — SEM-BSE, B - RLOM photos of sample WB1, composed of quartz (Q), kaolinite (KIn),
Mg-Fe chlorite (Ch), hercynite (Hc), vitrodetrinite (Vd) and collotelinite (Ct). C — RLOM image of coal particle composed of collotelinite (Ct), semifusinite (Sf),
fusinite (F), inertodetrinite (Id) in sample WB 2. D — RLOM image of particle composed of collotelinite (Ct), vitrodetrinite (Vd), fusinite (F), and inertodetrinite (Id),
sample WB2. E - SEM-BSE image of sample WB3 composed of magnetite (Mgt), hercynite (Hc) and Si-Al glass (Gl). F - RLOM image of fusinite, sample WB4. G —
SEM-BSE, H - RLOM images of sample WB6, composed of quartz, K-feldspar (K-fs), anatase (An) and combusted Pb. I - SEM-BSE, J — RLOM images of sample WB7,
showing fusinite (F) coexisting with Fe-dolomite (Do). K — SEM-BSE, L — RLOM images of sample WB7, composed of fusinite (F), semifusinite (Sf), inertodetrinite (Id),
and collotelinite (Ct) filled by kaolinite (Kln). M, N — SEM-BSE photos of sample WB9, composed of anorthite (An), spinel (Sp), hercynite, pyroxene (Px), forsterite
(Fo), hydroxylapatite (Ap), celsian (Cs), and glass (Gl). O - SEM-BSE image of cordierite (Cdr) crystals grown in degassing pores, sample WB10. P — RLOM image of
thermally-altered organic matter partially devolatilised (presence of large pores) and composed of semifusinite (Sf), fusinite (F) and inertodetrinite (Id), sample
WB11.

A, B,C,D-zone; E, F, G, H-zone A; I, J, K, L — zone F; M, N, O, P — zone O.

Photos: Justyna Ciesielczuk and Magdalena Misz-Kennan.
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Fig. 4. (continued)

The thermally-active zone (zone A) is represented by waste with
gray-black particles 0.2-1.5 cm in size, and with a strong bituminous
smell (samples WB3, WB4, and WB6). About 90% of the waste is mi-
neral matter. Main minerals comprise quartz, clay minerals, and feld-
spars. Subordinate Fe oxides, mullite, elemental lead, and a ZnS phase
also occur (Table 3). However, a mixed origin is indicated by the pre-
sence of spinels (Fig. 4E); their formation requires temperatures >
800 °C which would exclude the coal present (5.6%; Fig. 4F). In fact,
cenospheres from furnace combustion are ubiquitous. They were
probably deposited as a rehabilitation material. Sample WB4 containing
gypsum, bassanite, anhydrite and sal ammoniac was collected at an
intensely-active vent. Elemental lead is a possible by-product of

combustion (Fig. 4G, H, 5B). The ZnS phase (sample WB6) occurs as a
coating on contemporary plants.

The short-lived thermally-active areas (zone F) are represented by
gray coal waste with visible fragments of organic particles, some traces
of weathering, and a weak bituminous smell (samples WB7 and WBS).
The waste samples are dominated by quartz, clay minerals (illite and
kaolinite), K feldspar, plagioclase, and clinochlore also present.
Carbonates (calcite and dolomite) and hydroxylapatite occur as traces
(Table 3; Fig. 41, J, K, L, 5C).

The strongly-overburnt zone (zone O) is composed of reddish, gray-
and brown waste (samples WB9, WB10 and WB11) with visible de-
gassing pores and no bituminous smell. The mineralogy is very
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Mineral phase analyses (XRD and SEM-EDS) for waste samples, Welnowiec dump.
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Sample WB1 WB2 WB3

WB4 WB6 WB7 WBS8 WB9 WB10 WB11

Thermal activity zone Initial Active

Short-lived Overburnt

Quartz SiO, XXX XXX
Cristobalite SiO,

Tllite (K,H30)(ALMg,Fe)(Si,Al)4 O10[(OH),,(H20)] XXXX
Biotite K(Mg,Fe)3(AlSiz040)(F,0H), EDS
Kaolinite Al,Si>O5(OH)4 XX XX XX
dickite

Chlorite (Mg,Fe)sAl(Si3A1)O10(OH)g XX XX

Clinochlore MgsAl(Si3A)O;0(OH)g X
Microcline KAISizOg XX XX EDS
Orthoclase KAISi3Og

Celsian (K, Ba)AlSizOg

Plagioclase (Na, Ca)AlSizOg X

Anorthite CaAl,Si,Og

Cordierite Mg,Al5[AlSisO1g]

Corundum Al,O3

Mullite AlgSizOq3 XX
Olivine group (Fe, Mg),SiO4

Augite

Hematite Fe,O3 ? EDS
Magnesioferrite MgFe,04

Magnetite FeFe;O4 ? EDS
Hercynite FeAl,04 EDS EDS
Spinel (Mg, Fe)Al,O4 EDS

Calcite CaCO3 EDS EDS
Dolomite CaMg(CO3),

Gypsum CaSO42H,0

Bassanite CaSO4-0.5H,0

Anhydrite CaSO4

Sal ammoniac NH4Cl

Hydroxylapatite Cas(PO4)3(OH) EDS EDS
Zircon ZrSiO4 EDS EDS
Monazite-(Ce) (Ce,La)PO, EDS

Anatase TiOy EDS

Lead Pb

Iron Fe

Chalcopyrite CuFeS,

ZnS

Glass ? EDS
Coal EDS EDS EDS

XXXX

XXXX XXXX

XXXXX XXXXX XXXXX X X
X XX XX X
EDS

XX XX XX

XX
XX XX

X EDS XX

XXXX
XXXXX
EDS

EDS

X Trace EDS
EDS
XX

>

EDS CI-EDS EDS X
EDS

EDS
EDS EDS
EDS
EDS
EDS
EDS EDS EDS EDS EDS
EDS EDS EDS EDS EDS

EDS - Minerals were found by SEM-EDS but not confirmed by XRD.

XXXXX — > 50%; XXXX — 30-50%; XXX — 20-30%; XX — 7-20%; X — < 7%;? - possible.

CI-EDS - chlorapatite according to EDS.

different; there is almost no quartz, clay minerals or K-feldspar. High-
temperature minerals present include anorthite, cordierite, mullite,
cristobalite, augite, olivine, Fe and Mg oxides and celsian. The last
mineral is characteristic of some pyrometamorphic rocks forming in the
burning coal-waste dumps, especially the so-called “black block” me-
tapelites, i.e., fine-grained coal waste thermally transformed under low-
oxygen conditions (e.g., Kruszewski et al., 2014; Ciesielczuk et al.,
2015a and b; Fig. 5D). The Si and Al contents are similar (sample
WB10) because of kaolinite transformation through metakaolinite and
glass to mullite and cristobalite (Creelman et al., 2013). Tiny grains of
metallic iron and chalcopyrite are dispersed in the matrix of sample
WB10 (Table 3; Fig. 4M, N, O, P).

3.4. Chemical composition

The elements composing the collected samples occur in a wide
variety of chemical forms and can vary widely. Chemical composition
depends on the original composition of the coal waste, including det-
rital material, volcanic ash, cosmic dust, coaly material and can reflect
the consequences of processes such as epigenetic mineralization, water
leaching, remobilization and thermal activity. The mode of occurrence
of the element dictates its behaviour and its environmental impact
(Finkelman, 1993). Active fires in the coal-bearing waste can mobilize

elements through direct condensation from escaping gas, interaction
with coal waste, and evaporation of acidic solutions possibly enriched
in metals (Kribek et al., 2017). Increasing heat first causes changes in
organic matter, and then in mineral matter (Ciesielczuk et al., 2014a,
2014b and references herein). The kind and intensity of these processes
are different in all of four zones and reflects the chemical and mineral
composition (Tables 3 and 4). Heating or weathering has marked some
changes in element contents of the raw material. Differences are evi-
dent mainly among the major elements, e.g., low Si and Al in sample
WB4 reflect the high content of carbonates and sulphates in place of
quartz and aluminosilicates. A single, rare mineral species in a sample
can significantly increase trace-element contents, e.g., Pb (combustion-
derived lead in samples WB4 and WB6), Cl (sal ammoniac in sample
WB4), or ZnS in sample WB6.

Increased- or decreased amounts of elements (in bold or underlined,
respectively, in Table 4), e.g., Mg, P, Ca, Mn, Fe, Zn, Ag, Sn, Sb, Co, Pb,
Se, REE, Te, I and Ta relate mainly to active- and overburnt sites.
Heating triggers element mobility mainly by changes of mineral phases,
as the amount of coal in the waste is small. The unusually high amount
of Mg in overburnt samples is due to pyroxene. Heating causes hema-
tite, magnetite, and magnesioferrite to form, leading to increased Fe
and Mg, and increases in trace elements showing affinity to them, e.g.,
Co, As, Sn and Ge. Extremely high Ca in burnt waste is due to anorthite.



J. Pierwota et al.

International Journal of Coal Geology 197 (2018) 1-19

counts
J @
40000 £
&g
=
E
30000 5
e @ =
20000 3 23 2 2
P2 3@ H E .
g E 238 g|2¢ @ 9 £ ® ®
£ 3 % 3E3 E (5 %0 En Sy 3 gé 2 £ N £
10000 3£ § E2 5|8E2 SEEs £ E 8 E £% £ 3%
s T 25| £)ogs s353 S & 3 ¢ S5 g g
NN EHUNESS 38 % S | = JE T E
0 A N S A UV T . . R - -
a) 10 20 30 40 50 60 70 80 20
counts Y
H
20000 £
¥
©
=
o
Q
: e
10000+ o 2 Lle £ é @
@ 2 E T 8 o S 8 NE 2 o
2 E 3 = |52 ENSN 3 S 28 = £
52 $§ S|85f 2EREE2T E s8 Z efS  p %
52 7 f-eségﬁ%‘r?,as}s &8 §538 § §
“~2.X_J / < = 8 2 k]
WAMJL, N E“,ru‘b’,,,wm\)ti‘du.fk "lmwﬁ,.u- x E L E ‘.:_Nugm_m& o
0 : : . ‘ : ‘ : o
10 20 30 40 50 60 70 80
b) 20
2
counts 3
100000 ]
E
2
8
]
-2
50000-] K] K]
g o g e .
@ 20 £ o o < o
2 Sy g £ ¢ £ £
g£E st gt e £ : £33 ¢ 3
o & o 058 5358 3 8 T2 3 3 5 s o
T E =g Eéﬁ Etrgo- T = £ s T 2 2 E
0 u_?;JL'_}Ln;V \JL,A‘J\,«‘ ,,,Jff,:\;nhjr,,x‘ L. fo I‘t_,_.__)n‘ : N S
C) 10 30 40 50 60 70 80
20
counts
Q
8000-| : .
3 c
e | 2
Eeg o 2
6000 v 50 :
o Q8= €3 o
£ ESE, g g 2
5, E502 | b oD 2
4000+ g §2 gess 5E 5 2 @
T 2 §5°7% EA 05 o 0802 o o
i< Pty 2 o2e © 633 4 20258 oS 2
S 28-: £ 5' E=1 £ c0 g e TEOESE £ D ] o o
< o5 |2 2 ® = g33E8s 55 S £ = c
2000-{\, & g SH}M‘ IR SR L T
« A 1 ‘ < 3 =
stk 5 ) S U J m M M N \AJW. )\\/“U\’W‘«’\A ‘A‘%AM'\ MA./\ ,)l\’\/ - %W&“MW*
d)o ; ; ; ; , ; , ;
10 20 30 40 50 60 70 80

20

Fig. 5. PXRD patterns of representative samples. A — Initial thermal zone (sample WB2). B — Active zone (sample WB3). C - Short-lived active zone (sample WB8). D —

Overburnt zone (sample WB9).

As K-feldspar in zone O contains celsian, so Ba and associated Sr in-
crease. Interestingly, in samples showing REE enrichment, La is clearly
elevated only in samples WB9 and WB11, whereas Nd is dominant in
samples WB6, WB8, WB9, and WB11.

The Si, Al, K, Ca, P, S, Cl, Mn, V, Tl, Sn, Co, Fe and Rb contents in
the samples (Table 4) closely reflect their different mineralogies
(Table 3). The presence of carbonates and lower contents of quartz,
aluminosilicates, and glass is reflected in an increase of Ca and de-
creases in Si and Al. Higher P is linked to the presence of an apatite
group species. High Ca and S in sample WB4 is due to the presence of
weathering minerals, namely gypsum, bassanite and anhydrite and high
Cl to the occurrence of sal ammoniac in thermally active areas. Mn, Ag,
Sn, and Co, with their affinity to Fe, reflect the presence of Fe oxides,

10

and vanadium and thallium the presence of clay minerals. There is no
correlation of Rb with the presence of K-feldspar in the dump although
some affinity to illite is noted, as in the Starzykowiec coal-waste dump
(Ward, 2002, 2016; Ribeiro et al., 2010; Ciesielczuk et al., 2014a;
Kiibek et al., 2017). Invariable amounts of other elements reveal
nothing of the thermal activity.

In general, the chemistries of the initial I and short-lived F zones are
similar and differ from those of the thermally active A and overburnt O
zones (Table 4, in bold, last four columns). The contents of Si, Ti, Al, K,
Sb, In, and Sc are significantly higher whereas those of Fe, Mn, Mg, Ca,
P, Sr, Ba, Se, Ce, Pr, Nd, Sn, Te, and I are lower. The effects of long-
lasting thermal activity are obvious.
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Table 4
Chemical composition [mass %; XRF] of waste samples, Welnowiec dump. Increased values are in bold and decreased values are underlined.
Thermal zone WB1 WB2 WB3 WB4 WB6 WB7 WB8 WB9 WB10 WB11  Possible cause or  Averages
mode of
Initial zone Active zone Short-lived zone Overburnt zone occurrence Initial Active Short- Over-
lived  burnt
Si 25.1 24.5 21 139 23.4 23.6 29 19.7 27.3 19.6 Carbonates, 24.80 19.43 26.30 22.20
sulphates,
depletion in quartz
Ti 0.54 0.58 0.539 0.386 0.351 0.546 0.291 0.307 0.516 0.277  Affinity to anatase 0.56  0.43 0.42 0.37
and zircon
Al 5.66 6.03 5.61 2.52 4.02 5.36 4.05 5.2 5.14 4.74 Carbonates 5.85 4.05 4.71 5.03
Fe 1.68 1.6 2.8 1.64 3.78 1.63 1.34 9.86 6.01 5.86 Fe oxides 1.64 274 1.49 7.24
Mn 0.0288 0.023 0.0503 0.0542 0.0585 0.029 0.0316  0.222  0.143 0.132  Fe oxides 0.03 0.05 0.03 0.17
Mg 0.335 0.327 0.911 0.265 0.245 0.25 0.225 2.14 0.549 1.559  Augite 0.33 0.47 0.24 1.42
Ca 0.211 0.321 1.63 5.68 0.737  0.353 0.217 8.63 0.205 5.2 Calcite, augite, 0.27  2.68 0.29 4.68
anorthite
K 2.59 3.02 2.02 1.26 1.72 2.5 3.31 0.957 2.94 1.33 Depletion in illite 2.81 1.67 2.91 1.74
and K feldspar
0.143 0.148 0.308 0.459 0.133 0.14 0.134 0.317  0.155 0.281 Apatite 0.15 0.30 0.14 0.25
S 0.214 0.167 0.142 4.01 0.253 0.174 0.1042  0.113 0.104 0.192  Gypsum, ZnS 0.19 1.47 0.14 0.14
Cl 0.0541 0.0432 0.0515 1.67 0.0574 0.0475 0.0427 0.0605 0.0486 0.0594 Salammoniac, 0.05 0.59 0.05 0.06
chlorapatite
\% 0.0297 0.0334 0.041 < 0.0001 0.0058 0.03 0.0128  0.008 0.035 0 Affinity to illite 0.03  0.02 0.02 0.01
Cr 0.0244 0.0273 0.0295 0.0175 0.133 0.0303 0.0198 0.0195 0.0352 0.001 Affinity to chlorite 0.03  0.06 0.03 0.02
and spinel
Co 0.0122 0.0114 0.0176 0.0122 0.0241 0.0127 0.0103 0.0487 0.0318 0.0304 Affinity to Fe 0.01 0.02 0.01 0.04
oxides
Ni 0.0195 0.0208 0.0222 0.021 0.0398 0.0202 0.0201  0.0282 0.0223 0.0193 0.02  0.03 0.02 0.02
Cu 0.0085 0.0089 0.0108 0.0263 0.0132 0.0091 0.0065 0.0178 0.0112 0.0114 0.01 0.02 0.01 0.01
Zn 0.0085 0.0079 0.023 0.0916 0.181 0.0225 0.0084  0.005 0.0132 0.0061 ZnS 0.01 0.10 0.02 0.01
As 0.0011 0.001 0.0016 0.0015 0 0.0012 0.0008 0.0008 0.0009 0.0003 Affinity to 0 0 0 0
hematite
Rb 0.0127 0.0161 0.0121 0.0061 0.008 0.0117 0.0107 0.0052 0.0153 0.007 Affinity to illite 0.01 0.01 0.01 0.01
Sr 0.0098 0.0136 0.0472 0.0217 0.0082 0.011 0.0078 0.095 0.0105 0.0539 Celsian 0.01 0.03 0.01 0.05
Mo 0 0 0 0.0027 0.0158 0 0 0 0 0.0014 ZnS 0 0.01 0 0
cd 0.0016 0.0013 0.0014 0.0017 0.0043 0.0018 0 0 0.0013 0.005 ZnS 0 0 0 0
Sb 0.202 < 0.0001 0.0405 0.0009 0.1138 0.194 0.263 0.0475 0.163 0.0069 Hercynite, coal, 0.10 0.05 0.23 0.07

plagioclase, ZnS,
chalcopyrite, iron

Ba 0.0506 0.065 0.0752 0.0651 0.1504 0.0593 0.1186 1.023 0.0622 0.503 Celsian 0.06 0.10 0.09 0.53

Pb 0.0028 0.0034 0.0071 0.0253 0.163 0.0075 0.0024 0.0012 0.002 0.005 Combusted Pb 0 007 O 0

Se < 0.0001 < 0.0001 0.0005 0.0338 0.0002 0 0 0.0281 0 0 ZnS, lead, gypsum, 0 0.01 0 0.01
coal

Hg 0 0 0 0 0.0036 0 0 0 0 0.0019  ZnS, coal 0 0 0 0

Y 0.0055 0.0056 0.0056 0.0007 0.0066 0.0046 0.0039 0.0071 0.0065 0.0064 Carbonates, 001 O 0 0.01
apatite

Hf 0.0008 0.0031 0.0038 0.0039 0.0036 0.004 0.0038  0.004 0.0038 0.003 0 0 0 0

Nb 0.0033 0.0032 0.0031 0.0017 0.0016 0.0024 0.0015 0.003 0.0031 0.0023 TiO,, zircon 0 0 0 0

Ta 0 0.0008 0.0024 0.0014 0.0026 0.0017 0.0032 0.0056 0.001 0.0044 Augite, plagioclase 0 0 0 0

Th 0.0017 0.0019 0.0019 0.001 0.0019 0.002 0.001 0.0019 0.0018 0.0017 0 0 0 0

U 0.0004 0.0004 0.0004 0.0001 0 0.0003  0.0001  0.0007 0.0003 0.0004 0 0 0 0

La 0.0002 0.0002 < 0.0001 0 0 0.0263 0.0203 0.113 0 0.1012 0 0 0.02 0.07

Ce 0.0058 0.0057 0.0034 0.0574 0.078 0.0031 0.0493 0.142 0.0041 0.129 0.01 0.05 0.03 0.09

Pr < 0.0001 < 0.0001 < 0.0001 0.0517 0.0784 0.0001 0.0693 0.0595 O 0.1018 0 0.04 0.03 0.05

Nd 0.0036 0.0065 0.0043 0.0043 0.1232 0.0037 0.0854 0.232 0.0044 0.197 0.01 0.04 0.04 0.14

Dy 0.0132 0.0151 0.0222 0.0152 0.0205 0.0148 0.0162 0.0269 0.0228 0.0187 0.01 0.02 0.02 0.02

Br 0 0 0.0007 0.0098 0 0.0006 0 0 0 0 Sal ammoniac 0 0 0 0

Rh 0.0005 0 0 0 0 0 0 0 0 0 0 0 0 0

Ag 0.0003 0.0002 0.0002 0.0008 0.0021 0.0003 0.0012 0.0035 0.0003 0.0029 Magnesioferrite, 0 0 0 0
spinel

Sn 0.0013 0.0011 0.0049 0.0051 0.0069 0.0016 0.0044 0.0106 0.0796 0.0108 Affinity to Fe 0 001 O 0.03
oxides

w 0.0034 0.003 0.0012 0 0.0191 O 0 0 0.0039 0.004 0 0.01 0 0

Ir 0.0024 0.0021 0.0024 0.0024 0.0035 0.002 0.0022  0.0024 0.0024 0.0018 0 0 0 0

Pt 0.0017 0.0018 0.0015 0.0025 0.003  0.0022 0.0016 O 0.0024 0 0 0 0 0

Au 0 0.0004 0.0014 0.0023 0.0035 0 0.0018 0.0014 0.0005 O 0 0 0 0

Ga 0.0027 0.0032 0.0028 0.0016 0.0013 0.0028 0.0013 0.0019 0.0032 0.0012 Spinel, 0 0 0 0
plagioclase, coal

Ge 0.0926 0.119 0.0011 0.181 0.001 0.118 0.0941 0.1677 0.12 0.214  Affinity to Fe 0.11 0.06 0.11 0.17
oxides

In 0.561 0.73 0.545 0.465 0.463  0.568 0.691 0.398 0.455  0.308 0.65 0.49 0.63 0.39

Te 0.149 0.27 0.314 0.658 0.1569 0.219 0.221 0.894 0.145 0.76 0.21 0.38 0.22 0.60

I 0.0008 0 0.0005 0.0112 0.037 0.0007 O 0.0097 O 0.0187 Sal ammoniac 0 0.02 0 0.01

Cs < 0.0001 O 0 0 0 0 0 0 0 0 0 0 0 0

Tl 0.0012 0.0011 0.0013 0 0 0 0.0016 0 0.0015 0 Clay minerals 0 0 0 0

Sc 0.0103 0 < 0.0001 < 0.0001 0.0036 0.0216 O 0 0.0069 0 0.01 0 0.01 0

11
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3.5. Metal concentrations in coal-waste leachates

Concentrations of major (Mg, K, Ca, Na, Mn, Fe) and minor (Ni, Cu,
Zn, Cd, Pb, Co) elements were measured in leachates from samples from
the four zones of thermal activity in the dump (Table 5). Selected ele-
mental compositions and percentages of elements in leachates com-
pared to those in corresponding whole samples are shown in Table 5.
Some, such as Ni, Cd, and Pb, are below the detection limit, while Fe,
Zn and Co are < 1% of their sample contents. Clearly, they were not
activated by water at any thermally-active site, and their mobility from
coal waste was not affected by fire (Ribeiro et al., 2010). This supports
the contention that their mobility depends on the chemical- and phy-
sical properties of the mineral phase with which it is associated. Fur-
thermore, the overburnt coal-waste material is much more inert than
“fresh” waste. Coal waste at the burning stage is the most en-
vironmentally aggressive (Kfibek et al., 2017; Sykorova et al., 2018).
The most important metals appearing in high concentrations in the
leachates are K, Ca and Na. Magnesium appears in lower amounts. The
highest concentrations of Mg, K, Ca Na, Mn, and Zn in the leachate of
sample WB4, and the abundant Cu and Fe in that of sample WB10
(Table 5, in bold) imply that the leachates collected only metals
forming water-soluble mineral phases such as sulphates (gypsum, bas-
sanite, anhydrite) and sulphides (CuFeS,) that crystallized during fire
or weathering. High concentrations of Pb in samples WB4 and WB6,
and its absence in leachates, reflect the presence of insoluble combusted
lead.

The highest water-leachable concentrations of elements occur in the
active A and overburnt O zones. In the short-lived thermally-active
sites, concentrations are also relatively high. Low concentrations are
likely due to scarcity/lack of an element in the waste or occurrence only
as an insoluble mineral, e.g., native lead (sample WB6) and Fe oxides in
all. However, concentrations are highly variable and any correlations
with thermal activity unsure.

3.6. The structure of the dump established by the geoelectrical field
measurements

Resistivity imaging was carried out through all thermal zones and
areas not affected by thermal phenomena on the dump surface (ERT-1,
2,4,7,9, 12, 13, and 14), slopes (ERT-3, 5, 6, 8, 10, and 11) and
surroundings (ERT-15 and 16).

The imaging for the longest W-E traverse (ERT - 13), extending to a
depth of 50m and considerably exceeding the thickness of the dump,
establishes the actual thicknesses of the urban waste and of the re-
habilitation layer. The waste was deposited on Lower Pennsylvanian
(Namurian B) sandstones and mudstones (Flotzkarte des
Oberschlesischen Steinkohlenbeckens, 1903). Bore-hole logs show that
the roof of the bedrock (Kinderscoutian-Marsdenian) 1is at
278-283 m a.s.l. Atlas Geologiczno-Inzynierski Aglomeracji Katowickiej
(http://bazadata.pgi.gov.pl/data/atlasy_gi otwory). It correlates with
the shape of 50 Qm isoohm in the ERT-13 resistivity section (Fig. 6).
Logs indicate that the roof of the bedrock is composed of strongly-
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weathered rocks, which explains its relatively low resistivity.

The urban waste consists of mixed municipal refuse (~30%), rubble
and soil (~40%) and coal waste (~22.5%) lying on a layer of slag, ash
and bricks (Klejnowska, 1996; Atlas Geologiczno-Inzynierski
Aglomeracji Katowickiej http://bazadata.pgi.gov.pl/data/atlasy_gi_
otwory). The ERT-13 section shows its thickness to be ~20 m. The re-
sistivity of the waste is below 30 Qm.

According to the plan proposed for the dump rehabilitation, a 2.2 m
rehabilitation layer was to be composed mainly of coarse-grained ma-
terial including coal waste. The coal-bearing rocks were to be < 5%
(Ciesielczuk et al., 2013). The ERT-13 section shows that the re-
habilitation layer varies in thickness from 2 to 8 m. Its resistivity typi-
cally ranges from 50 to 80 Qm but, to the east of the dump, locally
exceeds 200 Qm, probably related to the raised content of coal waste
used. In the eastern half of the section, the resistivity of the re-
habilitation layer is like that of the Lower Pennsylvanian bedrock.
Considerably lower resistivity (< 20 Qm) noted near the surface in the
western- and central parts (intervals: 105-165m and 182-192m) of
ERT-13 (Fig. 6) reflects the presence of sewage sludge used for fire-
fighting on the northern slope.

The rehabilitation project for the cover envisaged a multi-barrier
system composed of carrier-, sealing-, protective-, drainage-, coal
waste- and humus layers. A correctly-made multilayer system should be
detectable especially on the flat plateau on the dump top. Detailed
measurements (ERT-9, ERT-12, ERT-14) with electrodes separation of
0.75m and a multiple-gradient array performed on the dump roof re-
veal (Fig. 7) reveals no layered structure. There are no regular vertical
changes in resistivity; the most obvious variability is horizontal and
related to the lateral distribution of material.

To check the thickness of the rehabilitation layer, short ERT lines
with an electrode spacing of 1.5 m were set out on the roof and on the
slopes of the dump (Fig. 3). For most of the ERT sections for the
northern part of the roof (ERT-1, ERT-4, ERT-12), the rehabilitation
layer is ~2-3 m thick (Fig. 8A), and even thinner for ERT-14 (Fig. 7)
and ERT-7 (Fig. 8B) on the southern part of the roof. Urban waste ap-
pears in the bottom part of both sections a and b in Fig. 8. The coal
waste on the roof never self-ignited; possibly the thin layer allowed
more rapid heat dispersion. Locally, on the roof of the dump, the
thickness of the rehabilitation layer increases considerably, e.g., in the
eastern part of the ERT-13 section (Fig. 6) and the entire ERT-2 section
(Fig. 8C). The section shown in Fig. 8C pertains to the northern edge of
the roof in the area adjoining the thermally-active zone A. This section
does not reach the roof of the low-resistivity municipal waste at a depth
of 4m; the thickness of the rehabilitation layer much exceeds the
thickness planned.

As the thermal phenomena developed only on the dump slopes, the
remaining traverses were located there, mostly in areas of extinguished-
and current thermal activity. ERT-3 is in the inactive area in the im-
mediate vicinity of the active zone. ERT-5, ERT-6, and ERT-10 cross the
old fire areas (zone F) on the eastern- and south-western slopes
(Ciesielczuk et al., 2013). ERT-8, ERT-11 and ERT-15 cross slopes that
have never been thermally active.

E
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Fig. 6. Deep geoelectrical section obtained for ERT-13 traverse. Dashed line is the interpreted roof, and the dotted line the interpreted floor, of the urban waste.

Rectangles are the sewage sludge used in the last stages of firefighting.
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Fig. 7. Geoelectrical section (model blocks) for ERT-14 traverse.

In places, the rehabilitation layer is thicker on the slopes than on the
dump roof. Resistivity values characteristic of rehabilitation layer ex-
tend locally to a depth of 4.5m at least, twice exceeding the planned
thickness of the rehabilitation layer. Contents of material with high
resistivity are also greater in the slope rehabilitation layer compared to
the roof. According to our observations during firefighting activities on
the northern slope, the entire rehabilitation layer consists of coal waste
with no sign of a multi-layer barrier system.

For the ERT-8 section on the south-western slope within the area
which was never affected by heating (Fig. 9A), the resistivity of the
rehabilitation layer ranges from 50 to 200 Qm and the maximum
thickness of the rehabilitation layer, i.e., 2.5 m, is seen at the base of the
slope. In the upper part of the slope, only the urban waste is evident.
This could be the result of gravitational separation of newly-deposited
material during the rehabilitation or later down-slope creep.

For the ERT-3 (Fig. 9B) traverse over the inactive part of the
northern slope, the rehabilitation layer is continuous and no thicker
than 2m. The high-resistivity part of the rehabilitation layer with a
thickness < 1 m is distributed evenly along the slope. ERT-15 reveals a
similar pattern.

For traverses ERT-6 (Fig. 9C) on the south-western slope, and ERT-5
(Fig. 9D) and ERT-11 (section not figured) on the eastern slope, the
thickness of the rehabilitation layer exceeds 4-4.5 m. It was shown by
Dulewski et al. (2010) that fire risk increases for coal waste thicker than
4 m. Despite the thickness of the rehabilitation layer along ERT-11, the
authors have not seen any thermal activity since the autumn of 2008.
The ERT-6 section reaching a depth of 5m does not reach the roof of
municipal waste. In the central part (10-18 m) of the rehabilitation
layer, the area of the highest resistivity is absent on this south-western
slope. There, a fire spot (zone F) was observed in January 2010 and a
temperature of 320 °C measured at a depth of 0.3 m (Ciesielczuk et al.,
2013).

In the formerly active ERT-5 section, the thickness of the re-
habilitation layer varies and areas of resistivity > 100 Qm appear only
locally (Fig. 9D). In the nearby ERT-10 section, where some heating was
noted in 2009, the structure of the shallow layer of high resistivity is as

in ERT-6, despite the small thickness of the rehabilitation layer.

Breaks of the rehabilitation layer in the upper parts of un-re-
constructed slopes (ERT-8, ERT-5, and ERT-10) may be an indicator of
mass movement. After rehabilitation, the designed slope of the dump
was 14° to the N, 18° to the S and 20° to the E. For coal waste with
5-30% of dust- and clay fractions, the internal friction angle ranges
from 38.97-35.34° (Zapat and Ratomski, 2007). Slopes made of such
coal waste should be stable up to 28.6°. Today, average measured
slopes are 18° to the north (ERT-3; covered by sewage sludge), 22-23°
to the east (ERT-5 and ERT-10) and range from 10° (ERT-15) to 20°
(ERT-8, ERT-6) to the south. Inclinations are not constant along slopes.
The greatest inclination approaching 24.5°, is observed in the central
parts of slopes (ERT-3, ERT-5, ERT-6, and ERT-10). It appears from the
measurements that the slopes, though slightly steeper than designed, do
not exceed the critical value. Despite this, slope instability may still
occur. A few years exposure, especially to rain, increases coal-waste
porosity and result in a reduction of the internal friction angle to 20°,
likely triggering slope instability. Speculations about mass movement
along the slopes are supported by observations made by the authors;
before thermal activity became apparent, some evidence of slope-sta-
bilization work was noted in 2006-7 near the SE corner of the dump.

Combustion in coal beds and coal waste exposed to air and water
due to rock-mass wasting or rapid erosion has been reported from the
USA (Heffern and Coates, 2004, Martinez et al., 2009 after Lyman and
Volkmer, 2001), Canada (Sanei et al., 2013), India (Prakash et al.,
2013), Portugal (Ribeiro et al., 2013) and Venezuela (Soto and Urbani,
2015). In the Welnowiec dump, breaks in the rehabilitation layer may
indicate slope failure with the slip plane potentially coinciding with the
border between mining waste and urban waste. Any resulting access of
water and air might well aid initiation of heating. A spatial correlation
seems to link landslides and cracks in the upper parts of the slopes with
heating; it is there that fire-related exhalations are prone to be emitted
(Ciesielczuk et al., 2013).

The ERT measurements are supplemented by two electromagnetic
traverses EM-1 and EM-2, 400 and 300 m long respectively, on the
upper parts of the south-western and northern slopes of the dump
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Fig. 8. ERT sections for selected traverses on the top of the dump. Dashed line is the interpreted roof of the urban waste. A — ERT-1. B — ERT-7. C — ERT-2.
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Fig. 9. ERT sections for selected traverses on the slopes of the dump. Dashed line is the interpreted roof of the urban waste. A — ERT-8. B — ERT-3. C - ERT-6. D - ERT-

5.

where thermal phenomena had been noted (Fig. 3). On EM-1
(Fig. 10A), the apparent conductivity changes in the range 10-50 mS/m
for VD = 1 m and 4-35 mS/m for VD = 0.5 m. The values determined
for VD = 1.0 m, the deeper range, are 10-15 mS/m higher than for
VD = 0.5m on average. This can be explained by a decrease in coal-

waste humidity near the surface. At 90 m from the western end of the
traverse, the apparent conductivity gradually increases. The highest
values for both configurations are seen between 90 and 210 m where
the traverse crosses the roof of the dump. On the south-western slope,
the conductivity decreases below 20 mS/m for VD = 1.0 m and 10 mS/
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Fig. 10. Results of electromagnetic surveys of the dump. A — South-western slope. B — Northern slope.

m for VD = 0.5 m. Finally, at 350 m where short-lived thermal activity
has been documented (zone F; Ciesielczuk et al., 2013), conductivity
slightly increases but does not reach the level measured on the dump
roof. The results from EM-1 confirm those from ERT; material with high
resistivity resides mainly on the slopes.

The EM-2 traverse on the northern slope starts on the western
border of the larger active field (zone I-zone A; Fig. 3), passes through
the area showing no effects of heating and through the smaller zone A
and, after continuing through the inactive central part of the northern
slope, ends at the ditch cut when fire was extinguished in 2008
(Ciesielczuk et al., 2013). For the entire northern slope, apparent con-
ductivities range from 10 to 25 mS/m for VD = 0.5m to 25-45 mS/m
for VD = 1.0 m. On average, these values are ~10 mS/m higher than
those for the south-western slope (Fig. 10B). In both areas of recent
thermal activity (zone A), the values for both configurations increase up
to 120 mS/m. Our results agree with those of Uchtmann et al. (2013).
For the more active fire spot 2 (Fig. 10B), apparent conductivities are
similar for both depths ranges.

The conductivity changes in areas of recent thermal activity reflect
chemical transformations of both organic- and inorganic coal-waste
material due to heating. Though the presence of conductive carbon was
reported by Fabiariska et al. (2017) for several samples from the Wel-
nowiec dump, increased ionic conductivity is likely to be the key factor
affecting the electrical conductivity of active zones. Self-heating tem-
peratures > 200 °C, and oxygen deficiency favor pyrolysis of kerogen in
coal waste, the main products of which are water and bitumen com-
posed of lighter organic compounds (m.w. < 500 Da; Misz-Kennan and
Fabianiska, 2011). Active hot spots on dump surfaces are usually satu-
rated with these substances. Typically, these moist areas are first in-
dicators of heating below. Steam plumes from cracks and vents com-
monly encrusted with blooming minerals are further indicators
(Fabianska et al., 2013). Even when thermal activity wanes, these
places retain some humidity promoting vegetation growth, despite the
low soil quality (Abakumov and Frouz, 2013; Ciesielczuk et al., 2015a).

The enhanced ionic conductivity of water, commonly noted in areas
of coal-waste storage, reflects increased contents of, e.g., SO4, Cl, Na,
Ca, Mg, Fe, Mn (Szczepanska-Plewa and Zdechlik, 2011). During self-
heating, raised temperatures and increasing fragmentation promote

16

dissolution of the mineral fraction in the waste, and acid drainage
(Gorova et al., 2015). Water-soluble minerals formed during heating
affect the mineralization of pore water. Sulphate- and sulphite ions
derive from sulphur oxides formed from sulphides (mostly pyrite),
carbonate- and bicarbonate ions from dissolved carbon dioxide and
nitrite- and nitrate ions from nitrogen oxides (NOy); with the latter,
nitrogen-recycling bacteria living on coal waste may be involved (Hu
et al., 2000; Frouz et al., 2014; Mahmmod, 2016). The presence of these
ions in dump waters has been well documented (e.g., Mele et al., 1982;
National Research Council, 1990; Mahmmod, 2016; Ciesielczuk et al.,
2014a). Thus, the increased electrical conductivity of self-heating coal
waste is due to ions produced by the heating and dissolved in pyr-
olytical water. An additional contributing factor may be enhanced mi-
crobiological activity (e.g., Atekwana and Atekwana, 2010).

Small increases in conductivity may also characterize areas of short-
lived activity (zone F). However, amplitudes are lower than those due
to variations in thickness of the dump rehabilitation layer, making
unequivocal identification difficult. Increased conductivities in these
areas may be due to heating-induced fragmentation of waste material.

Evident variations in the magnetic in-phase component of the EM
field were not seen in either active- or burnt areas. The absence of
magnetic minerals may reflect early pyrite decomposition due to
weathering before any heating occurred, or to near-surface low tem-
peratures inhibiting pyrite alteration later.

4. Conclusions

Applied geophysical methods reveal the internal structure of the
Wetnowiec dump by distinguishing between municipal waste and its
rehabilitated cover. The flat top of the dump, where the rehabilitation
layers should be least distorted, was expected to reveal the planned
structure of the rehabilitation layer. However, high-resolution ERT
measurements reveal up to 26 m of municipal waste covered by the
irregularly distributed material of varying thickness and composition
instead of a designed 2.2-m-thick multi-barrier system. Though the
thickness of coal waste in the barrier system was planned to be 0.9 m,
the rehabilitation layer with a thickness of 1-8m locally consists
mainly of coal waste. Adjacent traverses indicate that the thickness of
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the rehabilitation layer is markedly variable.

Heating and combustion started in the Welnowiec dump because all
three prerequisite conditions existed, namely, oxygen access, reactive
coaly material and the possibility for heat accumulation; the lack of one
or other rendered parts of the dump thermally passive. Where the vo-
lume of coal waste used in rehabilitation was much greater than
planned, as on the northern slope of the dump, burning could spread for
many years and require professional fire-fighting to stop it. Where, e.g.,
on the upper part of the south-western slope, the volume is only just
sufficient, small hot spots (< ~20 m in diameter) appeared and waned
spontaneously over a few years. Where the volume of coal waste is not
adequate for thermal activity, e.g., where the rehabilitation layer is <
2.5m in the central part of the northern slope, no thermal activity was
seen either on the ground or in ERT sections. On the other hand, at the
top of the dump where ~8 m of rehabilitation layer was proved, and
~5m at the northern part of the eastern slope, thermal activity never
started; limited oxygen access is the probable reason. Coal contents >
5% and a coal-waste layer thickness > 4m appear to be minimum
prerequisites for unpacked coal waste to self-heat in the Welnowiec
dump.

Reconstruction of the original architecture of the northern slope, the
most active, is impossible due to partial rebuilding. For the other steep
(= 20°) slopes, as the rehabilitation layer is thicker at their bases, it is
conceivable that the architecture of any original barrier was destroyed
by gravitational processes such as soil creep, interlayer slip, mass flow
or landslides. Nevertheless, though the thickness of the coal waste is
about 4-5m, no heating started there. In the upper part of the eastern
slope, the rehabilitation layer is discontinuous within 5-6 m from the
top. The most probable reason was the rehabilitation layer creep or
interlayer slip which by causing the observed fracturing in the upper
parts of the slope facilitated oxygen circulation. Despite the fact that the
break was not detected geophysically, the petrographic results suggest
the relocation of the examined material. Enhanced air flow and water
access in combination with sufficient coal-waste thickness promoted
the thermal activity of the Welnowiec waste dump.

Despite the complex structure of the rehabilitation layer and its
relatively low organic carbon content, changes in conductivity in the
areas of current heating in the dump are analogous to those observed in
thermally-active coal fields. Active burning was clearly detected by EM.
Distinct increases in conductivity identify thermally-active areas, even
areas of waning activity; observed conductivities are more than double
the maximum values recorded elsewhere in the dump.

Thermal activity detected by geophysical methods is also broadly
reflected in changes in chemical composition, organic petrography, and
geochemistry. Self-heating significantly changes the chemistry of the
waste by modifying its mineral composition and triggering element
migration. Minerals stable at low temperature rebuilt their structures,
usually release moisture, or disintegrate. Initial-, active-, overburnt-
and short-lived zones of thermal activity differ in their mineralogy and
chemistry. Quartz, clay minerals, chlorite, micas, feldspars, and coal are
ubiquitous in initial- and short-lived zones, present in lesser amounts in
the active zone and absent in the overburnt zone. Phases such as cel-
sian, anorthite, cordierite, mullite, olivine, augite, spinel group,
gypsum, sal ammoniac, and glass, sparse in initial- and short-lived
zones, are common in the active- and the overburnt zones. Minerals
such as calcite, zircon, anatase, lead, iron, chalcopyrite and ZnS oc-
curring in trace amount significantly influence chemical compositions.
Bitumen is enriched with pyrolysate in the most thermally-active zones.
In overburnt zones, it was destroyed by open fire.

In chemical terms, Si, Ti, Al, K, Sb, In and Sc are significant in the
initial- and short-lived zones, and Fe, Mn, Mg, Ca, P, Sr, Ba, Se, Ce, Pr,
Nd, Sn, Te and I in active- and overburnt zones. S, Cl, Zn, and Pb feature
only in thermally-active zones. V, Cr, Co, Rb, and Ge show no corre-
lation with thermal activity.

Though the mineral- petrographic- and chemical compositions of
burnt- and initial-zone waste are very different, burnt- and unburnt
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waste are not unambiguously distinguishable by their conductivities. In
the Welnowiec dump, changes in electrical conductivity due to self-
ignition are masked by other factors such as changes in thickness of the
rehabilitation layer; change in conductivity due to variation in re-
habilitation layer thickness is greater than that due to burnt waste. The
inability of the applied geophysical methods to detect changes in coal
waste caused by self-heating, after the process had ceased was un-
expected.

Our results strongly suggest that the use of coal waste as a re-
mediation layer covering waste dumps should be prohibited. Coal waste
is simply too prone to unpredictable self-heating and self-ignition with
the potential environmental consequences that follow. If coal waste is
used the application should be in conjunction with properly planned
spacers and barriers.
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