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1. Abstrakt

Moja rozprawa doktorska, przedstawiona Radzie Naukowej dyscypliny nauki o
Ziemi i srodowisku na stopien doktorski na Wydziale Nauk Geograficznych i Geologicznych
(Uniwersytet im. Adama Mickiewicza) sktada si¢ z czterech wybranych publikacji. Mgj
udziat w ich przygotowaniu miesci si¢ w przedziale 35-100%, co zostalo poswiadczone
przez wspotautorow (oswiadczenia wspotautorow). Dwie publikacje (pierwsza i druga)
poswiecone sg osadom klastycznym, ktore tworzg przewarstwienia w poktadzie weglowym.
Natomiast dwie kolejne publikacje (trzecia i czwarta) obejmuja badania popiotu
wystepujacego w weglu. Tak si¢ sktada, ze w okolicach Konina eksploatowany jest aktualnie
(lata 2015-2021, czas realizacji badan) wytacznie 1. Srodkowopolski poktad wegla
brunatnego. Jego eksploatacja odbywa si¢ w trzech odkrywkach: Jozwin 1IB, Drzewce i
Tomistawice. Wazna czg¢$¢ badan stanowily prace terenowe, w tym sedymentologiczne.
Ponadto, z kazdej odkrywki pobrano liczne probki zardwno z osadow klastycznych, jak i z
poktadu weglowego. Postuzyly one do nast¢pujacych badan laboratoryjnych: uziarnienia
klastykow, zawartosci popiotu w weglu 1 okreslenia sktadu chemicznego popiotuy, tj. sktadu
pierwiastkowego i tlenkowego.

W wyniku dziatalnosci Kopalni Wegla Brunatnego Konin (KWB Konin) w latach
2015-2016, miedzy dwoma tawami wegla, odstonigte zostaty osady klastyczne w odkrywce
Tomistawice. Mialy one ksztalt soczewy o dlugosci ok. 500 m i migzszosci do 1,8 m, z
warstwg wegla do 20 cm w czg$ci pdinocnej odstonigcia. Skladaly si¢ one z gltownie
drobnoziarnistych i dobrze wysortowanych piaskow, z wyjatkiem osadow znajdujacych sie
w stropowe] oraz spagowej czesci, ktore byly wzbogacone w materi¢ organiczng. Na
podstawie analizy sedymentologicznej tych osadoéw klastycznych (tj. ich architektury i cech
teksturalno-strukturalnych) zaproponowano model ich powstania. Osady te powstaty,
najprawdopodobniej w  wyniku dwoéch  powodzi, na terenie zalewowym
srodkowowmiocenskiej rzeki meandrujgcej lub anastomozyjacej. Po przerwaniu watu
brzegowego przez wody powodziowe osady piaszczyste, pochodzace gldwnie z koryta rzeki
oraz watow brzegowych byly deponowane na obszarze torfowiska w postaci stozkow
krewasowych. W efekcie, w poktadzie wegla brunatnego z odkrywki Tomistawice
wystepuja przewarstwienia klastyczne, co uniemozliwiato wykorzystanie znacznej jego
czesci do celow energetycznych — zbyt wiele popiotu. Warto tez doda¢, ze wspomniane
osady klastyczne sg pierwszymi opisanymi z miocenu weglonosnego Polski (pierwsza

publikacja).
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W latach 2018-2000, w poktadzie wegla w tej samej odkrywce (Tomistawice),
odstaniala sie rozlegta (>1,5 km?) i gruba (do 0,8 m) warstwa itéw. Najprawdopodobnigj, te
drobnoziarniste osady powstaly w wyniku dtugotrwatej sedymentacji w jeziorze, ktore
istnialo na obszarze Srodkowomiocenskiego torfowiska. Wystepowanie tych ilow w
poktadzie wegla znacznie obniza jakos$¢ surowca wykorzystywanego do produkcji energii
elektrycznej, gdyz obecnie wegiel brunatny w odkrywce Tomistawice wydobywa si¢ razem
z itami. W skrajnym przypadku, gdy maksymalna migzszo$¢ warstwy itow wynosi 0,8 m,
zawarto$¢ popiotu w caltym poktadzie wegla moze zwigkszy¢ si¢ nawet dwukrotnie. Jest to
bardzo niekorzystne dla srodowiska naturalnego. Dlatego zalecane byloby selektywne
wydobycie wegla brunatnego, czyli bez i1dw, co niestety nie jest praktykowane ze wzgledow
technologicznych i finansowych (druga publikacja).

Oprocz przewarstwien klastycznych widocznych makroskopowo poktad wegla
zawiera tez substancj¢ mineralng w postaci popiotu, ktéry powstaje w wyniku spalenia
wegla. Popiot jest szkodliwy zardwno dla srodowiska, jak i obniza warto$¢ opatowa wegla
brunatnego. Dlatego, przebadano zawarto$¢ popiotu dla 266 probek wegla eksploatowanego
w odkrywkach: Drzewce, Tomistawice i Jozwin 1IB. Badania przeprowadzono zgodnie z
mi¢dzynarodowymi standardami (norma ISO 1171). Najpierw probki spalono w
temperaturze 850°C, a nastepnie okreslono zawarto$é popiotu w stanie suchym (AY). Badany
pierwszy srodkowopolski poktad wegla brunatnego charakteryzuje si¢ zmiennym rozktadem
popiotu zarowno w wybranych profilach pionowych, jak i wzdtuz §cian weglowych, a takze
pomiedzy wspomnianymi trzema odkrywkami. Zawarto$¢ popiolu w poszczegdlnych
probkach waha si¢ od 6,5 do 69,8% wag., natomiast jego wartos$¢ srednia w poszczegolnych
odkrywkowych waha si¢ od 9,7 do 17,6% wag. Znaczne wzbogacenie w popiot niektorych
partii poktadu wegla zinterpretowano jako konsekwencj¢ powodzi wystepujacych na
srodkowomiocenskim torfowisku lub efekt wytracania chemicznego (np. weglan wapnia).
Dobre rozpoznanie rozktadu substancji mineralnej (popiotu) w weglu pozwolitoby na jego
selektywng eksploatacje, a przez to na lepszg ochrone¢ srodowiska. Po prostu, mniej popiotu
w weglu oznacza mniejsze zanieczyszczenie atmosfery i mniej popiotu na sktadowiskach
(trzecia publikacja).

Nie tylko ilo$¢, ale réwniez jako$¢ popiolu zawartego w spalanym weglu ma
znaczenie dla srodowiska naturalnego o czy wspomniano wyzej. Dlatego usrednione probki
z trzech profili poktadu weglowego, pochodzace z obecnie funkcjonujacych odkrywek
zarzadzanych przez KWB Konin, zostaly poddane badaniom chemicznym w Centralnym

Laboratorium Pomiarowo-Badawczym Sp. z 0.0. w Jastrzgbiu Zdroju (polska). Zbadany
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zostat ich sktad chemiczny (tlenki i pierwiastki sladowe) wedlug normy ASTM D6349-13.
Dominujacymi tlenkami w przebadanych popiotach sa SiO2 i CaO, a wsrdd pierwiastkow
sladowych w przewazajacej ilosciach sg to Ba, Sr, Cu. Najwazniejszym pierwiastkiem
szkodliwym, ktory pojawia si¢ w analizowanych popiotach jest Pb. Wyzsze od srednich
wartos$ci klarkow w badanych popiotach ma tylko kilka pierwiastkow, takich jak: Ba, Cu,
Pb i Sb. Uzyskane wyniki dowodza, Zze analizowane popioty sa rownie niebezpieczne dla
srodowiska naturalnego jak odpady z innych wegli brunatnych wykorzystywanych do
produkcji energii elektrycznej. Pomimo pewnych réznic miedzy odkrywkami wegla
brunatnego ich popioty maja podobny sktad chemiczny tak tlenkéw, jak i poszczegdlnych
pierwiastkéw. Popioty te mozna okresli¢ jako popioly weglanowe ze wzgledu na wysoka
zawarto$¢ CaO. Ta wyzsza (~30% wag.) zawartos¢ CaCOz jest pozytywnym sktadnikiem,

gdyz uczestniczy w procesie tzw. naturalnego odsiarczania (czwarta publikacja).
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2. Abstract

My PhD thesis, submitted to the Scientific Council of the study of the Earth and the
environment in fulfilment of the requirements for the degree of Doctor of Philosophy in the
Faculty of Geographic and Geological Sciences (Adam Mickiewicz University), consists of
four selected publications. My participation in their preparation is in the range of 35-100%,
which was confirmed by the co-authors (statements of the co-authors). Two publications (the
first and the second) are devoted to clastic sediments that form interbeds in the lignite seam.
On the other hand, two subsequent publications (the third and the fourth) include studies of
ash present within lignite. It just so happens that in the vicinity of Konin, only the first Mid-
Polish lignite seam is currently exploited (2015-2021, research period). It is mined from
three opencasts: Jozwin IIB, Drzewce and Tomislawice. An important part of the research
was fieldwork, including sedimentological studies. Moreover, numerous samples were taken
from each opencast, both from clastic sediments and from the lignite seam. They were used
for the following laboratory tests: grain-size analysis, ash content within lignite and
determination of the chemical composition of the ash, that is, its elemental and oxide
composition.

As a result of mining activity of the Konin Lignite Mine (KWB Konin) in 2015—
2016, between two lignite benches, siliciclastic sediments were uncovered in the
Tomistawice opencast. They were lens-shaped, about 500 m long and up to 1.8 m thick, with
a lignite layer up to 20 cm in the northern part of the exposure. They consisted mainly of
fine-grained and well-sorted sands, with the exception of sediments in the top and basal
parts, which were enriched with organic matter. Based on the sedimentological analysis of
these clastic sediments (i.e., their architecture and textural and structural features), a model
of their formation was proposed. These sediments were formed, most probably as a result of
two floods, in the floodplain area of a meandering or anastomosing river in the Middle
Miocene. After the natural levee breaching by flood waters, sandy sediments, originating
mainly from the river bed and levees, were deposited in the mire area in the form of crevasse
splays. In effect, in the lignite seam from the Tomistawice opencast there are clastic
interbeds, which made it impossible to use its significant part for electricity production —too
much ash. It is also worth noting that the above-mentioned clastic sediments are the first to
be described from the Miocene of Poland (first publication).

In the years 2018-2000, in the lignite seam in the same opencast (Tomistawice), an

extensive (>1.5 km?) and thick (up to 0.8 m) layer of clay was exposed. Most likely, these
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fine-grained sediments were formed as a result of long-term deposition in the lake, which
existed in the area of the mid-Miocene mire. The presence of these clays in the lignite seam
significantly reduces the quality of the raw material used for electricity production, as
currently lignite in the Tomistawice opencast is mined together with the clays. In the extreme
case, when the maximum thickness of the clay layer is up to 0.8 m, the ash content in the
entire lignite seam may increase even twice. This is very harmful to the environment.
Therefore, selective extraction of lignite, i.e. without clay, would be recommended.
Unfortunately, this is not practiced for technological and financial reasons (second
publication).

In addition to macroscopically visible clastic layers, the lignite seam also contains a
mineral matter in the form of ash, which is formed as a result of lignite combustion. Ash is
harmful both to the environment and reduces the calorific value of lignite. Therefore, ash
content was tested for 266 lignite samples mined in the opencasts: Drzewce, Tomistawice
and Jozwin IIB. The analyses were carried out in accordance with international standards
(ISO 1171). First, the samples were burnt at the temperature of 850 °C, and then the ash
content on the dry basis was determined (A%). The examined first Mid-Polish lignite seam is
characterized by a variable ash distribution both in the selected vertical profiles and along
the lignite walls, and also between the above-mentioned three opencasts. The ash content in
individual samples ranges from 6.5 to 69.8 wt.%, while its average value for individual
opencasts is from 9.7 to 17.6 wt.%. Significant enrichment in ash of some parts of the lignite
seam was interpreted as a consequence of floods occurring in the middle Miocene mire or
the effect of chemical precipitation (e.g., calcium carbonate). A good diagnosis of the
mineral substance (ash) spatial distribution in lignite would allow its selective exploitation,
and thus better protection of the environment. Simply put, less ash in coal means less
pollution to the atmosphere and less ash in landfills (third publication).

Not only the quantity, but also the quality of the ash contained in the combusted
lignite is important for the environment, as mentioned above. Hence, the averaged samples
from three vertical lignite seam profiles, coming from the currently operating opencasts
managed by Konin Lignite Mine, were subjected to chemical tests at the Central Measuring
and Research Laboratory in Jastrzebie-Zdr6j (Poland). Their chemical composition (oxides
and trace elements) was tested according to the ASTM D6349-13 standard. The dominant
oxides in the tested ashes are SiO2 and CaO, and among the trace elements in the
predominant amounts they are Ba, Sr, Cu. The most important harmful element that appears

in the analyzed ashes is Pb. Only a few elements, such as Ba, Cu, Pb and Sh, have higher
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than average values of the clarks in the tested ashes. The obtained results prove that the
analyzed ash is as hazardous to the natural environment as waste from other lignite coals
used for the production of electricity. Despite some differences between the lignite
opencasts, their ashes have a similar chemical composition for oxides and concentrations of
individual elements. These ashes can be described as carbonate ones due to increased content
CaO. On the other hand, this high CaCOs content (~30 wt.%) is a positive component as it

participates in the so-called natural desulfurization (fourth publication).
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3. Deklaracja

Ja, Lilianna Chomiak, deklaruje, ze zestaw czterech publikacji przedstawiony w
postgpowaniu na stopien doktorski wykonatam sama (2 publikacje — moj udziat 100%) lub
we wspotautorstwie (2 publikacje — moj udziat 35 1 60%). Oszacowany udzial wspotautorow
tych publikacji zostat potwierdzony przez nich odpowiednimi, dotagczonymi oswiadczeniami
—rozdz. 8).

Ponadto deklaruj¢, ze zadnej ze wspomnianych publikacji nie przedstawiatam w
jakimkolwiek postgpowaniu awansowym. Prawdziwo$¢ tych stéw potwierdzam

wlasnorgcznym podpisem.
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Crevasse splays within a lignite seam at the
Tomistawice opencast mine near Konin, central
Poland: architecture, sedimentology and depositional
model

Lilianna Chomiak

Institute of Geology, Adam Mickiewicz University, 12 Krygowski Street, 61-680 Poznar, Poland;
e-mail: lilcho@amu.edu.pl

Abstract

The present article focuses predominantly on sandy deposits that occur within the Middle Miocene lignite seam at the
Tomislawice opencast mine, owned by the Konin Lignite Mine. As a result of mining activity, these siliciclastics were
available for direct observation in 2015-2016. They are situated between two lignite benches over a distance of ~500
m in the lower part and ~200 m in the higher part of the exploitation levels. The maximum thickness of these sandy
sediments, of a lenticular structure in a S-N cross section, is up to 1.8 m. With the exception of a thin lignite intercala-
tion, these siliciclastics comprise mainly by fine-grained and well-sorted sands, and only their basal and top layers are
enriched with silt particles and organic matter. Based on a detailed analysis of the sediments studied (i.e., their architec-
ture and textural-structural features), I present a discussion of their genesis and then propose a model of their forma-
tion. These siliciclastics most likely formed during at least two flood events in the overbank area of a Middle Miocene
meandering or anastomosing river. Following breaching of the natural river levee, the sandy particles (derived mainly
from the main river channel and levees) were deposited on the mire (backswamp) surface in the form of crevasse splays.
After each flooding event, vegetation developed on the top of these siliciclastics; hence, two crevasse-splay bodies (here
referred to as the older and younger) came into existence. As a result, the first Mid-Polish lignite seam at the Tomislaw-
ice opencast mine is currently divided in two by relatively thick siliciclastics, which prevents a significant portion of this
seam from being used for industrial purposes.

Key words: backswamp area, facies analysis, siliciclastic deposition, Neogene

1. Introduction tween 2.5 and 6.0 metres in the proximal part (i.e.,

in close proximity to the levee), while their length

Crevasse splays are commonly found in the val-
leys of both meandering and anastomosing rivers
(Smith et al., 1989; Makaske, 2001; Zielinski, 2014).
They are created by the breaching of natural levees
that extend along the river banks during the initial
phase of flooding (e.g., Bristow et al., 1999; Farrell,
2001). Crevasse-splay bodies can vary significantly
in size, their maximum thickness usually being be-

and width may even exceed 2 kilometres (Smith et
al., 1989; Mjos et al., 1993; Boggs, 2012).

Deposits of crevasse splays are well known from
around the world, including lignite/ coal areas, both
in the rock record and from modern sedimentary
environments (e.g., Horne et al., 1978; Zwolinski,
1985; Kasinski, 1986; Fielding, 1986; Kurowski,
1999; Pérez-Arlucea & Smith, 1999; Stomka et al.,
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2000; Szponar, 2000; Davies-Vollum & Kraus, 2001;
Gebica & Sokotowski, 2001; Farrell, 2001; Stoutham-
er, 2001; Kordowski et al., 2014; Burns et al., 2017).
In Polish geological literature, however, numer-
ous crevasse-splay deposits are interpreted mainly
on the basis of data from boreholes that penetrate
the coal-bearing Carboniferous succession (e.g.,
Gradziniski et al., 1995, 2005; Kedzior, 2001, 2016;
Doktor, 2007).

In Poland, crevasse-splay sediments in the rock
record are available for direct observation only at
four exposures. The first of these is the Brynow
brickyard, in the city of Katowice, where stand-
ing trunks of horsetails (Calamites) have been
documented within sandy clay deposits of Late
Carboniferous (Westphalian A) age. These strata
were interpreted by Brzyski et al. (1976) as typical
of crevasse splays which were formed by several
depositional cycles. The second outcrop, located at
Soltykéw, in the vicinity of the city of Skarzysko
Kamienna (northern part of the Holy Cross Moun-
tains), includes sandy lithosomes within muddy
silt deposits of Early Jurassic age. These sandy
bodies were also recognised as deposits that repre-
sent fossil crevasse splays (Pierikowski, 2004). The
Tomistawice opencast mine is the third site to ex-
pose a crevasse splay in Poland; it was accessible
in 2015 and 2016, and actually the first one to be
discovered within Miocene lignite-bearing strata
(Widera et al., 2017). These crevasse-splay sedi-

Tomislawice
opencast
mine
Jozwin 11B
opencast
mine Drzewce
opencast
Patmowskie .
Lake mine
Goslawickie

Lake

Fig. 1. Location map of the study area

ments were one of the subjects covered in my Mas-
ter’s thesis; the current research revolves around
them as well. It is worth adding here that in 2018
a new crevasse splay was exposed in the nearby
J6zwin 1IB opencast mine (Fig. 1). These deposits
and deformational structures are currently being
investigated and results obtained have been pub-
lished and discussed in separate papers (Chomiak
et al., 2019a, b; Van Loon, 2019).

In the present paper, only the crevasse-splay
strata from the Tomislawice opencast mine are
characterised, as these were the first to be de-
scribed directly from the entire Miocene sequence
in Poland. Some sedimentological issues that are
in need of clarification have not yet been analysed.
Therefore, the main aims of the present study are
threefold: 1) to explain briefly the differences in
cross-sectional shape of the crevasse-splay bodies;
2) to describe and interpret facies that represent the
crevasse-splay deposits examined and 3) to pro-
pose, for the first time, a depositional model that
comprises the formation stages of the two superim-
posed crevasse splays.

2. Study area

2.1. Location

The crevasse-splay deposits examined are situat-
ed in the southern part of the Tomistawice lignite
opencast mine, which is ~30 km north of the city
of Konin in central Poland (Fig. 1). The siliciclastics
studied occur between two lignite benches on the
lower exploitation level and between sands that are
below the lignite seam and remains of the upper
lignite bench or Quaternary deposits on the upper
overburden level (compare Figs. 2-4 and 5).

2.2. Geology and lithostratigraphy

The research area is in the eastern part of the Mogil-
no-L6dz Basin, above the southeastern slope of a
deeply rooted salt structure, the so-called ‘Goplo
Anticline’ (Dadlez et al., 2000). According to the
subdivision of Poland into tectonic units, the ter-
ritory of the Tomistawice opencast mine is located
in the Szczecin-Miechéw Synclinorium and, more
precisely, in the eastern part of the Mogilno-t.6dz
Segment (Zelazniewicz et al., 2011).

The Mesozoic top in the study area comprises
marls of Late Cretaceous age (Fig. 2; Dadlez et al.,
2000). The Cenozoic succession starts with Pale-
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Crevasse splays within a lignite seam at the Tomistmwice opencast mine near Konin, central Poland... 27

ogene strata, most likely of Early Oligocene age,
which locally fill a shallow tectonic depression.
Deposits formed at that time comprise greenish
glauconitic sands of marine origin (Widera & Kita,
2007).

After Late Oligocene uplift and erosion in cen-
tral Poland, Neogene deposition commenced. This
is dominated by fluvial sediments, interbedded
with carbonaceous/coaly layers. Thus, the Neo-
gene in the area of the “Tomistawice’ deposit starts
with a 12-m-thick layer of sands, often enriched
with organics, which belong to the KoZmin Forma-
tion of Early-Middle Miocene age. Cverlying is the
Poznan Formation (Middle Miocene to earliest Pli-
ocene), which terminates the Neogene succession
in this part of Poland. The Poznar Formation is di-
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vided into two members, i.e., the older, Grey Clay
Member, and the younger, Wielkopolska Member
(Piwocki & Ziembifiska-Tworzydlo, 1997). The for-
mer unit includes the first Mid-Polish lignite seam
(Kasiniski & Stodkowska, 2016), which reaches an
average thickness of ~6.5 m in the study area; the
latter member, comprising the so-called ‘Poznan
Clays’, is preserved only locally in residual form
(Fig. 2; see Widera 2016a, 2017).

The Neogene deposits described above are
capped by Quaternary strata which vary in thick-
ness between 35 and 60 metres in the area of the
Tomislawice opencast mine. These Quaternary
deposits consist mainly of glacial tills, gravels and
sands as well as fluvioglacial gravels, sands and
muds (Fig. 2; see Widera et al., 2017).

3
o
@

Wielkopolska
Member

Poznan Formation

Grey Clays Member

............. . A

Kozmin Formation

|u.

['___1 clay El mudstone

sand till

Fig. 2. Compilation of boreholes MC-184 and TM-18 in the area of the ‘“Tomistawice” lignite deposit, depicting the
lithostratigraphy of the Cenozoic succession and the position of the crevasse splay(s) examined within the first Mid-
Polish lignite seam. For the location of boreholes, reference is made to Figure 3
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3. Material and methods of the Tomistawice lignite opencast mine (Fig. 3) in
. the autumn of 2015. The sandy deposits analysed
3.1. Field data were visible over a distance of ~500 m between two

lignite benches on the lower exploitation level. The
The results of the present study are based mainly on ~ summarised thickness of these siliciclastics reached
field observations carried out in the southern part  a maximum of 1.4 metres (Fig. 4A). However, they

-3 m-- outline of lignite deposit

— examined sections

) TM.-18 borehole in Fig.2
o 1-57

T-§6F’ borehole

200 m

MC-191e

® T.56P

Fig. 3. Documentation map of the southern part of the “Tomistawice’ lignite deposit, showing location of lignite and
overburden faces with crevasse-splay interbeddings boreholes MC-184 and TM-18 (compare Fig. 2) examined in
more detail. For location of the area covered by this map see Figure 1

nch of lignite_seam ™=

Fig. 4. Broad view of the crevasse-splay deposits within the First Mid-Polish lignite seam outcropping at the Tomistaw-
ice mine
A - distal part of the crevasse splay; B - proximal part of the crevasse splay. For location of the area covered by this
map see Figure 3
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outcropped over a distance of ~200 m, with a max-
imum total thickness of 1.8 m on the upper over-
burden level (Fig. 4B). The height of the mine faces
examined ranged from 2 to 6 metres and extended
over a length of between 200 and 500 metres in a
north-south direction and over more than 100 m in
an east-west direction (Fig. 3). Furthermore, dur-
ing fieldwork, 50 samples of sands, silty sands and
coaly sands were collected for laboratory analysis.

3.2. Geological mapping

In order to characterise the architecture of the cre-
vasse-splay bodies (dimensions, shape, etc.), the lig-

nite and overburden faces were mapped. Data from
boreholes MC-184 and TM-18 were also used to de-
scribe the geology, including the lithostratigraphi-
cal subdivision, of the study area (compare Figs. 2
and 3). All the necessary data were obtained from
the archives of the Konin Lignite Mine.

3.3. Facies analysis

During fieldwork, firstly the facies within the
crevasse-splay bodies were distinguished. Sub-
sequently, these facies were described using the
facies codes of Miall (1977), Rust (1978) and Ziel-
inski (1995, 2014). The lithotype code proposed

[m] sedimentary

facies and lithotypes

mire (backswamp)

code deposits

DLh (DLm, XDLm)

upper bench of lignite
seam

2.0 —:

25 log

1.5 —

Sm (St, Sp, Sr)

younger crevasse-
splay deposits

lignite bed splitting two

DLm
v crevasse splays

GCm (Sh, SCh, TSh, TCh)

older crevasse-
splay deposits

lower bench of lignite

DLm
seam

Y

m c
Sand Gravel Lignite

was - erosional contact

V - coarsening-up

Fig. 5. Idealised sedimentary log of two superimposed crevasse-splay deposits situated between benches of the lignite
seam at the Tomistawice opencast mine. For description of facies and lithotype codes see Table 1
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Table 1. Codification of crevasse-splay facies (after Mi-
all, 1977; Rust, 1978; Zieliniski, 1995, 2014) and lignite
lithotypes (after Widera, 2012, 2016b) used in the
present paper; secondary facies are shown in brackets

Crevasse-splay facies

Code Description

GCm, massive coaly, carbonaceous
gravel

(GCh) (horizontally stratified coaly
gravel)

Sh, horizontally laminated sand,

(SCh) (horizontally laminated sand

with coaly strings)
Sm, massive sand,

(St, Sp, Sr) (trough, planar and ripple cross-
laminated sand)

St, SCt trough cross-stratified sand and
coaly sand

SCm massive coaly sand

Lignite lithotypes

Code Description

DLm detritic lignite with a massive
structure

DLh, horizontally stratified detritic
lignite,

(DLm, XDLm) (massive detritic and xylodetritic
lignite)

by Widera (2012, 2016b; see Table 1; Figs. 5 and 6)
was then applied to lignite. First of all, 25 samples
were analysed for their organic matter content, us-
ing a 30% hydrogen peroxide solution to dissolve
organic matter. Finally, all 50 samples were sieved
in order to determine the grain size of the deposits
examined.

3.4. Depositional model

A depositional model was created to fulfil one of
the main goals of the present research; this covers
the formation of both the older and younger cre-
vasse-splay bodies within the first Mid-Polish lig-
nite seam at the Tomistawice opencast mine (Fig. 7).

4. Results
4.1. Cross-sectional shape of the crevasse-

splay body

The crevasse-splay body, which actually comprises
two superimposed splays, is of a lenticular shape

at both the lower exploitation and the upper over-
burden levels. However, their shapes differ signifi-
cantly in a north-south cross section, at these levels
(compare Figs. 3 and 4). In the former, the top of the
lens is nearly flat, while its base is concave up (Fig.
4A), while in the latter, the lens shape mirrors the
one described above, i.e., its top is convex up and
its base flat (Fig. 4B).

4.2, Interpretation of the cross-sectional
shape of the crevasse splay body

Differences in the shape of the crevasse-splay bodies
examined were observed along two cross-sectional
lines; these can be explained by variable compac-
tion of the underlying lignite and sands. The com-
paction ratio for the first Mid-Polish lignite seam is
~2.0 (Widera, 2015), whereas sands can be consid-
ered as being almost non-compactible in compari-
son with lignite. Thus, where sands follow directly
on lignite (i.e., originally on peat), the base of the
crevasse-splay body is strongly concave up due to
peat/lignite compaction (Fig. 4A). In contrast, the
initial shape of the crevasse-splay body is preserved
when its substratum consists of non-compactible
sands, i.e., the convex-up top remains preserved
(Fig. 4B; see Widera, 2016a; Widera et al., 2017).

4.3. Description of the crevasse-splay facies

A detailed facies analysis has been made of the
sandy sediments and, more locally, of the sandy-or-
ganic strata, at five sites along both sections studied
(Figs. 3 and 4). As a result, six primary and numer-
ous secondary facies have been distinguished with-
in the crevasse-splay facies associations (Table 1;
Figs. 5 and 6).

The first main facies (GCm) forms the basis of
the sedimentary succession of both the older and
younger crevasse-splay bodies (Fig. 5). It is com-
posed largely of massive, occasionally crudely
stratified, gravel-sized components that consist of
sandy-silty particles with an organic admixture.
Within this facies, in some parts of the exposure,
other fine-grained sands, horizontally stratified sec-
ondary facies can be distinguished: Sh, SCh, TSh
and TCh. Moreover, fossilised wood fragments (xy-
lites) and compacted fragments of turf with rootlets
are also easily visible within this facies (Fig. 6).

Horizontally stratified sands (Sh), which are lo-
cally enriched in organic matter, create the second-
ary facies SCh (Figs. 5 and 6). These deposits consist
of fine-grained, well-sorted sands. Their mean grain
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size is ~0.16 mm; the organic content is in the range
of 0.1 to 0.45 wt%.

In some places of predominantly massive sands
(Sm) traces of small-scale stratification are visible
in the form of trough, planar and ripple cross-lam-
inated sand, i.e., facies Sp, St and Sr (Figs. 5 and 6).
These sandy deposits are well and very well sorted,
with a mean grain size between 0.14 and 0.17 mm.
In the sands described, organic content is negligible
or (as in most of the laboratory tested samples) even
lacking (Fig. 6).

The next facies consists of trough, cross-strati-
fied sands (St) and coaly sands (SCt) at a large scale,
i.e,, the set thickness attains up to 0.6-0.7 m (Figs.
5 and 6). These sediments fill the erosional channel
that cuts facies Sh and Sm, and is covered by the
next facies, SCm (Table 1). The dip of the layers is
15 to 25° towards ENE.

The uppermost facies (SCm), just below the up-
per bench of lignite, is also distinguished in the low-
er crevasse splay (Figs. 4A, 5 and 6). It is made up of
coaly sands with a massive structure that are poorly

Description

Interpretation

Sm,
(Sr,
St, Sr)

discontinuous layers of massive to
horizontal coaly gravel-sized clasts;
10-50 cm long; gravel rip-up clasts
enriched in organic particles; matrix-
supported by coaly sand; very poorly
sorted; base is always sharp and
erosional; this facies is underlain by
detritic lignite of lower bench of lignite
seam

continuous layers of horizontally
laminated fine sand; 10-20 cm thick;
strings of horizontally laminated
coaly sand

mainly massive structure with

crude visible lithofacies (St, Sr, Sp)
at small-scale; very well sorted;
mineral-organic aggregates of plant
roots; slightly fining-upward trend;
both gradational and erosional bases;
up to 1 m thick

dominant trough cross-stratification
at large-scale; regularly interbedded
both lithofacies (St, SCt); evidently
erosional base; up to 0.6 m thick

mainly massive structure; abundant
well-preserved roots; poorly to very
well sorted; gradational base; up to
0.5 m thick

erosion of channel levees or
proximal parts of the
backswamp; redeposition by
high energy slurry flows in the
backswamp (overbank) area

sheet flow in middle and distal
parts of the crevasse splay;
upper-stage plane bed;
supercritical flow

migration of bedforms - ripples
(Sr), 2-D dunes (Sp); 3-D dunes
(St); upper part of lower flow
regime; middle to distal parts

of the crevasse splay

crevasse distributary channel
fills; tractional deposition;
varying flow energy;
resedimentation of organic
matter; middle part of the
crevasse splay

pedogenesis; strong
bioturbation by roots of
herbaceous vegetation;
massive; all parts of the
crevasse splay

Fig. 6. Compilation of characteristic features of crevasse-splay facies studied with brief environmental interpretations;

compare with Table 1 and Figure 5
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to very well sorted. Moreover, this facies is enriched
in organic matter content, ranging from 0.03 to
12.20 wt%. Its characteristic feature is the presence
of roots of bushes and trees, often also penetrating
the underlying facies (Figs. 5 and 6).

The last primary facies comprises only massive
sands (Sm); this was exposed exclusively on the
upper overburden level at the Tomistawice lignite
opencast (compare Figs. 3 and 4B). These siliciclas-
tics are very well sorted and fining upwards, fine-
grained sands with a mean grain size from 0.14 to
0.17 mm.

4.4. Interpretation of crevasse-splay facies

Facies GCm is the most important for my inter-
pretation of its sedimentary environment, regard-
less of the fact that it occupies a small part of both
crevasse-splay bodies examined. Its typical fea-
tures, i.e., the massive structure with horizontally
arranged fragments of xylites and fossilised turf at
the top, allow them to be interpreted as the result
of a mudflow (Carter, 1975; Lowe & Guy, 2000).
Most likely, the above-mentioned plant fragments
(xylites and turf) were derived from the channel
levee and/or the proximal zone of the overbank
area (backswamp) during the initial phase of each
flood (e.g., Fielding, 1986; Farrell, 2001; Gebica &
Sokolowski, 2001; Widera, 2016a; Widera et al.,
2017).

The next facies (Sh) is characterised by horizon-
tal stratification over the entire length of the expo-
sure. This may indicate that sedimentation occurred
as a continuous layer over the entire surface of the
crevasse splay. Hence, facies Sh could have formed
under conditions of the upper plane bed as a sheet-
flow (Gradzinski et al., 1976; Mjas et al., 1993; Ziel-
inski, 2014; Burns et al., 2017; Chomiak et al., 2019a).

The interpretation of facies Sm is difficult, be-
cause the sands are very well sorted and do not
reveal lamination underlined by organic matter.
Therefore, most likely this facies can be attributed to
sudden deposition from a hyperconcentrated flow
(Nemec, 2009). However, in some places small-scale
structures (Sp, Sr, St) are visible (Fig. 6). This clearly
indicates low energy and slow water flow, which
resulted in the formation of small-scale bedforms
(e.g., ripples) in the distal parts of the crevasse
splay (Bristow et al., 1999; Zieliriski, 2014; Burns
et al., 2017). Facies Sm, on the upper exploitation
level (compare Figs. 4b and 6), can be similarly in-
terpreted. This is proved by the common massive-
ness of all crevasse-splay deposits in their proximal
part. However, occasionally documented traces of

trough cross-stratification provide evidence of a
channelised flow, typical of the migration of large-
scale bedforms such as 3-D dunes (Gradzinski et al.,
1976; Bristow et al., 1999).

Facies St and SCt is a record of infill of the dis-
tributary channel that existed on the surface of
the crevasse splay studied (Fig. 6). The symmetri-
cal stratification within the channel is typical of a
gradually decreasing flow velocity of the water,
while the alternating occurrence of facies St and
SCt points to rhythmic changes in flow competence
(Gradziniski et al., 1976; Widera, 2016a; Widera et
al., 2017). Thus, facies St formed under conditions
of higher flow energy and facies SCt formed when
the energy of the flow was relatively lower (Fig. 6).

The uppermost facies, SCm, can be distin-
guished on the lower exploitation level and formed
under similar conditions as Sm (Fig. 6). In contrast
to the white colour of facies Sm, the grey colour of
facies SCm comes from the roots of the vegetation,
of which the overlying lignite bench was formed.
The presence of well-preserved roots proves that
the water level was close to the depositional sur-
face. Under these conditions, the crevasse splay
body was covered predominantly by herbaceous
and bushy vegetation, which later turned into de-
tritic and xylodetritic lignite (Kwiecifiska & Wag-
ner, 1997; Marki¢ & Sachsenhofer, 1997, Widera,
2012, 2016b).

4.5. Depositional model of the succession
studied

The depositional processes in the overbank area
(floodplain, backswamp) are not constant in time
and space. In short-term cycles, shorter periods
or stages can be distinguished, corresponding to
subsequent phases of deposition (Zwolinski, 1985;
Pérez-Arlucea & Smith, 1999; Zieliiski, 2014).
Similarly, six phases in the formation of the cre-
vasse-splay bodies, which appear in superposition
at the Tomistawice opencast mine, are proposed
here (Fig. 7), as follows:

4.5.1. Phase 1

Clastic deposition was restricted to the river chan-
nel during the first phase, i.e., prior to the first
flood. At that time, peat-forming vegetation devel-
oped intensively in the overbank area, creating a
backswamp (Fig. 7A, B).

4.5.2. Phase 2

During the first flood, the natural levee was
breached. At this time the river water, which carried
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the clastic load from the main channel and the lev-
ee, spilled onto the surface of the mire (backswamp)
(Fig. 7C, D).

4.5.3. Phase 3
When the water level dropped, clastic sediments in
the form of an older crevasse-splay lobe, appeared

.+ "o older sediments - .+

in the backswamp area in close proximity to the
main river channel (Fig. 7E, F). Their thickness, as
observed in the field, did not exceed 0.5 metres.

4.5.4. Phase 4
Following the formation of the older crevasse-splay
body, there was a period without floods, the rock

F

crevasse
splay

. .
7SRNG JR

*. crevasse,

&

&
3
By

natural levees
crevasse

splay

Fig. 7. Conceptual model depicting phases in the formation of the crevasse splays and accompanying peat transforma-

tion into lignite

A,C E, G, I, K- plan views; B, D, F, H, J, L - cross-sectional views. For other explanations see text
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record of which would be clastic interbedding
within the lignite seam. In other words, a relatively
long period of mire development at the top of the
above-mentioned splay started (Fig. 7G, H). As a
result, approximately 0.2 metres of lignite formed,
separating both crevasse-splay bodies studied.

4.5.5. Phase 5

This phase corresponds to the next flood. Firstly,
the natural levee was breached after which river
water spilled onto the surface of the backswamp
through the crevasse (Fig. 71, ]J). Thus, the devel-
opment of the mire in the overbank area was inter-
rupted for some time, when the younger crevasse
splay formed.

4.5.6. Phase 6

The last phase (following the second flood) in cre-
vasse splay formation can be combined with a low-
ering of the levels of river water and groundwater
in the overbank area. The siliciclastic deposits of the
younger crevasse splay were exposed in close prox-
imity to the main river channel (Fig. 7K, L). Phase 6
is a repetition of phase 3 outlined above (compare
Fig. 7E, F and K, L). Subsequently, peat vegetation
covered the surface of the younger crevasse splay.
In this way, a new layer of peat was formed, which
was then transformed into an upper bench of lignite
(compare Figs. 4 and 5).

5. Discussion

Direct observation and investigation of cre-
vasse-splay deposits in the rock record are very
rare, not only in Poland, but also worldwide. There-
fore, exposures of crevasse splays from the relative-
ly large opencast mine have proved very valuable.
However, at least three issues, not discussed so far,
are still debatable. These concern mainly the rate
of flooding as well as the accumulation time of cre-
vasse-splay siliciclastics and of the thin lignite lay-
ers separating them.

It appears that the upper crevasse-splay body
records a large flood, i.e., larger than the one ac-
countable for the lower body. This is supported by
the fact that the most diagnostic facies GCm (silty
sands with gravel-sized xylites and turf; secondary
facies: Sh, SCh, TSh, TCh) occurs only in the basal
parts of these two bodies (see Fig. 5). Moreover, the
upper crevasse-splay represents a more complete
sedimentary profile, indicating a weakening flow
energy from the mudflow (facies SCm), through the
sheetflow (facies Sh and SCh), to the channelised
flow at various scales (facies St, SCt, Sp and Sr). De-

posits discussed are characteristic of a single, cata-
strophic flood for at least two reasons. First, none
of the main facies mentioned above is repeated in
the sedimentary section (compare Figs. 5 and 6).
Secondly, the thickness of the crevasse-splay de-
posits examined exceeds the 0.5 metres typical of a
catastrophic flood (e.g., Gebica & Sokolowski, 2001;
Makaske, 2001; Zieliriski, 2014).

The duration of crevasse splay deposition may
vary widely. Simply put, it depends on the duration
of the flood, specifically on the time of outflow of
channel water (which carries a mineral load) into
the overbank (backswamp) area. In the case of pres-
ent-day, individual, short or long-lived floods, it can
be counted in hours, days or even weeks (Zwoliriski,
1985; Gebica & Sokolowski, 2001). Of course, floods
recorded in modern times can recur and intervals
between them can be from tens to hundreds of years
(Smith et al., 1989; Pérez-Arlucea & Smith, 1999; Far-
rell, 2001; Stouthamer, 2001; Kordowski et al., 2014).

Taking into account field data, the question aris-
es as to how much time was involved in deposi-
tion of the lignite layer which separates the older
and younger crevasse-splay bodies. The maximum
thickness of this lignite bed reaches about 0.2 me-
tres. In the literature it has been indicated that the
approximately 100 metres of the Main Seam in the
Lower Rhine Graben (Germany) accumulated for
~6 million years, i.e.,, one metre of lignite per 60
thousand years (Zagwijn & Hager, 1987). Obvious-
ly, this Main Seam here is more compacted than
the first Mid-Polish lignite seam at the Tomistawice
opencast mine. The average compaction ratio for
the deposits mentioned is ~3.0 and ~2.0, respective-
ly (compare Widera, 2015). Thus, the 0.2 metres of
lignite interbedding could have formed over a peri-
od of about 8,000 years (60,000 x 0.2 x 2/3 = 8,000).
However, this result should be considered an esti-
mate because both the base and top of the lignite
layer in the study area cannot be dated precisely.

Borehole data from the “Tomislawice’ lignite de-
posit provide information on relatively thick layers
of mineral matter within the lignite seam. These
may indicate the presence of other crevasse splays
in the study area. Unfortunately, during fieldwork
these deposits were not observed (lack of exposure).

At the present time, the formation of crevasse
splays is often associated with sudden and cata-
strophic destruction of flood protection measures.
The deposition of such forms covers both the nat-
ural river sediments and those coming from those
artificial constructions (e.g., Gebica & Sokotowski,
2001). Therefore, differences in deposition dynam-
ics should be taken into account when comparing
contemporary and ancient crevasse splays.
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6. Conclusions

The current research determines the sedimentologi-
cal characteristics of crevasse splays exposed within
all lignite-bearing successions in Poland. The major
conclusions drawn here can be briefly summarised
as follows:

- Two superimposed crevasse-splay bodies were
revealed at the Tomislawice opencast mine
(Konin Lignite Mine; central Poland) during
mining activity. These bodies divided the lignite
seam of Middle Miocene age in two.

- The crevasse splays are lenticular in shape and
mirror imaged, on the exploitation and over-
burden levels. This significant difference is ex-
plained by varying compaction of the underly-
ing, strongly compactible lignites and almost
non-compactible sands.

- Facies analysis shows that the siliciclastic depos-
its studied are typical of a crevasse splay, which
accumulated in close proximity to the river
channel, i.e., in the overbank (backswamp) area.
The sediments are well-sorted, fine-grained
sands, locally with an organic admixture. Mas-
sive and horizontal structures are commonest,
while crudely stratified and gravel-sized clasts
are the most characteristic facies within the cre-
vasse-splay deposits studied.

- A depositional model of crevasse splays forma-
tion is proposed. It includes six phases that cor-
respond to the creation of both splays (older and
younger) and the thin layer of lignite separating
them, i.e., before, during and after two floods.
Most likely, the break in clastic sedimentation,
recorded in peat accumulation, lasted for a few
thousand years.

- The results presented here may be useful for
mining activity, particularly at the stage of
mapping the extent of exploitation of the lig-
nite seam. Therefore, a better knowledge of the
mechanisms of deposition of the siliciclastic
beds within the lignite seams (crevasse splays)
is highly desirable.
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Architektura i geneza ilow w gornym poziomie wegli brunatnych
formacji poznanskiej (Srodkowy miocen) — odkrywka Tomislawice
k. Konina w srodkowej Polsce

Lilianna Chomiak', Pawel Urbanski’, Marek Widera'

L. Chomniak

P. Urbanski M. Widera

Architecture and origin of clays within the upper part of lignites of the
Poznan Formation (Middle Miocene) — the Tomislawice lignite open-
cast mine near Konin, central Poland. Prz. Geol., 68: 526-534; doi:
10.7306./2020.19

Abstract Inthe Tomistawice opencast mine, owned by the Konin Ligni-
te Mine, a relatively widespread (>1.5 km®) and thick (up to 80 cm) layer of
clay occurs within the first mid-Polish lignite seam. These fine-grained
sediments are interpreted as deposited in a long-lasting lake that existed in
the mid-Miocene backswamp area. Due to the exploitation of this seam for

electricity production, interbeddings of clastic sediments significantly

reduce the quality of lignite. Currently, lignite is mined together with the
clays in the Tomislawice opencast mine. Such procedure in extreme cases, where the maximum. thickness of the clay layer is up to 80
cm, increases/may increase the ash content of the entire lignite seam almost twice. Therefore, selective lignite mining would be recom-
mended, i.e. without clays, which unfortunately is not practiced due to technological and financial reasons.

Keywords: clastic sediments, palaeolake, first mid-Polish lignite seam, ash content, Miocene of Poland

W Polsce z wegla brunatnego wciaz produkuje si¢ ok.
30-35% energii elektrycznej (Kasztelewicz i in., 2018).
Jest on wydobywany przez pig¢ kopaln, w dziewigciu
odkrywkach, w tym w trzech nalezacych do Patnow—
Adamoéw—Konin Kopalnia Wegla Brunatnego Konin
Spotka Akcyjna (PAK KWB Konin S.A.) (Mazurek,
Tyminski, 2019). Jedna z nich, a jednocze$nie najmtodsza,
jest odkrywka Tomistawice, gdzie eksploatacjg wegla roz-
poczgto w 2011 r. (rye. 1).

Obszar ztoza Tomistawice, oprocz wystgpowania $rod-
kowomiocenskiego poktadu wegla brunatnego, jest takze
bardzo interesujacy pod wzgledem poznawczym. W wyniku
robdt gorniczych w latach 2015-2017 w poktadzie weglo-
wym zostaly odkryte osady piaszczyste o wzglednie duzej
migzszosci (do 1,8 m) i rozprzestrzenieniu lateralnym (300—
500 m). Bylo to pierwsze w Polsce odstonigcie w obrgbie
miocenu weglonosnego osadow stozka (glifu) krewasowe-
go (Widera, 2016a; Widera i in., 2017; Chomiak, 2020a).
Ponadto w ich stropie udokumentowano unikatowa dla for-
macji weglonosnych brekceje sedymentacyjng, ktéra pow-
stata najprawdopodobniej w wyniku sptywu kohezyjnego
laminowanych osadoéw waléw brzegowych miocenskiej
rzeki na jej obszar pozakorytowy, tj. na torfowisko (Wide-
ra, 2017).

W tym samym czasie (2015-2017) w tzw. gornej lawie
pokladu weglowego stwierdzono wystgpowanie cienkich
warstw (do 20 cm) itow i pytow weglistych (Widera i in.,
2017). Dopiero w nastgpnych latach, tj. 2018-2019, wraz
z postgpem robot gorniczych, w tym zmiany kierunku eks-
ploatacji z SSE-NNW na NNE-SSW, w pokladzie wegla
brunatnego zostaly odstonigte wspomniane osady ilasto-
-pylaste w trzech wymiarach. Tworzyly one ciagla warstwe
na dtugosci co najmnie;j kilkuset metrow, a ich grubos¢ sig-
gala kilkudziesigciu centymetrow.

Gl odkrywka
e Tomistawice
Tomistawice
opencast mine
ryc. 3, 6,7
odkrywka Fig. 3,6, 7
Jazwin 1B
Jazwin IIB
opencast mine

Wierzbinek

Ko Sompolno
odkrywka
Drzewce
Drzewce
opencast
mine

,/':

Patnowskie

Q funkcjonujace odkrywki wegla brunatnego
operating lignite opencast mines

55 wyeksplatowane ztoza wegla brunatnego lub ich czesci
exploited lignite deposits or their parts

&= ztoze wegla brunatnego lub jego cze$¢ pozostata do eksploataciji

lignite deposit or its part remaining for exploitation

Ryc. 1. Mapa lokalizacyjna obszaru badafn na tle $rodkowo-
miocenskich zl6z wegla brunatnego 1 odkrywek w rejonie
koninskim (wg Widery i in., 2017; Chomiak, 2020a, zmienione)
Fig. 1. Location map of the study area against the background of
lignite deposits and opencast mines in the Konin region (after
Widera et al., 2017; Chomiak, 2020a, modified)
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Przewarstwienia tak drobnoklastycznych osadow, w do-
kumentacji geologicznej zwanych itami (Kozula, 1999), sa
znane z wielu obszarow weglono$nych réznego wieku za-
réwno z zagranicznych (np. Horne i in., 1978; McCabe,
1984; Diessel i in., 2000; Lv i in., 2016; Erkoyun i in.,
2017; Matys Grygar i in., 2017), jak i z polskich zt6z wegla
kamiennego i brunatnego (np. Kasinski, 1986, 1989; Masta-
lerz, 1992; Doktor, 2007; Widera, 2016a; Widera i in., 2017;
Chomiak, 2020a). Ich depozycj¢ mozna obserwowac takze
w niewielkich zbiornikach wodnych na pozakorytowych
torfowiskach wspoéltczesnych rzek (np. Gradzinski i in.,
2000; Morozova, Smith, 2000; Bos i in., 2009).

Podstawowym celem badan jest wykartowanie zasiggu
warstwy ifow w obrgbie poktadu weglowego odstaniaja-
cych sie w odkrywce Tomistawice oraz ich charakterystyka
migzszo$ciowo-litologiczna. Takie podejscie badawcze
umozliwia poznanie architektury stratygraficznej i genezy
wspomnianej warstwy osadow drobnoklastycznych. Zosta-
nie takze przedyskutowany wplyw itéw poddanych bada-
niom na popielno§¢ calego eksploatowanego dla celow
energetycznych pokladu wegla brunatnego.

SZKIC GEOLOGICZNY

Obszar ztoza wegla brunatnego Tomistawice znajduje
sig¢ we wschodniej czgsci niecki mogilensko-todzkiej, nad
poinocno-wschodnim sktonem struktury solnej zwanej anty-
kling Gopta (Dadlez i in., 2000). Wedlug podziatu tekto-
nicznego Polski teren objgty badaniami jest zlokalizowany
w synklinorium szczecinsko-miechowskim, a doktadniej
we wschodniej czgsci segmentu mogilensko-tédzkiego
(Zelazniewicz i in., 2011).

Strop mezozoiku na omawianym obszarze jest zbudo-
wany glownie z péznokredowych margli (ryc. 2; Dadlez
iin., 2000). Profil kenozoiku rozpoczynaja ilaste zwietrze-
liny skat kredowych, ktore lokalnie wypelniaja depresje
tektoniczne wystgpujace w stropie mezozoiku. Na nich
zalegaja piaski glaukonitowe o zielonym odcieniu, pow-
statle w strefie nerytycznej wczesnooligocenskiego morza
epikontynentalnego (ryc. 2; Widera, Kita, 2007; Widera
iin., 2017).

Na obszarze ztoza Tomistawice neogen rozpoczyna sig
ciagla warstwa piaskow o migzszosci do 20 m, czgsto
wzbogaconych w substancjg¢ organiczng. Osady te naleza
do formacji kozminskiej, powstatej we wezesnym/$rodko-
wym miocenie (ryc. 2). Neogen w tej czgsci Polski koncza
zalegajace wyzej osady formacji poznanskiej, obejmujacej
przedzial czasowy od $rodkowego miocenu po wczesny
pliocen. Formacja poznanska tradycyjnie dzieli si¢ na dwa
ogniwa — starsze itow szarych (ogniwo srodkowopolskie)
i mlodsze wielkopolskie (ryc. 2; Piwocki, Ziembinska-
-Tworzydto, 1997; Widera, 2007).

Ogniwo itow szarych sktada si¢ z pierwszego s$rod-
kowopolskiego poktadu wegla brunatnego, ktérego miaz-
szo$¢ na obszarze ztoza Tomistawice wynosi $rednio 6,9 m
(Kozula, 2001). Ponadto do tego ogniwa naleza tzw. ity
szare, zalegajace lokalnie w stropie ww. poktadu weglowe-
go. Natomiast ogniwo wielkopolskie jest zbudowane glow-
nie z itow poznanskich (ity zielone i ity ptomieniste). Jed-
nakze ze wzgledu na erozjg i egzaracj¢ plejstocenska
wystegpuja one w formie reliktowej (Widera i in., 2017;
Chomiak, 2020a).
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Ryec. 2. Litostratygrafia kenozoiku na obszarze zloza wegla bru-
natnego Tomistawice (wg Chomiak, 2020a, zmienione). Lokali-
zacja otworow MC-184 i TM-18 na rycinie 3

Fig. 2. Cenozoic lithostratigraphy in the area of the Tomistawice
lignite deposit (after Chomiak, 2020a, modified). For location of
boreholes MC-184 and TM-18 see Fig. 3

Neogen jest przykryty przez osady czwartorzedowe,
ktorych miazszo$¢ na obszarze badan waha sig od 35 do 60 m.
Czwartorzed czgsto zalega wprost na stropie poktadu wegla
brunatnego. Na obszarze badan osady czwartorzedowe sg
reprezentowane gléwnie przez gliny lodowcowe, zwiry
i piaski o genezie fluwioglacjalnej oraz fluwioglacjalno-
-zastoiskowe mutly (ryc. 2; Widera i in., 2017).

METODYKA BADAN

Badania terenowe i archiwalne, stanowiace podstawowa
czg$¢ prezentowanych wynikow, przeprowadzono w sezo-
nie wiosenno-letnim 2019 r. Prace w odkrywce Tomistawice
(ryc. 1) objely kartowanie przewarstwienia itow w Scia-
nach weglowych, pobor probek do badan laboratoryjnych
i dokumentacjg fotograficzng. Ciagla warstwe itow udoku-
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mentowano tacznie na dystansie ok. 1 km, gdzie w 11 miej-
scach pobrano z nich 35 probek (ryc. 3). Migzszos¢ ba-
danych it6w wynosi od kilkunastu do 40 cm i wystgpuja
one na wysokosci do 3 m od stropu poktadu weglowego
(ryc. 4, 5). W terenie okreslono makroskopowo facje itow
oraz litotypy nizej i wyzej zalegajacego wegla brunatnego.
W celu uproszezenia ich opisu uzyto odpowiednio kodu
litofacjalnego i litotypowego (tab. 1; ryc. 5; Widera, 2016b;
Widera i in., 2019).
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Ryc. 3. Mapa dokumentacyjna obszaru odkrywki Tomistawice
(czerwiec 2019) z lokalizacja otworéw wiertniczych, miejsc po-
boru probek i przekrojow geologicznych analizowanych w tej
pracy

Fig. 3. Documentation map of the Tomistawice opencast mine
(June 2019) with location of boreholes, sampling sites and cross-
-sections analysed in this paper

W archiwum geologicznym PAK KWB Konin S.A.
kwerendzie poddano 38 kart otworow wiertniczych z ob-
szaru potudniowej i Srodkowej czgsci ztoza Tomistawice
(por. ryc. 113 oraz tab. 2). W wigkszo$ci z nich stwierdzo-
no badane ity migdzywgglowe. Dlatego uzyskane dane
otworowe postuzyly do wykonania: mapy migzszosciowej
itéw (ryc. 6), mapy strukturalnej spagu itow (ryc. 7) oraz
czterech rownoleznikowych, uproszczonych przekrojow
geologicznych, uwzgledniajacych przede wszystkim poktad
wegla i wystgpujace w nim ily, a takze piaski (ryc. 3, 8).

Podczas prac laboratoryjnych 35 probek (profile, miej-
sca [-XI naryc. 3 19) poddano analizie uziarnienia metoda
areometryczna. W ten sposob okreslono zawartos¢ frakeji
itowej, pylowej i piaskowej w analizowanych prébkach,
a nastepnie osad nazwano zgodnie z klasyfikacja Sheparda
(1954). W przypadku mieszaniny ww. frakcji w ilosci co
najmniej 20% wag. kazda (piasek-pyt-it wg Sheparda,
1954) uzyto w tej pracy nazwy mut (ryc. 9). Dodatkowo
trzy probki itow (profil, miejsce XI na ryc. 3 19) poddano
badaniom na zawarto$¢ organiki. W tym celu probki te,
roznigce si¢ wyraznie makroskopowo ze wzgledu na za-
warto$¢ detrytusu roslinnego, spalono w temp. 850°C.
Wyniki badan laboratoryjnych pozwolity na bardziej pre-
cyzyjne okreslenie nazwy badanych osadéw drobnokla-
stycznych (ryc. 9). Wreszcie wykonano odpowiednie
proste obliczenia, majace na celu okreslenie wptywu prze-
warstwienia ilastego na popielno$¢ catego, obecnie eksplo-
atowanego w odkrywce Tomistawice, pokladu wegla
brunatnego.

WYNIKI BADAN

Poddane badaniom ity sa widoczne makroskopowo
w odkrywce Tomistawice, pomimo ich niewielkiej
miazszosci (25-40 cm) 1 niezbyt duzego kontrastu barwne-
go. Ity maja barwe jasnoszara, szara, po czarng (ryc. 5A)
lub jasnobrazowa (ryc. 5B), natomiast wegiel — ciemno-
brazowa 1 czarng (ryc. 4, 5). Udokumentowana rozciaglos¢
ciagtej warstwy ilastej wynosi odpowiednio na $cianach
o orientacji: E-W —ok. 200 m, S-N —ok. 180 mi SW-NE —
ok. 600 m (por. ryc. 3,4, 617).

Opisywane ity nie sa jednorodne teksturalnie. Oprocz
wspomnianego juz urozmaicenia barwnego, spowodowa-
nego domieszka pylu weglowego (detrytusu roslinnego),
roznig sig one tez wielkoscia ziarna. Stosujac podstawowe

badane ity
£ " o |~ studied clays
czwartorzed

Quaternary

badane ity / studied clays

Rye. 4. Panoramiczny widok osadow drobnoklastycznych w obrgbie pierwszego $rodkowopolskiego poktadu weglowego (Srodkowy
miocen) w odkrywce Tomistawice, czerwiec 2019. A — zestawienie fotografii; B — szkic przedstawiajacy szczegoly z ryciny 4A

Fig. 4. Panoramic view of the fine-grained clastics within the first mid-Polish lignite seam in the Tomistawice opencast mine, June 2019.
A — compilation of photographs; B — line drawing depicting details shown in Fig. 4A

528

str. 29



Przeglqd Geologiczny, vol. 68, nr 6, 2020

DXLm, DLfr

)

DXLm, XDLm

Ryc. 5. Widok badanych osadow drobnoziarnistych migdzy warstwami wegla brunatnego w odkrywce Tomistawice, czerwiec 2019.

Objasnienia kodu facjalnego i litotypowego w tabeli 1

Fig. 5. View of the studied fine-grained sediments between lignite beds in the Tomislawice opencast mine, June 2019. For explanation of

facies and lithotypes codes see Table 1

Tab. 1. Makroskopowa kodyfikacja drobnoziarnistych facji kla-
stycznych (wg Widery i in., 2019) i litotypow wegla brunatnego
(wg Widery, 2016b) wykorzystana w tej pracy

Table 1. Macroscopic codification of fine-grained clastic facies
(after Widera et al., 2019) and lignite lithotypes (after Widera,
2016b) used in this paper

Facje drobnoklastyczne
Fine-grained clastic facies

Kod / Code Opis / Description
mul masywny
M mud with a massive structure
MCm mul weglisty, masywny
coaly (carbonaceous) mud with a massive structure
Litotypy wegla brunatnego
Lignite lithotypes
Kod / Code Opis / Description
DLfr wegiel brunatny detrytowy, spekany
detrital lignite with a fractured structure
XDLm wegiel brunatny ksylodetrytowy, masywny
xylodetritic lignite with a massive structure
DXLm wegiel brunatny detroksylitowy, masywny
detroxylitic lignite with a massive structure
XLm wegiel brunatny ksylitowy, masywny

xylitic lignite with a massive structure

metody terenowe (W tym organoleptyczne), w wigkszosci
przypadkow oprocz frakeji itowej stwierdzono takze frakcjg
pytowgq oraz ziarna piasku. Dlatego makroskopowo badane
osady nazwano mulami i mutami weglistymi o strukturze
masywnej (ryc. 5; tab. 1). Warto doda¢, ze w omawianych
itach wystegpuja zaréwno silnie sptaszczone fragmenty ros-
linnosci zielnej (najprawdopodobniej szuwarowej), o sze-
rokosci do 2 c¢cm i grubosci do 2-3 mm, jak i uwgglone
fragmenty roslinnos$ci drzewiastej o wielkosci powyzej 1 cm,
tj. ksylity (ryc. 5A).

Zasigg badanych itow nawiazuje w duzym przyblizeniu
do rozprzestrzenienia objgtej badaniami czgsci ztoza To-
mistawice (ryc. 6, 7). Ity zajmuja powierzchnig >1,5 km?,
a ich rozciagtos¢ w kierunku SSE-NNW, czyli zgodnym
z orientacja ztoza wegla brunatnego, wynosi ponad 2,2 km.

Natomiast w najszerszym miejscu, tj. w srodkowej czgsci
badanego obszaru, omawiana warstwa ild0w ma szeroko$¢
ok. 1,2 km (ryc. 6, 7).

Miazszos¢ itow w obregbie poktadu weglowego miesci
si¢ w przedziale 0-80 cm (ryc. 6; tab. 2). Ich najgrubsze
wystapienia sa/byly zlokalizowane w SE juz wyeksploato-
wanej czgs$ci ztoza — 50 cm w otw. TM-211 MC-190 — oraz
w przeznaczonej do wydobycia NE czgsci ztoza — 80 cm,
otw. MC-180 (ryc. 6). Na terenie objgtym badaniami, w dos-
tegpnym do bezposrednich obserwacji w czasie prac tereno-
wych, miazszos$¢ itdw wynosi 20—40 cm (por. ryc. 4-6).

Ksztalt warstwy itow dobrze obrazuje mapa struktural-
na ich powierzchni spagowej (strop jest wspotksztaltny do
spagu) oraz przekroje geologiczne (ryc. 7, 8). W obu przy-
padkach wyraznie wida¢, ze deniwelacje spagu i stropu
analizowanej warstwy przekraczaja 8 m. W najnizszym miej-
scu (otw. T-54) ity zalegaja na rzednych ponizej 56 m n.p.m.,
ana ich obrzezach (np. otw. TM-34) wznosza si¢ na wyso-
kos¢ powyzej 64 m n.p.m. (ryc. 7). Warto zauwazyc, ze
obnizenia warstwy itow pokrywaja si¢ z miejscami ich naj-
wigkszych miazszosci. Z drugiej strony, utozenie warstwy
ifow nie zawsze jest wspotksztattne do spagu i/lub stropu
poktadu weglowego, w ktorym wystepuja (por. ryc. 6-8).

Wedlug danych z dokumentacji geologicznej $rednia
zawarto$¢ popiolu w stanie suchym (4) dla calego ztoza
Tomistawice wynosi 22,4% (Kozula, 2001). W tym przy-
padku probki byty pobierane bruzdowo z rdzeni otworow
wiertniczych, wlaczajac przerosty mineralne do 30 cm gru-
bosci. Natomiast wyniki 4° uzyskane dla 86 probek pobie-
ranych punktowo, bezpoérednio ze $cian weglowych w od-
krywce wzdluz calego pokladu, wynosza $rednio 15,9%
(Chomiak, 2020b). Nalezy zauwazy¢, ze w ostatnim przy-
padku nie pobierano probek z makroskopowo stwierdzo-
nych przerostow mineralnych, w tym z badanych itow.

INTERPRETACJA WYNIKOW I DYSKUSJA

Wyniki badan laboratoryjnych pozwolily sprecyzowac
nazwy osadéw drobnoklastycznych, ktére w dokumenta-
cjach geologicznych sa zwane po prostu itami (Kozula,
1999, 2001), a w terenie okreslono je jako muty i muly
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Tab. 2. Parametry poktadu weglowego oraz przewarstwien ilastych i piaszczystych w analizowanych otworach wiertniczych z obsza-
ru zloza wegla brunatnego Tomistawice

Table 2. Parameters of the lignite seam, as well as clayey and sandy interbeddings, in the Tomislawice lignite deposit from the
analysed boreholes

- Rzedna spagu i stropu
Rz‘sdnlz; sl:)raug:a;:::n:)p“ ilow i/lub piaskow Migzszos¢ ilow
Numer otworu Rze¢dna otworu [m n.p.m.] @g[m n.p.m.] 8 [m n.p.m.] i/lub piaskéw [m]
Borehole No. Borehole elevation [m a.s.l.] Elevation 0} I;' ’;'. te base Elevation of clays Thickness of clays and/or
and top [mg¢ si] and/or sands* base and top sands* [m]
o [m as.l]

60,05-60,45 0,4

MC-171 96,25 51,05-61,95 54,25-56,05* 1,8%

56,45-58,05* 1,6%
MC-176 100,61 47,11-59,11 — 0,0
T-46 95,89 52,89-61,89 60,39-60,69 0.3
= 0,0

MC-178 98,11 61,51-67,71 65.11-66.61* 1.5%
56,17-56,67 0,5

MC-179 101,67 47,67-58,07 48.67-49.67* 1.0*
56,23-57,03 0,8

MC-180 99,23 47,23-57,43 4873-49/73% 1.0%
TM-34 95,38 61,68-66,88 63,98-64,38 0,4
T-48 95,87 58,57-65,07 63,67-64,07 0,4
T-49 97,75 49,05-59,95 57,65-58,05 0,4
T-50 99,12 52,12-57,12 - 0,0
MC-182 97,33 54,33-63,33 61,53-62,03 0,5
= 0,0

MC-187 97,61 51,51-61,91 55.81-58.41% 2.6
T-51 94,79 56,79-64,99 62,99-63,39 0.4
48,85-57,15 51,45-51,85 0,4
52 A543 51.85-59.25 57.15-57.55 0.4
T-53 96,22 47,22-58,22 - 0,0
T-54 96,64 47,54-57,44 55,04-55,44 0,4
MC-166 96,11 48,31-59,11 56,61-56,91 0,3
T-123 95,48 57,38-63,88 62,18-62,48 0,3
MC-190 95,25 49,55-60,75 57,35-57,85 0,5
TM-25 95,70 56,50-58,80 — 0,0
T-58 95,73 51,73-62,73 60,23-60,43 0,2

T™M-27 95,65 62,85-65,85 65,75->65,85 >0,1
TM-28 95,90 66,00-66,20 - 0,0
= 0,0

TM-36 96,01 63,01-66,41 64.01-65.91% 1.9%
MC-184 95,46 51,46-62,96 — 0,0
TM-26 98,76 59,26-66,06 63,26-63,56 0,3
MC-194 95,84 50,74-61,34 — 0,0
TM-21 95,71 55,21-62,31 60,41-60,91 0.5
T™M-24 97,30 61,60-66,30 — 0,0
T-65 98,66 57,86-63,66 - 0,0
— 0,0

T-120 96,09 56,69-66,39 57.09-66.09* 9.0

T-66 95,50 54,30-62,50 60,00-60,15 0,15

T-67 95,54 51,54-60,84 59,09-59,24 0,15
TM-19 96,08 57,08-63,58 - 0,0
60,47-60,77 0,3

TM-18 95,37 51,37-61,27 58.37-59.87* 15
TM-17 96,08 — — 0,0
— 0,0

MC-193 96,38 57,88-65,68 61.98-65.48* 3.5+
T-68 95,58 51,58-61,68 - 0,0

*Przewarstwienia piaszczyste (osady stozkow krewasowych) w poktadzie weglowym.
*Sandy interbeddings (crevasse-splay sediments) within the lignite seam.
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—~—=~ zasigg badanych itow
extent of the clays
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numer otworu wiertniczego
w21~ borehole number
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Ryc. 6. Mapa miazszosci warstwy ilu w pokladzie ze ztoza wegla
brunatnego Tomislawice

Fig. 6. Thickness map of the clayey layer within the lignite seam
from the Tomistawice lignite deposit

200 m

56— linie strukturalne [m n.p.m.]

~ZZ88- structure contour lines [m a.s.l.]

Ryc. 7. Mapa strukturalna spagu srodkowomiocenskiej warstwy
ilastej przedstawionej na rycinie 6
Fig. 7. Structural map of the base of the clayey layer show in Fig. 6

wegliste (por. ryc. 51 tab. 1). Okazalo sig, ze podane wyzej
nazwy sa tylko czg$ciowo poprawne dla badanych probek
(ryc. 9). Tylko jedna z przebadanych probek (pr. 12) moze
by¢ nazwana item, gdyz zawiera >75% wag. frakcji itowej
wg kryterium Sheparda (1954). Z drugiej strony, wigk-

szo$¢ probek nie reprezentuje mutoéw, a jesli zostataby zasto-
sowana klasyfikacja Lundegarda i Samuelsa (1980) (33—66%
wag. frakcji pylowej i <50% wag. frakcji piaskowej), to
zadnej probki nie nalezaloby nazwa¢ mulem. Innymi
stowy, najwigksza liczba probek reprezentuje it pylasty —
21 probek, a tylko 3 probki to it piaszczysty. Natomiast 10
probek, obejmujacych wszystkie frakcje (piaskowa,
pylowa, itowa) w ilosci >20% wag. (Shepard, 1954),
spetnia kryteria mutu i tak sa w tej pracy opisane. Najwig-
cej najgrubszych ziaren, tj. frakcji piaskowej i pylowej,
wystepuje w profilach VIII i IX, za$ najdrobniejsza frakcja
jest w profilu I. Wskazuje to na generalny kierunek trans-
portu materiatu drobnookruchowego z zachodu na wschod
(por.ryc.319).

Pionowa zmienno$¢ uziarnienia jest zauwazalna w wigk-
szosci analizowanych profili. Obecno$¢ w itach warstw
(soczew) wzbogaconych w detrytus roslinny do 34% wag.
(ryc. 5, 9) dowodzi zmieniajacych si¢ warunkéw depozy-
cji, w tym kilkuetapowej dostawy czastek mineralnych
1 organicznych do zbiornika sedymentacyjnego. Osad drob-
noklastyczny pochodzit zapewne z koryt rzecznych oply-
wajacych torfowisko (Bos i in., 2009, 2012; Widera, 2016a).
Z kolei zrodtem detrytusu ro$linnego, tj. pylu weglowego
i fragmentow todyg roslinnosci zielnej, byta prawdopo-
dobnie roslinno$¢ porastajaca strefg przybrzezna (do ok.
2 m) zbiornika wodnego istniejacego na powierzchni torfo-
wiska (np. Horne i in., McCabe, 1984; 1978; Diessel i in.,
2000). W glebszej (>2 m) czgsci plytkiego jeziora po-
fozonego w strefie pozakorytowej srodkowomiocenskiej
rzeki przewazala, a nawet dominowata sedymentacja kla-
styczna z zawiesiny (np. Lv i in., 2016; Widera, 2016a;
Erkoyun i in., 2017; Matys Grygar i in., 2017). Natomiast
ksylity w badanych itach maja dwojakie pochodzenie.
Czg$¢ z nich byta redeponowana spoza zbiornika sedymen-
tacyjnego, stanowiac fragmenty roslinnosci krzewiastej
1 drzewiastej, ktora porastata wyniesienia (powyzej pozio-
mu wod gruntowych) na srodkowomiocenskim torfowisku
i jego otoczeniu (Kwiecinska, Wagner, 1997; Markic,
Sachsenhofer, 1997; Widera, 2016b). Natomiast pozostate
ksylity to uwgglone fragmenty korzeni roslinnosci krze-
wiastej i drzewiastej, z ktorej m.in. powstata gorna fawa
weglowa (ryc. SA).

Rozprzestrzenienie badanych itow w ztozu Tomistawice
jest najwigksze sposrod wszystkich zt6z eksploatowanych
przez PAK KWB Konin S.A. Dotyczy to takze przewar-
stwien piaszczystych reprezentujacych stozki krewasowe,
odstonigtych do bezposrednich obserwacji w odkrywkach
Tomistawice (Widera, 2016a; Widera i in., 2017; Chomiak,
2020a) i Jozwin 1IB (Chomiak i in., 2019a, b; van Loon, 2019).
Przewarstwienia te wystgpuja w brzeznych lub spagowych
partiach poktadu weglowego, co wplywa na zmniejszenie
zasobow, ale nie utrudnia eksploatacji poprzez odpowied-
nie okonturowanie ztoza. Natomiast w przypadku bada-
nych itow migdzywegglowych ze ztoza Tomistawice, to za-
legaja one na przewazajacym jego obszarze, w tym w jego
strefie osiowej (ryc. 6, 7). Ponadto obecnos¢ warstwy itow
o grubosci dochodzacej do 80 cm powoduje nie tylko pro-
blemy geologiczno-gornicze (m.in. podwyzsza stosunek
nadktadu do wegla), ale przede wszystkim niekorzystnie
wplywa na parametry chemiczno-technologiczne wegla —
gléwnie na zawarto$¢ popiotu. Niestety aktualnie, poza
wyjatkowymi sytuacjami, w odkrywce Tomistawice nie
jest prowadzona, ze wzglgdow technologicznych i finanso-
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Ryec. 8. Uproszczone przekroje geologiczne ukazujace architekturg przewarstwien klastycznych (itow i piaskow) w obrgbie pierwszego
srodkowopolskiego poktadu weglowego (Srodkowy miocen) w ztozu Tomistawice. Lokalizacja linii przekrojowych na ryc. 3

Fig. 8. Simplified cross-sections depicting an architecture of the clastic interbeddings (clays and sands) within the first mid-Polish lignite
seam in the Tomistawice deposit. For location of the cross-section lines see Fig. 3

wych, selektywna eksploatacji dolnej i gérnej tawy weglo-
wej. W ostatnim przypadku nie byloby speinione kryte-
rium bilansowe (>3 m miazszosci wegla), gdyz gorna tawa
weglowa w przeanalizowanych otworach ma grubos¢ od
0,4 m w otw. MC-180 do 2,9 m w otw. MC-190 (tab. 2).
Utozenie warstwy itow na obszarze ich wystgpowania
jest w przyblizeniu rownolegle zaréwno do spagu, jak i stro-
pu poktadu weglowego. Jednakze w brzeznych partiach sa
one czgsto silnie poddarte, dochodzac do stropu wegla, co
zaobserwowano w terenie (ryc. 10) i zinterpretowano na
przekrojach (ryc. 8). W niektérych przypadkach, gdzie
architektura warstwy ilow nawiazuje do ksztaltu spagu
wegla (otoczenie otwordw: MC-178, T-51, TM-27, TM-36,
T-66 1 TM-19), przyczyn takiego utozenia iltow mozna do-
patrywac si¢ w tektonice postdepozycyjnej. Natomiast po-
zostale przypadki (otoczenie otwordéw: T-53, T-58 1 MC-194)
sktaniaja do taczenia poddarcia warstwy ilow z nieréwno-
mierng, postdepozycyjna kompakcja dolnej tawy weglo-
wej (ryc. 8, 10). W ten sposob, pod cigzarem wzglednie
grubej (do 80 cm) warstwy badanych osadow drobnokla-
stycznych, postgpujaca kompakcja doprowadzita do utwo-
rzenia przestrzeni akomodacyjnej dla mtodszych warstw
torfu. W efekcie powstata gorna tawa weglowa, ktorej
obserwowana i nawiercona migzszo$¢ nie przekracza 3 m
(por. ryc. 4, 10 i tab. 2). Niemniej jednak, ze wzgledu na
skutki plejstocenskich procesow niszczacych (erozja i egza-

532

racja) trudno jest wyznaczy¢ pierwotny zasigg i miazszosc
wspomnianej gornej tawy weglowej. Dlatego nie mozna
tez okresli¢ rozmiarow deformacji warstwy ilow wywola-
nych zaréwno przez subsydencjg tektoniczna, jak i kom-
pakcyjna (Widera, 2007).

Badana warstwa itow ma zréznicowany wptyw na po-
pielno$¢ catego pokladu, w zaleznosci od stosunku miaz-
szosci itu do wegla. Dla uproszczenia obliczen i interpreta-
cji wynikow przyjeto ggstos¢ objetosciowq dla wegla bru-
natnego 1,2 Mg/m’, dla itéw 2,0 Mg/m’ oraz $redniag
popielnos¢ 4’ = 17,2% (Chomiak, 2020b). W przypadku
otw. T-67 (9,15 m wegla i 0,15 m itu; ryc. 6; tab. 2) wydo-
bycie tej cienkiej warstwy itu razem z weglem zwigksza
popielno$¢ catego poktadu tylko o ok. 2,4%. Inaczej sytu-
acja wyglada w otw. MC-180, jesli uwzglgdniony zostanie
poklad powyzej warstwy piaskow interpretowanych jako
osady stozka krewasowego (ryc. 8). W tym przypadku
faczna grubos¢ poktadu wynosi 7,7 m, gdzie 6,9 m stanowi
wegiel, a 0,8 m il — jest to najwigksza miazszo$¢ warstwy
itu na calym badanym obszarze (por. ryc. 6 1 8). W efekcie
wydobycie wegla razem z przewarstwieniem ilastym
powoduje wzrost popielnosci do ok. 32,7%. Innymi stowy,
niespelna 1 m ilu zawiera wigcej materii mineralnej
(popiotu) niz blisko 7 m weggla brunatnego. Powyzsze
wyniki prostych obliczen jasno pokazuja, ze nieselektywna
eksploatacja wegla, tj. razem z warstwa ilow, w skrajnych

str. 33



Przeglad Geologiczny, vol. 68, nr 6, 2020

sktad ziarnowy sktad ziarnowy skfad ziarnowy sktad ziarnowy
[emn] | grain content | | grain content | | | grain content | grain content
04 b 5%  75% U 5% 75% T 5% 75% 25%  75%
13— | 13— [ 14— e V4 — | | I
it pylasty it pylasty it .?ylaity s:lry clay
104 silty clay silty clay ity clay V3 — * X pylasty
12— |% 0 2—|% 13— sity ciay
it pylasty H
20 it it piaszczysty silty clay V2= * it pylasty
clay sandy clay silty clay
2—|v% Vi—
it pylasty it pyl
o 1= 1 it pylasty - * ity clty 28.cm Si%gzhy/
33cm silty clay L mut 11—
401 36 cm mud 1 it
40cm M
sktad ziarnowy sktad ziarnowy sktad ziarnowy skfad ziarnowy
fem] grain content grain content Vl I grain content Vl I | grain content
04 25% 75% 25%  75% SRR 25% 7h% 25%  75%
VI3— | v VIi4— | S | =
ves» * It pylasty i'.:‘%lﬁ’:y Ig;zzyc?;:;y vilig—~= * mut
- 1l
10 s:l!y clay : VIkEdb ¢ W piaszcaysty mud
Vi2— * sandy clay Viii2 — * _:l
a * ey Vi k| ERRE n
V= sivc V[ | e | MR
- o Vit | | B 1> |k | - e
30 cm 30cm  siy oy 30 cm ’;iﬂ}y,'%fg/ 30 cm mud
sktad ziarnowy skiad ziarnowy skfad ziarnowy zawarto$¢ organiki
cm] grain content grain content Xl grain content organic content
0- 25"/ 75% 25%  75% 25%  75% 25% 25%
s X3—= % XI3— :
IX3 * it pylasty it pylasty * it v’)ylasty
10 stlty clay silty clay silty clay
muO mut it pylasty
20- mud mud silty clay
D= e T xi o —— X1 e T
Bom i %com Loy 2%50m  mud
Wielko$¢ ziarna: pyt piasek Litologia: klastyki organika
Grain size: - clay (i silt (. sand Lithology: ] clastics B organics
X2 — ¢ lokalizacja i numer probki X numer miejsca poboru prdbek (patrz ryc. 3.)
location and number of sample number of sampling site (See Fig. 3.)

Ryec. 9. Graficzne przedstawienie wynikow badan laboratoryjnych itow obejmujacych gtéwnie wielko$¢ ziarna
i dodatkowo zawarto$¢ organiki. Lokalizacja miejsc poboru analizowanych probek na rycinie 3

Fig. 9. Graphic representation of the results of laboratory tests of clays, covering mainly grain size and
additionally organic content. For location of the sampling sites see Fig. 3

Ryc. 10. Poddarcie warstwy ilow w brzeznej strefie ich wys-
tgpowania: A — o ok. I m na dystansie ponizej 10 m, B — o blisko
3 m na dystansie ok. 50 m

Fig. 10. Upturned layer of clays in the marginal zone of their
occurrence: A—by about 1 m at a distance of less than 10 m, B—by
almost 3 m at a distance of about 50 m

przypadkach skutkuje wzrostem popielnosci wegla dostar-
czanego do elektrowni nawet o ok. 15,5%. Oczywiscie
usredniona warto$¢ jest mniejsza i najprawdopodobniej
zblizona do réznicy migdzy warto$ciami uzyskanymi dla
probek wegla pobieranych bruzdowo (z przerostami mine-
ralnymi) — 49 =22,4% (Kozula, 2001), a wynikami uzyska-
nymi dla selektywnie pobieranych probek wegla (bez
przerostow mineralnych) — 47 = 17,2% (Chomiak, 2020b).

WNIOSKI

Na obszarze ztoza weggla brunatnego Tomistawice udo-
kumentowano warstwg ilu w obrgbie aktualnie eksploato-
wanego pierwszego srodkowopolskiego poktadu weglowego.
Przewarstwienie osadéw drobnoklastycznych ma wzgled-
nie duze rozprzestrzenienie i miagzszo$¢, co utrudnia wydo-
bycie weggla i negatywnie wptywa na jego warto$¢ opatowa.

Ich architektura na przewazajacym obszarze nawiazuje
do uksztattowania stropu i spagu poktadu weglowego. Sa
jednak przypadki, dobrze widoczne w terenie i na przekro-
jach geologicznych, gdzie takiej zaleznos$ci brak. Nalezy
doda¢, ze stropowe warstwy poktadu weggla sg czgsciowo
usunigte przez plejstocenska erozjg i egzaracjg. Dlatego
trudno jest okreslic wplyw tektoniki i kompakcji na
uksztattowanie warstwy migdzyweglowych osadow kla-
stycznych.

Poddane badaniom osady migdzywgglowe reprezen-
tuja gtéwnie it pylasty, a takze mul, it piaszczysty i il. Wigk-
szos$¢ przebadanych probek nie zawiera substancji orga-
nicznej lub zawiera jej sladowe ilosci. Niemniej jednak
w pojedynczych probkach stwierdzono nawet do 34% wag.
organiki w postaci pytu weglowego i/lub ksylitow, bedacych
uweglonymi fragmentami zarowno roslinnosci zielnej, jak

533
str. 34



Przeglqd Geologiczny, vol. 68, nr 6, 2020

i krzaczasto-drzewiastej. Pionowy i poziomy rozklad uziar-
nienia wzdluz §cian eksploatacyjnych w odkrywce Tomi-
stawice wskazuje na wigcej niz jeden cykl sedymentacyjny,
a takze na zachodni kierunek dostawy materiatu klastycz-
nego do basenu sedymentacyjnego.

Biorgc pod uwagg rozprzestrzenienie, architekturg stra-
tygraficzng oraz cechy teksturalno-strukturalne badanych
ifow, mozna jednoznacznie stwierdzi¢, ze powstaly one
w zbiorniku jeziornym, ktory wystgpowal na powierzchni
srodkowomiocenskiego torfowiska. Jezioro to bylo zasilane
przez wody powodziowe pobliskiej rzeki, ktora pozosta-
wila w sagsiedztwie osady piaszczyste kilku stozkow kre-
wasowych, udokumentowanych w brzeznych czgsciach
ztoza Tomistawice.

W praktyce gorniczej wegiel brunatny w odkrywce
Tomistawice jest cksploatowany razem z analizowanym
przerostem ilastym. Jak wykazano w tej pracy, popielnosé
wegla jest $rednio o kilka, a w skrajnych przypadkach
nawet o kilkanascie procent wyzsza niz bytaby w sytuacji,
gdyby wegiel byl wydobywany selektywnie, tj. bez war-
stwy ifow. Niemniej jednak obecne uwarunkowania tech-
nologiczne, a przede wszystkim finansowe sprawiaja, ze
takie dziatania sq podejmowane tylko lokalnie.

Autorzy serdecznie dzigkuja pracownikom Dziatu Geolo-
gicznego PAK KWB Konin S.A. za pomoc w czasie prac tereno-
wych i archiwalnych. Ponadto stowa wdzigcznoéci kierujemy do
prof. Z. Kasztelewicza i dr. J.R. Kasinskiego za bardzo pozytyw-
ne recenzje oraz do prof. W. Treli za pomoc edytorska. Prezento-
wana praca zostala sfinansowana z funduszy Narodowego
Centrum Nauki, grant nr 2017/27/B/ST10/00001.
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Abstract: This paper focuses on the variations of lignite ash along selected sections and mining walls from three
lignite opencast mines in central Poland. They are owned by the Konin Lignite Mine, where the first Mid-Polish
lignite seam is being mined to produce electricity. Ash content in lignite is important because ash lowers the cal-
orific value of the lignite. The results obtained are based on 266 samples of lignite collected from the Drzewce,
Tomistawice, and Jozwin IIB opencasts. All samples were tested according to ISO 1171 standard procedures, that
is, they were first burned at a temperature of 850°C, then the ash content was determined on a dry basis (A“), be-
fore the basic statistical parameters were calculated. The studied lignite seam is characterised by a variable dis-
tribution pattern of ash both along selected vertical sections and lignite walls, as well as between the three open-
casts. The ash content of individual samples ranged from 6.5 to 69.8 wt%, while the average content in opencast
mines varied from 9.7 to 17.6 wt%. The coefficient of variation is large (80.23-96.33%) in the case of the Drzewce
and Tomistawice, and low to average (14.53-37.75%) in the case of J6zwin IIB. Significant ash enrichment of some
beds is interpreted in this article as a consequence of floods occurring in a Mid-Miocene mire (backswamp), but
also of chemical precipitation. When lignite is burned to generate electricity, a relatively large amount of ash is
produced. Therefore, recognition of ash content in lignite, in addition to the chemical composition and phase of
ash, is recommended to better protect the environment. At the first stage of protection, it can be best achieved by
analysing field samples for ash content.

Keywords: Middle Miocene, backswamp, inorganic matter, coefficient of variation

INTRODUCTION phase composition, is important during mining
and combustion activities.
Parameters such as organic matter, water con-

tent and ash content affect fuel quality. The values

Approximately 30-35% of the electricity in Po-
land is generated from lignite (Tajdus et al. 2014,

Polskie Sieci Elektroenergetyczne 2019). This is
the second-most abundant raw material, after bi-
tuminous coal (hard coal), used in the Polish en-
ergy mix; about 20% of electricity is produced
from renewable energy sources: solar, hydro, ge-
othermal, wind, and biomass (Tajdus et al. 2014,
Widera et al. 2016). Therefore, the composition
of lignite, its ash content, as well as chemical and

of these parameters are especially useful in evalu-
ating the suitability of lignite for combustion in lig-
nite-fired power plants (e.g. Kozula & Mazurek 1996,
Kwieciniska & Wagner 1997, Kozula 2001, Nawo-
ryta 2008, Naworyta & Mazurek 2010, Mastej et al.
2015, Pawelec & Bielowicz 2016). According to Pol-
ish norms, the ash content in lignite must be lower
than 40 wt%, on a dry basis (Rozporzadzenie 2001).

https://doi.org/10.7494/geol.2020.46.1.17
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Fig. 1. Location map of the lignite opencast mines currently
operating in the vicinity of Konin, central Poland

In the context of this study, the research ques-
tion arose as to how the ash content in the lignite
seam changes spatially. Hence, the main goals of the
current study are (1) to present the quantitative ash
content in the first Mid-Polish lignite seam from
Drzewce, Tomistawice, and Jozwin IIB opencasts
(Fig. 1), which belong to the Konin Lignite Mine,
(2) to calculate and compare basic statistical param-
eters for the ash content results obtained, and (3) to
briefly discuss the impact of ash on the combus-
tion of lignite and its environmental ramifications.

GEOLOGICAL BACKGROUND

Geologically, the research area is situated in the
Szczecin-Miechéw Synclinorium in the eastern
part of the Mogilno-L6dz Segment (Zelazniewicz
et al. 2011). According to an older division of Po-
land into tectonic units, this region is located in
the central part of the Mogilno-L6dz Basin, above
the south-eastern slope of a deeply-rooted salt
structure called the Goplo Anticline (Dadlez et al.
2000). The lignite deposits fill graben-like tecton-
ic depressions that are up to several dozen metres

deep. These grabens began to develop at the turn
of the Eocene/Oligocene or the Oligocene/Mio-
cene transition as evidenced by the age of these
deposits (Fig. 2, Widera & Kita 2007, Widera 2014).

The oldest sediments drilled in each of the
three lignite deposits studied are predominantly
marls of Late Cretaceous age (Fig. 2, Dadlez et al.
2000, Widera 2007). In the case of the Drzewce
and Tomistawice opencasts, Paleogene glauconit-
ic sands, with their characteristic greenish colour,
lie on top of Mesozoic bedrock (Fig. 2A, B). These
glauconitic sands are obviously of marine origin
(Widera & Kita 2007). In the Jézwin IIB opencast,
sediments of Paleogene age were not documented
until the end of 2019 (Fig. 2C).

Neogene deposition started after a period of up-
lift and erosion during the Late Oligocene, when
the area that is now central Poland began to un-
dergo subsidence. During this time, mainly fluvial
sedimentation occurred in this area. The Neogene
succession began with the deposition of sand ap-
proximately 10-40 m thick, often containing or-
ganic matter. These deposits belong to the Kozmin
Formation of Early to Mid-Miocene age (Fig. 2).

The Poznan Formation of Mid-Miocene to ear-
liest Pliocene age ends the Neogene succession in
the study area. This formation is divided into two
lithostratigraphic members: the older Grey Clays
Member and the younger Wielkopolska Member
(Fig. 2, Piwocki & Ziembinska-Tworzydlo 1997).
The first Mid-Polish lignite seam belongs to the
Grey Clays Member of Mid-Miocene age (Piwocki
& Ziembinska-Tworzydlo 1997, Kasinski & Slod-
kowska 2016). The thickness of this lignite seam
reaches up to 19.8 m, but is less than 10 m on av-
erage (Fig. 2, Piwocki 1992, Widera 2007, 2014,
Bechtel et al. 2019).

The Wielkopolska Member is the youngest
lithostratigraphic unit in central Poland and is
of late Mid-Miocene to earliest Pliocene age (Pi-
wocki & Ziembinska-Tworzydlo 1997). It consists
predominantly of overbank muds (>95 vol.%) and
channel-fill sands and muds (<5 vol%). In the
study area, these deposits are up to 30 m thick
with evidence of glaciotectonic disturbances
(Fig. 2). In recent years, the origin of this mem-
ber has been connected with the environment of
an upper Neogene anastomosing river system (e.g.
Maciaszek et al. 2019, Widera et al. 2019).

https://journals.agh.edu.pl/geol
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Fig. 2. Geological cross-sections through the studied lignite deposits: A) Drzewce with Drzewce opencast (after Widera 2007,
modified); B) Tomistawice with Tomistawice opencast (after Widera et al. 2017, modified); C) Patnéw IV with J6zwin IIB open-
cast (after Widera 2014, modified); for the location of cross-sectional lines, see Figure 1

The Neogene succession is covered by Qua-
ternary sediments such as glacial tills, fluviogla-
cial gravels and sands, and glaciolacustrine muds.
These deposits were strongly eroded and deformed

by the Scandinavian ice sheets and/or their melt
waters. Therefore, the Quaternary thickness var-
ies between 20 and 60 m of overburden on the first
Mid-Polish lignite seam (Fig. 2).
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MATERIALS AND METHODS

Fieldwork

Fieldwork was conducted in 2018-2019 at three
operational opencasts belonging to the Konin
Lignite Mine. A total of 266 samples of lignite
were collected from three different lignite depos-
its and opencasts: “Drzewce” lignite deposit in the
Drzewce opencast, “Tomistawice” lignite depos-
it in the Tomistawice opencast, and “Patnéw IV”
lignite deposit in the Jozwin IIB opencast (Fig. 1).
The first Mid-Polish lignite seam was sampled in
each of these opencasts along the vertical sections
and walls exploited (Figs. 3-5).

In the case of the vertical sections, 33-36 sam-
ples were collected at an interval of 10-20 cm. On
the other hand, samples taken along the lignite
walls were collected at intervals of 1 m or more.
The profiles were separated from each other by ap-
proximately 200 m. The obtained results are pre-
sented in graphical form in Figures 3-8.

Laboratory analysis

All analyses of the ash content were made in ac-
cordance with the applicable ISO 1171:2010 stand-
ard and Polish equivalent PN-ISO 1171:2002
standard. They were conducted at the laborato-
ry of the Institute of Geology in Poznan. Results
from laboratory tests were subjected to basic sta-
tistical analysis using Microsoft Excel. Sever-
al statistical parameters (mean, minimum, max-
imum values, and coefficients of variation) were
calculated (Tabs. 1, 2), similar to the studies de-
voted to other Polish lignite deposits (e.g. Kasinski
1986, Naworyta & Mazurek 2010, Bielowicz 2013,
Naworyta & Wasilewska-Blaszczyk 2014). In the
case of ranges of the coeflicient of variation, the
classification according to Mucha (1994) was used.

Table 1

Moreover, four histograms were prepared in order
to sum up the distribution of the ash content re-
sults obtained. It was assumed that the sizes of the
bins (intervals) were 5 wt% (Fig. 9).

RESULTS

Drzewce opencast

Ninety-one samples of lignite were collected from
the Drzewce opencast, including 36 samples from
the selected section D, and 55 from the exploita-
tion fronts. The sampled lignite walls (sections)
were 4.5-12.2 m high (Fig. 3). All these lignite
samples were analysed for ash content.

In the case of section D, the arithmetic av-
erage ash content was 12.6 wt%, on a dry basis.
However, it varies across a wide range from 6.7 to
66.0 wt% (Fig. 3B, Tab. 1). The highest values of
ash content exceeded 30.0 wt% and were obtained
from the lowermost beds of the lignite seam.
The upper parts of this seam were character-
ised by a very even and relatively low ash content
(<10 wt%), in which only 3 samples contained
between 10.0 and 14.0 wt% (Fig. 3B). The coeffi-
cient of variation for these 36 samples was equal
to 96.33% (Tab. 1).

The arithmetic average ash content along the
lignite walls was 15.0 wt%, ranging from 6.5 to
69.8 wt% (Figs. 3C, 4, Tab. 2). Samples located
close to the floor or roof of the seam had the high-
est ash content, exceeding 20-30 wt%. Similar-
ly, sample number 52, situated in the middle part
of the seam, was characterised by an ash content
higher than 30 wt%. The remaining majority of
the analysed lignite samples had an ash content
below or slightly above 10.0 wt% (Fig. 4). Finally,
in the case of these 55 samples, the coefficient of
variation was 80.23% (Tab. 2).

Basic statistical parameters of ash content obtained for selected sections of the first Mid-Polish lignite seam from opencasts of

the Konin Lignite Mine

Niixie Average as{lil Maximum ash Minimum aﬂsh Standard Coefficient of
of opencast mine content (A7) content (4%) content (47) deviation variation [%]
[wt%] [wt%] [wt%]
Drzewce 12.6 66.0 6.7 12.09 96.33
Tomistawice 17.6 71.4 9.6 14.29 81.15
Jozwin IIB 9.7 13.7 74 1.41 14.53
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Fig. 3. Drzewce lignite opencast mine: A) location of the examined lignite walls with sampling sites I-VIII and the selected sec-
tion D; B) broad view of the lignite seam with results of ash content tests; C) location of sampling sites along lignite walls; for
the results of ash content tests see Figure 4
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Tomislawice opencast

From the Tomistawice opencast, 87 samples of
lignite were collected - 36 from section T and 51
from the lignite walls (Fig. 5). At the sampling
sites, the first Mid-Polish lignite seam was thick,
ranging from 7.4 to more than 10 m. The ash con-
tents are shown graphically in Figures 5B and 6.
Section T contained 14.8 wt% (on a dry ba-
sis) of ash on average, but the variation in content
was large, ranging from 6.9 to 71.4 wt% (Fig. 5B,

Tab. 1). Some samples contained an ash content
20-30 wt% higher in various parts of the lignite
seam. These samples were found in floor, middle
and roof layers of the seam, however, the most
interesting two samples were situated about 1 m
from the roof of the seam. These two samples con-
tained an ash content of 69.8 and 71.4 wt%. In
the middle part of this section, only two samples
contained less than 10 wt% ash (Fig. 5B). For all
36 samples from section T, the coefficient of varia-
tion reached 81.15% (Tab. 1).

=
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Fig. 5. Tomistawice lignite opencast mine: A) location of the examined lignite walls with sampling sites I-X and the selected
section T; B) broad view of the lignite seam with results of ash content tests; C) location of sampling sites along lignite walls; for
the results of ash content tests see Figure 6; for explanations see Figure 3
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Table 2

Basic statistical parameters of ash content obtained for exploited lignite walls of the first Mid-Polish lignite seam from opencasts
of the Konin Lignite Mine

Name of pEnee as}l i ?,Sh T a;s h Standard Coefficient of
opencast mine swtent (4)) GHtent(A") ogutent (4:) deviation variation [%)
P [wt%] [wt%] [wt%] 4
Drzewce 15.0 69.8 6.5 12.01 80.23
Tomistawice 14.8 68.7 7.1 12.31 83.41
Jozwin IIB 13.9 30.5 7.8 523 37.75

In the case of 51 samples collected along the
lignite walls, the average value of the ash content
was 14.8 wt% and ranged from 7.1 to 68.7 wt%
(Figs. 5C, 6, Tab. 2). The vertical and horizontal
distribution of the ash did not show any regular-
ity. Some floor and roof samples were character-
ised by clearly higher ash content (24.1-67.2 wt%),
for example, samples 5, 6 and 24. Similarly, sam-
ple 49 contained very high ash content, reaching
up to 68.7 wt% (Fig. 6). The coeflicient of vari-
ation for these all samples was equal to 83.41%
(Tab. 2).

Jozwin IIB opencast

Eighty-eight samples were collected from the
Jozwin IIB opencast and analysed for ash content.
Thirty-three of the samples came from the 3-m
high section ], while the remaining 55 samples
were collected from the mine walls up to 8.5 m
high (Figs. 7B, 8).

In the Jozwin IIB opencast mine, the average
arithmetic ash content of the first Mid-Polish lig-
nite seam was 9.7 wt% for section J. In this case,
the difference between the maximum (13.7 wt%)
and minimum (7.4 wt%) ash content was only
6.3 wt% (Fig. 7B, Tab. 1). Excluding the two low-
est samples from the floor of the lignite seam, the
ash content and distribution along section ] was
relatively low and fairly even. For the majority of
these samples, the ash content was in the range of
10 £2 wt% (Fig. 7B). This is confirmed by the very
low value of the coefficient of variation for 33 sam-
ples, which was only 14.53% (Tab. 1).

On the other hand, the arithmetic average ash
content along the lignite walls was 13.9 wt% and
ranged from 7.8 to 30.5 wt% (Figs. 7C, 8, Tab. 2).
A few samples had ash contents greater than 20 wt%,
and a dozen or so samples contained less than
10 wt% ash. Thus, most of the 55 samples had an ash
content in the range of 10-20%, and the coeflicient
of variation is relatively low, only 37.75% (Tab. 2).
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the results of ash content tests, see Figure 8; for explanations see Figure 3
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INTERPRETATION
AND DISCUSSION

The variation of ash content in the first Mid-Pol-
ish lignite seam, along vertical and horizontal sec-
tions of mining walls, will be briefly interpreted
and discussed. Taking into account previous stud-
ies of this lignite seam, an initial attempt to clar-
ify some issues can be made. Thus, ash content is
a parameter that is given in both geological doc-
umentation (e.g. Kozula 2001) and scientific stud-
ies devoted to lignite deposits owned by the Konin
Lignite Mine (e.g. Kozula & Mazurek 1996, Nawo-
ryta 2008, Naworyta & Mazurek 2010, Pawelec
& Bielowicz 2016). In these contributions, various
geostatistical methods, both standard and mod-
ern, were used as summarised by Mucha (1994)
and Jurek et al. (2013). Regardless of the method
applied, they all use the same data source that was
obtained during exploration and documentation
of the lignite deposits. Moreover, the ash distri-
bution is most often shown in plan view, that is,
on maps plotted by the appropriate computer pro-
gram in recent years (e.g. Naworyta & Mazurek
2010, Jurek et al. 2013, Mastej et al. 2015, Pawelec
& Bielowicz 2016). On the contrary, the methodol-
ogy proposed in this paper additionally allows to
present the ash content in the vertical section of
the lignite seam to be determined (cf. Figs. 3-8).
Therefore, the current research can be considered
as complementary to those already mentioned.
Most likely, the increased ash content in some
samples is at least partially attributable to the
floods that occurred during the accumulation
of peat (Middle Miocene), which in turn trans-
formed into the first Mid-Polish lignite seam. This
interpretation is supported by the fact that this
lignite seam, especially in the Tomistawice and
Jozwin IIB opencasts, is often split by sandy and
clayey partings. These interbeddings are likely
connected with flood events during which silici-
clastics were supplied to the mire (Widera 2016,
Widera et al. 2017, Chomiak et al. 2019a, 2019b,
2020, Chomiak 2020). The effects of floods on
mires (backswamps) located in close proximity to
river channels are often described in the geological
literature (e.g. Gradzinski et al. 1976, Horne et al.
1978, Kasinski 1986, Smith et al. 1989, Zielinski
2014, and references therein). It should be noted

that the relatively high content of CaO (~30 wt%
on average) in the ashes tested additionally indi-
cates their autogenic origin.

In this paper, a macroscopically visible bed of
siliciclastics within the exploited lignite seam was
documented in the Tomislawice opencast mine.
This 10-30 cm thick layer of clay in the upper part
of the seam was found in two samples (Fig. 5B),
and in sample 49 at sampling site X (Fig. 6). In
fact, this layer comprises a coaly clay containing
about 30 wt% organic matter and 70 wt% min-
eral matter (i.e. ash) (Fig. 5B). Because the silici-
clastic partings are not the subject of the present
study, their origin is not discussed here. However,
the impact of the clayey bed on the ash content of
the entire seam may be significant, as was found
to be the case for the “Tomistawice” lignite deposit
(Chomiak et al. 2020).

The distribution of ash content in the 266 lignite
samples analysed from all currently operational
opencasts belonging to the Konin Lignite Mine, is
clearly visible on the histograms (Fig. 9). The shape
of the statistical data is more similar in the case
of lignite from the Tomislawice and Jozwin IIB
opencasts than from the Drzewce opencast. How-
ever, all these histograms are skewed right, that is,
just like the histogram constructed for all samples
(cf. Fig. 9A-D). This means that the largest num-
ber of lignite samples (>78.5%) is characterised by
ash content in the range of 5-10 and 10-15 wt%,
respectively. Consequently, only 8 samples anal-
ysed cannot be described as lignite because they
contain >40 wt% of ash (Fig. 9D, Rozporzadzenie
2001).

On the other hand, the statistically-calculat-
ed ash content within the first Mid-Polish lig-
nite seam provides some interesting conclusions
(Tabs. 1, 2). The values of the coefficients of varia-
tion obtained clearly show the similarity between
the lignite seams in the Drzewce and Tomistaw-
ice opencasts. According to Mucha’s classification
(1994), this is expressed as a large variation in ash
content (41-100%). In contrast to examples from
the Drzewce and Tomistawice opencasts, the lig-
nite seam from the Jézwin IIB opencast is charac-
terised by a low (<20%, in the case of section J) to
an average (21-40%, in the case of the lignite walls)
variation in ash content (Mucha 1994). At least
two factors could have affected such significant
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differences in ash content and its coefficient of var-
iation. Firstly, the investigated lignite seam from
the Jozwin IIB opencast has the smallest thickness
and is the least internally differentiated (Fig. 7B, C).
Secondly, the sampled part of the seam only covers
its upper bench, which rests above the sandy part-
ings representing crevasse-splay sediments (Cho-
miak et al. 2019a, 2019b).

Finally, the ash (mineral matter) has a negative
impact on the environment due to the combustion
of lignite in power plants, as well as during oth-
er methods of its utilization, such as gasification,
carbonisation, and liquefaction (e.g. Shirazi et al.
1995, Giilen 2007, Naworyta 2008, Bielowicz 2013,

and references therein). Therefore, the study of ash
content in lignite seams is important, with many
potential benefits for both industry and the envi-
ronment. Detailed knowledge of the content and
spatial distribution of ash in lignite deposits sup-
plied to power plants can help reduce the amount
of inorganic substance, and consequently less ash
will be produced during combustion. This knowl-
edge can help improve the quality of lignite used
on an industrial scale, for example, by selective
exploitation. Nevertheless, due to technological
and financial limitations, this is practiced sporad-
ically and only on a local scale by the Konin Lig-
nite Mine (Chomiak et al. 2020).
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Fig. 9. Distribution of ash content in lignites from opencasts belonging to the Konin Lignite Mine: A) the Drzewce opencast;
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CONCLUSIONS

The results presented in this study summarize al-

most two years of fieldwork and laboratory anal-

yses, as well as answering the research question
posed in the introduction. Thus, the following
conclusions can be drawn:

1. The examined first Mid-Polish lignite seam is
relatively thin (<10 m on average) and contains
a lot of ash (>10 wt% on average). The spatial
distribution of the ash is highly diverse and
ranges from 6.5 to 69.8 wt% (9.7-17.6 wt% on
average). However, over 78.5% of analysed lig-
nite samples contain 5-15 wt% of ash.

2. The coefficients of variation calculated for
the results obtained (80.23-96.33%) indicate
a large variation in ash content in lignites from
the Drzewce and Tomistawice opencasts. The
exceptions are lignites from the Jozwin IIB
opencast, where this coeflicient is significantly
lower (14.53-37.75%).

3. Such large differences in ash content make
some parts of the first Mid-Polish lignite seam
unsuitable for the production of electrici-
ty. Therefore, better knowledge of this seam,
through detailed ash content analysis, could
contribute to environmental protection by se-
lected exploitation (avoiding the ash-rich parts)
of the lignite seam and related lower ash pro-
duction. But is it possible in light of the adopt-
ed method of mining?
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Introduction

In Poland, lignite is mined at four mine-mouth power plants to provide one-third of
the total domestic electric energy, approximately 50-55 TWh (Tajdus et al. 2014; Kasztele-
wicz et al. 2018). Lignite is currently exploited at five mines in eight opencasts, including
those belonging to the Konin Lignite Mine (Chomiak 2020a). The total annual production
of Polish lignite has decreased slightly in recent years, reaching 52.9 Mt in 2019, of which
5.8 Mt is extracted from the Konin Mine in the J6zwin IIB, Drzewce and Tomistawice open-
casts (Figure 1, Mazurek and Tyminski 2020).

Burning large amounts of lignite (and similar amounts of hard coal) produces large
amounts of both fly ash and bottom ash. In general, ash chemistry is of great impor-
tance in many aspects of lignite (and hard coal) exploitation, combustion, and ash utiliza-
tion, including environmental protection (e.g., Filippidis et al. 1996; Vassilev et al. 1997,
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Ratajczak et al. 1999; Ward 2002; Galos and Uliasz-Bochenczyk 2005; Carmona and Ward
2008; Marki¢ and Sachsenhofer 2010; Misiak 2015; Karayigit et al. 2019; Oskay et al. 2019;
Zivoti¢ et al. 2019; and references therein). In Poland, fly ash is analyzed for critical elements
content in lignite intended for the production of ‘clean energy’ (Bielowicz 2016; Wagner
et al. 2019) and/or its utilization (Galos and Uliasz-Bochenczyk 2005; Uliasz-Bochenczyk
2011), while bottom ash obtained in the laboratory is studied for purposes of environmental
protection, including human health (Goldsztejn 2007; Bielowicz 2013).

In general, ash is an undesirable by-product of lignite combustion; hence, the major aim of
this study was to identify changes in the chemical composition of ashes obtained by burning
lignite samples at various temperatures (i.e., 100, 850, 950°C). Secondary goals were threefold:

¢ present the oxide and elemental composition of the ashes,

¢ determine if any correlations exist between oxides,

¢ compare results to their corresponding Clarke values.

1. Geology of the study area

Lignite deposits currently mined in the vicinity of Konin cover fault-bounded and re-
latively shallow (up to a few tens of meters deep) graben-like structures. These tectonic
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Fig. 1. An approximate location of the sampling sites (sections) in the area
of the lignite opencasts belonging to the Konin Lignite Mine

Rys. 1. Przyblizona lokalizacja miejsc (profili) poboru probek
na obszarze odkrywek wegla brunatnego nalezacych do Kopalni Wegla Brunatnego Konin
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depressions are filled with productive lignite deposits of the first Mid-Polish lignite seam
(MPLS-1) greater than 3 m thick, while the flanks are covered by lignite beds thinner than
3 m; therefore, these lignite deposits represent both epeirogenic and tectonic types of ge-
nesis, with a graben subtype (Widera 2016a).

Sedimentary logs modified from Bechtel et al. (Bechtel et al. 2019, 2020); ash yield and its
average values taken from Chomiak (Chomiak 2020a); lignite lithotype codification modi-
fied from Widera (Widera 2016c); for location of examined sections J, D and T see Figure 1.
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Fig. 2. Distribution of ash yield (obtained at 850°C) along the examined sections
of the first Mid-Polish lignite seam (MPLS-1) in the J6Zwin IIB, Drzewce and Tomislawice opencasts

Rys. 2. Rozktad zawarto$ci popiotu (uzyskanego w temp. 850°C) wzdtuz badanych profili pierwszego
srodkowopolskiego poktadu wegla brunatnego (MPLS-1) w odkrywkach J6zwin IIB, Drzewce i Tomistawice
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In general, the Mesozoic top contains marl and limy sandstone of the Late Cretaceous
age (Dadlez et al. 2000). Paleogene strata of the Early Oligocene age, mostly glauconitic
sand of marine origin, occur only locally, e.g., in Drzewce and Tomistawice lignite deposits
(Chomiak et al. 2019, 2020a). The Grey Clays Member of the MPLS-1 is underlain by the
sandy-coaly KoZzmin Formation of Early to Mid-Miocene age and overlain by the muddy
Wielkopolska Member of Late Mid-Miocene to Early Pliocene age (Figure 2). The Grey
Clays Member (with MPLS-1) and the Wielkopolska Member together create the Poznan
Formation (Piwocki and Ziembinska-Tworzydto 1997, Widera 2007). The Neogene succes-
sion is capped by a continuous layer of Quaternary glaciogenic deposits. Due to the destruc-
tive processes of the Scandinavian ice sheets and meltwaters during the Pleistocene, the
uppermost beds, including the MPLS-1, were strongly deformed and/or zonally removed
(Widera 2018; Maciaszek et al. 2020).

2. Materials and methods

2.1. Collection of lignite samples

The samples were collected in 2018-2019 on fresh exposures (exploitation fronts) at three
operational opencasts belonging to the Konin Lignite Mine (Figure 1). Three vertical sec-
tions (referred to as sections J, D, and T) were sampled from the floor to the roof at an inter-
val of 10-20 cm (Figure 2, Chomiak 2020a). A total of 105 lignite samples were collected
from these sections for analysis to include ash content and chemistry.

2.2. Preparation of ash samples

In the laboratory, samples were divided into groups depending on the analysis for which
they were intended. Ash yields were determined for all samples, while chemical analyses
were performed on three representative groups of samples (assigned on the basis of an ave-
rage mixture of 33-36 samples taken from each of the three sections J, D, and T, Figure 2).
Each of these three groups were further subdivided into three groups for a total of nine
lignite samples.

The first three samples (one from each section/opencast) were ashed using 30% hydrogen
peroxide (H,0O,) heated to 100°C. This procedure was time consuming because complete
oxidation of the organic matter took several weeks. The second group of samples, analyzed
in detail for the purpose of this study, was burnt at 850°C according to the ISO 1171:2010
standard and its Polish equivalent, the PN-ISO 1171:2002 standard. The third group of lig-
nite samples was burnt at 950°C for at least 4 hours.
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2.3. Analytical methods applied

Nine ash samples, obtained according to the procedure described in Section 2.2, were
analyzed at the Central Measuring and Research Laboratory in Jastrzgbie-Zdrgj (Poland).
The analytical procedure was carried out in accordance with the ASTM D6349-13 stan-
dard. The analyses were conducted using inductively-coupled plasma-optical emission spec-
trometers (ICP-OES), and the composition of the following oxides was determined: Na,O,
MgO, Al,03, SiO,, K,0, CaO, TiO,, Mn;04, Fe,03, P,Os, and SO5 (Table 1). For these
oxides, Pearson’s correlation coefficient (r) was calculated using Microsoft® Excel (Table 2).
The concentrations of trace elements were measured for Ag, Zn, Ba, Cd, Co, Cr, Cu, St,
Ni, Pb, V, Mo, Sn, Sb, As, Rb, Be, Tl, and Li (Table 3).

The concentrations of the trace elements were compared to the corresponding Clarke
value for the world’s lignite deposits, sedimentary rocks, and upper continental crust as
summarized in Ketris and Yudovich (Ketris and Yudovich 2009), as well as Rudnick and
Gao (Rudnick and Gao 2003) (Table 4, Figure 3). In sections 3 and 4, the results are briefly
discussed to highlight the pros and cons of MPLS-1 combustion in the context of the chemi-
cal composition of its ashes.

3. Results

3.1. General characteristics of MPLS-1

Lignite exploited by the Konin Lignite Mine represents the MPLS-1 (first Lusatian).
This is the only seam currently mined in opencasts in the vicinity of Konin. It can be up to
several meters thick, 6—8 m on average. The MPLS-1 formed during the middle part of the
Mid-Miocene (Piwocki and Ziembinska-Tworzydlo 1997; Kasinski and Stodkowska 2016)
as peat accumulated in a backswamp (low-lying mire) in the overbank zone of a Mid-Mio-
cene fluvial system (Widera 2016b; Chomiak et al. 2019; Chomiak 2020b).

The MPLS-I is described as a humic low-rank lignite B (ASTM D 388:2005) or or-
tho-lignite (ECE-UN 1998) characterized by an average reflectance coefficient (R°) of eu-
-ulminite B below 0.3% and a carbon content (C92f) in the range of 60~70 wt% (Kwiecifiska
and Wagner 2001). The MPLS-1 produces medium ash yield (A9) according to the classifica-
tion of Vassilev et al. (Vassilev et al. 1997), with A9 from 10-20 wt% on average (Chomiak
2020a; Chomiak et al. 2020a) and low average sulphur content (<1.2 wt%, Bechtel et al.
2019, 2020). The lignite from the Konin Mine is mainly composed of detritic (42 vol.%) and
detroxylitic (35 vol.%) lithotype associations (Widera 2016¢). The association of xylodetritic
lithotypes occupies ~35 vol.% (section J) to more than 80 vol.% (section D) of the MPLS-1
sections examined in this study (Figure 2).
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3.2. Chemical analysis of ashes

3.2.1. Oxide composition

The composition of the oxides varied with temperature at which the lignite samples were
ashing, especially if the oxidation/burning occurred at 100, 850, or 950°C. Silicon dioxide
(S10,) and calcium oxide (CaO) were the most abundant oxides (exceeding 80 wt%) in all
samples. Oxides such as aluminum oxide (Al,03), sulphur trioxide (SO5), iron (IIT) oxide
(Fe»03), and titanium dioxide (TiO,) were present in much smaller but significant amounts,

while other oxides were present in trace amounts (Table 1).

The results from lignite samples burned at 850°C are presented herein as to illustrate the
overall results analyzed in accordance with ISO 1171:2010 and PN-ISO 1171:2002 standards.
The composition of the oxides (expressed in wt%) were 47.6—-54.8 (Si0,), 30.9-33.5 (Ca0),
1.92-2.35 (Al,03), 0.43-2.11 (SO3), 0.26—0.69 (Fe,03), and 0.25—-0.57 (TiO,). The content of
the other oxides (Na,O, MgO, K,0, P,05) did not exceed 0.3 wt% (Table 1).

Table 1.  Oxide composition of the studied ashes (wt%)

Tabela 1. Sklad tlenkowy badanych popioloéw (% wag.)

100°C 850°C 950°C
Oxides
J1 D1 T1 12 D2 T2 13 D3 T3

Na,O <0.14 | <0.14 | <0.14 | <0.14 017 | <0.14 | <0.14 | <0.14 | <0.14
MgO <0.08 | <0.08 | <0.08 0.17 0.15 0.13 0.19 0.14 0.19
Al,O4 0.62 1.03 0.79 2.13 235 1.92 2.44 2.55 2.10
Si0, 14.6 25.8 234 54.8 48.9 47.6 48.3 42.4 48.2
K,0 0.13 0.22 0.08 0.48 0.44 0.19 0.47 0.47 0.18
CaO 8.57 11.5 13.6 309 32.9 335 34.9 34.0 37.9
TiO, 0.17 0.1 0.16 0.57 0.25 0.4 0.63 0.25 0.43
Mn;04 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.02
Fe,04 0.16 0.25 0.12 0.55 0.69 0.26 0.62 0.69 0.31
P,05 0.05 0.1 0.07 0.17 0.29 0.11 0.2 0.27 0.17
SO; 1.29 0.74 0.2 2.11 1.68 0.43 2.48 2.14 0.95
Loss onignition | >74.18 | >60.03 | >61.35 | >7.96 1217 | >153 >961 | >16.94 | >9.61
Total 100 100 100 100 100 100 100 100 100

J1-J3 — samples from the studied section J (Jozwin 1IB opencast); D1-D3 — samples from the studied section D
(Drzewce opencast); T1-T3 — samples from the studied section T (Tomistawice opencast); for location of the studied

sections see Figure 1.
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3.2.2. Interpretation of oxide composition

Large quantitative differences in ash oxide compositions at low (100°C) and high
(850 and 950°C) temperatures can be explained by the loss of ignition. Simply put, a tem-
perature of 100°C was too low to initiate mineralogical transformations and the incom-
plete combustion of organic and mineral-organic particles occurred (e.g., Filippidis et al.
1996; Markic¢ and Sachsenhofer 2010). Since the CaO content in ashes from lignite burned at
different temperatures was relatively high (second only to SiO,, Table 1), they can be called
Ca-rich ashes (>10 wt%) according to the BN-79/6722-09 standard (e.g., Galos and Uliasz-
-Bochenczyk 2005; Wagner et al. 2019).

According to Moore et al. (Moore et al. 2018), values of |r| larger than 0.7 indicate
a strong linear (positive or negative) correlation. In this study, a perfect negative correla-
tion (r = —1) between SiO, and CaO (Table 2) means that as the SiO, content increased,
the CaO content decreased, and vice versa. Moreover, such a high negative correlation is
indicative of a detrital origin for SiO, (quartz grains) and an authigenic origin for CaO in the
form of CaCOj (calcium carbonate, Filippidis et al. 1996). A weak correlation (r = 0.16) be-
tween SiO, and Al,0O5, and an Al,O5 content of ~2 wt% indicates a low content of kaolinite
(Carmona and Ward 2008), the main clay mineral in Polish lignite. This observation was
corroborated by depletion in Na,O, MgO, and K,O (but not kaolinite), which were widely
present in minerals such as mica and illite (Ward 2002; Marki¢ and Sachsenhofer 2010).

Table 2.  Pearson’s correlation coefficient (r) between oxides content of ashes for lignite samples burned at 850°C

Tabela 2. Wspolczynnik korelacji Pearsona (r) migdzy zawartoscia tlenkow w popiotach
dla probek wegla brunatnego spalonego w temp. 850°C

Na,O | MgO | ALO; | Si0, | K,0 | CaO | TiO, |Mn;O,| Fe,05 | P,Os | SO,

Na,O 1.00 | 000 | 087 | 035 | 039 | 030 | —0.85 | —-1.00 | 0.75 | 094 | 027
MgO 100 | 049 | 094 | 092 | 095 | 053 000 | 066 | 096 | 096
ALO, 100 | 016 | 079 | -021 | -048 | —0.89 | 0.98 | 098 | 0.71
Si0, 100 | 073 | -1.00 | 079 | 035 | 036 | —0.02 | 0.81
K,0 100 | 077 | 0.6 | -0.39 | 090 | 067 | 099
CaO 1.00 | —0.79 | -0.30 | —0.41 | —0.03 | -0.84
TiO, 1.00 | 0.85 | -0.28 | —0.63 | 0.28
Mn;0, 1.00 | —0.75 | —0.94 | —0.27
Fe,05 1.00 | 093 | 0.84
P,0s 1.00 | 057
SO, 1.00

In bold are marked strong and very strong correlations (|r| > 0.7); for calculation data see Table 1.
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The SO; content in the ashes showed a strong negative correlation (r =—0.84) with a CaO,
but strong positive correlation (r = 0.84) with a Fe,O5 (Table 2). The first case is most likely
related to the emission of sulphur (S) in the form of SO, in the process of high-temperature
combustion because the ash generated was enriched in CaO and depleted in SO;. In the
second case, a small amount of S of inorganic origin (i.e., pyrite) was a typical authigenic
mineral (e.g., Ward 2002; Zivoti¢ et al. 2019) as demonstrated by the Fe,0O3 content 3—4 times
less than SO; (cf. Table 1). Obviously, SO5 was classified as pyrite and gypsum/anhydrite in

high-temperature ashes as in this case (cf. Filippidis et al. 1996).

Table 3.  Selected trace elements content in the studied ashes (ppm)

Tabela 3. Sktad wybranych pierwiastkow $ladowych w badanych popiotach (ppm)

o 100°C 850°C 950°C

Slembns ] D1 T 1”2 D2 ;) i D3 T
Ag <4 <4 <4 <4 <4 <4 <4 <4 <4
Zn 321 | 603 | 401 | 479 | 181 | 637 745 | 145 | 602
Ba 5888 | 3373 | 3080 | 2046 | 921.5 | 7985 | 2470 | 9850 | 794.0
cd <4 <4 <4 <4 <4 <4 <4 <4 <4
Co <4 <4 <4 612 | <4 415 | 681 | <a 4.54
Cr 696 | 926 | 101 | 220 | 248 | 158 | 368 | 255 | 204
Cu 8.1 | 992 | 548 | 2709 | 2480 | 1005 | 2968 | 221.8 | 1267
Sr 1081 | 1888 | 4135 | 3610 | 4904 | 1102 | 4152 | 5121 | 1141
Ni <4 760 | 723 | 106 | 135 | 104 757 | 119 7.73
Pb 237 | 329 | 367 | 610 | 673 | 846 | 526 | 457 | 659
% 419 | 481 | 567 | 178 | 129 | 146 | 208 | 135 | 157
Mo <4 <4 <4 <4 <4 <4 <4 <4 <4
Sn <4 <4 <4 <4 <4 <4 <4 <4 <4
Sb 501 | <4 577 | 631 | 697 | 98 | 755 | 817 | 862
As <4 <4 <4 <4 <4 <4 <4 <4 <4
Rb <50 |<s0 |<s0 | <50 |<s0 [<s0 | <50 <50 | <50
Be <4 <4 <4 <4 <4 <4 <4 <4 <4
Tl <4 <4 <4 <4 <4 <4 <4 <4 <4
Li 433 | 535 | an | 179 | 141 10.1 168 | 143 | 121

Explanations as in Table 1.
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3.2.3. Elemental composition

A total of 19 trace elements were identified and quantified in the ashes of lignite samples
burned at 100, 850, and 950°C. The results obtained (and converted to 100%) show similar
proportions between individual elements (Table 3). Among the trace elements, the aver-
age content of Ba, Sr, and Cu, each exceeded 100 ppm. The content of Zn, Pb, V, Rb, Cr,
and Ni each ranged from 10-100 ppm. The remaining trace elements occurred in amounts
below 10 ppm or below the detection limit of 4 ppm (cf. Tables 3 and 4). As an example, the
elemental composition of ash from samples burned at 850°C (Table 4) is discussed below.

Table 4. Comparison of the study results obtained with various Clarke values (ppm)

Tabela 4. Pordéwnanie uzyskanych wynikow badan z roznymi warto$ciami klarkow (ppm)

Trace Average value for Clarke val.ue_ Clark.e value Clarke valpe for
clements J2, D2 and T2 samples for world’s lignite for sedimentary upper continental
ashed at 850°C ashes* rocks* crust**
Ag <4 0.59 0.12 0.05
Zn 76.6 110 43 67
Ba 1255.3 900 410 628
Cd <4 1.1 0.8 0.09
Co <4.8 26 14 17.3
Cr 209 82 58 92
Cu 206.5 74 31 28
Sr 617.8 740 270 320
Ni 11.5 52 37 47
Pb 71.0 38 12 17
v 51.1 140 91 97
Mo <4 15 1.5 1.1
Sn <4 4.7 29 2.1
Sb 7.7 5.0 1.2 0.4
As <4 48 7.6 4.8
Rb <50 48 94 84
Be <4 6.7 1.9 2.1
Tl <4 5.1 0.89 09
Li 14.0 49 33 24

* —acc. to Ketris and Yudovich 2009; ** — acc. to Rudnick and Gao 2003,
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3.2.4. Interpretation of trace elements

The trace elements listed in Tables 3 and 4 are recommended for further testing to assess
the potentially toxic effects on the environment, including human health (e.g., Wagner 2001;
Ma et al. 2020). The most harmful elements were Pb, Cd, Be, As, and Hg at any concen-
tration; however, due to the high volatility of Hg, its content in bottom ash was negligible
(beyond detection) and was not tested. Other analyzed trace elements (Ag, Zn, Co, Cr, Cu,
Mo, Sn, Sb, Tl) are harmful only at elevated concentrations (Bielowicz 2013; Hycnar et al.
2015); therefore, the absolute content of these trace elements in relation to the corresponding
Clarke values is important (Table 4, Figure 3).

Only four of the trace elements (Ba, Cu, Pb, Sb) were characterized by higher values
as compared to Clarke values (Figure 3). In the case of Cu and Pb, the concentration was
3 and 2 times higher, respectively. On the other hand, the average results obtained for Co,
Cr, Ni, As, and Rb were lower than the corresponding Clarkes. The content of Co, Cr, and
Ni found in our samples were 3—5 times higher than the Clarke values but the curves are
similar. The values of other trace elements fall between these curves and the curve of the
Clarke values for the world’s lignite ashes (Figure 3).
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Fig. 3. Graphical presentation of the data contained in Table 4 on a logarithmic scale
For other explanations see captions to Table 4 and the text

Rys. 3. Graficzna prezentacja danych zawartych w tabeli 4 w skali logarytmicznej
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4. Discussion

The oxide composition of ashes from MPLS-1 clearly indicates the dominance of SiO,
and CaO with an average of 47.6—54.8 and 30.9-33.5 wt%, respectively (Table 1). Most of
the SiO, occurs in the form of quartz grains in ashes and lignite seams. In the case of lignite
seams, sandy, silty, and clayey interbeds (several dm to >1 m thick) are well documented in
some parts of the lignite deposits exploited by the Konin Mine in central Poland (Figure 2;
Widera 2016b; Chomiak 2020a, b; Chomiak et al. 2019; 2020a, b).

The situation with CaO is completely different from the one for SiO,. No CaCOs-rich
layers (lacustrine chalk and/or gyttja) have been found macroscopically (in the field and
borehole profiles) in any of the lignite deposits in the vicinity of Konin. Nevertheless, such
carbonate interbeds (up to several dozen meters thick) are quite common in other Polish
lignite deposits, such as Belchatow, Szczercow, and Zloczew (Wagner and Matl 2007,
Urbanski and Widera 2020). Similar partings (referred to as chalk, marl, marly limestone,
limestone, clayey limestone, etc.) also occur in some European lignite seams (e.g., Kolovos
et al. 2002; Thomas and Frankland 2004; Akkiraz et al. 2012; Villalba-Breva et al. 2012;
Oskay et al. 2019). Thus, the majority of CaO is dispersed within organic matter in the form
of CaCO3, while the remainder enters into other mineral phases.

Siliciclastics (sands and clays) and carbonates (predominantly calcite) increase the total
ash content and decrease the calorific value of lignite. However, free CaO produced during
combustion (mainly from decomposition of CaCO3) has a positive impact on the environ-
ment because it holds SO, in the form of anhydrite (CaSO,4) and consequently limits SO,
emissions (Filippidis et al. 1996; Galos et al. 2016). Simply put, the elevated CaCOj; content
in lignite (and free CaO in ash) promotes so-called natural desulphurization (Kolovos et al.
2002).

In general, bottom ashes, left as residue after the combustion process (e.g., Gold-
sztejn 2007; Chomiak 2020a), are less frequently investigated than fly ash which is relatively
more harmful to the environment (e.g., Galos and Uliasz-Bochenczyk 2005; Misiak 2015;
Wagner et al. 2019). The rule is that as the temperature rises, the ash loses organic matter
and gains mineral matter (e.g., Kolovos et al. 2002; Filippidis et al. 1996). In other words,
low-temperature ash contains more unburned organic and mineral-organic particles than
high-temperature ash as demonstrated herein (cf. Table 1). On the other hand, ashes obtained
from lignite burned at different temperatures clearly show that the proportions between the
oxides and the elements (after conversion to 100%) are similar (Table 1), hence, ash analysis
for lignite samples burned at 850°C (i.e., acc. to the ISO 1171:2010 and PN-ISO 1171:2010
standards) appear to be sufficient in most (geo)chemical studies.
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Conclusions

Based on the chemical analyses of ashes from the first Mid-Polish lignite seam (MPLS-1)
the most important conclusions are:

¢ The ashes were enriched in silicon dioxide (Si0,, ~50 wt% on average) and calcium
oxide (CaO, exceeded 30 wt% on average); hence, these ashes have a calcium cha-
racter.

¢ A perfect negative correlation (|r| = —1) between SiO, and CaO content indicates an
exogenous origin for detrital quartz grains (SiO,) and an authigenic origin for CaO in
the form of calcium carbonate (CaCOs).

* Among the trace elements identified, the greatest content belonged to Ba, Sr, Cu, and
Pb characterized by values higher than their corresponding Clarke values.

¢ Based on the results obtained from this work, we conclude that combustion of lignite
from MPLS-1 is no more harmful to the environment than coal from other countries
burned in large amounts to generate electricity. In addition, a higher concentration of
CaCOs facilitates flue gas desulphurization, which reduces SO, emission.

The authors are indebted to the anonymous reviewers for their careful reading and constructive
comments that helped improve the typescript. This paper is funded by the National Science Centre,
Poland, through research project no. 2017/27/B/ST10/00001.
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A COMPARATIVE STUDY OF THE OXIDE AND ELEMENTAL COMPOSITION
OF ASH FROM LIGNITE BURNED AT VARIOUS TEMPERATURES —
KONIN LIGNITE MINE, CENTRAL POLAND

Keywords

Ash yield, oxide composition, elemental composition, Pearson correlation, Clarke value

Abstract

Lignite still plays a key role in the production of electricity in Poland. About one-third of dome-
stic electric energy comes from lignite burned in large power plants that produce megatons (Mt) of
bottom ash and fly ash annually. Nearly 11 wt% of the total ash generated by the lignite-fired power
industry in Poland comes from lignite extracted from the Konin Lignite Mine. Part of the ash escapes
into the atmosphere, and the rest is utilized, which is expensive and often harmful to the environ-
ment; hence, geochemical studies of these ashes are fully justified and increasingly carried out. The
lignite samples examined in this paper represent the entire vertical section of the first Mid-Polish
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lignite seam (MPLS-1) mined in opencasts at Jozwin IIB, Drzewce, and Tomistawice. First, the sam-
ples were oxidized (burnt) at one of three temperatures: 100, 850, and 950°C; then the chemical com-
position of oxides and trace elements was determined according to the ASTM D6349-13 standard.
The ashes were rich in SiO, and CaO; Ba, Sr, and Cu dominated the trace element content. Among the
harmful elements found, Pb is of most concern. Only a few elements (Ba, Cu, Pb, Sb) reached values
higher than their corresponding Clarke values. Based on the results obtained, it can be concluded that
the examined ashes are approximately as harmful to the environment as ashes from other lignite used
to generate electricity. Moreover, the increased amount of CaCO; in the MPLS-1 is beneficial in the
process of natural desulphurization.

BADANIA POROWNAWCZE SKLADU TLENKOWEGO I PIERWIASTKOWEGO
POPIOLOW ZE SPALANIA WEGLA BRUNATNEGO W ROZNYCH TEMPERATURACH -
KOPALNIA WEGLA BRUNATNEGO KONIN W CENTRALNEJ POLSCE

Stowa kluczowe
zawarto$¢ popiotu, sktad tlenkowy, sktad pierwiastkowy, korelacja Pearsona, warto$¢ klarkowa
Streszczenie

W ostatnich latach okolo jednej trzeciej polskiej energii elektrycznej pochodzi z wegla brunatne-
go, ktory jest spalany w wielkich elektrowniach. Powoduje to produkcje¢ popiotéow (zuzla palenisko-
wego i popiotu lotnego) w facznej ilo$ci wyrazonej w milionach ton (Mt). Blisko 11% wag. popiotu
produkowanego przez polska energetyke oparta na weglu brunatnym pochodzi z wegla wydobywa-
nego przez Kopalni¢ Wegla Brunatnego Konin. Oczywiscie, popiot jest sktadnikiem niepozadanym
w weglu z wielu wzgledow. Czg$¢ popiotu moze przedostacé si¢ do atmosfery, a pozostata czgs$¢ nalezy
poddac¢ utylizacji, co jest kosztowne i czgsto szkodliwe dla $rodowiska naturalnego. Stad badania
geochemiczne tych popioléw wydaja si¢ celowe i dlatego s coraz czgsciej przeprowadzane. Badane
w tej pracy usrednione probki wegla reprezentuja caly profil pierwszego srodkowopolskiego poktadu
weglowego (MPLS-1) eksploatowanego w odkrywkach: Jozwin II1B, Drzewce i Tomistawice. Te prob-
ki zostaly najpierw utlenione/spalone w temperaturze: 100, 850 i 950°C. Naste¢pnie zostal okreslony
ich sktad chemiczny (tlenki i pierwiastki sladowe) wedtug normy ASTM D6349-13. Badane popioty
cechujg si¢ dominacja SiO, i CaO, za$ w sktadzie pierwiastkow sladowych przewazaja: Ba, Sri Cu.
Natomiast wsrdd pierwiastkow szkodliwych najwazniejszy jest Pb. Wreszcie, tylko kilka z analizo-
wanych pierwiastkow (Ba, Cu, Pb, Sb) osigga wartosci wyzsze niz wartosci odpowiednich klarkow.
Na podstawie uzyskanych wynikow mozna stwierdzic, ze badane popioty sa w przyblizeniu tak samo
szkodliwe dla $rodowiska jak popioty z innych wegli brunatnych uzywanych do wytwarzania energii
elektrycznej, a zwigkszona ilos¢ CaCOj; jest tez korzystna w procesie naturalnego odsiarczania.
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6. Whnioski

Przedstawione do oceny na stopien doktorski cztery publikacje (3 z listy
ministerialnej, 1 z listy filadelfijskiej) pozwolity lepiej zrozumie¢ warunki srodowiskowe
powstania wegla, ktory jest wydobywany przez Kopalni¢ Wegla Brunatnego Konin (KWB
Konin) dla celow energetycznych. Wyniki badan, uzyskane w czasie przygotowywania ww.
artykutow, prowadza do kilku gtownych wnioskéw:

1) srodkowomiocenskie torfowisko, z ktorego powstal badany poktad wegla (1.
srodkowopolski), istnialo w poblizu aktywnych koryt rzecznych; co najmniej kilka razy
dochodzito do powodzi, tzn. wody rzeczne wylewaty si¢ na obszar torfowiska, czego
bezposrednim dowodem sg osady stozka krewasowego (pierwsza publikacja);

2) zdarzalo si¢ tez, ze wody powodziowe wzglgdnie dtugo obejmowaty znaczny obszar
torfowiska w postaci jeziora; skutkowalo to przerwg w sedymentacji torfowej
(fitogenicznej) 1 zastgpieniu jej sedymentacja klastyczna, tj. iléw jeziornych; ich
migzszo$¢ (do 0,8 m) w poktadzie weglowym nawet dwukrotnie podwyzsza $rednig
popielnos¢ wegla (druga publikacja);

3) przestrzenny rozktad popiotu w weglu roézni si¢ zarowno mi¢dzy odkrywkami (od 9,7 do
17,6% wag.), jak i w obrebie tej samej odkrywki; w przebadanych >260 probkach
zawarto$¢ popiotu waha si¢ w przedziale 6,5-69,8% wag., dlatego zasugerowano, by
pewne partie ztoza (bez warstw o wysokiej popielnosci) byty eksploatowane selektywnie
(trzecia publikacja);

4) przebadane geochemicznie popioty zawierajg kilka pierwiastkow (Ba, Cu, Pb, Sb) w
ilosci przewyzszajacej wartosci klarkowe; z drugiej jednak strony, popioty te sa silnie
wzbogacone w kalcyt (srednio >30% wag. Ca0), co jest bardzo korzystne w tzw. procesie
naturalnego odsiarczania;

5) przewarstwienia klastyczne oraz popidt sg sktadnikami niepozadanymi w weglu
przeznaczonym do spalania w elektrowniach; czg$¢ z nich (popiot z klastykow 1 popiot z
wegla) nalezy zutylizowaé, a czg$¢ moze dostac si¢ do atmosfery, co jest szkodliwe dla
srodowiska naturalnego; dlatego przeprowadzone badania wydajg si¢ uzasadnione, gdyz
wskazujg na potrzebe ograniczenia spalania wegla (czeSciowo takze przerostow

klastycznych) o podwyzszonej zawartosci popiotu.
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7. Conclusions

Four publications (3 from the ministerial list, 1 from the Philadelphia list)
submitted to fulfilment of the requirements for the degree of Doctor of Philosophy allowed
for a better understanding of the environmental conditions of the formation of lignite,
which is mined by the Konin Lignite Mine (KWB Konin) for electricity production. The
research results obtained during the preparation of the above-mentioned articles lead to
several main conclusions:

1) the mid-Miocene mire from which the investigated lignite seam was formed (first Mid-
Polish), existed in the vicinity of active river channels; floods occurred at least several
times, that is, river waters flooded the mire, which is directly evidenced by the crevasse-
splay deposits (first publication);

2) it also happened that the flood waters covered a considerable area of the mire in the
form of a lake for a relatively long time; this resulted in a break in peat (phytogenic)
sedimentation and its replacement with clastic deposition, i.e. lacustrine clays; their
thickness (up to 0.8 m) in the lignite seam even doubles the average ash content of
lignite (second publication);

3) the spatial distribution of ash in lignite differs both between the opencasts (from 9.7 to
17.6 wt.%) and within the same opencast; in more than 260 analysed samples, ash
content ranges from 6.5-69.8 wt.%; hence, it was suggested that some parts of the
lignite seam (without layers with high ash content) should be mined selectively (third
publication);

4) the geochemically tested ashes contain several elements (Ba, Cu, Pb, Sb) in an amount
exceeding the corresponding Clarke values; on the other hand, these ashes are highly
enriched in calcite (on average >30 wt.% of Ca0O), which is very advantageous in the
so-called natural desulphurization process;

5) clastic layers and ash are undesirable components in lignite intended for combustion in
power plants; some of them (ash from clastics and lignite ash) must be utilized, and
some may get into the atmosphere, which is harmful to the environment; therefore, the
conducted studies seem justified, as they indicate the need to reduce the combustion of
lignite (partly also clastic interbeds) with an increased ash content.
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8. Oswiadczenia wspélautorow

Ponizej zamieszczone zostaty podpisane 1 zeskanowane oswiadczenia
wspotautoréw o procentowym ich udziale w publikacjach, ktore przedstawitam w zestawie
na stopien doktorski. W jednej z tych prac wspotautorem byt mgr Pawet Urbanski
(Panstwowy Instytut Geologiczny, Warszawa), w dwoch z nich prof. UAM dr hab. Marek
Widera — promotor mojego doktoratu (UAM, Poznan).
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Mgr Pawel Urbanski Warszawa, dnia 20.04 2021
Panstwowy Instytut Geologiczny

Oswiadczenie o wspolautorstwie

Oswiadczam, ze moj udzial w przygotowaniu nize] wymienionego artykuwu

oceniam na 35%.
ff.:ef -f.fd-'/ M«J—”

Chomiak L., Urbanski P.. Widera M_, 2020. Architektura 1 geneza ilow w gérnym poziomie
wegh brunatnych formacji poznanskiej (srodkowy miocen) — odkrywka Tomistawice k.
Konina w srodkowej Polsce. Przeglad Geologiczny. 68, 6, 526-534.
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Prof. UAM dr hab. Marek Widera Poznan, 10-05-2021
Uniwersytet im. Adama Mickiewicza

W Iiejsciu

Oswiadczenie o wspolautorstwie

Moaj udzial w przygotowaniu nize] wymienionego artykulu szacuje na 30%.

Chomaak L., Urbanski P, Widera M., 2020, Architektura 1 geneza ilow w gornym poziomue wegh
brunatoyveh formae)l pomanskie) (sredkowy mocen) — odkrvwka Tomislawice k. Eonina w srodkowe)
Polzce. Przeglad Geologiceny, 68, 6, 526-334.
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Prof. UAM dr hab. Marek Widera Poznan, 10-03-2021
Uniwersytet im. Adama Mickiewicza

W migjscu

Oswiadezenie o wspolantorstwie

Moj udrial w przygotowaniu nizej wymienionege artykubn szacuje na 40%.

Chomiak T, Widera M., 2020. A comparative study of the oxide and elemental composition
of ash from lignite burned at various temperatures — Konin Lignite Mine, central Poland.
Gospodarka Surowcami Mineralnymi — Mineral Resources Management, 36, 4, 145-160.
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