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The present paper discusses the genesis of some deformation structures within Miocene lignite seams in Poland. These
meso- to macro-scale deformation structures are the best developed in areas where the thickest lignite seams are exploited,
thatis, in the Betchatow, Turéw and Lubstéw lignite opencast mines. They show a wide variety of structures such as high-an-
gle inclined strata, normal and reverse faults and folds, fractures and clastic dikes. These deformation structures were not
analysed in terms of the structural development of the lignite-bearing areas, but rather in the context of their origin. The
high-angle inclination of clastic sedimentary strata clearly formed mainly as a result of vertical tectonic movements in the
sub-Cenozoic basement, their currently measured dip angle being significantly higher than their natural angle of repose. All
the observed normal and reverse faults cutting the Miocene strata are a clear example of syn- and/or post-depositional tec-
tonics. The normal faults clearly indicate tensional tectonics while the reverse faults reflect compressional tectonics. In turn,
the majority of folds occurring within the lignite seams are a result of peat/lignite compaction. However, one of the folds stud-
ied is predominantly the result of vertical displacements in the sub-Cenozoic basement. The en echelon fracture pattern may
additionally indicate the horizontal component of these displacements. Finally, the most spectacular and debatable struc-
tures are clastic dikes. In this study the genesis of some of them is linked with the evolution of the graben’s marginal fault.
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INTRODUCTION

The literature on the geology of lignite-bearing areas pro-
vides much information on both tectonic and non-tectonic defor-
mation structures shown in geological cross-sections or digital
models. However, the patterns shown in this way often do not
correspond with field observations. On the other hand, the defor-
mation structures within the lignite seams are only well-docu-
mented, for example via photographs and/or drawings, in a few
scientific studies. The most evident deformation structures,
mainly different types of faults and folds, come from the lignite
opencast pits operating in such countries as the Czech Republic
(e.g., Rajchl et al., 2009), Greece (e.g., Diamantopoulos et al.,
2004; Diamantopoulos, 2006), Poland (e.g., Widera, 1998, 2007,
2013, 2014; Gotowata and Hatuszczak, 2002; Widera and
Hatuszczak, 2011) and Turkey (e.g., Yilmaz et al., 2006). This
paper provides the first description and interpretation of other
types of deformation structures within Polish lignite seams.

The Polish lignite mines provide an excellent opportunity for
such observations. Three lignite-bearing areas have been se-
lected in order to illustrate the best-developed and most inter-

* E-mail: widera@amu.edu.pl

Received: July 25, 2015; accepted: October 25, 2015; first
published online: December 17, 2015

esting deformation structures. These are the Betchatéw, Turow
and Lubstéw lignite deposits where lignite seams were or are
being exploited (Fig. 1). These seams also belong among the
thickest not just in Poland but also in Europe and around the
world. The continuous thickness of the lignite seams studied
varies from 35 to 70 m in the Turéw lignite deposit to almost
90 m in the Lubstéw lignite deposit, and >250 m in the
Belchatow lignite deposit (Piwocki, 1992; Widera, 1998, 2013;
Kasinski, 2000).

The current study aims to provide the clearest descriptions
and interpretations of the deformation structures from these se-
lected lignite-bearing areas in Poland. Most of the deformation
structures are of tectonic origin. Therefore, the deepest Ceno-
zoic depressions have been taken into account, where lignite
seams are unusually thick and were tectonically subjected to the
greatest vertical movements. A secondary objective of this study
is to clarify the genesis of the deformational structures. These
are of various origins and therefore need thorough discussion.

GEOLOGICAL SETTING

The lignite-bearing areas investigated belong to the
North-West European Paleogene—Neogene Basin (Vinken,
1988). In the eastern part of this basin, i.e. in Poland, the
lithostratigraphy is very rarely constrained by microfauna and/or
microflora (Piwocki and Ziembinska-Tworzydto, 1997). Thus,
especially in the case of the Neogene, lignite seams play an im-
portant stratigraphic role in facilitating correlation with south-


https://gq.pgi.gov.pl/article/view/8268

182 Marek Widera

Sieniawa

Lubstow opencast

L 4
Poznan 3 N
& - A .
FS A . Warszawa

"‘ ¥ P
» fq . OLodz
> . ¥ JBetchatow
i o opencast

a Wroctaw

\ mine
Turéw opencast mine m

Fig. 1. Location map (after Ciuk and Piwocki, 1990;
Piwocki, 1992; Piwocki and Kasinski, 1994; modified)

A — main lignite deposits in Poland with areas of the operating
lignite mines indicated by dotted circles; B — location of the lignite
opencast mines studied

eastern Germany where the associated mineral deposits are
more precisely dated by microfauna and dinocysts (Standke et
al., 1993; Grimm et al., 2002).

Currently, three lignite seams are being exploited in Poland.
However, the two oldest seams in the lignite mines studied
have industrial value. These seams belong stratigraphically to
the third Scinawa lignite seam, SLS-3, the second Lusatian lig-
nite seam, LLS-2, and the first Mid-Polish lignite seam, MPLS-1
(Fig. 2). As stated above, they can be easily correlated with the
third, second, and first Lusatian lignite seams in south-eastern
Germany, respectively (Piwocki and Ziembinska-Tworzydto,
1997). All of them are of Miocene age (Fig. 2). The associated
lignite opencast mines are located in the following tectonic
units: the Kleszczéw Graben, the Zittau Basin and the Lubstow
Graben.

THE KLESZCZOW GRABEN

The Betchatéw lignite opencast mine is located in the
Kleszczéw Graben, which is nearly 50 km south of £.6dzZ in cen-
tral Poland (Fig. 1A). It is a tectonic depression >500 m deep
whose bottom lies below 400 m b.s.l. and its margins are ele-
vated at >100 m a.s.l. (Gotowata and Hatuszczak, 2002). Thus,
the Kleszczéw Graben is the deepest Cenozoic graben with the
thickest (>250 m) lignite seam in Poland (Piwocki, 1992).

Befchatéw Turow Lubstow
opencast | opencast | opencast
mine mine mine

the 1st Mid-Polish

Middle lignite seam
Miocene (MPLS-1)
the 2nd Lusatian
lignite seam
(LLS-2)
Lower the 3rd Scinawa
Miocene lignite seam
(SLS-3)

Fig. 2. Generalized stratigraphic position of the lignite
seams mentioned in the text
(after Piwocki and Ziembinska-Tworzydto, 1997; modified)

The Kleszczow Graben extends over a distance of 80 km, is
E-W-trending and is 2 to 3 km wide. However, its central por-
tion, which is about 25 km long, contains the richest lignite seam
(Fig. 3A). Structurally, this graben consists of NW-SE-,
NE-SW-, WSW-ENE-, and WNW-ENE-trending faults that
are inherited from older discontinuities (Gotowata and
Hatuszczak, 2002). The southern and northern master faults
are the most clearly visible ones in the field. These bounding
faults of the graben are characterized by a throw of more than
200 to 300 m (Widera and Hatuszczak, 2011). The graben is
also divided by the salt dome into two segments. The observa-
tions presented here were largely made in the eastern segment
of the Kleszczéw Graben, i.e. in the Belchatéw opencast mine
(Fig. 1B).

Tectonic evolution of the Kleszczéw Graben during the Ce-
nozoic commenced initially in the Early Oligocene (Czarnecki et
al., 1992). However, the sedimentation of the lignite-bearing as-
sociation started around the Oligocene—Miocene boundary as
reflected by the presence of Early Miocene deposits at the base
of the succession. Then, the sub-lignite clastic strata and the
main lignite seam, comprising together the third Scinawa lignite
seam (SLS-3), and the second Lusatian lignite seam (LLS-2),
were deposited (Figs. 2 and 3A). After a short period of uplift,
graben subsidence continued between the Late Miocene and
the mid Quaternary. At this time, the youngest Neogene clastic
strata and the oldest Pleistocene glaciogenic formations were
deposited. Finally, the recent tectonic activity of the Kleszczow
Graben started during the mid-Pleistocene (260 ka) and has
continued up to the present day. This recent activity is ex-
pressed by a great number of earthquakes caused by mining
activity and/or salt dome uplift (Gotowata and Hatuszczak,
2002; Hatuszczak, 2004).

THE ZITTAU BASIN

The Turdw lignite opencast mine covers only the Polish part
of the Zittau Basin in the most southwestern region of Poland
(Fig. 1). It is considered as the northeastern segment of the
Eger (Ohte) Graben in the Bohemian Massif (Malkovsky, 1987;
Kasinski, 2000; Spi¢akova et al., 2000; Rajchl et al., 2009;
Kasinski et al., 2015). On the other hand, the Eger (Ohfe)
Graben is an integral part of the European Cenozoic Rift Sys-
tem — ECRIS (Ziegler and Dezes, 2007).

The majority of the Zittau Basin lies in Poland, and less than
half of it is located in Germany and the Czech Republic. This
tectonosedimentary basin has an irregular shape, which is gen-
erally E-W-trending, around 20 km long, 15 km wide, and more
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Fig. 3. Geological sections across the study areas showing the influence of tectonic activity on lignite seam architecture

A — cross-section through the Betchatéw Graben (after Gotowata and Hatuszczak, 2002; and mine data); B — cross-section through the Zittau
Basin (based on mine data); C — cross-section through the Lubstéw Graben (after Widera, 1998); note the stratigraphic and
palaeotopographic diversity in the sub-Cenozoic basement where the presumed faults are marked by dashed lines and the certain fault is in-

dicated by the solid line; 27/18 — borehole number; other explanations as in Figure 2
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than 200 to 400 m deep (Fig. 3B). Its crystalline basement lies
at between <80 m b.s.l. and >300 m a.s.l. (Kasinski, 2000).
Moreover, it is strongly tectonized with two older NW—-SE-tren-
ding, NE-SW-trending, and younger W—E-trending fault direc-
tions (Kasinski, 2000).

The initial subsidence of the Zittau Basin took place not later
than in the Late Oligocene as recently documented by Kasinski
et al. (2015). Then, pronounced Cenozoic development of the
Zittau Basin took place around the Oligocene—Miocene bound-
ary. Initial deposition was of clastic sediments and the third
Scinawa lignite seam, SLS-3 (35 m) of Early Miocene age
(Piwocki and Ziembinska-Tworzydto, 1997; Kasinski, 2000). In
the Middle Miocene there accumulated, inter alia, the second
Lusatian lignite seam, LLS-2 (70 m), which is split into two
benches (Fig. 2; Kasinski, 2000). The upper lignite bench is
better developed in the northern part of the basin, whereas the
lower bench covers almost the entire area of the Zittau Basin.
Above the Neogene strata there are relatively thin relicts of the
Quaternary cover (Fig. 3B).

THE LUBSTOW GRABEN

The Lubstéw lignite opencast mine covers the area of the
Lubstéw Graben, which is located between Poznan and Warsaw
(Fig. 1A). It is a tectonic depression more than 220 to 240 m
deep. The Mesozoic substratum lies at a height of 40 to 60 m
a.s.l. in the surrounding area and is <180 m b.s.l. in the deepest
part of the graben (Widera, 1998, 2007). This Cenozoic tectonic
structure is, therefore, second in terms of the depth and thick-
ness of the lignite seam (90 m) in central Poland.

The Lubstéw Graben extends over a distance of 6 km,
broadly NNW-SSE-trending and 1 to 3 km wide (Fig. 3C). This
graben consists of N-S- and mainly NW-SE- and
NE-SW-trending faults. The last two fault sets are inherited
from pre-Cenozoic discontinuities. The Lubstow Graben is situ-
ated above a salt structure, which only partially pierces the Me-
sozoic cover (Widera, 1998).

This graben is the oldest tectonically generated structure
of all those discussed in this contribution, and Cenozoic devel-
opment had already begun in the Paleogene, i.e. around the
Eocene—Oligocene boundary. This is shown by the presence
of thick Early Oligocene deposits in the deepest parts of the

Lubstéw Graben (Widera and Kita, 2007). During the Late
Oligocene the entirety of central Poland, including the Lubstéw
and Belfchatéw territories, was subjected to regional uplift
(Jarosinski et al., 2009). Following this period, from the Early
to Middle Miocene, clastic and organic sediments were depos-
ited. In conditions of relatively steady and long-lasting subsi-
dence the second Lusatian lignite seam, LLS-2, accumulated
(Figs. 2 and 3C). Between the formation of this lignite seam
and deposition of the Pleistocene glaciogenic deposits the
deepest parts of the Lubstéw Graben were significantly up-
lifted (Widera, 2007, 2011).

DATA AND METHODS

The areas under study have been intensively explored be-
cause of their lignite-rich content. The number of borehole pro-
files where the lignite seams have been drilled is >3,000 in the
Betchatow opencast mine, >2,300 in the Turéw opencast mine,
and >350 in the Lubstéw lignite deposits (Widera, 1998, 2007;
Kasinski, 2000; Gotowata and Hatuszczak, 2002).

After preliminary examination of these borehole profiles only
a small number of them were selected and included in this con-
tribution. Thus, three generalized cross-sections were prepared
on the basis of sufficient information from 73 borehole profiles:
28 from the Befchatdw lignite deposit, 26 from the Turdw lignite
deposit, and 19 from the Lubstow lignite deposit (Fig. 3). The
depth of these boreholes ranged from <100 m in the territory of
Lubstéw to >500 m in the area of Befchatow. They always
pierced the lignite seam/seams and locally reached the sub-Ce-
nozoic basement. Two of them are characterized by extraordi-
nary thickness of the lignite seam, namely borehole no. 60/19 in
the Befchatow lignite deposit and borehole no. 22/44 in the
Lubstéw lignite deposit. The continuous lignite thickness in
SLS-3 and LLS-2 is 250.4 m, and that in LLS-2 is 86.2 m, re-
spectively (Fig. 3A, C).

Field observations played the most important role in this re-
search. A great number of tectonic deformation structures was
first identified and measured in the lignite opencasts, and then
photographically documented (e.g. Figs. 4-7). In the interpreta-
tion, the overall tectonic context, lignite compaction and local
non-tectonic genesis of the deformation structures have been
taken into account.

Fig. 4. High-angle inclined and faulted sands

A —general view of the high-angle inclined and faulted sands underlying the 2nd Lusatian lignite seam, LLS-2, in the Lubstéw opencast mine;
the fault plane is indicated by the dashed line and bedding is described as dip direction/dip angle; B — enlarged details showing the fault zone;
C —interpretative sketch of the photograph shown in Figure 4B; note the anastomosing pattern of the fault zone and drag folds adjacent to the
fault zone; arrow — indicates the place where bedding and fault parameters (dip direction/dip angle) were measured
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Fig. 5. Macro-scale normal faults occurring within lignite seams and associated deposits

A — normal fault cutting LLS-2 and silty-sand intercalation in the Lubstow opencast mine; note the fault throw is about 2 m; B — normal fault
between SLS-3 and clayey-sand dike in the Betchatéw opencast mine; C — fault plane developed on the boundary between SLS-3 and the
underlying sands, and above the NE slope of the Debina Salt Dome (DSD) in the Betchatéw opencast mine; D — clearly visible normal fault
within layered clays and lignites belonging to SLS-3 in the Turéw opencast mine; note that matching layers across the fault surface (clay —
lighter layers, lignite — darker layers) indicate a fault throw of about 2.5 m, and the presence of low-angle Riedel shears in the lower right cor-
ner of the photograph; E — normal fault between LLS-2 and underlying clastic deposits in the Turéw opencast mine; other explanations as in

Figure 4
RESULTS

The Polish lignite deposits, including the thickest lignite
seams, are strongly deformed by both external processes such
as erosion and glaciotectonics and internal geological pro-
cesses such as tectonics and compaction (Hager et al., 1981;
Widera, 2013). The effects of tectonic processes are the major
focus in this study; however, given that some compactionally-in-
duced structures may have the same morphology as some tec-
tonically generated structures, evidence of tectonic activity
seen on the cross-sections is given prior to description of struc-
tures found in the lignite opencasts.

CROSS-SECTIONS

The first cross-section covers only the deepest part of the
Kleszczoéw Graben, where the Szczercow and Betchatdw lignite
deposits are present (Fig. 3A). The sub-Cenozoic basement is
composed of Jurassic and Cretaceous rocks, which are evi-
dently faulted and create the relatively deep graben-like struc-
ture. Although this cross-section extends along the axial zone of

the graben, some of these faults are also visible in the
Betchatéw opencast mine. The main lignite seam (SLS-3 and
LLS-2) is prominent position among the Neogene strata. It has
an average thickness of about 100 m in the part of the
cross-section described, in borehole no. 60/19 reaching
250.4 m, as noted above (Piwocki, 1992; Widera, 2013). A
characteristic feature is that the bottom of the lignite seam lies
at a lower height in areas where the Mesozoic top forms de-
pressions, e.g. in the vicinity of boreholes no. 59/19, 60/19 and
61/19 (Fig. 3A). Conversely, in areas where the Mesozoic top is
higher the bottom of the lignite seam is also elevated. The simi-
lar shape of these palaeosurfaces may be further evidence of
Cenozoic tectonics in the Belchatéw territory. However, the
structure most typical of the Betchatow mine is the salt structure
termed the Debina Salt Dome (DSD). These salts relate to the
Zechstein Sea, but the salt structure took its final shape during
the Cenozoic (Gotowata and Hatuszczak, 2002; Kasinski et al.,
20009). Itis highly elevated and in some cases it lies higher than
the roof of the main lignite seam, SLS-3 and LLS-2. In fact, the
lignite deposits are divided by the DSD into the Szczercéw and
Belchatéw lignite deposits. The syn- and/or post-depositional
uplift of this salt structure is indicated by the steep inclination of
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Fig. 6. Step faults of normal-dip displacement developed at
various scales

A — macro-scale step faults in the Turéw opencast mine; note that
LLS-2 is bounded by two normal faults and located between clastic
deposits; B — meso-scale step faults in the Lubstéw opencast mine;
note a number of secondary step faults on the footwall of the primary
fault; other explanations as in Figure 4

the lignite layers. It is best expressed in the area adjacent to the
DSD, where both the bottom and roof of SLS-3 and LLS-2 are
inclined at an angle exceeding 85° (Fig. 3A).

The cross-section through the Turéw lignite deposit does
not show very complex tectonics as in the Zittau Basin (Fig. 3B).
Only Proterozoic volcanic rocks are present in the sub-Ceno-
zoic basement, whereas in other parts of this basin Cenozoic
volcanic rocks are also documented. The Neogene consists,
inter alia, of two lignite seams, i.e. SLS-3 and LLS-2 (Kasinski,
2000). However, both the sub-Cenozoic basement and lignite
seams are evidently faulted. Most of these dislocations were
determined on the basis of borehole data. An exception is the
fault between boreholes no. B23/49 and B21/49, which was
also documented in the field. Its throw in the sub-Cenozoic
basement is up to 70 m and exceeds 30 m at the top of LLS-2
(Fig. 3B).

The cross-section shown through the Lubstéw lignite de-
posit was placed so as to show the rather complicated geologi-
cal structure of the Lubstéw Graben (Fig. 3C). The sub-Ceno-
zoic basement is composed of Cretaceous rocks, which are ev-
idently faulted. It gives the graben a horst-like structure in the vi-
cinity of borehole no. 4/58. The axial portion of the graben is
covered by the Paleogene, i.e. Early Oligocene deposits
>130 m thick (Widera and Kita, 2007). By analysing the mor-
phology of the Paleogene top it can be easily seen that some of
the faults were also tectonically active at a later time. The phe-
nomenon is best expressed by the similar shape of the Meso-
zoic and Paleogene top surfaces between boreholes no. 4/58,
18/44 and 22/44. Moreover, further evidence of Cenozoic tec-
tonics in the Lubstéw Graben area is shown by the bottom of
the Lusatian lignite seam (LLS-2) which lies at the lower height

Fig. 7. Reverse faults developed at a various scale

A — macro-scale reverse faulting boundary between the Cretaceous
basement and SLS-3 in the Betchatéw opencast mine; note the very
high-angle to vertical dip of the fault surface; B — meso-scale re-
verse fault (thrust fault) developed within sandy intercalation of
LLS-2 in the Lubstéw opencast mine; note the displacement of plant
roots; other explanations as in Figure 4

in territory where the Mesozoic top also forms the deepest de-
pression, e.g. in the vicinity of boreholes no. 22/44 and 26/44
(Fig. 3C). As noted above, this part of the Lubstéw Graben was
tectonically uplifted by at least 130 m after deposition of the
main Lusatian lignite seam, LLS-2. This is shown, inter alia, by
the presence of reverse faults, which have been documented in
the field (Widera, 2007, 2011).

FIELD OBSERVATIONS

High-angle inclined strata. The first group of tectonic de-
formations are developed within fine-grained siliciclastic depos-
its underlying the main lignite seam (LLS-2) in the Lubstow de-
posit (Fig. 4). These deposits are predominantly composed of
large-scale horizontally stratified sands with intercalations of silt
and very fine gravel. This sedimentary succession additionally
contains coaly silts and thin lignite interlayers up to 10 cm thick
(Fig. 4A). Medium- to small-scale trough and ripple cross-strati-
fied sands, forming channel-like structures, are also present.
Their bases are erosional in contrast to the flat tops of the chan-
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nels, which are incised within fine-grained clastic deposits
(Fig. 4B, C). All these deposits, originally horizontally or
subhorizontally stratified, dip towards the east at angles be-
tween 48 and 55°, and are faulted. In general, the fault zone and
these clastic deposits are high-angle inclined in the same direc-
tion, i.e. to the east (Fig. 4).

Normal and reverse faults. The most common tectonic
deformation in all lignite opencast quarries examined are nor-
mal faults. They are best seen and documented photographi-
cally when the lignite seams are layered or interbedded with
other sediments or when the fault surfaces are between black
lignites and lighter clastic deposits (Fig. 5). These normal faults
have a throw from about 2.5 m to >6 m. In the case of the two
faults shown here, however, their throw observed at a few ex-
ploitation levels is between 20 and 50 m (Fig. 5C, E).

To the same category of normal faults belong deformation
structures which consist of a set of two or more parallel or
subparallel normal faults occurring at regular intervals. These
discontinuities are called step faults, because they have a
step-like appearance at both macro- and meso-scale (Fig. 6).
Macro-scale step faults are moderately common in the Turéw
opencast mine. The horizontal distance between the two fault
surfaces forming this deformational structure is about 50 to
70 m (Fig. 6A). Conversely, the meso-scale step faults are char-
acterized by a much more complex structure. For example, the
step fault described consists of at least six minor normal faults
that are subparallel to the main fault. Generally, all of them dip
to the north (Fig. 6B).

Reverse faults have been sporadically documented in the
Betchatéw and Lubstéw opencast mines (Fig. 7). An exception
is here the Turéw opencast mine, where this kind of deforma-
tion structure is unknown to the present day. The best devel-
oped macro-scale reverse faults occur in the Belchatow

opencast mine. Their total throw is probably more than 200 or
300 m (Widera and Hatuszczak, 2011). However, segments of
them are only seen as direct observations in the field (Fig. 7A).
By contrast, meso-scale reverse faults have been observed in
the Lubstéw opencast mine (Widera, 1998, 2007). They have a
small throw and low-angle dip to the north-east (Fig. 7B).

Folds, fractures and clastic dikes. Folds are typical of all
lignite seams in Poland. Most of them are caused by compac-
tion processes (Kasinski, 2000; Widera, 2013); however, some
folds are also tectonically generated (Gotowata and Hatusz-
czak, 2002; Hatuszczak, 2007). In this study a fold from the
Turéw opencast mine is analysed (Fig. 8). This fold is com-
posed of layered lignites of SLS-3. Thus, its internal folded
structure is also well-expressed (Fig. 8A).

It is characteristic that fractures occur within this fold
(Fig. 8B, C). They are almost vertical, perpendicular to the
seam top and bedding, and the spacing between them is quite
regular, i.e. equal to about 2 m. Moreover, it should be noted
that these fractures, seen in plan view on the horizontal exploi-
tation level, are segmented en echelon with the NNW-trending
strike (Fig. 8D, E).

Another interesting group of deformation structures that
have been identified only in the Betchatéw opencast mine are
clastic dikes (Fig. 9). These discontinuities cut the main lignite
seam SLS-3 subvertically, and are predominantly filled with
clastic deposits. Occasionally, lignite fragments are also pres-
ent within the dikes. Their width ranges from a few centimetres
to about 12 m, although the distance between them is variable
(Fig. 9A). The clastic dikes described form a set of fractures that
are subparallel to each other and dip steeply to the north. How-
ever, the dip angle increases slightly when moving from the
south to the north (Fig. 9B).

SE«—=NW «—235/90

240085\ ___fractures—-.)
«—230/90
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Fig. 8. Tectonically generated fold with fractures in the Turéw opencast mine

A — general view of the fold; B — fractures seen on the vertical wall of the lignite seam; C — interpretative sketch of the photograph shown in
Figure 8B; D —fractures seen in plan view; E —interpretative sketch of the photograph shown in Figure 8D; note the en echelon arrangement

of fractures
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Fig. 9. Clastic dikes cutting SLS-3 in the Belchatéw opencast mine

A — general view of the dikes; B — interpretative sketch of the photographs shown in Figure 9A

INTERPRETATION AND DISCUSSION

In order to interpret the nature of the high-angle inclined de-
posits their angle of repose must be discussed. These sandy
deposits dip at angles of 48 to 55° (cf. Fig. 4). For dry sands, the
angle of repose is usually between 30 and 37° (Freeman,
2003). The sands under discussion were clearly saturated with
water during deposition in flowing conditions. Hence, their origi-
nal angle of repose must have been at least a few degrees
lower, i.e. <30°, than the values given above. Taking into con-
sideration their origin typical of the distal part of an alluvial fan or
a river overbank zone (Widera, 2007), it can be inferred that
originally they were stratified horizontally or subhorizontally
(Fig. 10A).

During subsidence of the Lubstéow Graben the fault (or
faults) in the sub-Cenozoic basement was (or were) signifi-
cantly active, causing the monoclinal tilting of the overlying
sandy layers (Fig. 10B). Finally, the angle of repose was ex-
ceeded and a new fault zone within the high-angle inclined de-
posits was created (Fig. 10C). Thus, it can be concluded that
the steep inclination of these deposits was generated tectoni-
cally from about 18 to 55°. This is estimated as the difference
between the currently observed (48 to 55°) and likely initial
(from 0 to <30°) dip angle. An additional argument indicating
the tectonic origin of the steep dip of the sandy layers and the
fault is the direction of their dip, i.e. to the east (cf. Fig. 4).

The genesis of normal and reverse faults does not require
detailed explanation. In general, the normal faults are obviously
formed under tension and the reverse faults under compression
conditions. The normal and reverse faults are the most com-
monly occurring tectonic structures in the Polish lignite
opencast mines. However, the strike-slip displacement in their
development is a very interesting research problem. It is fair to
say that, so far, evidence of strike-slip movements have been
documented in the Betchatéw opencast mine as lateral dis-
placements, slickensides and striations (Gotowata and
Hatuszczak, 2002), and in the Turéw opencast mine as the
above-mentioned en echelon fractures (cf. Fig. 8D, E). Unfortu-
nately, the precise size of these strike-slip displacements is un-
known; however, it is most likely less than the dip-slip displace-
ment described in this study (cf. Figs. 3-5 and 7). Moreover, the
above-described step faults look like fragments of flower struc-
tures (cf. Fig. 6). These may have formed in transtensional con-
ditions, where only a small component of extension is present
(Harding, 1985). An important role of both transtensional and/or
transpressional movements in the lignite deformation struc-
tures is especially well-expressed in Greek and Turkish
opencast mines (e.g., Diamantopoulos et al., 2004;
Diamantopoulos, 2006; Yilmaz et al., 2006).

Fig. 10. Conceptual model showing
three stages (A-C) of the formation of
the high-angle inclined sandy depos-
its underlying LLS-2 in the Lubstéw
opencast mine

Most folds in the lignite seams are of non-tectonic origin.
These folds are the result of differential compaction of peat dur-
ing its transformation into lignite. This is due to both the original
and varying thickness of the peat and its composition; for exam-
ple, mineral matter content, xylite content, and so on (Hager et
al., 1981; Widera, 2007, 2013). It occurs when the peat/lignite
base is characterized by elevations and depressions. This
means that at the time when the peat sedimentation finished its
thickness was not even. Then, the syncline in the lignite seam
roof was established in places where the seam thickness was
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reduced as a result of uneven compaction (Fig. 11A; Hager et
al., 1981). It should be noted here that the process of peat/lig-
nite compaction may have had a very limited impact on fracture
formation, including the cleats (Widera, 2014). In the case of the
cleats, however, they always consist of two sets of open-
ing-mode fractures that compose a cleat system (Laubach et
al., 1998). Conversely, in the case discussed the thickness of
the lignite seam is almost the same in various parts of the fold
and the fractures form only one set. Thus, the tectonic origin of
the fold and fractures must be taken into consideration. It is
most likely that the folds were formed by post-depositional tec-
tonic movements. The relative uplift of the horst-like structure in
the sub-Cenozoic basement resulted in folding and fracturing of
the overlying lignite seam (Fig. 11B). Both the fold and fractures
formed in tensional or, as is most likely, in transtensional
right-lateral conditions as suggested by the above-mentioned
en echelon fractures (cf. Fig. 8D, E).

The final geological problem discussed in this study is the
genesis of the clastic dikes from the Belchatéw opencast mine
(cf. Fig. 9). In this case, at least two hypotheses should be taken
into account. The first hypothesis, proposed by Hatuszczak
(1994, 2007), suggests the formation of open fractures above the
fold axes, which are a result of compression in the Kleszczéw
Graben. Thus, the dikes must have developed as extensional
structures above anticlinal folds of the main lignite seam, SLS-3
and LLS-2. The presence of these structures is limited to the de-
posits overlying this lignite seam and their age is attributed strictly

A |

Fig. 11. Conceptual model showing two possible
interpretations gf the lignite fold and fracture development
within SLS-3 in the Turéw opencast mine

A — folding caused by differences in the initial thickness of the peat
seam (after Hager et al., 1981, modified); B — folding caused by
post-depositional tectonic displacements in the sub-Cenozoic base-
ment of the lignite seam

tension tension

lignite

§
}H Cretaceous
or

I A
T 717 Jurassic

Fig. 12. New conceptual model showing clastic dike
development in the Belchatéow opencast mine

to Quaternary tectonics (Hatuszczak, 1994, 2007). In the case of
the examples given in this paper, the second hypothesis, which
links the dikes’ formation with tensional conditions in the graben
during the Middle and Late Neogene, can be also taken into con-
sideration. Most likely, both the northern marginal fault and asso-
ciated secondary faults bordering the dikes, were active tectoni-
cally at that time. Together they form the so-called negative
flower structure (Fig. 12), which may have formed in
transtensional conditions (Harding, 1985). Their genetic relation-
ship is indicated by the similar orientation of these discontinuities,
i.e. generally from west to east (cf. Fig. 9). Therefore, at least two
different genetic groups of clastic dikes in the Belchatow
opencast mine can be identified. The first group formed in the
(trans)compressional and the second in the (trans)tensional
stages of the Kleszczéw Graben evolution.

CONCLUSIONS

Tectonic and non-tectonic deformation structures are very
common within the lignite seams and associated clastic strata
in Polish opencast mines. However, there has been consider-
able controversy about their origin. Therefore, this study has fo-
cused on explaining and discussing their formation.

The Betchatow, Turéw and Lubstéw lignite opencast mines,
which are sited within relatively deep tectonic grabens, were se-
lected for the field study. The continuous thickness of the Mio-
cene lignite seams is in the range of 35 to over 250 m. The for-
mation of such thick lignites, taking into consideration the
peat/lignite compaction, had to result in the creation of a num-
ber of tectonic and non-tectonic deformation structures. These
structures were divided into three groups in this study. The first
group includes high-angle inclined strata. Normal and reverse
faults belong to the second group, while the third group consists
of folds, fractures and clastic dikes. Although all these struc-
tures are broadly of tectonic origin some of them may be the re-
sult of processes such as sedimentation or compaction.

Sedimentation processes may in part explain the steeply in-
clined sand layers, which can create stratification at an angle
from 0 to about 30° in a current. Therefore, sandy layers dipping
at angles significantly larger than 30° needed to be induced by
tectonic factors. This inference is supported by the presence of


https://gq.pgi.gov.pl/article/view/8367
https://gq.pgi.gov.pl/article/view/8367

190 Marek Widera

normal faults both in these high-angle inclined strata and in their
basement. On the other hand, it is more difficult to distinguish
the effects of compactional and tectonic processes. These of-
ten occur together, but tectonics plays a dominant destructive
role. A fold which was tectonically generated is shown in this
study. Its tectonic genesis is consistent with its uniform thick-
ness and the presence of extensional fractures within the lignite
seam.

Other structures, namely the normal and reverse faults and
the clastic dikes, are undoubtedly of tectonic origin. The chal-
lenge for the future is to attempt to reconstruct in detail the
mechanisms and the time of their formation. Therefore, it is
suggested that further research should be aimed primarily at
determining more precisely the role of strike-slip movements in
the creation of both the macro- and meso-scale deformation
structures as well as the grabens, which are filled with the thick-
est Polish lignite deposits.
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