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ABSTRACT:

Waksmundzka, M.I., Koztowska, A. and Panczyk, M. 2021. A putative Tournaisian and Visean volcanic-sedi-
mentary succession in the Lublin Basin, SE Poland: depositional processes, petrological characteristics and
sequence stratigraphy. Acta Geologica Polonica, 71 (3), 305-344. Warszawa.

The aim of this study was to establish the stratigraphic extent of a putative Tournaisian Stage within the
Carboniferous succession in the Lublin Basin. The oldest part of the succession, known as the Huczwa Formation
and comprising depositional sequences 1-4, was investigated based on lithofacies analysis, sequence stratigraphy
and petrographic studies. The article provides descriptions of depositional sequences, parasequences (cyclothems)
and lithofacies that were formed in a range of environments (elements of depositional architecture) and as a result
of volcanic processes — lava and pyroclastic eruptions and chemical weathering of their products. Correlation of
the sequence stratigraphy to the West European and global Carboniferous chronostratigraphic divisions, as well
as to the Khoriv suite in the Lviv-Volyn Basin in adjacent Ukraine, indicates a putative late Tournaisian age for
sequence 1, and a late Visean age for sequences 2—4. There is a stratigraphic gap between sequences 1 and 2,
spanning probably the uppermost Tournaisian and the lower and middle Visean. The upper Tournaisian is repre-
sented by the FRST-LST deposits of sequence 1, comprising mainly volcaniclastic conglomerates and sandstones
developed in braided-river channels and incised valleys with hyperconcentrated flow processes. These deposits
are represented by polymictic paraconglomerate and lithic/sublithic/subarkose arenites or sublithic wackes, and
contain predominantly grains of acidic and alkaline volcanic and igneous rocks. This material probably came
from the Lukow-Wisznice Elevation and the Volynian Polesia region, located to the NE and E of the Lublin
Basin. In the uppermost part of sequence 1, volcanic rocks and tuffs appear which developed during the activity
of at least three volcanic cones in the Lublin Basin. The volcanoes were the source of alkaline lavas in the central
and SW areas of the basin, and of acidic lavas in the SE area, previously undescribed. The Visean sequences 2—4
consist of the FRST-LST sediments deposited within incised valleys. The TST and HST deposits accumulated
mainly in a shallow ramp-type carbonate shelf, shallow clayey shelf and deltaic environments.

Key words: Tournaisian; Visean; Lublin Basin; Sequence stratigraphy; Petrography; Cyclothems;
Volcanic source areas.

INTRODUCTION Visean deposits within the Carboniferous section
in the Lublin Basin (Text-fig. 1), undefined to date.
The aim of this study is to establish the occurrence The oldest part of the Carboniferous succession, dis-

and stratigraphic extent of presumed Tournaisian— tinguished as the Ktodnica Member (lower part of
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Text-fig. 1. Geological-structural map of the Lublin Basin (modified from Waksmundzka and Buta 2020), with location of the boreholes

studied.

the Huczwa Formation; Text-fig. 2) in the lithostrati-
graphic subdivision of Porzycki and Zelichowski
(1977, fide Porzycki 1979), has been considered vari-
ously as belonging to the Middle Visean (Zelichowski
1969, 1972; Waksmundzka 2010a) or the Upper
Visean (Porzycki and Zelichowski 1977, fide Porzy-
cki 1979). These rocks are palaeontologically barren.
Their age was not sufficiently documented, being
based on dating of the volcanic rocks (Depciuch
1974; Porzycki 1988; Grocholski and Ryka 1995)
and on the latest Visean age of the upper part of the
Huczwa Formation (Solokija Member; Text-fig. 2),
well-dated on the basis of fossil fauna (Musial and
Tabor 1979, 1988; Skompski and Sobon-Podgorska
1980; Sobon-Podgorska 1988; Sobon-Podgorska and
Tomas 1995; Skompski 1996) and flora (Migier 1988;

Kmiecik 1988). The oldest part of the Carboniferous
succession was also dated by the method of sequence
stratigraphy (Kozlowska and Waksmundzka 2020)
and assigned tentatively to the late Tournaisian. The
putative Tournaisian age of these rocks is supported
by new dating of basalts in the NE part of the Lublin
Basin (Panczyk and Nawrocki 2015), by sequence
stratigraphic correlation combined with detailed
petrographic research, and by correlation with the
oldest part of the Carboniferous section in the Lviv-
Volyn Basin, where palacontologically well-dated
Upper Tournaisian is found (Szulga 1956; Shulga et.
al. 2007; Kostyk et al. 2016).

The present study focuses on the rocks ascribed to
the Ktodnica Member in the context of sequence stra-
tigraphy. The main objective is to analyse sequences
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Text-fig. 2. Chronostratigraphy (after Davydov et al. 2012), lithostratigraphy (after Porzycki and Zelichowski 1977, fide Porzycki 1979)
and sequence stratigraphy of the Carboniferous succession in the studied boreholes in the Lublin Basin (modified from Kozlowska and
Waksmundzka 2020).
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1-3 within the range of the Ktodnica Member, which
covers sequence 4 in the NE area and sequences 1-2
in the remaining areas, according to the sequence
stratigraphy model for the Lublin Basin given by
Koztowska and Waksmundzka (2020) and modified
herein (Text-fig. 2). This is the first study providing a
comprehensive description of the lithofacies, cyclic-
ity, mineral composition, origin, age relationships and
palacogeography of the oldest, putative Tournaisian
rocks in the Lublin Basin. The study aims to fill in
the gap in the regional knowledge of the earliest his-
tory of the Carboniferous development in the Lublin
Basin, while documenting an interesting case of the
interplay of sedimentation and volcanism.

GEOLOGICAL SETTING

The present-day boundaries of the Lublin Basin,
SE Poland, are defined based on the erosional ex-
tent of Carboniferous deposits and tectonic zones
(Zelichowski 1969, 1972; Text-fig. 1), with a con-
tinuation towards the SE to the Lviv-Volyn Basin
in Ukraine. The axis of the Lublin Basin trends
NW-SE, and the basin is asymmetrical in its NE-SW
cross-section. The NE side slopes gently towards the
SW, which is related to the regional dip of the East
European Craton (basement), whereas the western
side of the basin has a steep slope along a tectonic
boundary (Krzywiec ef al. 2017). The central part of
the basin hosts the Kock Fault Zone (Text-fig. 1).

Tomaszczyk and Jarosinski (2017) recognized
several tectonic events that contributed to the for-
mation of this latter fault zone. One of them was
related to a change in the regional stress regime from
contractional to extensional, with a relaxation that
gave way to eruption of basaltic igneous rocks in the
Visean. Narkiewicz (2007) suggests that the mag-
matic activity in the Lublin Basin was associated
with a hot spot.

Krzywiec et al. (2017) provided interpretations
of the deeply rooted, mostly reverse faults and as-
sociated basement uplifts in the eastern part of the
basin. Tomaszczyk and Jarosinski (2017) indicated
a dominant E-W direction of the faults in this part
of the basin, contrary to the SW-NE trend previ-
ously suggested on regional maps (Zelichowski 1972;
Pozaryski and Dembowski 1983; Zelichowski and
Koztowski 1983).

The Lublin Basin formed on the SW flank of the
East European Craton (Mazur ef al. 2006, 2010), with
subsidence driven probably by tectonic displacements
along the Teisseyre-Tornquist Lineament in a pull-

apart regime (Zelichowski 1987; Narkiewicz et al.
1998; Krzywiec and Narkiewicz 2003; Narkiewicz
2007). The tectonic style of the basin development is
attributed to less intense thin-skinned deformation
(Krzywiec and Narkiewicz 2003; Krzywiec 2007,
Krzywiec et al. 2017; Tomaszczyk and Jarosinski
2017; Kufrasa et al. 2019).

Carboniferous sedimentation in the Lublin Basin
was preceded by erosion during the latest Devonian
(Narkiewicz 2007) to Early Tournaisian and last-
ing until the Middle Visean in some areas. The
Carboniferous succession overlies Upper Devonian
rocks in the central, SW and SE parts of the ba-
sin, and lower Paleozoic and upper Proterozoic rocks
in the NE part (Text-fig. 1). The thickness of the
Carboniferous succession increases distinctly to-
wards the SW and SE. The lowest thicknesses,
around 100 m, are in the NE part of the basin, where
the basement is elevated, whereas the greater thick-
nesses of several hundred to ca. 2,000 m are in the
NW, SW and SE parts. The Carboniferous is covered
unconformably by Permian—Mesozoic and Cenozoic
deposits ranging in thickness from 200 m in the E
part to about 1,000 m in the SW part of the basin.

According to the investigations by Musial and
Tabor (1979, 1988) and Porzycki and Zdanowski
(1995), the Carboniferous succession in the Lublin
Basin is represented by deposits of Upper Visean
to Westphalian D. However, Panczyk and Nawrocki
(2015) and Kozlowska and Waksmundzka (2020)
subsequently suggested that Carboniferous sedi-
mentation in the basin commenced between the Late
Tournaisian and early Moscovian.

The currently used lithostratigraphic subdivi-
sion was formulated by Porzycki and Zelichowski
(1977, fide Porzycki 1979). They distinguished five
formations in the Carboniferous section, from the
base upwards (Text-fig. 2): Huczwa Formation (with
Klodnica and Sotokija Members), Terebin Formation
(with Korczmin and Komaréw Members), Deblin
Formation (with Bug and Kuméw Members), Lublin
Formation and Magnuszew Formation. Except for
its the lowermost part, the Carboniferous section is
dominated by claystones, mudstones, siltstones, sand-
stones, conglomerates, limestones, marls, Stigmaria
soils, carbonaceous claystones and coals. The lower-
most part of the section, which is the main subject of
this study (Text-fig. 2), consists of lava-flow basalts,
tuffs, volcaniclastic conglomerates and sandstones,
as well as bauxites and bauxite-like deposits. These
rocks constitute the Klodnica Member, whose thick-
ness is relatively small and varies from 4 to ca. 36 m
in the study area.
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According to Musial and Tabor (1979, 1988), both
the Klodnica Member and the overlying Sotokija
Member of the Huczwa Formation were of Late
Visean age. However, the new dating of basalts in the
basin indicates an older age for the Ktodnica Member,
corresponding to the Late Tournaisian (Panczyk and
Nawrocki 2015).

The volcanic rocks of the Ktodnica Member were
originally described as aphanitic diabases and tuffs
(Zelichowski 1969, 1972), and as tuffolavas and di-
abase-melaphyre lavas (Porzycki and Zdanowski
1995). However, Grocholski and Ryka (1995) iden-
tified tephrite-potassium trachybasalts, and Panczyk
and Nawrocki (2015) examined alkaline basalts. The
greatest incomplete thickness of the volcanic rocks is
over 160 m in the Kolechowice 24 borehole (Porzycki
1988; Text-fig. 1).

According to Zelichowski (1969, 1972), the con-
glomerates of the Ktodnica Member contain clasts of
quartz, siliceous rocks, flints, quartzite sandstones,
dolomitic sandstones and mudstones, feldspars and
pegmatites. The basal part of these deposits contains
clasts of basement rocks, including Devonian calcar-
eous sandstones and dolomitic mudstones.

The stratigraphically equivalent Series I of Cebu-
lak (1988a) was described as composed of mainly
coarse-grained deposits containing limestone clasts
and frequently also with quartz grains. In some bore-
hole profiles, the amount of carbonate clasts is lower
in favour of kaolinite and quartz, claystone and sand-
stone clasts, occasionally also tuffs. Medium- and
coarse-grained clastic rocks contain mainly clasts of
quartz, claystone, mudstone and quartzite sandstone.
Numerous clasts of granitoids, gneisses, crystalline
schists, acidic volcanites and feldspars occur locally
in the NE area of the basin. Carbonate rock clasts
are rare. Kaolinite deposits, kaolinite-cemented con-
glomerates and/or bauxites occur in some profiles.
They are occasionally underlain by laterite-capped
tuff-lava rocks. In the W part of the basin, the rocks
of Series I (Cebulak 1988a) contain limestone clasts
and quartz. Beneath the lava-flow diabases, there
are locally conglomeratic sandstones with clasts of
acidic volcanic rocks. Pyroclastic sediment is also
found.

Sequence stratigraphic analysis has allowed the
distinguishing of 22 depositional sequences within
the Carboniferous section in the Lublin Basin (Text-
fig. 2), which have been tentatively correlated with
the global pattern of eustatic changes, also reveal-
ing deviations related to the influence of local tec-
tonic forcing (Waksmundzka 2008, 2010a, 2013;
Koztowska and Waksmundzka 2020).

MATERIAL AND METHODS

The study is based on the geological data and
wireline logs from 11 boreholes located in the north-
eastern, central, southwestern and southeastern parts
of the Lublin Basin (Text-fig. 1). Sedimentological
study included the logging of drill cores and lithofa-
cies analysis. Lithofacies are as defined by Reading
(1978) and Walker (1992), and their coding follows
Miall (1977, 1978), Rust (1978) and Zielinski (1992a,
b, 1995). Fining-upward, coarsening-upward and non-
gradational cyclothems are distinguished using the
classification of Waksmundzka (1998, 2010a, 2012,
2013) and Koztowska and Waksmundzka (2020).

Characterization of the investigated sections was
supplemented on the basis of archive reports (mainly
borehole summary reports), an unpublished MSc the-
sis (Hajdenrajch 2010), and published contributions
(Niemczycka 1978; Cebulak 1989; Krassowska 1989;
Waksmundzka 2007, 2010a, b, 2011; Cebulak et al.
2011).

The original thicknesses of deposits and the
depths of incised valleys have been estimated based
on the present-day thicknesses using the reduction
ratio calculated according to the methods of Baldwin
and Butler (1985). The values of the thickness reduc-
tion ratio used for claystone, mudstone, siltstone and
tuff were 4.3 to 5.0, and for the conglomerate and
sandstone were 1.2 to 1.4 (cf. Waksmundzka 2013).

The sections were interpreted and correlated us-
ing the sequence stratigraphic method described pre-
viously by Waksmundzka (2010a, 2012, 2013) and
Kozlowska and Waksmundzka (2020). The deposi-
tional sequences, defined after Michum (1977), are
bounded either by subaerial unconformities formed
by fluvial erosion during a relative sea-level low-
stand, or by their correlative conformities. These se-
quences are type | successions sensu Vail and Todd
(1981). The subaerial unconformities were identified
as fifth- or sixth-order erosional surfaces, represent-
ing beds of river channels, channel belts or incised
valleys. Three categories of incised valley (small,
medium and large) are distinguished, according to
the classification by Ashley and Sheridan (1994).

The basic elements of sequences in the investigated
borehole sections are parasequences defined after
Van Wagoner (1985), distinguished as coarsening-up-
ward, fining-upward and non-gradational cyclothems.
They are combined into parasequence sets represent-
ing depositional systems tracts, as defined by Van
Wagoner et al. (1988), Posamentier e al. (1988) and
Helland-Hansen (2009). Three types of depositional
systems tract are distinguished: (1) a forced-regres-
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sive systems tract (FRST), (2) a transgressive sys-
tems tract (TST) and (3) a normal-regressive (NR)
systems tract, which may develop during highstand
(HST) or lowstand of sea level (LST). Depositional
systems tract are separated by the maximum regres-
sion surface, the transgression or initial flooding sur-
face (T) sensu Helland-Hansen and Gjelberg (1994)
and the maximum flooding surface (MFS) as defined
by Gastaldo et al. (1993) and Posamentier and Allen
(1999). The MFS in wireline logs was identified as
distinct gamma-ray maxima related to the clayey
deepest-water lithofacies of shallow shelf, enriched in
organic matter, or to some other relatively deep-water
lithofacies, such as limestones or prodelta claystones.

To reconstruct the chronology of depositional
events and volcanic processes, sequence 1 — repre-
senting the oldest Carboniferous deposits in the
Lublin Basin — has been subdivided into elements
of depositional architecture, labelled with the Roman
numerals [-VI, VIL1 and VIL.2. They form a hypo-
thetical architectural model of sequence 1, which is
a compilation of the partial sections from analysed
boreholes. Sequence stratigraphy correlations were
constructed across the NE (I), central and SW (II),
and SE (III) parts of the basin (Text-fig. 1). The refer-
ence levels used are the top of sequence 4 in the NE
part and the top of sequence 2 in the remaining parts,
depending upon the extent of the investigated section.

The mineral composition and petrographic fea-
tures of the various rocks of the Klodnica Member
were tied to the sequence stratigraphy. Petrographic
research was conducted on 62 thin sections, examined
with Nikon polarizing microscopes (OPTIPHOT2-
POL and ECLIPSE LV100 POL). The classification of
sandstones was based on a slightly modified scheme
of Pettijohn ef al. (1972), and that of conglomerates
was based on Jaworowski (1987) and Ryka and Mali-
szewska (1991). The terminology applied for volcani-
clastic rocks corresponds to the classifications by Le
Maitre et al. (1989) and Winchester and Floyd (1977)
for volcanic rocks. Thin sections that contained car-
bonates were stained with Evamy’s solution to deter-
mine their types.

Catholuminescence (CL) analysis was used to
study 14 rock samples. The tests were performed on
an English equipment, so-called cold cathode, CITL
MKS5 model, equipped with EDX of Cambridge Image
Technology Ltd., mounted on a Nikon polarizing mi-
croscope. A LEO 1430 scanning electron microscope,
equipped with an Oxford ISIS 300 energy dispersion
detector (EDS), was used. Six crumb samples were
sputtered with coal and then with gold to observe
the minerals. For some minerals, point qualitative

X-ray analyses were performed using the VSP soft-
ware. Eighteen polished, uncovered, coal-sputtered
thin sections were examined. Of these, 29 analyses
of chemical composition of carbonates were made on
11 samples of clastic rocks, and detailed analyses of
volcanic rocks on six samples. X-ray analyses were
carried out on eight rock samples using a Philips
X’Pert PW 3020 X-ray diffractometer. Qualitative
analysis of the overall phase composition and clay
fraction composition was made. Samples powdered
to the fractions below 0.063 mm were used for mak-
ing compressed preparations that were air-dry tested
at an angle of 1-26°20, after glycolysation, and heated
to a temperature of 550°C.

RESULTS
Lithofacies, their successions and cyclicity

Twenty six main types of lithofacies and their
subtypes are distinguished in the core sections. Their
characteristics, including the reference to bed forms,
processes, sedimentary subenvironments and envi-
ronments, are given in Tables 1 and 2. The most
typical lithofacies are illustrated in Text-fig. 3A—L.

A characteristic feature of the Carboniferous de-
posits in the Lublin Basin is their sedimentary cy-
clicity (sensu Duff and Walton 1962; Miall 1996), the
studying of which is an integral part of lithofacies
analysis and enables reconstruction of depositional
environments and architecture. It is also an import-
ant element of sequence stratigraphy. The lithofa-
cies studied, with the exception of volcanites, form
fining-upward (Text-fig. 4), coarsening-upward and
non-gradational cyclothems (Text-fig. 5).

Fining-upward cyclothems

The main types of fining-upward cyclothems
are distinguished based on the lithofacies succes-
sion (Waksmundzka 2012). The base of most cy-
clothems of type I and Ila is an erosional surface
(Text-fig. 4). Type 1 is characterized by the presence
of only a single part composed of coarse-grained,
sandy and/or gravelly lithofacies (Table 1). Type II
is composed of two parts: the lower coarse-grained
(sandy and/or gravelly lithofacies) and the upper
fine-grained (clayey/muddy/silty lithofacies) with
occasional Stigmaria soils and carbonaceous clay-
stone. Type II is subdivided into sub-type Ila, with
its lower part composed of lithofacies deposited un-
der mainly in upper flow regime and/or by hyper-
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Text-fig. 3. Examples of lithofacies (scale bars = 1 cm): A — Lithofacies L: limestone with nodular structure; borehole Radzyn IG 1; HST of
sequence 3; depth 923.50-923.57 m; B — Lithofacies V: basalt with amygdaloidal texture; older lava-flow; borehole Parczew IG 10; sequence
1 — element VIL.2; depth 1063.4 m; C — Lithofacies V: heavily altered volcanic rock; borehole Terebin IG 3; sequence 1 — element VIL.2;
depth 1425.4 m; D — Lithofacies Fm1: massive claystone with bryzoans; borehole Korczmin IG 3; TST of sequence 2; depth 1349.3 m; E —
Lithofacies Fm: massive claystone with siderite spherulites; borehole Radzyn IG 1; LST of sequence 4; depth 919.5 m; F — Lithofacies V:
basalt; younger lava-flow; borehole Parczew IG 10; sequence 1 — element VIL.2; depth 1053.2 m; G — Lithofacies GSm: massive sandy con-
glomerate; borehole Lublin IG 1; sequence 1 — element I; depth 2157.9 m; H — Lithofacies Fm: massive mudstone with carbonaceous plant
chaff; borehole Korczmin IG 1; sequence 1 — element VI; depth 1345.2 m; I — Lithofacies T: tuff ; borehole Radzyn IG 1; sequence 1 — element
VIL.1; depth 941.3 m; J — Lithofacies GSm: massive sandy conglomerate; borehole Niedrzwica IG 1; sequence 1 — element V; depth 2211.9 m;
K — Lithofacies GSm: massive sandy conglomerate; borehole Kock IG 2; sequence 1 — element V; depth 1597.8 m; L — Lithofacies Gm: mas-
sive conglomerate; borehole Korczmin IG 1; sequence 1 — element V; depth 1347.3 m.
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cross-stratification lower to upper flow regime
sandstone
Sm

Massive sandstone

massive

hyperconcentrated flow
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SGm
Massive gravelly massive hyperconcentrated flow I
sandstone beige. beige-dark
SGl C18€, DEIEE-Cark 8ICY, | 1ant chaff, _ |
. low-angle grey, grey-bronze, bedload transport in transition from
Low-angle cross-stratified . . . carbonaceous . I
cross-stratification| grey-red, grey-beige- lower to upper flow regime
gravelly sandstone matter
SGh red
Horizontal stratified horlzo:;tailoiltratlﬁ- depo(sllltl(n;rlrf}1 sfvpre; ;i)Ilre:Z)e bed I
gravelly sandstone PP &
GSm
Massive sandy grey, grey-cream- I
conglomerate colored, grey-beige, diffuse gravel sheet or longitudinal
(Text-fig. 3G, J, K) massive grey-bronze, grey- lack bar, transition from lower to upper
Gm beige-pink, grey- flow regime
Massive conglomerate green-bronze I
(Text-fig. 3L)
Ge. . massive large plant | erosion of large scours, their filling
Conglomerate in erosional . grey-yellow . . . I
scours with clasts fragments in upper flow regime conditions

Table 1. Characteristics of the lithofacies forming fining-upward cyclothems, as well as volcanic, pyroclastic and bauxite lithofacies, with an
interpretation of their depositional environments.

concentrated flow, and sub-type IIb — with the lower
part dominated by the lowermost-energy lithofacies
Sf. The cyclothems of type I1a are the most frequent,
whereas those of types IIb and I are relatively rare
(Text-figs 6-8).

Cyclothems of type I, with a fining-upward trend
from sandy conglomerates to sandstones or exclu-
sively conglomerates, are signified by lithofacies suc-
cession GSm—Sm.

Their present-day thickness is 0.6-3.2 m and a
decompacted calculated thickness is 0.7-4 m. The
lower part of type Ila is composed of conglomerates
(Text-fig. 3L), sandy conglomerates (Text-fig. 3G,
J, K) and sandstones, and the upper part is domi-
nated by clayey (Text-fig. 3E) and muddy lithofacies
(Text-fig. 3H). Other lithofacies, such as Stigmaria
soil (R) and carbonaceous claystone (C), occur in
only few cases. The most typical lithofacies succes-
sions are GSm—Sh—FSh and GSm—Sm—Fm. In
the second sub-type of type Ila, the typical succes-
sion is SGm—Sh—R, with no conglomerates and
with the gravelly sandstones and sandstones passing
directly into Stigmaria soil. The present-day thick-
ness of cyclothems Ila varies from 1.6 to 23.6 m, and

the decompacted calculated thickness is 4 to 69 m.
For comparison, the typical lithofacies succession of
the cyclothems of type IIb is Sf>Fh—R, with the
present-day thickness of 7-13 m and a decompacted
thickness of 22-32 m.

Coarsening-upward and non-gradational
cyclothems

Based on the succession of lithofacies (Table 2)
and its degree of completeness, coarsening-upward
cyclothems (Waksmundzka 2010a, 2013) of types Ic
and Ilc and the least complete, non-gradational cy-
clothems of type Illc have been recognized (Text-
figs 5-8). The range of lithofacies involved defines
the completeness of the cyclothem. Cyclothems Ic
are composed of the following parts, from the base
upwards:

— part 1: claystone lithofacies Fhl and/or mudstone
lithofacies Fh2;

— part 2: siltstone lithofacies Fn, and/or sandy silt-
stone lithofacies FSw;

— part 3: fine-grained sandstone lithofacies Sr and/
or Sf;
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Lithofacies Structure Colour Flora Fauna Process 22
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=|=|s|8 3|8
£1512/2/ 8|3
B|n&lal=a
C massive black very common deposition of plant rer.nams' within I
Coal/carbonaceous claystone unlabeled peat swamp, coalification
] j lack of flow — ition of cl
R arey, dark Stzgmqrza, ack of flow deppm ion of clayey
. . nodular apendixes, or muddy suspension, deposition of I
Stigmaria claystone/mudstone grey, black . .
plant chaff plant remains, pedogenic
Sr ripple rhythmic bed load transport in
Ripple cross-stratified sand- | cross-lami- ripples (lower part of lower flow l
stone nation regime)
rhythmic bed load transport in
St flaser lami-| .. ripples (lower part of lower flow re-
Flaser laminated sandstone nation light grey gime) and lack of flow — deposition l I
lack from muddy and silty suspension
h . o
. S . horizontal deposition in lower plane bed from
Horizontal laminated sand- laminati g . .
stone amination plant chaff sandy suspension
FSw wavy lami- | dark gre hythmic bed load t rt i
Wavy laminated sandy y. £rey, rhythmic be O.a ransport in l
silistone nation grey current and wave ripples and lack of
- flow — deposition from muddy and
Fn lenticular dark gre silty suspension [ |
Lenticular laminated siltstone | lamination grey Y susp
] Fh2 o
28 . . lack of flow — fi
£ 2| Horizontal laminated ack of flow — deposition rom l l
S clayey and muddy suspension
e g mudstone
=5 horizontal
= g 8 Fhi lamination
g 2 . . dark grey, . lack of flow — deposition from
X 3| Horizontal laminated black lack marine . l l
52 ac clayey suspension
2 2 claystone
I5)
Fms3 . lack of flow — deposition from
5 Dark grey massive lack . l
g clayey and muddy suspension
mudstone
2 plant chaff
S o Fm2 . lack/ .
% g G . light grey, fresh lack of flow — deposition from I
£ E =z Tey massive grey resh- clayey suspension
=353 claystone water
o
= 8 Fml massive
3 Black massive dark grey, marine/ lack of flow — deposition from I .
= claystone black lack clayey suspension
(Text-fig. 3D)
M black, dark lack lack of flow —'deposmor'l from
clayey suspension, deposition of I
Marl grey . . . .
marine limy marine fauna remains
L massive, | grey, filemot, deposition of limy marine fauna I
Limestone (Text-fig. 3A) nodular | greige, beige remains

Table 2. Characteristics of the lithofacies forming coarsening-upward and non-gradational cyclothems, with an interpretation of their deposi-
tional environments.

— part 4: Stigmaria soil lithofacies R, with or without

coal lithofacies C.

Two sub-types of cyclothem Ic are distin-
guished, with upward successions 1-2—3—4 and

1—-2—3. The present-day thickness of cyclothems
Ic is 7-23 m, and their decompacted thickness is
27-117 m. The main difference between these cyclo-
thems and others of that type, described previously
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Text-fig. 6. Lithofacies correlation of the ?Tournaisian and Visean sequences 1-4 in the NE area of the Lublin Basin — scheme I; for details
see online version.

by Waksmundzka (2010a, 2013), is the lack of basal fig. 5) generally lack part 4 as well as part 3 or 1. The
shallow-shelf lithofacies L and/or M (see part 0 in full spectrum of their component parts is:
Text-fig. 5). — part 0: limestone lithofacies L (Text-fig. 3A);

The incomplete cyclothems of type Ilc (Text- — part 1: claystone lithofacies Fhl;
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— part 2: sandy siltstone lithofacies FSw;
— part 3: fine-grained sandstone lithofacies Sh.

The three sub-types Ilc are 0—1—2, 12 and
2—3, with the lack of part 4 distinguishing them
from cyclothem varieties of this type described from
other boreholes (Waksmundzka 2010a, 2013). Their
present-day thickness is 7-28 m, and the decom-
pacted thickness is 28—130 m.

The non-gradational cyclothems of type I1Ic show
no obvious upward grain-size trend and consist of the
lower part O (lithofacies L and/or M) and the upper
part 1 represented by lithofacies Fm1 (Text-fig. 3D),
Fhl and/or Fm3. Their present-day thickness is 1.5—
24 m, and the decompacted thickness is 5—74 m. The
upward succession 0—1 is most frequent in the SE
part of the study area, where the available borehole
sections do not show the two other sub-types of cy-
clothem IlIlc, namely successions 0—1—4 and 1—4,
described from elsewhere by Waksmundzka (2010a,
2013). However, the Parczew IG 10 and Korczmin IG
1 boreholes revealed a related succession sub-type
0—4 (Text-fig. 5).

INTERPRETATION
Depositional environments and processes
Fining-upward cyclothems

The base of the fining-upward cyclothems of
types I and Ila is a surface of fluvial erosion. It is
overlain by massive conglomerates Gm deposited as
a diffuse gravel-lag sheet (Hein and Walker 1977), or
by sandy conglomerates GSm (Table 1; Text-fig. 4)
representing probably low-relief gravelly longitudi-
nal bars that formed directly after channel incision
with the highest flow power and gravel transport
(Nemec and Postma 1993). These lithofacies, pass-
ing upwards into massive sandstones Sm, developed
probably as a result of sediment-laden hypercon-
centrated flows, whose sediments commonly show
massive structure and poor sorting (cf. Nemec and
Steel 1984; Svendsen et al. 2003). Some cyclothems
of type Ila commence with gravelly sandstones SGm
attributed to the same kind of process.

These types of deposits can accumulate in flash
flood conditions characterized by high-energy flow
and high sediment load (Batalla et al. 1999) during
the filling of fluvial channels and incised valleys
(Martinsen 1994). The dominance of massive litho-
facies indicates a high sediment depositional rate
(Arnott and Hand 1989). These processes are typi-

cal for valley filling during a relative sea-level rise.
Hyperconcentrated flow deposits that filled in-
cised valleys were also described by Waksmundzka
(2010a, 2012) in the Bashkirian of the Lublin Basin
and by Kedzior (2016) in the Lower Pennsylvanian of
the Upper Silesia Coal Basin (S Poland).

When the flow energy and sediment concentra-
tion of a hyperconcentrated flow decreased, tractional
bedload transport and aggradational deposition oc-
curred in those channels, as evidenced by lithofacies
Sh and SGh formed in the upper flow regime plane-
bed conditions and by lithofacies SGI and Sl formed
at the transition from an upper to a lower flow regime
(Zielinski 2015). Similar lithofacies assemblages, in-
terpreted as being deposited in a shallow high-en-
ergy braided river environment, were described by
Tunbridge (1981) from the Devonian of Great Britain.

The occasional small decompacted thickness
(<3 m) of cyclothems I and the lower part of cyclo-
thems Ila found in boreholes to the SE is probably re-
lated to sedimentation in isolated, shallow, sand-bed
braided channels. In the remaining areas of the basin,
such cyclothem thicknesses indicate deposition in
multistorey, gravel-bed braided channels with hyper-
concentrated flows within incised valleys, usually
5-25 m deep.

The upper parts of the fining-upward cyclothems
of type Ila consist mainly of the fine-grained lithofa-
cies Fm, Fh and/or FSh, deposited from suspension
in stagnant water bodies within a fluvial floodplain.
Stigmaria mudstones R, developed by pedogenic pro-
cesses in areas covered by vegetation, are rare at the
top of these cyclothems. One cyclothem includes car-
bonaceous claystone lithofacies C, formed by coali-
fication of plant remains deposited in a peat swamp.

The decompacted thickness of the upper parts
of cyclothems Ila reaches ca. 50 m, indicating the
highest aggradation of floodplain deposits in the SW
area (borehole Niedrzwica IG 1) and the central area
(borehole Lublin IG 1) of the Lublin Basin.

Fining-upward cyclothems of type IIb are rare.
One such, found in borehole Lublin IG 1, represents
probably a low-energy anastomosing fluvial system
(cf. Smith 1983; Waksmundzka 2013), as indicated by
a considerable thickness proportion of overbank de-
posits (80%) and a low proportion of channel-fill sand-
stone lithofacies Sf formed under a very low-energy
current from muddy and silty suspension fallout.

Coarsening-upward and non-gradational cyclothems

Coarsening-upward cyclothems are common
in deltaic successions (Scruton 1960; Coleman and
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Text-fig. 7. Lithofacies correlation of the ?Tournaisian and Visean sequences 1 and 2 in the central and SW areas of the Lublin Basin — scheme
1I; for details see online version.
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Wright 1975; Elliot 1974, 1975, 1976a, b, 1978) and
such features have been similarly recognised in the
Carboniferous sections in the Lublin Basin (Waks-
mundzka 2010a, 2013; Kozlowska and Waksmundzka
2020). These cyclothems in the studied borehole sec-
tions comprise parts 0 to 4 and are categorized as
complete cyclothems Ic and incomplete cyclothems
Ilc (Text-fig. 5), with lithofacies characteristic of
muddy deltaic sub-environments and shallow car-
bonate or clayey shelf environments (Table 2). Part
0 at the base of some of the cyclothems of type Ilc
consists of lithofacies L (limestone) and/or M (marl),
developed in a shallow-marine, ramp-type carbonate
shelf environment with three zones of different wave
energy (cf. model by Fliigel 2004). Detailed char-
acteristics of this environment have been discussed
by Skompski (1988, 1995) and Waksmundzka (1998,
2010a, 2013).

The carbonate shelf was separated from land by
a vast zone of deltaic lobes. Above part 0 of a cyclo-
them, there is part 1 composed of claystone litho-
facies Fml/Fhl and mudstone lithofacies Fh2. The
claystones and mudstones, characterized by black
colour and high radioactivity (interpreted from well
logs), developed most likely on a shallow clayey shelf
at a delta fringe. More frequent are dark grey clay-
stones and mudstones containing benthic fauna (bi-
valves, brachiopods, corals and bryozoans), depos-
ited in prodelta sub-environment.

The overlying part 2 consists usually of siltstones
Fn and sandy siltstones FSw accumulated in an ac-
tive submarine zone of delta lobe aggradation — on
a delta slope (Wright and Coleman 1974; Wright
1977), which is a heterolithic zone of mud, silt and
very fine-grained sand, commonly with considerable
amounts of plant detritus (Pulham 1989; Hampson
et al. 1999). The higher-lying part 3 consists of fine-
grained sandstone lithofacies Sr, Sf and Sh, deposited
in a mouth bar zone close to the mouths of delta-plain
distributary channels (cf. Coleman and Wright 1975;
Elliot 1978; Turner and Whateley 1983; Miall 1986;
Einesele 1992).

The fine-grained deltaic system — with its pro-
delta, delta slope and mouth bar sub-environments —
prograded onto a shallow marine shelf. The topmost
part 4 of some cyclothems (Text-fig. 5) represents the
subaerial delta plain, where sedimentation occurred
in swamps (carbonaceous claystones lithofacies C)
and vegetated areas (Stigmaria palaeosoil lithofacies
R). The deposition of fine-grained sandstone lithofa-
cies Sfin delta-plain distributary channels resulted in
the formation of the associated fining-upward cyclo-
thems of type IIb described in the previous section.

The coarsening-upward cyclothems would then
represent a fluvial-dominated shallow-water delta
with a delta plain of type D according to the Postma
(1990) classification. In the classification of shelf del-
tas by Porgbski and Steel (2003), the Carboniferous
deltaic system in the Lublin Basin would represent
inner-shelf deltas.

The borehole profiles show also non-gradational
cyclothems of type Illc (Text-fig. 5), which are genet-
ically related to the coarsening-upward cyclothems
and known as well from other sections in the Lublin
Basin (Waksmundzka 2010a, 2013; Koztowska and
Waksmundzka 2020). Their most frequent sub-type
is a bipartite succession 0—1, formed in the migrat-
ing environments of shallow carbonate or clayey
shelf and prodelta. Another sub-type is bipartite suc-
cession 0—4, indicating an abrupt emergence of shelf
ramp and the formation of a vegetated subaerial plain.

PETROGRAPHIC CHARACTERISTICS

The sedimentary succession with its cyclothems
is generally non-volcanic, but includes volcaniclas-
tic and volcanic rocks. The volcaniclastic rocks are
products of the mechanical disintegration of vol-
canic material in various environments (cf. Fisher
and Schmincke 1984; Lydka 1996). This group of
rocks contains pyroclastic material mixed in various
proportions with non-volcanic sediment (Ryka and
Maliszewska 1991). In this paper, pyroclastic rocks
are called tuffs and the mixed pyroclastic-epiclas-
tic rocks are called volcaniclastic conglomerates and
sandstones. The petrographic characteristics of the
most typical microlithofacies are described in the
present chapter (Text-figs 9A—F, 10A, B, 11A-F).

Conglomerates

The massive sandy conglomerates of lithofa-
cies GSm (Table 1) are fine- and very fine-grained
polymictic paraconglomerates and are volcaniclastic
(Text-fig. 9A, B), except in borehole Kock 1G 2 (Text-
fig. 9C). These rocks show a psephitic texture and a
non-oriented fabric, only locally slightly aligned, with
a linear arrangement of clay flakes and flatter pebbles.
The content of the gravel fraction varies from about
30% to approximately 85%, with the dominant grain
size of 2—10 mm and maximum size of >21-60 mm.
Clasts consist of rounded, subrounded and angular
rock fragments as well as grains of quartz and feldspar.

Lithoclasts are mainly fragments of volcanic rocks
and sandstones, accompanied by fragments of clay-
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Text-fig. 9. Photomicrographs of conglomerates and sandstones taken in a polarizing microscope (PL) and cathodoluminescence (CL).
A — Calcite cement (Cal) in fine-grained volcaniclastic polymictic paraconglomerate; volcanic rock fragments (Lv) are rhyolite to the left and
andesite? to the right; borehole Lublin IG 1, sequence 1, element I, depth 2157.9 m; PL, crossed nicols. B — Fragment of fine-grained volca-
niclastic polymictic paraconglomerate and calcite cement (Cal); volcanic rock fragments (Lv) are basalt to the left and rhyolite to the right;
borehole Niedrzwica IG 1, sequence 1, element V, depth 2211.9 m; PL, crossed nicols. C — Crystals of sideroplesite (Mg-Sd) in fine-grained
polymictic paraconglomerate; to the left, fragment of siderite-cemented sandstone (L); borehole Kock IG 2, sequence 1, element V, depth
1597.8 m; PL, crossed nicols. D — Orange luminescence of calcite (Cal) cement in fine-grained oligomictic ortoconglomerate (rudstone); car-
bonate rock fragments (L); 1 — chemical analysis point (Table 3); borehole Korczmin IG 1, sequence 1, element V, depth 1347.3 m; CL image.
E — Perlite clast (arrowed) in coarse-grained volcaniclastic quartz/sublithic wacke with perlite acidic volcanic glass altered to kaolinite (KlIn);
borehole Terebin IG 2, LST of sequence 2, depth 1346.8 m; PL, crossed nicols. F — Calcite cement (Cal) in coarse-grained conglomeratic quartz
arenite; 1, 2 numbers — chemical analysis points (Table 3); borehole Radzyn IG 1, LST of sequence 4, depth 919.4 m; CL image.



www.czasopisma.pan.pl P N www journals.pan.pl
=

OLSKA AKADEMIA NAUK

322 MARIA I. WAKSMUNDZKA ET AL.
Se-
quence Point
stratigra- Depth of | Mg | Ca | Mn | Fe |MgCO; |CaCO;/MnCO;|FeCO;| Carbonate
Borehole phy and [m] Rock name analy- |[wt.% | wt.% | wt.% | wt.% | mol% | mol% | mol% | mol% type
litho- sis
facies
NE region
v _ 1119 388 | 145(3837| 43 | 100 | 3.0 | sa5 | Sideroplesite
Kock | GSm 1597.8 fine-grained spherulite
G2 (Text (Text-fig. | polymictic para- | 2 1.92| 474 | 028 |38.20| 6.8 12.0 0.6 80.6 | sideroplesite
. 9C conglomerate i i
fig. 3K) ) € 3 193] 489 | 0393802 69 | 124 | 08 | 799 | Sideroplesite
rhombohedra
4 919.4 coarse-grained, 1 0.00 | 40.65 | 0.38 | 0.17 0.0 98.9 0.8 0.3 | Mn/Fe-calcite
) 1 t
Radzyni | SGh |(Text-fig. 9F) ;?JZiz():;:itZ 2 0003963037059 | 00 | 980 | 08 | 12 |Fe/Mn-calcite
161 2 1 0.20 | 39.64 | 0.50 | 0.71 0.7 96.8 1.0 1.5 | Fe/Mn-calcite
936.2 coarse ash tuff - -
T 2 1.08 | 0.70 | 1.87 |43.07| 3.8 1.8 4.0 90.4 | sideroplesite
SW and central regions
21579 fine-grained 1 0.06 | 39.10 | 0.12 | 1.05 0.2 97.4 0.2 2.2 | Fe/Mn-calcite
(Text ﬁ . volcaniclastic
3G 9Ag) polymictic para- | 2 | 0.17 | 38.05| 1.67 | 044 | 0.6 | 950 | 3.5 0.9 | Mn/Fe-calcite
Lublin 1/1 ’ conglomerate
G1 ) GSm fine-grained 1 033]3672 214 | 114 | 12 | 919 | 45 | 24 |MwFecalite
2162.1 volcaniclastic vein
. lvmicti ) e
polymictic para- | -1 081 3732 | 1.75 | 116 | 03 | 93.7 | 36 | 24 |MwFecalite
conglomerate vein
very fine-grained | 1 0.01| 0.40 | 0.64 4697 0.0 1.0 1.3 97.7 siderite
2 21916 volcaniclastic | 2 246 1.50 | 2.22 139.97| 8.6 3.8 | 46 | 83.0 | sideroplesite
. GSm ' polymictic para- ] ]
Niedrz- conglomerate 3 427 035 | 2.75(37.79| 149 0.9 5.8 78.4 | sideroplesite
Y 110 fine-grained 1008|3876 146|027 | 03 | 961 | 3.0 | 06 |Mn/Fe-calcite
GSm (Text-ﬁ volcaniclastic
(Text- 9B) & polymictic para- 2 0.10 | 38.73 | 1.17 | 0.34 0.4 96.5 24 0.7 | Mn/Fe-calcite
fig. 3J) conglomerate
SE region
Korcz- v 13473 ﬁrl'e-grz{inéd
min | O™ | (Textfig | oligomictic 1 106738891 053]000| 23 | 966 | 1.1 | 00 | Mn-calcite
G 1 (Text- 9D) ortoconglomerate
fig. 3L) (rudstone)
very fine-grained 1 0.25]37.12 | 2.48 | 0.65 0.9 92.6 52 1.3 | Mn/Fe-calcite
v 1353.9 volcaniclastic 2 0.62 | 3.45 |35.97| 7.04 2.2 8.5 74.8 14.5 | rhodochrosite
Korcz. | 95m | polymictic para- | 3 |0.00]37.94 | 125|073 | 00 | 954 | 3.1 | L5 |Mn/Fe-calcite
min conglomerate 4 0.55] 3.68 |34.51| 6.97 1.9 9.4 73.9 14.8 | rhodochrosite
1G 3 very fine-grained| 1 0.07 | 36.82 | 3.07 | 0.67 0.2 92.0 6.4 1.4 Mn-calcite
/111 1355.1 volcaniclastic
GSm ’ polymictic para- 2 0.07 | 37.89 | 0.55| 1.99 0.2 96.5 1.2 2.1 | Fe/Mn-calcite
conglomerate
. 1 045137391 0.75 | 1.64 1.6 93.4 1.6 3.4 | Fe/Mn-calcite
Z“it:;' 2 10373 ﬁi‘;g?‘;‘:ii‘;‘l’c 2 023]3884]084/070| 08 | 950 | 18 | 14 |Mn/Fecalcite
W Sm ’ oo 3 6.31 | 22.66 | 1.13 | 8.57 22.4 57.2 24 18.0 ankerite
1G5 arenite
4 0.19 | 38.69 | 0.49 | 0.62 0.7 97.0 1.0 1.3 | Fe/Mn-calcite

Table 3. Chemical composition of carbonates based on microprobe analyses.

stones, mudstones, siderite rocks and metamorphic
quartz schists. Subordinate are fragments of plutonic
rocks (granitoids and granodiorites). Clasts of volca-
nic rocks include rhyolites, dacites, andesites, basalts
and volcanic glass (Text-fig. 9A, B). Sandstone clasts

have a very fine- to medium-grained texture and rep-
resent quartz arenites with a clay-silica matrix and
with quartz, siderite (Text-fig. 9C), calcite, pyrite
and kaolinite cements. The conglomerates contain
also quartz grains, poly- and monocrystalline and
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Carbonates Clay minerals
Sequence % 2
. < X
Borehole stratigraphy | Depth Rock name o 2 Q Q Q Q
and [m] N LL«: @ z = o E = g Q
i i £ = s E | &| &8 | E @2 | g
lithofacies 59 o ch K= = =) ) 8 S
= < = S [} ] 5] < = =
S|\z| »n | = /| <] = M = |0
Kock 1/VIL.1 .
G2 T 1594.7 pumice tuff + +
PR : - + 307
Lublin IG 1 11 2165.6 medlum gralneq volcaniclastic + |+ traces |+ 89/0 4
Sm lithic arenite/wacke Illite
2 2190.0 very fine-grained volcaniclastic +>90%
. . (Text-fig. . + | + |traces . +
Niedrzwica GSm 10A) polymictic paraconglomerate Illite
IG1
v very fine-grained volcaniclastic +85%
2218.4 .- + |+ traces | traces . +
GSm polymictic paraconglomerate Illite
. 1346.8 . . .
Terebin 2 (Text-fi coarse-grained volcaniclastic N N N N
1G2 Sh 9E) & quartz/sublithic wacke
Terebin IViL2 14254 heavily altered acid volcanic
IG3 M (Text-figs rock - -
(Text-fig. 3C) | 10B, 11F)

Table 4. XRD analyses; + presence.

of volcanic origin (angular, with corrosion bays), as
well as rare feldspar grains. Lithoclasts and feldspars
commonly show the effects of silicification, chloriti-
zation, argillitization, carbonatization and hematiti-
zation processes.

The space between gravel clasts is filled with a
fine- to coarse-grained sandy matrix, which has a
quartz arenite or quartz wacke composition in se-
quence 1 in the NE and SE areas, and lithic or arkosic
arenite composition in the central and SW areas. In
sequence 2, the sand matrix is a subarkosic wacke.
Sand grains consist mainly of mono- and polycrystal-
line volcanic quartz, feldspar and fragments of pre-
dominantly acidic volcanites, quartzites, sandstones,
micropertites and granitoids. There are also single
mica flakes and heavy minerals, with abundant ana-
tase(?) and zircon. The sand matrix is cemented with
quartz, authigenic clay minerals (kaolinite, chlorites,
illite), carbonates (Fe/Mn-calcite, Mn/Fe-calcite,
siderite, sideroplesite, rodochrosite) (Text-fig. 9A-C;
Table 3), pyrite, iron oxide, detrital clay mineral and
silica. X-ray analyses of the clay mineral composi-
tion show the presence of mixed-layer illite/smectite
minerals (with an illite content >85%) and chlorite
(Table 4).

The massive conglomerates of lithofacies Gm,
found only in borehole Korczmin IG 1 in the SE
area of the basin, are fine-grained, calcareous oli-
gomictic orthoconglomerates (Text-fig. 9D) with a
different composition. They contain ca. 50-80% of
gravel fraction and have mainly a clast-supported

texture. The gravel clasts are subrounded fragments
of carbonate rocks with a dominant size of 6 mm
and maximum size of 25 mm. Clasts represent crys-
talline limestones with micrite-, microsparite- and
sparite-sized crystals, including pyrite. The sand-silt
matrix contains clay, clasts of carbonate rocks, infre-
quent quartz grains and scattered clasts of non-car-
bonate rocks (volcanic glass, quartzite), as well as a
kaolinite, pyrite and Mn-calcite cement.

Sandstones

The sandy lithofacies include massive sand-
stones (Sm) and horizontal stratified sandstones (Sh)
or gravelly sandstones (SGh). In terms of composi-
tion, the most common are volcaniclastic sandstones
(Text-fig. 9E) represented by fine- to coarse-grained,
locally pebbly, lithic/sublithic arenites recognized
in the NE, central and SW parts of the basin. Less
common are sublithic/subarkose arenites or sublithic
wackes found in the SE part. Detrital material is
rounded, subrounded to angular, most often poorly
sorted, locally well sorted.

The main framework grain components are
quartz, feldspars, lithoclasts, as well as single micas
(biotite, muscovite) and accessory minerals (zircon,
anatase). Detrital quartz grains are mostly monocrys-
talline, rarely polycrystalline. Volcanic quartz with
corrosion bays is recognizable. Feldspars are mainly
albite and microcline, mostly altered, showing the
effects of argillitization, chloritization, carbonatiza-
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Text-fig. 10. XRD diagrams of the clay fraction. A — Very fine-grained volcaniclastic polymictic paraconglomerate; borehole Niedrzwica IG 1,
depth 2190.0 m. B — Heavily altered acidic volcanic rock; borehole Terebin IG 3, depth 1425.4 m.
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Text-fig. 11. Photomicrographs of tuffs and volcanic rocks taken in a polarizing microscope (PL), cathodoluminescence (CL) and
back-scatter electron image (BSE). A — Coarse ash tuff; fragments of volcanic glass altered to kaolinite (arrows) in chlorite-hematite matrix
(Chl-Hem); borehole Radzyn IG 1, sequence 1, element VII.1, depth 941.3 m; PL, without analyser. B — Strongly altered tuff with slightly
welded pumice; borehole Swidnik IG 1, sequence 1, element VIL1, depth 1941.5 m; PL, without analyser. C — Tuff — chloritization (Chl)
and kaolinitization (KIn) of volcanic glass (volcanic ash) with apatite crystals (Ap); borehole Swidnik IG 1, sequence 1, element VILI,
depth 1941.5 m; BSE. D — Older lava-flow alkaline basalt; amygdaloidal texture, vesicles filled with chlorite (Chl) and quartz (Q); borehole
Parczew IG 10, sequence 1, element VII.2, depth 1064.5 m; PL, crossed polars. E — Younger lava-flow alkaline basalt with plagioclase (P1)
phenocrysts; borehole Parczew 1G 10, sequence 1, element VII.2, depth 1053.2 m; PL, crossed polars. F — Perlitic texture of heavily altered
acidic volcanic rock with hematite (Hem) concentrations in kaolinite-hematite matrix; borehole Terebin IG 3, sequence 1, element VIL.2,
depth 1425.4 m; PL, without analyser.
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Text-fig. 12. Hypothetical model for the development and division of sequence | into elements of depositional architecture; for explanation,
see Text-fig. 6.

tion and hematitization. Lithoclasts represent meta-
morphic rocks (quartz schists) and very fine-grained
sandstones (quartz arenites and wackes), volcanic
rocks (mainly rhyolites, andesites and basalts, rarely
dacites) and volcanic glass shards. They commonly
show the effects of argillitization, silicification, cal-
citization, kaolinitization (Text-fig. 9E), chloritiza-
tion, sideritization and hematitization.

The grains are cemented with a clay-silica matrix
or a clay-ferruginous matrix, as well as authigenic
clay minerals (kaolinite, chlorite, illite, illite/smectite
with an 80% illite content) (Table 4). Some of the
authigenic clay minerals were the result of alteration
of volcanic glass. The rocks contain also carbon-
ate cements, mainly siderite (finely crystalline and
spherulitic), calcite, Mn/Fe-calcite, Fe/Mn-calcite
and ankerite (Table 3), as well as quartz cement
(overgrowths on quartz grains), pyrite and hematite.

Another sandstone variety consists of fine-
grained quartz arenites and medium- to coarse-
grained gravelly quartz arenites (Text-fig. 9F), found

only in borehole Radzyn IG 1 in the NE area of the
basin. They are mainly massive, with subrounded
and well sorted grains. The main framework grain
component is quartz, mainly monocrystalline. Micas
occur in trace amounts, altered to kaolinite. An ac-
cessory is zircon. The main cement components are
clay-silica matrix, vermiform kaolinite, quartz (over-
growths on quartz grains) and pyrite. Present also are
carbonates: siderite and Mn/Fe-calcite (Text-fig. 9F;
Table 3).

Tuffs

Tuffs have been found in three boreholes. In bore-
hole Radzyn IG 1 to the NE (Text-fig. 6), a strongly
altered coarse ash tuff (Text-fig. 3I) consists mainly
of fragments of pumice-type porous volcanic glass
changed into kaolinite (Text-fig. 11A) and with chlo-
rites replaced by hematite. The fragments of volcanic
glass are flattened, with an oriented “flow” fabric.
In addition, there are clasts of rhyolite-type volcanic
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rock and monocrystalline quartz grains, some of vol-
canic origin, with corrosion bays. The rock contains
variable amounts of heavy mineral grains (anatase?)
and light-colour mica flakes. The rock is cemented
with kaolinite, chlorite and hematite. Carbonate min-
erals are siderite and Fe/Mn-calcite (Table 4), rhom-
bohedral in shape. Pyrite is also common.

In borehole Kock IG 2 (Text-fig. 6), a pumice
tuff deposit consists of the black flattened lenses of
volcanic glass and pumice (fiamme?). It shows a di-
rectional “flow” fabric marked by the orientation of
detrital anatase, clay particles and siderite. Clay is
kaolinite (Table 4), probably a product of volcanic
glass alteration. Sideritization is common, with sider-
ite in the form of radial spherulites.

In borehole Swidnik IG 1 in the central part of the
basin (Text-fig. 7), a highly altered tuff was found
under basalts. Intensely chloritized glass shards were
observed in the transformed fine-grained (metaso-
matized) mass, which was most likely a volcanic ash
in origin. Detrital material has not been found. In the
upper part of the section, fragments of pumice or sco-
ria were observed, with signs of slight compression
(Text-fig. 11B). The rock groundmass is represented
most likely by recrystallized and altered ash, strongly
kaolinitized and chloritized (Text-fig. 11C).

Volcanic rocks

Volcanic rocks from the group of alkaline ba-
salts were found in several boreholes in the Lublin
Basin. In borehole Parczew IG 10 in the NE area
(Text-fig. 6), these volcanic rocks represent two con-
secutive lava-flows. The first, older lava-flow ba-
salt is characterized by a fine-grained, amygdaloi-
dal texture (Text-fig. 3B). The vesicules are filled
with either chlorite alone or with chlorite, kaolinite
and quartz (Text-fig. 11C, D). Phenocrysts were not
observed. The strongly altered groundmass (mostly
chloritized) contains plagioclase laths and accessory
minerals, such as rutile and apatite (Text-fig. 11D).
The younger lava-flow basalt is characterized by
porphyritic texture (Text-fig. 3F), with plagioclase
phenocrysts (labradorite-andesine) up to 20 mm in
length (Text-fig. 11E). The groundmass consists of
altered glass, plagioclase laths and olivine and pyrox-
ene crystals. Analcime is the most probable mineral
between the laths of plagioclase. The rock is evi-
dently altered.

In borehole Swidnik IG 1 in the central area
(Text-fig. 7), the volcanic rock is the younger lava-
flow basalt, characterized by porphyritic texture.
The groundmass consists of plagioclase laths, clin-

opyroxene, altered olivine and analcime. Common
accessory minerals are apatite and ilmenite.

In borehole Niedrzwica IG 1 to the SW (Text-
fig. 7), the volcanic rock has a porphyritic, intersertal
to intergranular texture and represents the younger
lava-flow basalt. Plagioclase phenocrysts are rare.
The altered groundmass contains laths of plagioclase
of andesine composition, probably post-olivine pseu-
domorphoses, hydrothermal quartz and K-feldspar.
The main accessory minerals are apatite and ilmen-
ite. The rock is cut by microveins filled with hy-
drothermal minerals, such as calcite, chlorite and
quartz.

In borehole Terebin IG 3 to the SE (Text-fig. 8),
a heavily altered volcanic rock was found (Text-
figs 3C, 11F). The rock is characterized by a perlitic
texture, which is typical of devitrified acidic volcanic
glass (cf. Siemaszko 1978; Ryka and Maliszewska
1991; Rottella and Simandl 2004; Al-Mashaikie and
Al-Hawbanie 2010). The kaolinite-hematite ground-
mass (Text-fig. 10D; Table 4), which could be formed
as a result of alteration and replacement of volcanic
glass, hosts numerous oval hematite accumulations
(pseudomorphoses after grain replacement) and sin-
gle angular psammitic and aleuritic quartz grains.
This occurrence of presumed acidic extrusive volca-
nic rocks, presently highly altered, is herein reported
for the first time from the Lublin Basin. Previously,
only alkaline effusive rocks, diabase-melaphyres
(Porzycki and Zdanowski 1995), tephrite-potassium
trachybasalts (Grocholski and Ryka 1995) and al-
kaline basalts (Panczyk and Nawrocki 2015) were
reported from the basin, although signs of acidic vol-
canism were detected by Popek (1986) from volcani-
clastic rocks.

SEQUENCE STRATIGRAPHY

The ensuing sequence-stratigraphic interpreta-
tion of the studied sedimentary-volcanic succession,
with a distinction of four sequences (labelled 1-4),
refers to Text-figs 6—8 and 12. The basic concepts of
sequence stratigraphy are after Van Wagoner et al.
(1988) and Catuneanu (2006). However, we follow
Helland-Hansen (2009) in distinguishing three ba-
sic types of systems tract as the building blocks of
sequences: a forced-regressive systems tract (FRST)
formed during a relative sea-level fall; a transgres-
sive systems tract (TST) formed during a relative
sea-level rise; and a normal-regressive (NR) systems
tract, which may form during highstand (HST) or
lowstand of sea level (LST).
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Text-fig. 14. Comparison of the present-day and decompacted thicknesses in the investigated boreholes sections. A — Sequences 1; B —
Sequence 2; the thickness reduction ratio used for claystones, mudstones, siltstones and tuffs is 4.3—5.0 and for conglomerates and sandstones
is 1.2-1.4 (after Waksmundzka 2013, supplemented).

Sequence 1

The present-day (compacted) thickness of se-
quence 1 is greatest in the central and SW areas of
the basin, with a maximum exceeding 47 m in bore-
hole Lublin IG 1 (Text-fig. 14A). Much smaller are its
thicknesses in the NE and SE areas, where they gen-
erally do not exceed a few metres. The interpreted pa-
lacogeography during the development of sequence 1
is illustrated in Text-fig. 13.

FRST and LST

The onset of Carboniferous sedimentation was
preceded by the strongest denudation in the Lublin
Basin (Bojkowski and Dembowski 1988). Erosional
processes were most pronounced in its NE part, in
the area of the Lukow-Wisznice Elevation, which was

subject to a strong differential tectonic uplift (Cebulak
1988b). The Devonian deposits there were completely
eroded and the lower Paleozoic to Proterozoic rocks
became exposed. Various Devonian units were
concurrently exposed in the rest of the basin area
(Galets’kyi 2007; Mitaczewski 2010).

Asthe relative sea level (RSL) was falling, the river
channels cut down and formed incised valleys in the
pre-Carboniferous bedrock (FRST). The base of se-
quence 1 is an erosional base of the Carboniferous de-
posits, with an incised valley recognized in the central
part of the basin (borehole Lublin IG 1). As the RSL
subsequently stabilized, the medial incised valley, ca.
18 m deep, was filled with deposits of gravel-bed
braided channels and hyperconcentrated flows, form-
ing the division element I (early LST) of the sequence
(Text-fig. 12). This is considered to be the oldest archi-
tectural element of the Carboniferous succession in
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the Lublin Basin. It comprises the fining-upwards cy-
clothems of type I and the lower part of cyclothem Ila.
The valley-fill massive sandy conglomerates GSm
and sandstones Sm are polymictic and poorly sorted,
indicating a relatively short distance from the source
area. The grain sizes of lithofacies GSm are compa-
rable; usually up to several millimetres in size, with
a minor amount of larger flat elongate clasts up to 30
x 60 mm in size. These are grains of volcanic quartz,
quartz arenite, rhyolite, andesite, basalt, granodiorite,
granitoid, feldspar and volcanic glass.

After the infilling of the valley, a low-energy lim-
nic plain developed, probably as a terminal flood-
plain of the fluvial drainage system (stratigraphic el-
ement II), considered to represent the late LST. These
deposits form the upper part of the fining-upward
cyclothem IIa. The lacustrine claystones and mud-
stones have a decompacted thickness of ca. 60 m,
which indicates considerable basin-floor subsidence.
As the subsidence declined and a deficit of accommo-
dation space occurred, the fluvial system extended
its route over the floodplain, forming a small incised
valley (element IIT) with a depth of ca. 5-6 m in the
area of boreholes Lublin IG 1 and Parczew IG 10
(Text-fig. 15A). The valley depth increases towards
the SW to ca. 11 m in borehole Niedrzwica IG 1. In
the central area of the basin, the valley incised into
the floodplain deposits of element II. Isolated fluvial
channels developed in the SE area, as evidenced by a
palacochannel ca. 1 m thick in borehole Korczmin IG
3. The erosion probably reached the Upper Devonian
in the least subsided areas to the SW and SE, and
perhaps even Silurian in the NE area.

The deposits of element III form the lower part
of fining-upward cyclothem Ila. The incised valley
in the Lublin-Niedrzwica area was filled with de-
posits of gravel-bed braided channels and hypercon-
centrated flows. In the Niedrzwica IG 1 borehole,
the valley-fill consists of massive sandstones Sm,
lithic or volcaniclastic sublithic arenites. They con-
tain quartz, feldspars, volcanic glass and volcanic
rocks, including rhyolite and andesite. There are also
gravel-sized clasts of effusive rocks, as well as intra-
formational flat claystone clasts, 3 x 10 mm in size.
The grains are subrounded or angular and poorly
sorted, which supports the notion of a short transport
and local sediment derivation. In borehole Parczew
IG 10, the valley-fill consists of massive gravelly
sandstones SGm with clasts of claystone, quartzite
and feldspar (Zelichowski et al. 2011). The isolated
shallow palacochannel in borehole Korczmin IG 3
shows the massive, volcaniclastic sandy polymictic
paraconglomerates GSm with quartz arenite clasts.

As subsidence resumed, a low-energy terminal
floodplain environment returned to the study area,
represented by stratigraphic element IV (Text-fig.
15A). The greatest thickness of its deposits, ca. 60 m, is
in borehole Lublin IG 1, where the rate of accommoda-
tion space creation was apparently highest. In the other
areas, the thickness in boreholes is smaller, ca. 5-7 m.

The deposition of element V was preceded by
another phase of fluvial erosion, probably due to the
decline of subsidence and temporal deficit of accom-
modation space. This erosional episode was most
pronounced in the SW part of the basin (borehole
Niedrzwica IG 1), where a medium valley, ca. 19 m
deep, was incised into the deposits of element IV.
In the area of borehole Swidnik IG 1, the erosion
reached Devonian bedrock. The valley probably had
its knickpoint migrating towards the central area of
the basin, where the depth of incision is smallest,
increasing towards the SW. The valley-fill consists
of massive sandy conglomerates GSm, representing
gravel-bed braided channels and hyperconcentrated
flows. The clast components include detrital and
volcanic quartz, rhyolite, trachyte, andesite, basalt,
volcanic glass, claystone, mudstone, sandstone, in-
determinate acidic effusive rock and feldspar. Gravel
clasts are subrounded, angular or rounded, poorly
sorted, 2 to 16 mm in size.

In the NE area (borehole Kock IG 2), a small coeval
valley, ca. 10 m deep, was incised into the Devonian
bedrock (Text-fig. 15A). The valley probably had its
knickpoint migrating towards the area of borehole
Parczew 1G 10, where a shallow, gravel-bed braided
channel developed. The valley-fill deposits are mas-
sive, sandy polymictic paraconglomerates GSm com-
posed mainly of lithoclasts, such as quartz arenites
and siderite sandstones. Volcanic glass is present.
Sorting is poor. Fine pebble gravel is accompanied by
large, elongate flat pebbles, 7-21 x 16—48 mm in size,
the largest clasts encountered in the conglomerate fa-
cies. The isolated palaeochannel in borehole Parczew
IG 10 has a depth of ca. 1 m and contains large peb-
bles, several centimetres in size, of sandstones similar
to those in element I (Zelichowski et al. 2011).

Shallow braided channels developed also in the
SE area of the basin, incised either in the Devonian
bedrock (borehole Korczmin IG 1) or in the deposits
of element IV (borehole Korczmin IG 3). They are
filled with massive, oligomictic calcareous orthoc-
onglomerates of lithofacies Gm composed of sub-
rounded carbonate lithoclasts ranging in size from a
few to 10x15 mm.

A low-energy terminal floodplain was subse-
quently re-established and its deposits formed the
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Text-fig. 15. Variation in the depositional environments and processes of the LST of sequences 1-3 in the NE area of the Lublin Basin. A— LST
of sequence 1 (elements I1I-VI and VII.1-2); B — LST of sequence 2; C — LST of sequence 3; for further explanation, see Text-fig. 6.
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stratigraphic element VI. Their decompacted thick-
ness is in the range of ca. 40—50 m, indicating in-
creased subsidence and greater growth of accommo-
dation space.

The development of the LST of sequence 1, with
architectural elements I-VI, is then considered to
have evolved under a slowly rising base level, but
being strongly modulated by an unsteady and dif-
ferential, spatially non-uniform basin-floor tectonic
subsidence. Localized magmatic uplift, prior to the
impending phase of volcanism (see below the younger
volcanic elements VII.1 and VIIL.2 of the LST), prob-
ably contributed to the variable subsidence regime.
Under the unsteady and non-uniform forcing, the al-
luvial system could not sustain a constant style of sed-
iment accumulation and, instead, showed non-equi-
librium responses, as recorded by the architectural
elements (sedimentary palacoenvironments) and their
changes (cyclothems) in the LST succession.

The overlying tuff element VIIL.1, found in the
boreholes Radzyn IG 1, Kock IG 2 (Text-fig. 15A)
and Swidnik IG 1, consists mainly of psammitic com-
pact volcanic glass and pumice. The tuffs formed
due to pyroclastic eruptions of at least two volca-
noes in the NE and central areas of the basin. The
decompacted tuff thickness of ca. 9-16 m indicates
deposition a few kilometres from the eruption site (cf.
Segerstrom 1950; Francis and Oppenheimer 2004).
The tuffs in the NE area have the same age as the
overlying basalt flows of element VII.2, whereas the
tuffs in the central area are slightly older than the
overlying basalt flow.

The effusive element VII.2 was recognized in the
NE, central and SW areas. These rocks are alkaline
basalts formed due to the activity of at least two vol-
canic cones. In the NE area (borehole Parczew IG
10), two lava-flows have been identified — an older
one and a younger one (Text-fig. 15A), whereas in the
central and SW areas, there is a single lava-flow — the
younger one. Basalts have the greatest thickness of
22-24 m in boreholes Parczew IG 10 and Swidnik IG
1. In borehole Niedrzwica IG 1, their thickness is only
2 m, but might have been originally greater and subse-
quently reduced by erosion during the next BSL fall.

The volcanic activity evidenced by thick basalts
probably formed a morphological elevation in the NE
area, as suggested by Skompski (2011), and in the
central area. Each of the volcanoes was presumably
located several kilometres away from the Parczew
IG 10 and Swidnik IG 1 boreholes, respectively. The
distance was estimated based on the thickness and
type of lava according to the coefficient value given
by Walker (1973). The effect of this elevation as a

morphologic element is shown by the specific, highly
reduced section of sequences 2 and 3 in borehole
Parczew IG 10 (Text-fig. 16).

No effusive volcanic rocks have thus far been
reported from the SE area. However, petrographic
studies identified a volcanic rock in borehole Terebin
IG 3, described in the borehole final report as silt-
stone passing into kaolinite claystone containing iron
spherulites. It is a highly altered volcanic rock con-
sisting of kaolinite and hematite that were formed by
the alteration and replacement of probably acidic vol-
canic glass, as evidenced by the presence of perlitic
texture (cf. Siemaszko 1978; Ryka and Maliszewska
1991; Rottella and Simandl 2004; Al-Mashaikie and
Al-Hawbanie 2010). The rock contains also single
quartz grains, and its composition differs consider-
ably from that of basalts related to alkaline lavas in
the other areas. This evidence of volcanic rock in the
SE area indicates that an active volcanic cone existed
in this area as well.

Unpreserved TST and HST

The whole sequence 1 in the investigated bore-
hole sections consists of alluvial deposits, with no
recognizable surfaces of transgression and maximum
flooding that would be bounding the TST and HST of
the sequence. Only the surface of forced regression
could be put hypothetically at the erosional base of
the sequence to indicate maximum regression. There
are no recognizable marine and deltaic deposits that
would represent the TST and HST in a classical se-
quence model.

However, deposits of that type are described from
two other borehole sections located between the
studied areas of the Lublin Basin (Text-fig. 1). The
recognizable TST and HST of sequence 1 in these
boreholes are represented by deposits of shallow-ma-
rine clayey shelf, carbonate shelf and prodelta, with
a maximum thickness of ca. 70 m in borehole Ruskie
Piaski IG 2 (Koztowska and Waksmundzka 2020).
The succession in borehole Busowno IG 1 is thin-
ner, but its lithofacies are similar. The two bore-
holes are considered to show the erosional relics of
TST and HST that escaped truncation by the basal
forced-regression surface of sequence 2 due to the
differential basin subsidence. The HST and TST in
the investigated borehole sections were apparently
removed by this next episode of forced regression.
Deep erosional truncation of the topmost part of LST,
probably including basalts, is observed in borehole
Lublin IG 1, where it was related to the formation of
an incised valley (FRST) of sequence 2.
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Text-fig. 16. Lithology, lithofacies, depositional environments and sequence stratigraphy of bauxites, bauxite-like rocks and associated deposits in
the NE area of the Lublin Basin, based on examples in borehole Parczew IG 10; ?T — putative Tournaisian; for further explanation, see Text-fig. 6.

Sequence 2

The present-day thickness of sequence 2 (Text-
fig. 14A) is much greater than that of sequence 1, ex-
cept in the NE area and borehole Swidnik IG 1, where
it is clearly reduced due to the basalt updoming. The
greatest thickness of this sequence, ca. 100 m, is in
the SE area (borehole Korczmin IG 3).

FRST and LST

The base of sequence 2 is an erosional surface
that developed during the next major fall of base level
(FRST). In the area of borehole Lublin IG 1, this ero-
sion resulted in a large incised valley, ca. 25 m deep,
that probably trended towards the SW (borehole
Niedrzwica IG 1). During the base-level lowstand
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and slow initial rise, the valley was filled mainly with
the fluvial lithofacies of massive sandy conglomer-
ates GSm, gravelly sandstones SGm and sandstones
Sm, deposited in gravel-bed braided channels as a
result of hyperconcentrated flows (cf. Waksmundzka
2010a). The LST shows fining-upward cyclothems,
predominantly of type Ila and sporadically of type 1.

In the NE area (borehole Radzyn IG 1), a smaller
incised valley developed, ca. 4 m deep (Text-fig. 15B).
In the SE area, shallow braided channels were incised
to a depth of ca. 1 m. The fluvial erosion of FRST
took place not only in the area of borehole Terebin IG
3, where volcanites of sequence 1 occur as substrate,
but may have also formed small morphological ele-
vations that became areas of non-deposition during
the lowstand, as in the area of borehole Swidnik IG 1.
In the area of borehole Parczew IG 10, a bauxite-like
deposit formed in terrestrial conditions due to the
chemical weathering of an underlying basalt (Text-
fig. 15B). In the area of borehole Kock IG 2, no flu-
vial channels developed, but only a thin layer of mud-
stones was deposited on a floodplain at the climax of
TST. The erosional FRST thus created a highly diver-
sified land topography, which was gradually buried
by the LST and TST sedimentation.

As to volcanic signatures, the valley extending
from the area of borehole Radzyn IG 1 was filled
with massive quartz arenites Sm in its lower part and
with tuffs in the upper part. The tuffs contain detrital
and volcanic quartz, rhyolite, pumice and altered vol-
canic glass. Similar components, supplemented with
basalt grains, occur in the valley-fill polymictic para-
conglomerates in the Lublin-Niedrzwica area and in
the channel-fill in borehole Zubowice IG 5, where no
basalt detritus is observed, but feldspars are present.

TST and HST

The FRST drainage system of incised valleys and
river channels was filled in by the LST fluvial depos-
its. The TST sedimentation then occurred and culmi-
nated in the deposition of claystones, mudstones and
Stigmaria soils in a coastal floodplain environment,
with a maximum original (decompacted) thickness of
ca. 25-33 m in the central and SW areas of the basin.
The LST/TST transition is a transgression surface,
above which in most borehole sections are the early
transgressive deposits. These are predominantly
claystones and mudstones deposited in the environ-
ments of prodelta and delta front of a shallow-marine
delta system in the former land areas.

In the SE area, the upper TST section shows
deltaic deposits interfingering with limestones and

marls deposited on a shallow carbonate shelf, and
with claystones of a shallow muddy shelf. This is an
area of the greatest thickness of the TST deposits,
which indicates the largest accommodation space,
with the basin-fill showing non-gradational cyclo-
thems Illc (Waksmundzka 2013). The abundance
of carbonate layers indicates that the TST in this
part of the basin was most invasive and involved
the most distal, open-marine depositional environ-
ment. Sedimentation in the other areas took place
chiefly in a shallow-marine delta environment, with a
much smaller accommodation space. The lithofacies
of parasequences, the coarsening-upward cyclothems
Ic, Ilc and non-gradational cyclothems Illc, indicate
predominantly aggradation with minor progradation.
Deltaic depositional regime prevailed, and the sedi-
mentation on a shallow carbonate shelf occurred only
in the SW area. This evidence suggests that the ma-
rine transgression (TST) of sequence 2 encroached
into the Lublin Basin in the late Visean from the
south. The decompacted thickness of cyclothems Ic
(borehole Lublin IG 1) indicates that the depth of the
marine basin increased from ca. 30 to ca. 130 m.

The least accommodation space was created in
the NE area, where the TST deposits have a highly
reduced thickness. In the area of borehole Radzyn IG
1, a few metres of prodelta sediment were originally
deposited, while in the area of borehole Kock IG
2 — ca. 2 m of flora-containing mudstones accumu-
lated very likely on a flooded delta plain. In the area
of borehole Parczew IG 10 (Text-fig. 16), a flooded
delta plain formed upon the lava-flow basalt due to
the base-level rise (TST). A lake developed in this
area, first accumulating claystone with interbeds of
bauxite-like rocks and then, in the HST, claystones
with plant-root traces and coal laminae. The lake was
thus filled with deposits and covered by vegetation.

At the top of the TST, there is a maximum flood-
ing surface that runs within the claystones and mud-
stones of the shallow clayey shelf, which are charac-
terized by an increased radioactivity manifested by a
maximum on gamma-ray logs (boreholes Niedrzwica
IG 1, Lublin IG 1 and Kock IG 2). This surface is
overlain by HST deposits lithologically similar to
those of the above-described TST, accumulated in
analogous depositional environments.

Sequence 3
FRST and LST

The present-day (compacted) thickness of se-
quence 3 is smallest, ca. 15-60 m, in the NE area and
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increases to ca. 150-200 m towards the central, SW
and SE areas. The base of the sequence is a regional
discontinuity (FRST) with redeposited, allochtho-
nous bauxites, overlain by bauxite-like lacustrine de-
posits (LST) in boreholes Parczew IG 10 and Radzyn
IG 1 (Text-figs 15C, 16).

TST and HST

In the NE area, a relatively small accommodation
space was created for marine transgression by the
base-level rise (TST). In borehole Kock IG 2, the ac-
commodation was slightly larger and allowed deposi-
tion of numerous carbonate beds. In borehole Radzyn
IG 1, the TST includes a delta distributary channel
that formed probably due to an erosional-depositional
event caused by local tectonism. The channel-fill
sandstone contains clasts of andesite, basalt, pumice,
rhyolite and volcanic glass, similar to those found in
sequences 1 and 2. In borehole Parczew IG 10, baux-
ite-like lacustrine deposits continued to form in the
TST, but as the transgression proceeded — the area
became inundated by the sea, allowing shallow-ma-
rine carbonate shelf sedimentation. The maximum
flooding surface is placed at the first carbonate bed
deposited at that time.

In borehole Radzyn IG 1, this limestone bed con-
tains what is probably lapilli-type pyroclastic ma-
terial of basalt/andesite-type volcanic rocks. It was
likely transported to the shallow carbonate shelf by
air, after being expelled from the crater of a nearby
active volcano, whose cone was rising above the sea
level. Another possibility is that these volcanic clasts
were derived by erosion during the marine trans-
gression of sequence 3, since there is no evidence of
volcanic activity above the limestone bed.

The HST overlying this limestone bed is a para-
sequence composed of the coarsening-upward cyclo-
thems Ic and Ilc and non-gradational cyclothems IlIc.
In the area of borehole Parczew IG 10, the marine ba-
sin was relatively shallow, ca. 27 m deep, deepening
towards the SW, S and SE.

Sequence 4
FRST and LST

The present-day (compacted) thickness of se-
quence 4 varies from ca. 17-40 m in the NE and NW
areas, through ca. 75 m in the central area, to a max-
imum of 110 m in the SE area.

The FRST comprises moderate incised valleys
and interfluve Stigmaria palaeosoils. The LST de-

posits of the NE area are highly varied. The small
incised valley, ca. 10 m deep, in borehole Radzyn
IG 1 was filled with planar-stratified gravelly sand-
stones of lithofacies SGh. These are quartz arenites
containing clasts of volcanic quartz, feldspar, quartz
shale and sandstone. The sandstones are overlain by
floodplain deposits whose original thickness could
reach ca. 22 m. At the top of these deposits is the
surface of initial transgression, representing the LST/
TST boundary. This surface probably correlates with
the top of Stigmaria mudstones (R) deposited on a
delta plain in borehole Parczew IG 10. The palae-
osoils mudstones have a thickness of ca. 1 m and
represent condensed FRST-LST. The shoreline of the
marine basin was probably slightly further towards
the SW, as indicated by the section of sequence 4 in
borehole Kock 1G 2, where the LST and HST are de-
posits accumulated on a shallow-marine delta slope.

TST and HST

The sedimentation during transgression (TST)
and highstand (HST) involved prodelta and delta
slope claystones and mudstones, as well as shallow
shelf limestones and marls. The maximum flooding
surface runs at the base of a carbonate bed that is
clearly thicker in the area of borehole Parczew IG 10.
Detailed microfacies analysis of carbonate beds from
the Parczew area was presented by Skompski (1996,
2011), indicating deposition in a shallow marine en-
vironment.

DISCUSSION
Sequence stratigraphy vs. chronostratigraphy

The sequence stratigraphy in the present study
(Text-fig. 2) has been tied to the Carboniferous
global division (Davydov et al. 2012) and Western
European subdivision (Ramsbottom 1977, 1978).
This general correlation is based on precisely dated
goniatites (Musial and Tabor 1979, 1988), conodonts
(Skompski and Sobon-Podgoérska 1980; Skompski
1996, 1998) and foraminifers (Skompski and Sobon-
Podgoérska 1980; Sobon-Podgoérska 1988; Sobon-
Podgorska and Tomas 1995), and on flora investiga-
tions (Migier 1988; Kmiecik 1988) within the part of
the Carboniferous succession comprising sequences
2-22 (Waksmundzka 2008, 2010a, 2013; Koztowska
and Waksmundzka 2020). Biostratigraphic and paly-
nological data concerning the age of sequences 2—4
were also considered for the Upper Visean in the
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investigated borehole sections (Korejwo and Teller
1968, 1972; Zelichowski 1972; Korejwo 1974, 1986;
Bojkowski and Musiat 1978; Musiat and Tabor 1989;
Kmiecik and Trzepierczynska 2007; Woszczynska
2011).

The oldest part of the succession, sequence 1, was
earlier included into the Visean, but requires revi-
sion, because the new dating of basalts in its element
VIIL.2 in the NE area of the Lublin Basin indicates
an older age, corresponding to the Late Tournaisian
(Panczyk and Nawrocki 2015). The new isotopic dat-
ing of basalts puts into question their Late Visean age
suggested previously by Depciuch (1974), Porzycki
(1988) and Grocholski and Ryka (1995), while sup-
porting the earliest suggestions of a Tournaisian—
early Visean? age by Mitaczewski and Niemczycka
(1967) and by Korejwo and Teller (1972). Notably,
volcanic and/or pyroclastic rocks are known from the
middle and upper Tournaisian in several other areas
in Poland (Szulczewski et al. 1996; Muszynski et al.
1996; Matyja 2008; Godyn 2011; Narkiewicz 2020).

Therefore, the age of the underlying elements I—
VIand VIL1 of sequence 1, covering the pre-Carbon-
iferous bedrock, cannot be younger than the putative
late Tournaisian age of element VII.2. The suggestion
of a Tournaisian age of the fluvial deposits underly-
ing the basalts in the NE area of the Lublin Basin was
first put forward by Panczyk and Nawrocki (2015).
This notion is supported further by a comparison
with the oldest part of the Carboniferous succession
in the nearby Lviv-Volyn Basin in Ukraine, where it
is dated to the Late Tournaisian based on biostrati-
graphic data (Shulga et. al. 2007; Kostyk et al. 2016).
This part of the section therein, called the Khoriv
suite, is bounded by erosional surfaces at the base
and top (Shulga ez. al. 2007), in a similar manner to
sequence | in the Lublin Basin. Claystones, mud-
stones, sandstones and conglomerates occur in the
lower part of the Khoriv suite, while the upper part
is composed of limestones and dolomites (Kostyk et
al. 2016). However, the lithology is variable, because
carbonates are not found everywhere and the thick-
ness varies from 10-35 m to 70-313 m in various
parts of the Lviv-Volyn Basin. The sequence 1 in
the Lublin Basis is most similar to the Khoriv suite
section in the Novovolins”’k and Chervonograd areas
adjacent to the state border at the SE extension of the
Lublin Basin.

Considering the isotopic age 348.2 + 0.8 Ma
(Panczyk and Nawrocki 2015) of the basaltic element
VIL.2 at the top of sequence 1 and the Tournaisian
eustatic trend (after Davydov et al., 2012), it is pos-
sible that the LST/TST boundary in this sequence

corresponds to the surface Tour2, which has an ap-
proximate age of about 349 Ma and marks the onset
of a transgressive trend that lasted until the end of
the Tournaisian. However, this working hypothesis
requires confirmation by further research, because
the HST and TST of sequence 1 are not preserved,
being eroded in the investigated borehole sections. If
the hypothesis is correct, the unconformity between
sequences 1 and 2 would then correspond to the
Tournaisian/Visean boundary and include a strati-
graphic gap spanning the uppermost Tournaisian
and the lower to middle Visean (Text-fig. 2). The
same age of erosional processes in the Lublin Basin
is postulated by Narkiewicz (2020) and an analogous
stratigraphic gap is observed in the Lviv-Volyn Basin
(Kostyk et al. 2016).

Comparison of the lithostratigraphic boundaries
of the Klodnica Member and its sequence stratig-
raphy in the studied sections indicates considerable
variation in the time span of this member within the
basin (Text-fig. 2). In the NE area, the member cor-
responds to sequences 1 and 2 and the lower part
of sequence 3, except in borehole Kock IG 2 (Text-
fig. 6). In the central and SW areas, it correlates with
sequence 1 or its lower part (Text-fig. 7), whereas in
the SE area — with sequence 1 and the lowermost part
of sequence 2 (Text-fig. 8). Consequently, it can be
assumed that the deposits of the member in the NE
and SE areas accumulated in the late Tournaisian to
early late Visean, and that a stratigraphic gap occurs
within the member. However, the deposition of the
Ktodnica Member in the central and SW areas and in
the area of borehole Kock IG 2 occurred only in the
late Tournaisian and formed there the oldest part of
the Carboniferous succession in the basin.

Accommodation space, transport directions and
source areas

The analysis of decompacted thickness variation
indicates that during the formation of the LST of se-
quence 1 (Text-fig. 14A), in the late Tournaisian, the
depocentre was in the central area (borehole Lublin
IG 1) of the Lublin Basin. It was the area of highest
subsidence, where the greatest accommodation space
was created and where predominantly aggradation
of floodplain deposits occurred (Text-fig. 12). Large
accommodation space existed also in the SW area,
where strong aggradation of floodplain, braided-river
and hyperconcentrated flow deposits occurred in the
incised valleys. The high subsidence in the central
and SW areas and low subsidence in the NE area
produced a topographic gradient that effectively ren-
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dered the SW transport direction dominant in the
Lublin Basin.

The formation of incised valleys might have been
predisposed in areas where the bedrock was cut by
faults. A sub-Carboniferous palaecogeological map of
the Lublin Basin (Mitaczewski 2010) shows that one
of the dominant trends of these faults is SW-NE,
and this might have been the general direction of the
incised valleys. Narkiewicz (2020) indicates some of
these faults as being active during the Devonian and
their location is similar to the suggested directions of
the incised valleys (Text-fig. 13).

According to a new interpretation of seismic
data, some faults in the NE part of the Lublin Basin
have a W-E trend (Tomaszczyk and Jarosinski
2017). If they existed in the late Tournaisian, within
the eroded bedrock of the incised valleys, they
would have also influenced the direction of the lat-
ter. Assuming the SW palaeotransport direction as
dominant, the hanging walls of the W-E faults might
have given rise to a transverse relief variation that
modified both the morphological gradient and the
depth of the valley incision. The folds and thrusts of
the Kock Zone, as well as the faults in the Lublin-
Niedrzwica area, were also transverse to the palae-
otransport direction.

The small palaeothickness of sequence 1 in the
SE area increases from the NE towards the SW and
S, generally in the same direction as in the remain-
ing areas. The smallest palaeothickness is found in
the area of boreholes Terebin IG 2 and Terebin IG 3,
where there were probably lava-flows forming mor-
phological highs. In contrast, subsidence was higher
in the area of boreholes Zubowice IG 5 and Korczmin
IG 1, where aggradation of terminal floodplain de-
posits took place.

Except for the presumed Devonian substrate clasts
found at its bottom, the valley fill of element I con-
tains clastic components that may have been derived
from the areas of weathered volcanic, crystalline and
pre-Carboniferous sedimentary rocks exposed to the
NE, in the area of Lukow-Wisznice Elevation (Text-
fig. 13). The grains of granitoids, granodiorites, feld-
spars, detrital quartz, basalts and quartz arenites may
have originated from that area. The remaining clasts
represent rocks other than basalts, such as andes-
ites and acidic volcanic rocks (rhyolites), and these
were derived probably from another area. The likely
second extensive source areas for this clastic mate-
rial were the weathering outcrops of Precambrian
rocks to the NE and E, in the Volynian Polesia (Text-
fig. 13). Among the other clastic components, there
are granitoids, with xenoliths of acidic effusive rocks,

and volcanic rocks of basalt-rhyolite and andesite-
dacite type (Nosowa et al. 2005; Shumlyanskyy
2014; Wiszniewska and Totkanowicz 2015). The vol-
caniclastic rocks described by Godyn (2011) from
the Tournaisian succession in Western Pomerania are
similarly composed of grains of acidic volcanic rocks
such as rhyolites-dacites.

The basalt clasts might have thus come from these
two source areas, while the clasts of acid rocks —
from the farther Polesia source only. This suggestion
about the source areas for basalt clasts is justified by
the established chronology of the depositional ele-
ments of sequence 1 and volcanic processes, as this
evidence implies that the basalts of element VII.2 are
the youngest rocks of sequence 1 in the study area
and hence could not have been subject to erosion
during the deposition of element 1.

It seems that the sediment transported by braided
rivers and filling the incised valley (elements III and
V) in the NE, central and SW areas was derived
from the same source terranes as that supplied for
the early valley fill of element I. There are some lo-
cally derived Silurian claystone clasts in the incised
valley fill in the NE area and Devonian sandstone
clasts in the SW area. In contrast, only clasts de-
rived most probably from the local Devonian quartz
arenite bedrock occur in the area of boreholes Kock
IG 2 and Korczmin IG 3, in similar fashion to the
occurrence of locally derived carbonate rock clasts
in borehole Korczmin IG 1. This local variation in
sediment composition supports the notion of a fluvial
drainage system cutting through a tectonically cre-
ated, varied morphological relief of the basin floor,
with transverse substrate faults and folds.

The clastic components of elements I, III and V
include volcanic glass, the origin of which is difficult
to determine unequivocally. This detritus comes prob-
ably from the strong fragmentation of sediment con-
taining volcanic rock fragments transported through
the incised valleys. Another source, so far uncon-
firmed by borehole sections, could be a pyroclastic
supply by contemporaneous volcanic eruptions. The
age of contemporaneous tuffs thus far documented
(element VII.1 in sequence 1 and LST of sequence 2)
is younger. Therefore, contemporaneous volcanic ac-
tivity in the basin during the deposition of elements I,
IIT and V of sequence | remains a speculative possi-
bility and be a focus of future research.

Spatial analysis of the decompacted thickness of
sequence 2 (Text-fig. 14B) suggests that the early
late Visean sedimentation in the NE area occurred
under very low subsidence and accommodation. In
contrast, the subsidence in the central and SW areas
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was higher, because the depocentre clearly expanded
towards the SE. The maximum palaeothickness of
more than 290 m is in borehole Korczmin IG 3. The
differential subsidence created a topographic gra-
dient that directed the fluvial drainage towards the
SW, S and SE. The accommodation space in the cen-
tral and SW areas was initially filled by deposits of
braided rivers and hyperconcentrated flows within
incised valleys, succeeded by aggradation of a termi-
nal floodplain.

The course of the incised valleys of sequence
2 might have been generally similar to that of the
valleys of sequence 1. The sediment supply of LST
failed to keep pace with an increasing subsidence,
which gave rise to a marine transgression and depo-
sition on a shallow carbonate and clayey shelf (TST)
and deposition of aggrading-prograding deltaic lobes
(HST). The greatest accommodation space was cre-
ated in the SE area. A similar, SE-ward bedrock incli-
nation was recognized by Srodon et al. (2013) of the
Lviv-Volyn Basin in Ukraine, at the extension of the
Lublin Basin.

The compositional characteristics of volcaniclas-
tic conglomerates and sandstones of sequences 1-4
indicate that the majority of sediment components
came from outside of the Lublin Basin and only few
have their source in the pre-Carboniferous substrate.
In the NE area (borehole Radzyn IG 1), the lower
part of the incised valley (FRST) of sequence 2 was
filled (LST) with quartz arenites in the earliest late
Visean. This is a mineralogicaly mature sediment,
indicating that — for the first time since the onset
of Carboniferous sedimentation — the basin’s fluvial
drainage system in the early late Visean began to re-
ceive rock detritus from undefined distant sources, as
compared to sequence 1. The upper part of the valley
fill, in turn, consists of tuffs containing components
which are similar to those found in the elements I, I11
and V of sequence 1 and which may have originated
from the same sources, including local pyroclastic
eruptions in the NE area of the basin.

In the NE area (borehole Radzyn IG 1), the TST of
sequence 3 includes a delta-plain distributary channel
that was formed during the middle late Visean and re-
flects an imbalance of the fluvial drainage overpow-
ering the base-level rise due to local tectonism. Its
sandstone infill contains clasts lithologically similar
to those found in sequences 1 and 2, and hence orig-
inating probably from the same sources. In the same
area, the incised valley (FRST) of sequence 4 is filled
(LST to TST) with quartz arenites. It can thus be
concluded that, already in the latest late Visean, the
source areas ceased to supply the clastic components

that dominated in sequences 1-3 (i.e. acidic and alka-
line volcanic rock detritus), and — with an expansion
of the fluvial drainage — a supply of sediment from
other, undetermined distant source areas commenced
in the basin.

CONCLUDING REMARKS

* The oldest part of the Carboniferous succession in
the Lublin Basin, known as the Klodnica Member
of the Huczwa Formation, has been investigated
through lithofacies analysis, sequence stratigra-
phy and petrographic studies. The focus was on
sedimentary palacoenvironments, cyclothems (i.e.
parasequences) and stratigraphic sequences based
on the vertical organization of lithofacies associ-
ations, forced-regression surfaces, transgression
and maximum flooding surfaces, with the distinc-
tion of forced-regressive, lowstand, transgressive
and highstand systems tracts.

* According to a sequence stratigraphy model estab-
lished for the Lublin Basin, the Klodnica Member
comprises sequences 1-3 in the basin NE area and
sequences 1-2 in its remaining areas. The study
gives special attention to sequence 1, as the oldest
Carboniferous deposits in the basin.

» Chronostratigraphic correlations and comparison
with the Khoriv suite in the adjacent Lviv-Volyn
Basin in Ukraine, together with the isotopic age
of basalts and biostratigraphic and palynological
data, indicate that the putative upper Tournaisian
in the Lublin Basin corresponds to sequence 1,
whereas sequences 2—-4 represent the upper
Visean. A stratigraphic gap, spanning the upper-
most Tournaisian and the lower to middle Visean,
occurs between sequences 1 and 2.

* The fining-upward cyclothems of type I and the
lower parts of the cyclothems of type Ila were
deposited mainly by hyperconcentrated flows and
in shallow braided river channels within incised
valleys. Deposition of the upper parts of the cyclo-
thems of type Ila and IIb took place on a terminal
alluvial floodplain. The coarsening-upward cyclo-
thems of type Ic and Ilc formed mainly in a delta
environment and subordinately on a shallow-ma-
rine carbonate to clayey shelf. Non-gradational cy-
clothems of type Illc formed in the distal carbon-
ate/clayey shelf and prodelta environments.

* The dominant direction of fluvial drainage in the
Lublin Basin was towards the SW. The facies as-
sociations, evolution of depositional environments
and lateral thickness variation of the studied de-
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posits were controlled by a combination of eustatic
changes and basin-floor differential tectonic sub-
sidence.

* The Carboniferous deposits of sequence 1 repre-
sent the FRST and LST, with the HST and most of
TST not preserved due to subsequent erosion by
the FRST of sequence 2. These deposits, recording
the formation of incised valleys (FRST) followed
by fluvial aggradation during the early base-level
rise (LST), are divided into a chronological succes-
sion of architectural elements [-VII.I-2. Elements
I, IIT and V are fluvial conglomerates and coarse-
grained sandstones, whereas the mud-dominated
elements II, IV and VI are deposits of a limnic ter-
minal floodplain that developed within the LST.
The stratigraphic alternation of fluvial and limnic
elements in the LST reflects temporal deficit of the
basin accommodation space.

* The volcaniclastic deposits of elements I, IIT and V
are polymictic paraconglomerates, lithic/sublithic
to subarkose arenites and sublithic wackes, con-
taining grains of acidic and alkaline volcanic and
igneous rocks. Their mineral composition indi-
cates sediment derivation from the weathered out-
crops of volcanic, crystalline and pre-Carbonifer-
ous sedimentary rocks located to the NE and E of
the Lublin Basin, in the areas of Lukow-Wisznice
Elevation and Volynian Polesia. Sediment was
also locally derived from intrabasinal tectonic el-
evations of Devonian bedrock crosscut by rivers.

* Elements VIL.I (pyroclastic) and VIL.2 (volcanic)
record an episode of volcanism in the basin, dated
to the late Tournaisian. The volcanic rocks repre-
sent alkaline lava-flows in the central and SW parts
of the basin, and acidic lava-flows in the SE part.

* The overlying Visean sequences 2—4 similarly
comprise fluvial-lacustrine FRST and LST, and
TST and HST deposited in shallow-marine clayey/
carbonate shelf, prodelta and deltaic environments.

* Based on sequence-stratigraphic analysis, the
study concludes that the lithostratigraphic bound-
aries of the Klodnica Member of the Huczwa
Formation are highly diachronous, controlled by
the tectonic topography and differential subsid-
ence of the Lublin Basin.
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